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FOREWORD
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ABSTRIACT

llrnnch-guide directionnl couplers can be built in most types of

transmission line. A derign procedure is here developed which gives

predictable and ouperior performance over a specified frequency band.

A new chart wis constructed from which the coupler impedances or ad-

mittatces can be calculated quickly and with sufficient accuracy for

nearly nil practical applications. Numerical tables are As.0o presented

from which most practical cases can be worked out by interpolation.

A five-branch, 6-dh coupler and a t.hirteen-brench, 0-db coupler

were constructed in waveguide. The measured points and computted rrve.-

were in excellent agreement. Over the frequency band of 1300 !l30 megn-

cycles., the 0-db coupler had a VSWII of less than 1.07, its insertion

less was better than 0.05 db, and the couplings into the two remaining

arms were weaker than 20 db. This coupler can pass at least 5 megawatts

of peak power in air at atmospheric pressure.

A 0-db coupler can be used to separate the fundamental frequency

power generated by a high-power transmitter from its harmonic frequencies,

which couple only weakly through the branches. Most of the harmonic

power goes into the load placed in line with the input. Chokes were

cuL intio the bri, nch arms to reduce the cross-c:oupling in the second har-

monic frequency band.
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I INhRMODtXlfI

The principal oijectlive of thic work was Lo develop a high-power,

O-db, directional coupler in waveguide. Thin directional coupler was

further required to have a configuration that would allow most spurious

frequencies to pass into on. or another of the two dummy loads.

D)ircctional couplers at UIF and microwave fraquencies take many

forms and have many applications. The branch-guide directional €oupl.

which is the one investigated here, is- suitable for construction in

almost any kind of transminsion line. In waveguide, its mechamical con-

figuration and its elctrical performance -re asimilar to those of

Hliblet short-slo. corplers, or of multihole couplers; in coaxial line

or-strip--line (where only TFh mode* exist), the coupler doea not have

-any such close counterparts. 1ranch-guide couplers. have the following

useful combination oi properties:

1l) The- coupling- between the two lines- is through joining
branch-lines of finite length, and-not through apertures.
This gives additionl- flexibility in design; e.g.,
special-purpose chokes or filters can- be placed in the
branches.

(2) A branch-guide coupler can be designed either as a
periodic structure, or ns - band-pass filter: as a band-
pass filter, its electrical bohavior can be optimized
over the pnrs band.

(3) The number of branches-can be increased systematically
to improve tlhe electrical performance.

(4) The coupler is better suited for strong coupling (stronger
than 20 db) than weak coupling; 0-db couplers are feasible
over large bandwidths.

(5) In- waveguide, the couple r E-plane cross-section is con-
stan, It can therefore be mi-lled in two blocks and
assembled by the "split-block" construction. -Other com-
ponents can also be milled into Lhte same block.

(6) The coupler fits into a rectangle; the four output lines
are parallel (Fig. 1).

(7) lBranch-guide couplers are capable of handling high OF
powers.



(a) They comp|re favor-
ably with most
couplers as regards
VSWlI, directivity.scT

SU.MO I 1 3
and conatant. Cnlu- L_ - -

pling~ over lerg 0 El WOW 0OUTta
bandwidths. qOIl W_-J

brLOW V*UT CLOW PO.UT
In thin report * design (A . eM U SmI

procedure is worked out., based

on the quarter-wave trans.

former as a prototype circuit, SECTORWWII' 1" 2 3 4

which cnmen close to being a - -

true Ayntheixi procedure: it I.)A --] I r00i L. SEO "T)I - -1 P, tot)

enahles the designer to work KON VuT KLO-INI'IJT

out the Ihyical- dimennions Of I IE.,4

his coupler to meet him per-

formance specification with FIG. I RAHC4-GUIDE COUPLERCROSS-SECTIONS

little or no ubsequent- need (e) It -a0, ( } n- 94"

for experimental adjustment..

A short review of the literutre on branch-guide couplers will in-
Alicate the state of the nat. The ides of thoi even and odd mode analysis

of couplers having this kindof symmetry (between upper and lower halves
in Fig. 1) goes hack at. least, as for as a war-time report by Lippman. '

1

This met.hod of analysis has -also been explained in several more recent.
publicationn,2'1 anti is indicated in Appendix 11 (Fig. l!-':). The super-
position of the even and odd modes, anch of which can be solved separately
As a loaded-trinamission-line (or two-port) problem, then represents the

actual directional coupler (or four-port) situation with the generator

connected to only a single input. The paper by Heed and Wheelert compare.
the performance of hranch.guide couplers with- that of hybrid rings. A

later paper by Iteed' gives general formulas and the results of many cal-
culations on numerous branch-guide couplers. particularly with O-db
coupling. These two papers consider only periodic couplers with uniform
main-line, that is to say, the branch -impedances are all the same except.

possibly for the end branches, and the main -line impedance is constant.
from input to output.. Such couplers have some of the advantages and- dis-

advantages of periodic structures: they are simpler to construct -than

P.efeste. or@ listed st th. cad .f tke rsert.

2



ltan regular structurea, but they have no clearly defined pass band in

which the optimum performance is sought or recli:ed. To reelize such
band-pas lIehavior, a filter rather than a p.eriodic structure is needc4 ,

and the branch and main liuc impedances havt to be enntroiled separately.

Lomkr and Cromptons have described An experimental five-branch "hinomiajl"

coupier, in which only thrb branch impedancen were adjusted, the main line

still being of uniform impedanice. Their approach is baaed on a first-

order theory,i in which any coupler is considered as a cascaded set of

two-branch couplers; extensive empirical changes have to be made experi-

mentally to obtain the desired performance. Young3 has considered the

general case when the branch- and mAin-line impedances are both allnwti

to vary. He has given formulas ensuring perfect match and perfect di-

retLivicy as well as the correct coupling at a single frequency.

This report supplies an optimitaLion procedure over a given pass

band. The performance of many thesigan was analyzed on a digital computer

to check out the theory. Compared to perindic coupler, 2,4 only about half

an many brunches are-generally requitcd to give about- the same pans-band

-performance. One 6-di, and one 0-dit- coul'lir were bit; IL i. waveguide, w-'i

very close agreement -betwee, experimental re'ialts anti predicted performance.

3



II TIE I)I ARITt-WAVE TUANSRIMItII MIIOTOTYI'E CICUIT

A protoLype circuit may be definCd 4;A a eirCuiL thi.l cult hit dellilgni,!

to have certill desired electrical characterisLics, and thaL ca in nome
manner be transformed into another circuit hawing -the dele;red mechanical

characteristici while retaining at ieainL Opproxim~tely the desired elnc-

trical characteristics. The prntotype circuit in usually in awh a ft.rm

that it can readily lie synthesixed to meet. the electrical performance

speci f;Cntions.

A well-known prototype situation in the transfnrmation-of lumped-

constant low-pass filtersl" into band-paaa filters, lith -lumped-conastat

and microwave. Another example in the quarter-wave transformer,9 uIhci,

ca be transformed into half-wave filt.ers and direc.-coupled-cavity

filters. The general synthesis procedure for quarter.wave transformera

is known10 11 And numerical tables of -solutions have been published. 11 An
exLttsive review with many more tableh hais been presented in a recent

Sill report. ' The quarter-wave transfurmer can also he uxel ps a proto-

type circuit for brnch-guidt couplets, by appropriately relting the
stepsi of the transformer -to the T-justctions or the coupler. Tie nots-

Lion for the branch-guide coupler it-pedances or admittances is shown in

Fig. 2. For sitng stubs an admittarnce representattion- is u-ed, anul for

series tiA an -impledance representation. Each T-.iinctiot. becomes a

on.g-eKht-wvelegth {or 4q de reeg qtuh -in both the even And the odd-

mude, otpt,,'cirtt i tcd in the owie rase %ad short-carcoited in the other,

as shown its Fig. 3. Only teh shunt c se in shown in the lower hallf of

Ko  KI KV --- Ks. Ki  Kj, ! --- Kn&K, Kn41 Ko!"HO --t -- ]7 .
Ko  K, Ks  --- Ki. I  Ki  Ki+1 -- KnzK 1 K0 i'K O

FIG. 2 BRANCt.OGU)IDE COUPLER NOTATION

4



IOPCN OR sionT-

Fig. 3. Then the 45 degree (CIRCUIT CD-:TUe

stub becomes a shunt admit-

tance !jl1 at the it.h junction A

counting from either aide. The I
I t

line admittances on either = a
aide are Xl..! and Kl respec-

I I OTU

tively. The dual of the cou- INUT UT -PU T ou

1ier with shunt junctions is s

the coupler with ieriea junc- I

tLiona, in which all H and-K
are impvdancea. Since we wiah

to- include both cases in one I K., I% I

discussion, we shall (following

Bode") refer Lo Hi atd K as a

ihtltanctz, meaning admit- A U

Lances wher there are ahunt

Junctiona, ..d impedances when FIG. 3 EQUIVALENT CIRCUIT-OF it-T-JUNCTtON

there are serien junctions. . FOR EVEN OR ODD MODE AT-CETErFREQUEN Ti

The -two nearest -reference

planes with real reflection

coefficient. ', are shown in Fig. 3 at. distances-t to the left and 01 to

the right of the junction. Without-loss i-t generality, we may suppose

Ki > Ki-I (1)

Thru it can be shown (for instance, by referring to a Smith chart) that

0 _< .,' , . 900 , wen , > 0 (2s)

alldl

0< 0' 0'j :E<- 90° ' when H,€ < 0 . (2b)

1hu %-lles of 0r' and 04, are given in trrors of Il/, KI. 1 and Ki by

v' -arc tan (t2..%.i 3

I ( 211Kg 1--arc tan
2+ ," -K'

.. ,V .. . ; -. m m -i- " .4/ •

1 3



Furthermore, when HI i -positive, and when the right-hand (high-R) aide

is matched, then the .nrmalized immittance looking into the reference

plane A on the left-hand (low-K) side is real and gretter then unity;

when the left-hand (low-K) aide is matched, then the normalized immittance

looking into the refererce plans 0 on the right-hand (high-K) side is

likewise real and greater than unity. Ilowever, when Hi1 is negative the

normalized immittancex seen in the two nearest reference planes A-and 8

are real hut legs than unity. (Theo* results can all be proved by con-

suiting a Smith chart.)

The junction VS1 I013-V i is given by

[{Ki I K.. 1 ), -* HO + [(KI -KI I) + )1:1%

t(K, + ,-:) 1 + 4 [(, - .K4 )' H1'

A sequence of junct.inpn like the one shown in Fig. 3 (shunt cae)

is shown -in fig. 4. -It reprepent -a portion of one-half the branch-guide

coupler in either the even or odd mode (either all H, positive or all-H,

negative), If theranch-giide coupler (i~e., the circuit of Fig. 4) is

to be bsed on thr qnartrr-wavyr transformer, reference planes on opposite

siden of adjacent junctions -Must touch* as shown in Fig. 4, which is the

INPUT K 0 2

FIG. 4 SPACINGS BETWEEN BRANCHES FOR SYNCHRONOUS
COUPLERS

Thia is Iwal*blt for both tk. 9.. 6&d th. M4 0.4#8 *iavltLat."Ir .fka tke braek I684tk. sod the
btsh m a~tll bs .t. all .rA .q.artor atIT.olth. It I.s p1 by ROt peal l. is ay 4tLor to&@.



nyachronoua-tuning condition"-for filtt'rA. Branch-guile, couplers de-
signed in this manner will therefore be called synchronous couplers.

In addition, the junction VSU~s, Vj, of the coupler must. lie act

equal to the V, of the selected prototype transformer, which gives a

condition connecting Kit K _1 and 1Ig. (Only their ratio&, and not the
impedance level, are significant, so that only two and not thre, quan-
tities have to-be solved for.) The other condition derives from the

reference-plane positious. Since the coupler is symmetrical about the
center, the position Of the reference plane associated with the center
b,'aguch or pair of brances depends on whether the number of sections, n,

is odld or even (Fig. 1). (The number of branches is one more than the
nimber of sections. thai. ia, n + I.)

For n u odd (Fig. la)-Suppose that for instance-n a 3. There are
thus four branches. The center reference plane -at bond center is by
symmetry 45 -degrees -from its junction, which-in this case isn-the itecond
junction -from the enid. Once ii three-section quarter-wave transformer

prototype has bee:. selected, V 2 of this prototype transformer can be
Calculated. F~or n - 3, or any odd n,,O - 45%, and from Eqs, (3) and
(4) thc parameters of thim junction,K/, ft/ 2 an H can now be

t,Mucrd. This in turn yields #. 90 -14 which, when V, of the proto.
tylve transformer is known, yields the required parameters of the first
junction, K,1K1 and 111 X,. from Eqs. (3) and (4),

For n - even (Fig. ib)-Suppose that for instance n - 4. There-are

thMA -five branches. The center branch, of immittance Us., has the same
immitance K, on either side of it,-since n is even. The VSWB of the
iaiaittnflce (1 4 fi113/K2) is met equal to the junction VSWII, V3, of the
,'dddle Stecp (the third step from either end) of the appropriate four-
.,ection (uarter-wave transforner prototype circuit. This determines
II3/K: and also clo' - of thme middle junction. From the next junction

VsWi, V 21 of the prototype transformer anid the equation% ; - 90O- 3'
the, parameters Of( the second T-junction are obtained from Eqs. (3) and
(4). yielding A'1/K2, 112/K2 andO', and so on down the line.

Since this procedure is numerically tedious, a graphical so'uio

wall devised, which depends onl a sort of Smith chuartis crossed with a

Cnrter chart. I The graphical siolution is described in -the-next section.

7



III DESIGN BY CIARTS

The three charts shown in Figs. 5, 6, and 7 are, respectively, the

full -chart and two charts with an expanded center. (Figure 7 is more-
-expanded than Fig. 6.) The lower circle in Fig, S contains the portion
of a Smith chart -inside the unit conductance (or resistance) circle.
There are two families of ci.rclea-outside. One is the family of consans
conductance* circles, with the reciprocal values marked; thus inside-the
S.ith-chart circle the conductance& have been selected to have values 1.2,
1.4, 1.6, etc., while those outside are marked likewise hut have con-
ductance 1/1.2, 1/1.4, 1/1.6, etc. (instead of the usual- circles of con-
,Iirtancem 0.8, 0.6,- etc.). The other family of circles represents ront.ir
of arg Y - constant-where Y stands for admittance. ii we write y • G + jB,

then the number of degreea represent the quantity arc tan (BIG). The use

of this chart will now be explained by meant of two examples, and the
theor, behind it will become apparent as the -explanation proceeds.

Eamxple 111-i-Case of n - odd. Design a branch-guide coupler baxed

on i lue.rter-wave transformer of n - 3 section s, output-to-inpot impedance
ratio It - 6, and transformer fractional bandwidtht w, - 0.6 (The selection

of the prototype in dealt with later.)

From the tables,l: the junction VSWII* of the prototype transformer are
V. - 1.311 Pd V2 % 2.4495/1.311 - 1.869. Half the coupler for either the
even or the odd -ode is shown in Fig. 8.

To iliplify the osplsastI , oily c*dctaco and aseeptaice .ill b. meed (crraspea4lg to 2huet breaches);
the statae ti arc blover equally tro me the deal ,"podeic. basis (cerresp~tdmi to serie, btpcheal.
Thi trameforer tractlnal boeid dth is dufiod so sisl by

'Lor, ,. @dA2 off tbe losgeat aid sertest glid. novel 0 htka is te qerter.eao.tr aforer peso bead.1
Its ciAterotrequeicy is deteruined tre the gold@ watlagtb A 0 at ceastor itfeqeacy, lit by

a s2

U# respo.ae is avonetrice! about this Point 'ele pletted agilnst

i N ..
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FIG. S DESIGN CHART FOR BRANCH-GUIDE COUPLER - COMPLETE CHART



FIG. 6 DESIGN CHART FOR BRANCH.GUIDE COUPLER - CENTER EXPANDED
TO VSWR -2.0
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FIG. 7 DESIGN CHART-FOR BRANCH-GUIDE COUPLER -CENTER EXPANDED
TO VSWR - 1.25



The second junction from

the end in 45 degrees from the

reference plant at the center JNTO

of the coupler, where the re- UCIO o

flection coefficient of this .

junction (r is real. There- INPUT :go Im "K !J",2 az
fore in the plane. of the junc-
tion, r, is pure imaginarySTNI it

(since it in 45 eletrers from Noll- Z 1

rIfreal), anti thin r1 I i IMMITTANCCS: A,*,,, zJe

therefore on the horizontal
disi..eter in PiKg. 9. Its- posni-

tioin is determined by V2 6-1. 869, FIG. I EVEN. OR 0-ODE EQUIVALENT CIRCUIT
FOR DESIGN OF POUR4IRANCH (n

~.,Id it. is locatcd st the point COUPLER USED IN EXAMPLE 111-1
unar~'ed "STARIT." It corresponds

to the normalized admittance
(K, fjH1)A'. -Next we wish to find the admittance A, 2 jB1 (K 2 tjH2)/X,
which-cotrespondi, to) the junction admittance seen from-the othescaide i.,%

Fig. 8. (Adlmittance is again used to simplify the explanation. For a

coupler with 3eriei junctions. replace admittance, conductance and sus-
ceptance. by impedance, resistance and-reactance, respectively,) It is

oitrained s indicated in Fig. 9 by first following the arrowed line along

an "arg Y - constanst" contour, down- to the unit conductance circle, and

thence following a constant susceptance contour as far as the circle
Y v K. fly stopping on this circle we ensure inverting- the conduct-

ance component from K,/A'2 at the start to A2 - K2/1 .l That the suscep.
Lance component conies Out ns it should can be deduced from the fact that

-the lower portion of the arrowed path keeps the musceptance cntant, by
def inition, whilIe the up~per portion follIows an toarg Y - constant" conto ur,

snd therefore the real andi imaginary parts of Y a,e multiplied up or down
together. Now the real part changes from X,/K 2 t') unity (following the
arrow), ind therrfore the imaginary part is also mul.iplied by K2/K, and
-1this in juat what is needed to -turn j11,1 K into jH11/K. Incidentally,

the two points marked "STARIT" arid A 2 # jB; are necessarily at the same
radius, since the nornmlized junction reflection coefficient. or the

junction MR~1, of a lossless junction is indelonrdent of which port in
taken an the input side.

12
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To-move on to junction 1, the restriction 4,1.- 900 - 0; determine&
the.direction-of the radius in Fig. 9. Itpoints into the upper left-
hand quadrant, and images the radius to A2 t j 2 in the horizontal line.

For construction purposes it is easier to ignore differences hutween left

and right of the vertical center line, and- simply to-continue the radius

from A, + jiB, along-a straight line following the orrow into the upper

right-hand quadrant in Fig. P The distance out to the rirclo Lhere

corresponds to a VSWR of Vu ; 1,311. On a full Smith chk, t this point

would give the admittance in the plane of the first junction seen from

the line K I, i.e., the admittance (Kotj11 )/K1 . By the same construction

as before we now turn this admittance into Al + 'l~ • (K1 ijH t)/K0 , wl~ich
is -the admittonve of the first *junctLion-seen from the line K,. All the

co-ipler adcittances are now found as follows, normalized to-K 0 - 1.0:

K o At. 1.189 III a f! * 0.228

(5)
K2  A 2 KI 1.429 II2 V B2K, - 0.7925

where- 1! and B 2 are simply taken as positive, since differences between

the leit. and right half are being igiwrod. In-general, the solution

when the number of sections, n, is odd (when thc number of branches,
n + ), is c.cn) in obtained from:

K o a

K I  V .A 1

K2 AIA 2

K3  AIA 2A 3

, 4 AIA 2A 3A4

(6)
etc., and

Ill U ft!

112 AiIi,

113 N AIA 2B3

1/4 - AIA 2A 3 4

etc.

14



If the couplbr consists of series instead of shunt junctions. then

K and It are impedances instead if admitcances.

*The coupling coefficient at cencer frequency for a matched-cuupler

can Also toe read off from Fig. 9, by extending the radius through

(A1 + j4t) to the outermost scale. In this case it is 2.9 db. The cou-

pling when the input is matched is given by the difference in phase

shift suffered by tlm4 ev .n and odd modes. Now the phase shift between

reference planes (with real r) is a multiple of 90 degrees, and is ,he

some for lioth modes. 1, is therexrore necessary to calculate the sepa-

ration between the even- and odd-mode reference planes at either end of

the coupler. These separations are the same at the two ends of the

c.iupier, ly-symmetry, and are -in equal and- opposite directioss. for the

two mudes from the-position corresponding to-no-coupling. The ecupling

C-(dm) at center frequency (where the coupler is pe.-fectly matched since

n is odd) in finally- found to be equal to the square of the sint of the

angle h-#wren the -radlius to At + jn, And--the horizontal axis. Expressed

in decibels, it is marked off on the lower ouLer scale in Fig. 9. It is

seen that for O-db coupling (complete cross-over) to be posa.ible. all of

-tie paints At I;in would have to lie on the vertical axis. It will in

fact- be seen later [FLq. (Ila)] that 0-db- coupling .ith- a single design

lincomex possible only in the -limit of l tending to infinity. A O-dh,

couiler h.a therefore to lie designed as two or more c€uplera in cascide,

.. g. Lwo 3-db couplers, or three 6-db- couplers. etc.

Exomple IlI-2-(ase of n even. Design a branch-guide coupler

lsxed upon n quarter-wnve trannformer -of n - 4 sections, output-to-input

im.edahce rntio f R 6, and bandwidth w 04.

I rom thme t.ables '1 the junction VSIs of the prototype transformer

lre - 1.2.7. '7 1.51, V - 1.672. Ialf the coupler for either the
even or the odd node is shown in Fig. 10. The third junction from the

end is Oe middle junction, and the lines on either side of it. hav m the

same ,dmittances, A2 . rise junction admittance seen from either r.de in

I AJIp'A':; its renl part is thus unity, and it must correspond to a VSYI1

(0f 1' 1.672. This is tlme point marked "STAIIT" in Fig. 11, situated on

Lhe ummit ronductance circle. Alpart. from this different beginning, all
%to.-se.ent steps are as in ixamnple Ill-I, and it, is found that:

15



I NOIt NO 2 13I T I ST T

FIG. 10 EVEW. OR ODD-60DE EQUIVALENT CIRCUIT
FOR-DESIGN OF FIVE-BRANCH (m - 4)
COUPLER USED IN EXAMPLE 111-2

-a - 1 IH1 / B1 a 0.180

KI * Ai 1.155 H2_ I " 0.481 01)

K2 W A2KI -1.383 H3 8 I2 0.719

The groeral .soltitin in still given by E~q. (6). The coupling C (db) at

center [rriliency (where this coupler has a very low VSWR) is read off as

li, fore nod in ng~ain 2.9 dli. -It-will he seen later [Eqi. {|la)) thiat the

emijling i.s only a fulnction of 0, when the reflection loss is negligible.
Mid .iIIV R - 6 i 10thI - this result was to le expected. An

exlpres.sioi for the actual coupling P,., (db) when there is appreciable
r,'flectio~n loss will ato ie given later (E5q. (1h)).
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3+j A . I, Z ! !E.t

FIG, 11 SOLUTION BY CHART OF FIV'-.BRANCHi (n -4) COUPLER USED IN EXAMPLE 111-2
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IV CHOICE OF QUARTE-WAVE TRAN$FOIMER PROTOTYPE

The cvnn- or odd-mode half of the branch-guide coupler has been

Moleled oil Ose ,luarter-wave transformer at center-frequency. If the

prototype trmitaformer haa a wide-hnd Tchebyacheff responae. then the
lranch-guid" coupler may similarly be expected to have-low VSWR and

high directivity over a wide bant of frequencies; if the prototype
vIlnaformnr is narrow-band or maximally flat, then the branch-guido

coupler VS0II and directivity rexponse may he expected to be narrow-band

or approximAtely maximally flat. The coupling from one line over to

the other (' 2 on Fig. 2) is generally found-to incrase ne-slowly an the

frequency moves away from lnod :euter (either tp or down), and is leas

olviously dependent on the prototype characteristics. One would like

to-have some criteria leading from the specification for the coupler

to the selection of -the prototype tranaformer that will transform it
into u coupler meetineg the s pecification.

Lert V and-l|" be theNoSWIt anti noociated reflection coefficient of

le lorioch-guide coupler at any frequency; let V' and r, be the VSWR
stil ass.c sLa|eif reflection coefficient of the prototype quarter-wavt
treeisformer at the correslpondling frequency. An examination of the

phiae rlaionshit, between reflected and transmitted wavess~ h o w s that,

at crutLer frequency,

(1 - 12) antilog (PI/20)

2V V atilog (P2/20)

nul the dirCctivity I ill decibels is given by

i.#.. t. ostroi tre. t1,e port ileediatel beloW tae inpet port in Fig. I is (ao decib els belef te
Input rower.

18



D • -20 1o°.I - r ) .Oti) (pi/20)1 -!, db

[o ..-r+IR .1t"lo ( )

[!Jl'L2 V4 ast;itog (1,1/20 -)d

EluaLions (ae) and (9a) also hold approximately nter center frequcncy.

we shall now define a bandvitill contraction factor. /3. a folio-A:

If the prototype transformer trartionm bandwidth in we. over which i'.%

VSWII does not. exceed V (the associated reflection coefficitat being

"..). then Lhe branch-Suide coupler fractional baIndvidth is 1v,, over

sl4ich its VS1I due& not exceed V .. (the -saoci.ted reflection coefficiesl

Gingl'*,,), and its direct.ivity i better than D)t, decibels.

F.quW'iin ($a) and (9a) hold *pproximstely when V.., Y'.., I

r°.1and D,10 are substituted for V, v,. I, ro, and D respectively. i

moat cases, V will be eloas to unity (i.e., r:°.. viii be small cmn,

parel to unity); neglecting r, compared to unity. Eqs. (1a) sad (9a)
rcsiaaee Lii

antilog (112/20) (Sb)

.I. -20 l o( 2 P (b)

Lmntiiog (PI /2o)- 19b

Making the additional convenient apIproxii:n'tion when r is mmlil,

mni I '. (V - )/2,

I' - 1 4 (8c)
-ntilg (W,/2 0 )

20 '"Kam 2 nnLo (P/20 " P1  . (9c)
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On': call ,'isin F01' (1144) ont (( ) t'vo n ilt , 'm ren'ter fre!4jurney
(tb i ci eAM kill 411Iw. Ir MALilln nte-r crnitow Irt'i-eit-ny).

(Note-lIn VKqi, (8). (9). amnd (10) -P, and P, are jiouitive qUIantities
and Lhe *ntilt, tire o.j nLitieus greater than unity. for instmiice, for
& 6-0110 entaimer. P2 a 6 dii. slid artilog (Pi'/20) a 2. If the coupler is

umlummi INAL~hfl.I then I'l - 1.25 .i6, sad antilog (I/2O) - 1.154.)

The rati,um on riLlier aie of Fq. -(10) are the 4soll quantity an% th-t
ratio E 4/li X11. in 1"'(. 3. atil can be calculated from Lhe iorptulas
givrn there.

apply Lo aync1,~onoios couplers. but
not neceissarily to othrrm. For ex- a'i
amp.le. they dto nttit g.nerully apply
to petmiwir C4111plrrst (section VI).

Whntocoir~r imaLchedu at i -- -

centewrrirnr~uy, thien the coupli ng

I'. at. ce~nter frrijuaney wil i e de- j
noteLd by G: (dll). It rnn lie rel ated ~ I
Lei 11 by Ol tuirmo n I

C 20 hu4;1, till . (110)

lit ell Ithe. nutmricol iolkitinx at-I

Lempted. A XnPemrnI proof for this1 h[
formiel n hIa. not. yetL bieen founud. The
colpi'ling (11" int~ ot depenud an theI jt

A . a '0 Q 1
nitmliser of oI, mch os or Lhem bandidtuIh. ct.% W - r10
iTe relI tifa n but-wen C and It is~

grnpeol n Iig. 2, ad afew ore FIG. 12 PLOT OF CENTER FREQUENCYClImm4111 vouuu'i re LnlIOUIted in COUPLING C NOb vs. IMPEDANCE
Tribnh, 1. WIhr. theq conaplt-r- ix not. RATIO PARAMETER, Re FOR A
matcrhi nt ci-ntrer freuenviy. wuill MATCHED COUPLER

20



its prototype transformer has a VS'IR 1,' at. TAILUI

cenLer frequency, then the center frequency TAPL. O0((4.TING WE IMPEAN.
RATIO PAMMTIR I WITh TWE

coupling P2,, is given by COUPI.NG C(Jb) AT CI7(fl

f FWi.4CY rO#I A

F(,'S + 1)M MAT ",) ( atJP..

p,,•c-so lo.10  ,, o -
P24,C 0 IO C C

L V (db) J.)
(lb) 1.2S 19.06 20 1.222

1.S 13.9? 17 1.330
at. teat for every to~per given in the 2.0 9S4 1 1.432

1.3S 14 1.4%
tables in Appendix 1. 3.0 6.02 10 1.925

4.0 4.43 7 2.617
5.0 3.S2 6 3.012

The branch-guide coupler character- 60 292 4 4.4121.0 2.1II 3 S.04

ispice (like those of the prototype trans- 10.0 1.74 1 17.41

former) will be symetrical about the center

frequency when plotted iainsat where i, ix any guide wavelength,

and X, is the partiettlar guide wavelenFt.h at bond.citter, defined na

foilowa. Let X., and X., he the loncest, and ahortent, guide wavelengtha

in the pass band; then Nea is defined by

0 &$1 4 (12a)

The fractional bandwidth of the branrils-guide coupler will be denoted by

w and is defined (analogotIriy to the quarter-wnve Lranaformer fractional
bandwidth, w ) by

27 + . (12b)

it has been found that the coupler -fractional bandwidth Vw i. always lea.

than the prototype tranformer fractiot|al bandwidth wvI Their ratio ia

denoted by

(13)ir

which is the bandelah contraction factor .lieady referred to.

Before we can select Lthe appropriate quarLer-wave L.ransfurmer

prototype from which to derive our branch-guide coupler, we hae Lo
21



know the band.ioIth contraction facr o, Al. M ex iAtioiq of a large

number of Cases from maximally flat PrO typl U, i. r -ty'pea hing band-
widths of at least 80 percent, showed tbll 1.4o h Udrjdth 0onttaction lot-

tor /3 did not change appreciably with bal-iduh buit (lid chauls with the
number of sections n (number of brancl.*.i ,N A 11 ), and th.e impecince.sratio

parameter X. licausc prcdicting 11 frcy' tho T-jun.c iw prupjrtiea aet.med
too formidable an undertaking, a large mimer of bran -A-cuide cotiplera
were analyzed and their bandwidths compu.-'? Lo t.om -:J their pruc.otyo

tranaformerx. from this comparison the graph of F f. JU uF prepared.

The bandwidth contraction factor .0 was fttu li bh j.n;qn 0.5 and 0.?
ii, moat cases; it was nearer the upper v, ' Ps, V. for wviker coupli-i:
(*maller A) and fewer aectiona (lower n). Ar -m,.pie of kho nst of

Fil. 13 in the selection of a prototype will now .ie .

Exuaple IV-1--)esign of a 3-db Cotltcr. Fivid the prototype trmna-

former for a 3-.Ib branch-guide coupler which is to have an input VMR

S. . #F". FLAT
PL % C 80% KANOMOTM

IO .1 BS ,SIAr ,O RADILNRCINFCO,~ AE
04 I t I0

3n_a

FIG. 13 BEST ESTIMAT IS I*OR-RANOI)WDTII CONTRACTION FACTOR, -,BASED

ON 27 INDIVIDUAL SOLUTIONS
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below 1.10 and directivity in excess oP20 dt, over a 24-percent frar-

Lionl 1i"41.I dth.

From Fig. 12 or TablA 1. when C - 3 db, then R u 5.34. Try a two-
branch coupler first, corresponding to a single-section quarter-wave

trnnsformer (n a 1). From Fig. 13, 3 , 0.64 for n a 1, so tht the

prototype fractional handwidth must be 1061. % 24/0.64 percent. or neurly

40 percent by Eq. (13). The maximum VSWI of a agle-aect.ion quarter-

wave transformerl of it- 6 ad w* 0 0.40, is 1.860. It follows from

Eq. (Sb) that V.. of the coupler would them be considerably greater

than the 1.10 specified.

Try a three-branch coupler next, corresponding to a two-section

quarter-wave tranaformer (n - 2). From Fig, 13. /1 a 0.62 for n a 2. io

that the prototype fractional bandwidth must be 24/0.62 perce.t, or %l-

muqt 40 percent. Now the maximum VSWR of a two-section quarter-wave

transformer 12 of A R 6, ;ol 9 0.40, is 1.11, which for a 3-db coupler by

Eq. (8c) yields Vo.. 1 + 0.11/1 414 a 1.08 which in below the 1.10

specified. The directivity from Eq. (9b) or (9c) will be better than

-20 Ioglo (0.04) - P: - 2S db which exceeds the 20 db apecified.

Thom the prototype quarter-wave transformir will in this case hn

two sections (n * 2). R v 5.84, and bandwidth w, a 0.40. Ite juuc.i

VSils can i~e fouied from tables, 0 and then converted to--the branch-guide
coupler parameters either by meant of charts (see Examples 111-1 and

111-2 of the last section) or by interpolating from the tattler. in
Appendix A.

Notiing hs yet been said about the variation of the couplings P1
niod ,I with frequency. This in analogous to prescribing the amplitude

h.aarncteristic of a filter and then- asking about its -phame (or time.

delay) characteristic. The amplitude and phIM: characteristics are re-

In.,-d nnd cannot lie prescriied independently of each other. In the case

of the lhranch-guide coupler the coupling characteristics are determtied

by the difference between the even- and odd-mode phase chaxracteristics.

To obtain a systematic picture of the frequency variation of the VSWIR V,

the directivity D (db) mid the two couplings (the in-line couplin6 P!
and the cross-over coupling P2, both in di), these were plotted in

His1 . 14, 15, and 16 for couplers based on exiaatlly flat quarter-wave

transformer prototypes for n 1, 2. 4. n., 11, and for R - 1.5, 3, and
6, corresponding to couplings (C) of npproximately 14, 6 and 3 db

(Tlle 1). The graphs are plotted agaiust the quantity (K10 /X), where
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K-

toois

to I 1 14 LS1.5 - 6

1 ,/1

FIG. 13 DIRECTIVITY CHARACTERISTICS OF SOME
MAXIMALLY FLAT COUPLERS (Iwttoneces
of these couplets we given II Tbilos 1.1 oed
1.2 of Apen.d;x I)
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,,, is the guide wavelength, .1_

*nd Xt is its value at hand-

center (Eq. (12s)), The re-

r.panae is symmetrical asout.

(X#/X1 " . s that Pig. 14.
IS, and 16 actually cover the

range fr" 0.4 to 1.6, although a," ........ .

only the portion from 1.0 to

1.6 in shnwn. For non- - - --..

dispersive (TM mode) lines, V -

the guide Wavelength h, re-
duces to the fre space wave-

length , and then

reduces, to / f*, where
/ is the frequency, -and f# is
its value at bond-ccnter (al.o
called the Center frequency). I

It can be seen from

Fig. 16 that the coupling P,

generally becomes stronger (P2  FIG. 16 COUPLING CHARACTERISTICS OF SOME

measured in decibels decreases) MAXIMALLY FLAT COUPLERS(Immittncsof ba.o l....leal e lgve In To.Wea 1-1 oea
on either side of center fro- a( th o f wppfi Tbel)

quency (the curves are sym-

metrical about ,/.\u 1),

and correspondingly P! becomes weaker (P, measured in decibels increases).

Nnw return to Example IV-l. If we may use Fig. 16 as a guide, them

over the 24-percent bd spvcified this three-branch 3-db coupler would

be expected to change each of its couplings, P, and P2 1 by a little under

0.3 4b. Thus if the coupler were designed to hay* 3-db coupling at center

frequency (correspon,ing to A z pickm' - 1fa for, 0.an Pt would so to

2.7 d! aid P1 to 3.3 db at the 24-percent band edge*. If the spocifica-

Lion asked for hoth I' and P2 to be maintained to within *0.15 db ut 3 db

over the 24-percent band, or generally t e'optimiz the balance over the

band as a whole, then the coupler would be designed with P, ,$ u 3.15 db,

correspcnding to fl , 5.7, by Fig. 12 or Eq. (lie). This coupler was de-

signed (uming the tables in Appendix A) and has the following- parameters:

K0 - I , K1 - 1.2902 , H, - 0.4363 , H2 - 1.0844
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II .. : .--.- --A -  3

I A

FIG. 17 COMPUTED PERFORMANCE OF THREE-BRANCH (n - 2) COUPLER OF EXAMPLE IV-I

ILs aelyzed performance is reproduced in Fig. 17, and it is found to

conform very closely to the specificationx. (Again, this is plotted-

only for one side of band-center, since the response is symmetrical as

plotted.) From Fig. 17, the analyzed performance over the 24-percent

bandwidth is: Maximum VSWR, 1.07 (1.08 was predicted); Minimum directiv-

ity, 26 db (25 db was predicted); Coupling& P, and P 2 both within *0.2 db

of 3 db (*0.15 db was predicted).
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V FtMtTIIM N4UMERICAL EXANILS

In applying any approximate design procedure, the quention inevitably

arisen: How Accurate is it? One way to answer this question is to ana-

lyze numerically the performance of some representative cases. A few

more of these sample cases which were analyzed are reproduced in thip

section.

Example V.l-Deuign of a 6-db Coupler. Optimize a five-branch 6-db

coupler over a 25-percent fractional bandwidth. Estimate the maximum

V!W1 and the minimum directivity over this band, and the variation in

coupling.

For a well-matched coupler, a coupling coefficient of 6 db requires

1 - 3, by Table I. The bandwidth contraction factor, A, is 0.64 fros:

Fig. 13. For a coupler fractional bandwidth v6 - 25 percewt, we there-

fore require v. a 0.25/0.64 - 0.4. From data on quarter-wave transformera

for n - 4 (Table III of Ref. 12) the maximum pasaband VSII (V,5 ) for the

quarter-wave transformer will be less than 1.01. Therefore Va.. will be

lena than 1.005 for the branch-guide coupler, by Eq. (8c), since P1 W6db.

The directivity by Eq. (9c) should be better than -20 log1, (0.005/2 X

0.866) - 6 - 44 db, since Pi a 1.25 db for a well-matched 6-db branch-

guide coupler.

This coupler was designed by chart, and then constructed in waveguide

according to the impedance values so obtained. The impedances were later

recomputed more accurately from the tables in Appendix I after the coupler

had already been built. (These later and more accurate values are shown

in brackets below, as they were not used in constructing the coupler.)

It was -found that

K0 - 1.0 (1.0) Hi - 0.070 (0.0688)

K - .036 (1.0367) 112 9 0.274 (0.2823) (14)

K2 - 1.127 (1.1323) 113 - 0.450 (0.4522)

28



A comparison between the first set of numbers (c.lulated by chgort)
and the numbers in brackets (calculated by digital computer) given an

indication of the accuracy obtainable by chart. Here it is about 2percert

in N and in (A 1) on the average."

The analyzed performance of the coupler with the impedances in

bracke.ts (obtained by digital computer) conforms very Closely to the

prtificted valuts of maximum VSWR and minimum directivity over the 2S-per-
cent pass bond: its cumputed values by analysis were respectively 1.001

for the maximum VSwRt (campar* 1.o0s redicted), and 43 4h for the minit~ua

dire~ctivity (compare 44 db predicted); the center frequency coupling is

exactly 6.02 db. The analysed performance of the uompler with the first

Set of impedances (obtained by t0l4MCt) is little Changed though the maxi-

mum VSW1I in the 25.percent pass bond is now 1.01, and the miosium di-

rectivity 34 db; the center frequency coupling i& 6.1 .lb. Junction

rlisenntitiuity effects and mechanical tolerances may he expectecl-o have

a greater effect on performance than inaccuracies due to using the chart;

it may therefore be concluded that the charts are almost as accurate as
thc tables for most practical purposes.

Thbe analyzed performance of the coupler (designed by chart) is shown

in Fig. 18, together with the experimental results in waveguide, which

will lie-described later.

The variation in coupling may be estimated from Fig. 16. It is seen

from the curve for n x 4, R at 3, that P, changem from 6 db at band-center

boy 0.2 db to 5.8 db at the 25-percent band-edges -XeX I ±0.12).
The annlyzcd-performance (Fig. 10) shows a like change of about 0.2 db

from bnntd-center (6.1 db) to band-edges (5.9 dbo).

IFxnmple V-2-Design of a O-db Coupler. Design a thirteen-branch 0-db

couler making use of the five-branch coupler (n - 4) of the previous ex-,

aomple. What maximuir insertion loss would one expect over a 40-percent

froctional- bandwidth?

The 0-dis coupler can he put together from three 6-db couplers, as
follows from Appendix 11. fly merging the end branches-of adjacent couplers,

two biranches can be eliminated, and the 0-db coupler has thus thirteen

lbrane.lies. Its immittances, based on Eq. (14)-, are as follows:

this .0e sea q.( several to,.7 *entele# VerhOd out quikly *a the charts. with a little were cr. th.
accmucy Is &halt I Forcest. coatere teeple Y-4.
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K, a K * 1.0

A'1  0 K4  r KS r~ K4 K a K a *1.6

K2 3 K, a, R, A 9 K• , o * K - 1.127

Ili 0 H13 - 0.070 (IS)

H2 a H4 • 116 • II 114 "?12 0.274

H3 • HIT Hit , 0.450

H ' • It, 0.140

The coupler of Example V-1 varied in coiguling from 6.1 dA at band-

center to S.S db over a 40.percent fractional bandwidth (Nee/N& from 0.8

to 1.2), an can be seen from Fig. 18. To work out the greatest deviation

from 0 d6 of the new coupler we see fom Appendix II that S.S db corre-

sepnds tz a phese ahift V in either the e~ven or the odd monde of

0 P i Arc sin ntilog ((J 1320 4' 06)

For the three couplers in cascade t.he" combined phase shift in either mode

will he approximately 30 a 196' 12', which corresponds to a coupling of

"20 log, 0  (sin 96" 12') - 0.05 di, . (17)

This represents the maximum insertion loss, since the deviation from 0 db

at band-center is even less. The performance of this coutpler -i shown in

Figs. 19 and 20, together with the experimental results in waveguide, which

will be described later. -It is seen that the insertion loss upon analysis

is indeed better than 0.05 db over a .10-percent fractional bandwidth. (The

experimentally measured points also agree very closely.)

Example V-3-A Coupler with 314 Branches. It ia required to lengthen

the branches of th. coupler in Example V-2 from one-quarter wavelength- to

three-quarters wavelength. The spacing between branches is to be kept

one-quarter wavelength. It is to be determined how this affecta the per-

formance.

There is mo way to predict accurately Lhe reduction im baidwidth to

be expected. If both tme hrnmch lengths and tileir spacings were triple.d
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tcogether, the -resulting bandwidth would be radutoed to ose-third, without

otherwise affecting VSWR. coupling, etc. Since the branches are to be

lengthened but not their speciaat, we might expuct h leaner reduction
in bandwidth. This in-borne out hy the analysis. The V50hi and insertion

lones o thin coupler are plotted in Fig, 21. The inaertlon-Ioss hand-
width is reduced don to almost one-third of the original bandwidth

(compare Figa. 19 and 21), but the VSWH bandlwidth i4 lea. affected, and

in reduced to only about one-half.

Exaple V-4-A Thre.-rench Coupler. Consider a branck-guide cou.

pler baaed on the following quarter-wave transformer prototype parater:

n 2

t - S.0

V9 3 0.8

°I" I I ,
- MATMO LOSS

I I20'- I0

, I\ I

Is

I I

FIG. 21 COMPUTED PERFORMANCE OF O.db COUPLER WITH BRANCHES 3X/4
LONG (Er ,. Ia V-3)
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Predict the coopler'-s maxiomlin VSIt and minimum directivity over its pass

band, and fird its fractional bandwidth. Predict the maxmum- and minimum

values of the two coupling P, and P2 over the pax* baud. Finally, cal-

culate the immittancea K1 it, I and i of this coupler.

The maximum ligAt-bond VSWI 1.. of a quarter-wave transformer havitg

n % 2. R v 5, w, 0.80 is, by Ile(. 12, equal to 1.45. Therefore, the

maximum VSWH (Y..) of the coupler over its pass band is, according to

Eq. (an), approximately equal to

1 +_ S a 1.3 * (&
1.5

since R - S correiiponds to P2 ' 3.52 db when the effect of mismatch is

neglected. Since f.he VSWH hea a maximum at band-center, becauae to i

even, and this is equal to 1.45 for the prototype transformer (corre-

sponding to a los by reflection of 0.1S db), the coupling P3 is, by

Eq. (lLb), Ce40l to 3.67 dI.

Similarly from Eq. (9c), the directivity would be expected to Ise

lbet.t-r than

-20 logo 3.5 a 12.5 Sb (19)

over tlie piens band, where 11, has been set equal to 3 db for the moment..

A more accurate estimate of l, can now be made by balancing the input

and output powers:

Coupld power (correap. to 3.67 db) - 0.430
lieflecLed power (corresp. to VSWIl - 1.3) - 0.017
Power in directivity arm - 0.02S

(corresp. to 12.5 + 3.6 - 16.1 db)

Total so far - 0.472

Ilence the frnetion of power out of the"in-line" arm is 0.520l (corre-

aponlior to ', equal to 2.77 db). %hen this is substituted into Eq. (9c),

then instead of I.q. (19) we obtain 13.6 db for the directivity. Mking

a new more ncrurnte boltance-shaeet for the powers then gives

P - 2.7 db . (20)
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The coupler frAcLinnal bandwidth, v, prodicted from Fig. 13 is 0.80/

0,80 x 0.54 v 0.4..

lining Fig. 16 &A a guide, we Vould epXckt P2 to change by about

0.67 db from 3.67 to aboot 3.0 db, and PI by about 1.1 4b from 2.7 to

3.8 db over the 43-percent band.

The immittance parameters of this coupler were obtained by chart.

(They can also be read from the tabica'in Appendix 1. and thaet immit-

tanee aire ahown in parentheses; they were not used in the asubequent.

analysis.)

KI a 1.29 (1.2798)

H, * 0.50 (0.4919)

HI q 0.812 (0.A049)

Here the parametera obtained by chart and by computer agree to within-
one percent an the average.

This coupler (designed by chart) wag analyzed, and its performance

is pintt4d in Fig. 22. Ilta response is Aymmetrical about \Is/xs - 1.0,

ma usual.) Its analyzed and pred;:zd performance agree clomely. Over

the 43.percent bandwidth, the :aximum VSWI is 1.29 (the predicted VSWII

was 1.3): 'Sa minimum directivity in 13.4 db (13.6 db was predicted);

the coupling P, changes f?om 3.65 to 2.7 db (3.67 to 3.0 db was predlicted):
and P. changes from 2,7 to 3.4 db (2.7 to 3.8 db was predicted).
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Yl FEIIOOIC AND SYNCIItNOUS COUrIERS

l.'ed' hmas analyzed a class of branch-guide couplers in which the

=:in llrA I.pV*4ancea are onstent and equal to the input and output line

impedances, MR1 in which all the internal, branches have the same impedance.

These couplers will herein he referred to an "periodic couplera." They

du not. have a clearly defined pass band, over which the performance is

optimized in some sense. lieed hims given numerous curves for 0-db couplers

4rd some for other coupling raLios, which may be-used as a ga.zde in some

Couplers whoae design is lbaaCd on I qusrter-wave transfanrmtr proto-

kype atre referred to as synchronous couplers (Section 11). The porlormamce

of peri'-lic and synchronous couplers will here be illustrated by examples.

It. may IZca stated a*ea rough guide that to achieve the same performance

ovet sp,rified lmndwidth, a perioilic cou~pler requires about twice as

mnny lranctes as n syewhrono an coupler.

Sioe i u.getions La improve the performante of periodic couplers are

as.io muiko. mnd illontstioLrd by eernsies.

:,mi l'e VF-.-Comlparison of Some O-db Couplers. Figures 23 and 24

sihow it VSWI4-aginst-frequercy and cuupling-against-frequency character-

Iat, cu of f(ntlt O-db couplers. Two of them are synchronously derived cou-

jilc. And -o kre periodic couplers.

Curv A ip for tme thirteen-branch 0-db coupler of Example V-2, except

thot tse c taa immittancea K' and II from time tables were used. (It is

*Kaih k44st-, on three 6-dih couplers with n v 4, v9 M 0.40, R - 3. The im-

m.4os t¢e khi.% ticme come from the numbers shown in parentheses in Eq. (14),

OieuI ptod re ely Eq. (15) of Example V-2 wsn derived from the nmjbers

o4U :.m,! i-Y chrt. P ' shown without parentheses in Eq. (14).]

Curve l i.x ,ora nimilnr thirteen-branch 0-db coupler, differing from

the preyiu3 oime only in that it is lea&ed on a prototype transformer

.tVIg w, 0.80 (instead of 0.40). Curve-C is Roed's periodic coupler

with thmerqn branches. Curve 1) is Ieed's 4 periodic coupler wEth twelve

l|rnitimer.
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It ia evident that Coopler C is inferior to the oither three, This

is Lypi~al of periodic couplers with an odd numlier of branches, and is

due to the lack of' matching endl-branchea. (Periodic couplers with an

odd siamber of br~mchts havr all branch immittancen the same, including

the end branrbe&.)

Coupler 1) in only Slightly inferior to Coupler A its relgardst couplingI

P20 but distinctly inferior as regards VSWH. Clurler II is similar to

Coupler A. except that its pe.ak VSWII at Center frequency is hig~her, And

it has a greter hindwidth.

The YSWIla of the two periodic couplers, Couplers C and 1), exhibi'

ripples ni increasing amplitude as the frequer., deviation from banl-
ctuntir increases. There is no reflection at band-center, and there ore

zeros of reflection whenever the separation between end-branches increases

or decreases 6y Approximately one-haif guide wavelength (Fig. 23). The

couplingx of the periodic couplers also exhibit similar periodic vir-ples

(Fig. 24).

The YSWJI anti cotapling of the two %ynchronaosly derived couplers,

Couplers A Andl 11, Lend Lto remain constant in a fairly well defined pans
band, Outside which the cuarves rise steadily.

Since periodic couplers with an even numbuer of branches are bietter

than those with an odid niumber of laranches, five couplers having f. fA,

10, 12, and 14 branches were analyzed. Their performance was compared

with three 7-branch. 0-dh couplers, which were "synchronously derived."

This sterna that each 7-branch band-pass coupler was based on two identical,

synchronous, 4-branch couplers (with 8 - 5.5) placed in cascatie, the two
end-branches tieing merged. Thrre inch couplers were designed aio5 ena-

lyzed, And each was made optimum over a different bandwidth: they will

b..- referred to as Wae 1. Case fI, and Case Ill. They correspond to
values of the prototype fractional hend'.ddth r.of n.40, 0.60, and 0.80,

respectively. rheir -iuuuittances can lie obtained readily from thet tables
in Appendix . and are as shown in Table it.

Instead of plotting all of the curves for the five periodic couplers
and the three synchronously derivedI couple-rs, the principal results are

summasrized in Tabules Ill and IV.
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TAN.IJ 11

!tITAlA4CEiS Or TMIIEE SYNOIIOUSLY LIUIVED O-Ob C0tI1.PU;

IN lTTANCUS CASE I CASK 11 CASE III

Ko a K 1  1.0 1.0 1.0

X1  w 93  , Kr4  - K6 1.1!63 - l.171 1.1951

X2 * Ks 1.3852 1.3852 1.3852

HO " )i 0.1957 0.2192 0.2540

ml 0 )f " N4 " 0.7613 0.7382 0.610

M3 0.3914 0.4384 0.5160

TABLE I I I

MAXIMUM V." OF S VEAIA, 0.-db (XIPLK.M OVER STATED AINDWIDThS

PERIODIC COUPLERS SgV9n.BAANCN
(Perciel)- Six. light- Too. Toel. rTrges..* $SLY

breach breach brolaah breach breahc DENIMOUPLERS

16 1.10 1.06 1.04 1.03 1.02- Case 1 1.02

28 1.19 1.09 .OS 1.03 1.02 tA It 1.02

48 1.21 1.10 1.12 1.09 1.os Ca:. 11 1.10

TAIIIE IV

MAXIMIM INSEIITI(YN 1.OSS (db) Of SEVEIAL
0.ub COUPIEIS OV. STATED IIANDWIIMIS

PERIOOIC-COUPLERS SEVF.N-NltAMCIUAI)A N -D!- I I__ SVFE.ftNC
(percat) sit- ighit- T:%. Twelve- reurttes- SYNCIONOUSLY

breach breach bl'iack I breach breach DERIVED CCUPLERS

16 0.02 0.01 0.006 0.004 0.003 Case 1 0.00o

28 0.11 0.04 0.02 0.013 0.011 rage II 0.009

48 0,33 0.22 0.19 --01S 0.113 Cae III 6.1S
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On each line the periodic coupler "hose oerformance is twarest to

that of the synchronously-derived coupler at the end of the line. is

underlined. It i4 aeen- that. roughly twice as many branches are genc:-

ally required in the periodic coupler to obtin about the name performance.

However, the synchrononaly-derived coupler design has to be adjusted for

each banolvidth, as in it quarter-wave -transformer or bandpaas filter.

Exmpit VlI-2-Comperison of Soe
3-dh Couplers. Periodic couplers of TAUIK V
4, S. 6, and 8 branches 4 were &no- I M4ITTCES Or 7N 1t1 SYNC0IOUS

3 4d1. CMIuLgFS

lyzed, As were three synchr.onous-
3-dhi couplers of four branches each; INITTA -. CAS I CSt It CAUV I I

the s-nchronnua couplers were those AK 4X - 1.0 .0 1.0

used to make tip the 0-til, couplers "1 4 K3  1.1S63 1.1715 IJSL

for Cases 1-ill in Example VI-1. K2  1.34S2 1.34$2 1.312

l1iug the same deaigat.Lions for the No" NM 0.1957: 0.2192 0.2580

3-db coupler&, their imlmittincex are MI 0.7T6I1 0.7382 0.69S

given in Table V. (Compare Table If.)

All of t.hcao couplers are derived from quarter-wave transformer

prot.t)pes with n * 3- it Y 5,5; their fractional bandwidths, Wv are

equal to 0.40 for Case I, 0.60 for Case ii, and 0.80 -for Cate III. The-

performances are summarized in Tables VI anti ViI. Table VI gives the

maximui, VSM11 over the batidaidths used in Flxomple YI-I. Denote the maxi-

mum change in PI over any specified bandwidth by AP1  and the maximum

change in P by 1,42 . To indicate the variation in coupling in a single

short tuble, the quantit.y [1AP11 " + -I,1 ] is shown in Table VII,
and referred to as the "coupl ing unblarnee.

TAIII. VI
LMAXIMUM VSWIR OF SEVEfAL 3-db COUPI.ERS OVER STAThI) 8MANI)WIMT'S

PritIODIC COUPLERS
SANIR IDT1 -',fOUR'BKAN¢CI(p.rce.t) rour- riv.. Shx- EigL- SYNcnMOUS COUUipt;"
I _______ igc mJ kr.ch btamek brtsc

16 1.02 L.OS 1.02 1.01 CAie 1 1.01

28 3.08 1.10 1.05 1.04 Case 11 1.02

48 1.32 1.12 1.15 1.07 Came I1 1.07
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TAtLE VII

CO I.ING 1IRALA4 (dW) OF SEVEAL 3-d1 COUPt.V
OVEN STATED wqtNiDmS

I AZIO01C COU t P

Irefeat [felt- Viva. ai.. Eigt. SNWJoCtUJuO j
bismoL beatk br 0th broash

16 0.20 0.14 0.14 0.14 CA&* 1 0.19

23 0.47 01.S 0.49 0.43 Cal II 0.ST

41 2.3 1.i 1.5 1.4 Cote 11 1.

The four-branch synchronous coupler for each bandwidth has a VSWR as

good as, or better than, an eight-branch periodic coupler. The four-

branch synchronous coupler is always better in terms of variation in cou-

pling than the four-branch periodic coupler, but not an good as the

six-branch periodic coupler.

Example VI-3-Improved Periodic Couplers. The periodic coupler

designs givpen by Heed 4 ensure a perfct match at center frequency, and

also eraure the specified coupling there. It can be seen from Fig. 16

that if, for instance, the coupling P2 is to vary an little as possible

from some specified value over any non-tero bandwidth, then the coupling

P2 at ce cter frequency should generally be weaker, since P, becomes

stronger as the frequency deviates from-center.

Consider for instance the periodic 0-db coupler of eight branches.'

By reducing the coupling, which means decreasing the branch immiccances,

the bandwidth for any spccificd coupling taolcranc cznbec incrcoacd. All

of the branch immittances of this -coupler were reduced by 4 percent. The

VSWR and the insertion loss (coupling P,) of both the original and the

modified couplers are plotted in Fig. 25. Tht improvement in VSWh it

only slight, as expected. The bandwidth between the 0.l-db insertion

loss points is increased from 42 percent to 49 percent; between the- 0.05db

points the increase in bandwidth is from 32 percent to 45 percent. (The

curves in Fig. 25 are again symmetrical about the X86/X S axis; hence, only

one-half of each curve is shown.)
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FIG. 25 COMPUTED PERFORMANCE OF TWO EIGHIT-
BRANCH O-db PE.RIODIC COUPLERS (Coupler A
after Reed, 4 and Coupler B with b6onch Iommitonces
recluc.I by 4 percent as In Example VI13)
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YI1 £XPERIiNTAL RESULTS

A. THE 6-db COUPLER

1. COmTRUCTION

The 6.db couplir of Example V-I was constructed in 3-bed. This
coupler has five branches. Since vaveguide T-juactions ore series ju-ic-

Lones, the immitteacts K, and N, are impedances: however, sinco waveolutsl
T-junctions are not perfect series junction*, they can ke reiprsested by
aR e4uivalent circuitl

t such an is shown in Fig. 26. (This is the same

circuit as Fig. 6.1-2 on p. 330 of Ref. 17.) At any T-juactioh of the
coupler, KI. -and Ki are generally-not equal, although they differ only

sligktly, aso that K', in Fig. 26(e) was set equal to their arithmetic
mean (KI. 1 + Ki)/2. Simi-

larly the waveguide height
substituted± into the graphs AN

of Ref. 17 -to obtain the

T-junction properties was
0 (1. 1  6 1)/2 and the .... .L. ... ,. .0 . L. .

junction was treated at if - I-

it were symmetrical (see T T EACTANCE

Fig. 26(b)]. 
(GT

The v.eguide heights

first taken as proportional

to the recpective K or H .... K I.t 1I

values (q. (14)1; they were

fixed by the b-dimensions ncACTANCC
INECLECTED)

of the four ports, which 1b)

were re c equal to b0  bi.j b, ti.'eK I

1.420 inhe.. This deter- b2----

mined the b-dimension= in
the Lirnuh-p.ii des wit oI, FIG. 26 EQUIVALENT CiflCUITS OF T.JUNCTIONS
further .d jtmeLgnht h huL (a) Sy~metrical Junction, after Moecuvity, 17

the b-dimensiions of the (b) Unsymmetrical Jnction
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branch guides have to Ise further increased to allow for the transformer

factor n. This factor was found from Table 6.1-10 on p. 346 in Ref. 17.
and the branch b-dimensions were increased by a factor 1/ni. Since L:i5

changed the junction dimensions, the quantity 0 had to be worked out

again, 1and more times if necessary (usually this is not. necelstary) until

each product of n2 and the branch guide b-dimenxion was proportional to

the appropriate impedance It. Finally the reference plane positions, d

and d', of each junction were determined t (Fig. 26).

Since an L-ha.d coupler in Wit-6SO wAveguide was later to he scalcd
from this S-band model, it was designed Vith output ports in 2.1140-itnch
bay 1..20-inch waveguide, to preserve the same Lwo-t.n-noe aspect ratio of

W1I-650 (6.500 inches by 3.250 inches). Since Standard S-band wavrguide
is Wl1-284, which is 2.840 inches by 1.340 inches, a two Section trans-

former from 1.420-inch to 1.340-inch wayeguide was placed at each port
So that. all the untal S-land test equipment (slotted line, etc.) could
he used. The wide dimension (the so-called a-dimension) of all wave-

guides, both inside and outside the coupler, -was made 2.840 inches. The

L-band center frequency of 1300 Mc then scaled to 2975 Mc at S-band, and
the guide wavelength, at center frequency reduced from 12.68 inches to

5.51 inches.

'the dimensions of this coupler were calculated, using the impedances

of Fq. (14), r.nd the T-junction equivalent circuits- in lief. 11. (The

series reactanceo were included in several of the earlier computations

analyzing the coupler performance. Their presence was found to affect

tie performance only Slightly, and has been ignored in all later compu-

tations. )

The coupler t-plane cross-section might be expected to require
stepied cLop And bottom walls (Fig. -1) to obtain the changes in impedance

A called for in lEq. (14). lowever, tha refercnce planes -(-T; in Fig. 26)
move in such a manner that the branictes have to be shortened more where

the impetlaunes K are larger, with the result that the top and bottom
walls (ig. 1) come out almost straight. In order to obtai, straight
top and huttom wHlls as shown in Fig. 1, and yet. maintain the correct

impedanes K, Irnneh lengths some of hich differed Slightly from tho

lengths Calcullted theoretically have to lie accepted.
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FIG. 27 DIMENSIONS OF FIRST S-BAND 6. COUPLER -

BASES ON EXAMPLE V.1

*i tl dime.nsiois so calculated zre shown in Fig. 27. The coupler was

constr,'tLed in two hnlve.s a hown in Fig. 28. Three j ig-platel of
allmaintim were used to make n U-shape'J channel, in which six aluminum

blocks were placed snd iolted down to form the waveguide channels. The

e,14 blocks -conain tie Lrtnisformers from the waveguide height of

l.420 inIchtes to 1.340 imche.s. The depth of all the channels ic half

of 2.840 incies, or 1.420f incites. The two pieces shown in Fig. 28 were

finally stUoeriemposeI Pnd bolted togethcr to form the 6-db coupler.

The measured performance of the completed cooplr is shown by the

-light points in Fig. 18, which go with the frequency scale (A) near the

bottom of Fig. 18. Plotted on a (\10/X,) scale, the points fit the com-

puted curves very closely; however, the center frequency in 3125 Mc

ezstead of the design valuwe of 2975 Mc. This discrepancy is thought to

result, from the relatively large b-dimensions which, for instance, make

tie length of nil outline edge on tie two center squares in Fig. 27 only

about olle-sVenemth wnve length. Thus higher-,,rler miles could le :et Up,

giving rt.;e tlo internction effects at such close spacings. If this
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FIG. 28 EXPLODED VIEW OF 6-d6 EXPERIMENITAL COUPLER
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explanation is correct, then lower waveguide heights (smaller b-dimensions)

would result in better design accuracy. However, this was not attemp*ed

since the coupler was to be used at high powers where large waveguide

heights are an advantage.

All branch length# and spacinga, nominally one-quarter wavelength,
were ti'en scaled in the ratio of the guide wavelengths to reduce the

center frequency from 312S to 2975 Mc, and the coupler was teooed agln.

Its center frequency moved

down as expected, but the

coupling the-e became _

stronger, going from 6.1 , 1 1 I
1359 1.e 1,40 ZO 71

to 5.8 db. Since the c0 1.

Coupling hcoftea stronger ......... 1

still at off-center fre- A O

quencisa, it was-decided 
1iLs

to reduce the branch L., 0  11
heights to weaken the 044-4-t.- -f.

coupling by 0.S db at 0.0y 0,404

center frequency, chang- 10ouuoco coeutNS NOT soWN' CNANKc OCPTH.L4ZO

ing the S.8db to 6.3 
db

coupling. The new dimen-

sions caiculated are FI0.29 DIMENSIONS OF .BAND 6dbCOUPLER

shown in Fig. 29. The AFTER MODIFICATIONS

maasured results are

shown by the black points

in Fix. 18 which go with the frequency acele (W) n the bletom of Fig. I$-,

It is seen that this coupler gives the desired center frequency and its

parformanre clna.ly follo-s the computed curves.

All edges orthogonal to the electric field-of the TE1, mode were then

rounded off to increase the puocr handling capacity. The edges of the

eight rectangulur blocks were rounded to a radius of one-eighth inch; the

edges of the four outside blocks, on the faces defining the outside edges

of the narrowest branches, were rounded to a radius of one-sixteenth inch

These radii were estimated to reduce the field strength at the edges to

less than double the field strength in the waveguides.10 Any further

rounding would have helped very little. The performance of the coupler

with rounded edges was measured, and found to reproduce the performance

shown in Fig. 18 to within experimental accuracy. The rounding did not

introduce any noticeable change in the coupler response.
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2. Pow1-tANoLINo CA ACITY

The power-handling capacity can be jnlmated an follows. The cupler
may he treated a% a filter, wheri the "equivalent power retlo" of IA*f. 14

is Iqual Lo the internal VSW11 for a matchs4 coupler (or Amost an for a

mesuly 0SIChed coupler). Thr higheat interrl V'IW% of the prototype

trannformetU is 1.22 in t.his-cae. Thia VSM Ccurs in the second sac-

tion where the waveguide height is

1,127 X 1.420---- 1.19
1.340

times the wtyeluide htight of WK-284. If we allow a weak ;ng factor of

2.S (in power) for Cic rounded ediea (eatpmuted from Nef. I0), thia leads

us to expect, x poner-handling capacity of approximately

1.19
1.22 x 2.5

tiom.. the |,nwer-handling capacity of W11-284, or roughly 1.0 megawatt sn
air t t.a pmOherit prensut-e. (It ia assumed that breakduwn will NoL

occur first inside the branches.)

The coupler was teated at high power using a 3.8-microsecond pulse

at 60 i.pa, at a frequency of 2857 Mc. With air at atmospheric pressure,

n arcing was observed up to at. least I megawstL peak power. When the

pnwer was turned up to 2 megawatts, there was some arcing, but this ap-

peared to be caused by a waveguide bend.

I!, Til' 0 -dk COUPIEII

1. CONTCTION

Tite 0-dib coupler is constructed following the procedure of ExampleV-2.
It is based on the 6-db experimental coupler just described, but scaled
from S-band to /.-band, with the ratio of the two guide wavelengths at
ceiLer frequency mas the scaling factor. The ratio of the guide wave.
lcngths -was made equuul to the ratio of the a-dimensions of WR-650 and

W 1- 284.

The coupler was constructed of aluminum jig-plate in the fshion-
described for the 6-db coupler. The over-all length was close to four feet,
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so that it. was Mnde in

two flanged sections,

which bolted together.

1he dimensions of one.

half the coupler are iven 1 3 l !t
in rig. 30. A photograph lo s) 1it 4 3I ". 3w

of the entire courler %a
shown in Fig. 31, L. - --t

The meaured per- + l - "

formance of this coupler ,,1,* 1:

is shown in Figs. 19 and '-.'4t- *z-H-- *''-1-
tl*etMS MI nt i"", CMAkWL SC huI'1)O

20, and it is found to- Nt 111

agree very closely with
he cniputed cter~e5.

FIG. 30 DIMENSIONS OF 0.b COUPLER
(Only hal hel coplw Is Is )

2. Poztn.IIAIVLING
CAPACITY

The edges prpenii~culsr to the electric field were rounded to a

!J-inch radius, except for an l/#.inch radius on the end blocks, to increase

the power-handling capacity. (Compare the 6-dh coupler.) This was found

to have no measurable effect on the performance. Using the eatimate for

the 6-db coupler, the power-hAndling capacity should be about (6.5/2.84)t x

1.0 megawatt, or 5.2 megawatts in air at atmospheric pressure.

Iligkh-power tests were made using the Eimac X632 experimental Klystron

amplifier, which operates at L-buad and supplies 2-microsecond pulses at

60 pps. A cobalt-60 radioactive source was placed under the coupler& to

insure that tihe air wis ioniLed at point.s most susceptible to breakdown.

The branch-guide coupler was fill.'d with air at -tro~phcrir. ptIesure. It

did not break down at the peak power available, which was 5.1 megawatts.

The VSWII of the water-load at the output of the coupler was 1.3, but as

no phase shifter was available, it is not known how much it helped or

hurt the power handling capacity. However, it is probobly salfe to may

that thii coupler would handle at least 5 megawatts of peak power in air

at. al.mospheric pressure with a matched termination.

no.. cirtit to.ted .o t o*e halt@* of thE O.I. t~oplor. rrajod am too .b corplers to *piaelit ia
c*%&cti .ith rig. 36, rotkr tt.o Ike coplat de, ri.d *o,.. No ]. copola had tkt *let& ol"
is the photograrh at rig. 36. Lot the othtr .d.d copoler WE oitkost *my saot. so docrhibd a.oo..
3 5ac e.ch 3.db cooplr Ik.el0 a O.d cowpler) hod 6 at J 6y13S t  

ltf', this toot Is oastatiolll the
Sam a teo ties to.plo . O.dh copler eith or withoot elae,.
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3. A0SoisOIp or Hmtpii 'mI"QUmiCtK1I

The purpoxe of the 0-44 :opler was to ect as an obsorptioe. filter
for harmonic and other spurious frjQuencie- in the power OPt.U of.hih-
power microwvis tobrA.* It in used in conjunction with a rejection

filter, such as a wkffle-iron filter. The O-db coupler is pined be-
twern the transmitter and the rejection filter to protect the tube free

the reflected -1purious frequencies. It in not necesanril- required to

provil e high ltt4in at the Srurious frequencies (this is socoplishi.:
by the rejection filter), but to provide tnoulph Attenuation that a satin-
factory match can b presented to the traiiimiLtver, even when--*n e(iective

nhor-circuiL. is placed aIL the atipat Of the A-dh ,oupler at tl'c opurioun

frtiltrnrins.

Figure :i2 i;ndicatr the

reasonig lschinl thin ar.

ranKnet L. The coupler is HOW!

(0-di.) 0,!dl s it, the 6
fune~l~e .tn I- fruiluenney ,.l-

puL. At higher elr.gsweereirs.
the roupling itip thei FIG. 32 ARRANGEMENT OFO4A COUPLER AND

SPURIOUS.FREQUENCY REJECTION FILTER
Irnch--t ileereancs (n in

Fig. 6.1-10 on p. 346 of
It,*(. 17 dci reau.em). The higher frequencies will therefore tend to be
"ba.rd" through Lu the -load instead of crossing over, thereby becoming

xe,.nristrl- from the fundamental frequency without leing ref~ected. Thin
IS. of course, -only i qual itisl ve argument, and uppl ics bet. to -the T. 1 0

andl the lbser-order mnies. You" sontance, oil- Tl.a mode., an they ap-

pronel ro'tort, will pass throuKh a- frequency at which the guide wave-
length is i2.6H incises. the X", of the fundamental bandl-center in the

'ri.;, mour. This gives rixe to- frequency lande, which- in certain nodes
will- siffer -. o attenuation in th. coupler. This was confirmed experi.

mentally for tie "rl:,, mode at 21100 .c.

It was also fousd in tie TFIC mot]e around 2600 M:c that, the coupling

iasq .a strong ns l. db, re"-lting in a high VSIIl when the rrjeCLion
-filIter or n short culslit wRs laced at the output. The explanation for

-al. orpl.intu.k sea.. Ie hso. let* first a L a eet.'4_L Ytrk Pice. ard *c@a algll tJ indsoeb#tI
ii.' .. tI ., at A lator al*..
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this is probably that at this frequency the guide Wavoiength is such that

the 4rnch lalnghs and apScings are O pprdximuetly thre.-quartoerA #vi4e

wavelength long. If the couplings and reference planes had remasined

conataknt, 0-db Co4pling would have been obtained at this frequency.

Since tik strong coupling occurs at the second karmonic of the c€totr

frequency. which might be expected to be strongly present in the output

-from i kiplk-pwer transmitter, it Vat decided to reduce the aecond*4aradnic

coupling by placing chokes In all th branches. This would prevent the

second harmeoic from crossing over, (A mere general solution would be t .

build 4ppropriaLe filte:a in the branches.) These aeond-harmonk chA,*s

were placed in the mid-plant of the branches. end the bran vh impedances-

were reuced to compensate for their reactances at 1300 Mc. The calcula-

L inn is given in Appendix I1. The dimenminno are given in Fig. 33, and a

photograph of th ctoupler is liven in Fig. 34. The measured peas-band

insertion logo is plotted in rig. 35; the innertion loss is -better then

0.1 dh from about llSO t,

13S0 Mc. The pass band has

become narrower am a result of

the chokes, ad th" center -r

freq..ncy has moved down.- - - iV lF F

adequate . o experimental -wl 1-- ""1

€,,.,refrequency. Tih ,__1t __,

of the -T-juupaions at-the o~.
6if ed us' the chtlkes were

Cjih1CL D(PT4.I4ZO

then rounded to a radius of

'A inch to improve the power- ot$, " '"

hin-copcity. ntd

low VSW to the second harmonic @LOCK V

in LkeTFI, mode- with or without

a short-cireuiL at the output.

FqrtIher improrpment ih the TFla

mode was obtained with the FIG. 33 DIMENSIONS OF 0.Jb COUPLER WITH

circuit of Fig. 36. This phoLo- SECOND.HARMONIC CHOKES

graph shows the two halves of (Only he1! the coupler is so)

the 0-db coupler use las two

s5



FIG. 34 EXPLODED VIEW OF O~db COUPLER WITH SECOND-HARMONIC CHOKES



"~ 1

1* 1
IottKK I

FIG. 35 MEASUkED INSERTION LOSS OF O..Jb COUPLER WITH SECOND-*HARMONIC CHOKES

~ . r~r~J-A~HARMMNI

FIG. 36 ARRANGEMENT OF TWO 3.db COUPLERS TO SUPPRESS SPURIOUS FREOUENCIES
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3-Ab couplers. (Each 3-db coupleir is one-and-one-half 6-db couplers, slid

had a YSWlI below 1.10.) Each 3-dh coupler is connected to two waveguidlea

that taper from 6.500 inches by 3.2SO inches '.avrgtaide to 3.750 inches by

3.25U inches waveguidle (Fig. 37). This guitie is cut-off in the fuinda-
aiental pass band. but transmits- all harmonic frequencies in the TE1* and
most other modes. Such an arrangement has the advantage of simrplicity.

hot it also has the disadvantage of reflecting some important frequencies

in certain likely modes (as for instance the second harmonic in One TF36
mode). It should be possible to devise something better for this purpor.p

thin a tapered wiveguide, which, however, was retained because of its

ximpl iciLy.

The, photograph in ig. 36 shows botS 3-db couplers as containling
slotted blocks. (The "slots" are the second-harmonic chokes.) It was

felt that a better arrangement would be to have the chokes only in the

first 3-4b coupler (nearest the input), and to have: only plain blocks

without chokes (compare Fig. 31) in the second J-dh coupler. All-eo' the

subsequent measurements were made With this modification-applied to the

arrangement shown in Fig. 36.

kt lowx power,- long tapered waveguide sections were used to set up
the TV.,$ mode at frequencies ranging from 2.2 Gc (below the second har-

WP'~ic)_ to 15.4 Gc (above the eleventh harmonic). A bank of motor-driven

swept isignal- generators was used to gtnerate the znput., end the- output

was recorded on a-pen-recorder-synchronized with the m,-tvr driving the
signal-generator tuning-knob. Matched loads were placed at the output
of the four cutoff waveguiden. The reflection coefficient thus obtained

at the input Lo the long taper was measured by recording (1) the incident
power and (2)- the reflected power with the arrangement of Fig. 36 fol-

lowed by a waffle-iron rejection filter (which acts as a short circuit

from 2 Ge up to at least 14 Ge) as shown in Fig. 37. Thcne -two recorded

curves are shown in Fig. 38. The reflection coefficient in decibels, at

any frequency, is the distance -between tht- two curves. The harmonic
bonds of 1250-1350 Mc are marked iii Fig. 38. It in sten that the re-
flected power at the input is at least 10 db below the input power, in

all the harmonic bands from the second to the eleventh, which corresponds

-to a YSWB (at the input to the taper launching the TE,,$ mode) of better

than 2:1.
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I.

FIG. 37 VIEW OF COMPLETE FILTER FOR SUPPRESSION OF SPURIOUS FREQUENCIES,
SHIOWING BRANCH.GUIDE COUPLERS (Middle). WAVEGUIDE TAPERS (Foreground
and Upper Right), AND WAFFLE-IRON FILTER (Upper Left)
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At high power, the coupler configuration of Fig. 35 (again with-no

choke. in the second coupler) was tested up to 5.1 megawatts peak power,

as already described. Since the pre.dlicted power handling capacity is

5.2 megawatts for the couplor without chokes, it may be concluded that

the addition of chokes in the branches does not appreciably OffeCL it&

power-handling capacity.
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Vill ONCLWSION

A design method for -branch-guide couplers hes been developed which

gives close to optimum perfnrmance over a given peas-bond. The method

was tested by snalyzing the performance of several numerical designa,

then conatructing two couplers in wavegulde and comparing the actual wOth

the computed characteristics. The agrtement was close. The daeijn pro-

cei4r* is facilitated by a new chart constructed for this purpoue; al-

ternatively, most practical cases can be worked out (row the tables in

Appendix I by interpolation.

The O-db braNch-guide coupler hap been used as a harmonic pad (tLat

is, a harmonic absorber in front of a hormohic rejection filter). Mean-

uraments to date have been confined to the T"Il mode, for which the

padding achieved should be adequate for moat practical purposes. A VSWIR

of-better than 2:1 has been obtained at all harmonic frequencies up to

thc eleventh harmonic. The absorption of spurious frequencies improves

as the frequency- increases.

The L-band O-db coupler -hs passed over S megawatts of peak power

in air at atmospheric pressure without any sign of arcing.
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AIPiENDIX I

TABLES 0 BRANC'I-GUIDE CO""E IMMITrAWCM

The notation for Lh, immiLt.ancs I, ud K, is ahown in Fig. 2. Far

a coupler with series T-,iunctions. HI and Ki are both chracteritic
impeascoo (e.g. for E-plane junctLinns in wavegutide); for a coupler wit"
shunt T-junctions. H, and KI are both characteristic adaittamn.- (e.g.

for coaxial or strip transmissinn lines).

TAI V !- I

IWA60MIW . UMAJr IMMCTMCrS
hiS I S#cam"U (too mmuAOW.)

XX Jrl ! Mg

1,2lI 1,006 0.1119

1.50 1.021 0.2040
2.00 1.061 0.3535
2.50 1.101 04732
3.00 1.155 0.57s
4.00 1,250 0.7500
S.00 1.341 0.594
6.00 1,42'9 I .C-2I

6.00 1.592 1,231
10.00 1.739 -1.423
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TADLE 1-2
IIm4TrANCXS Of !XI%4U.V FIAT 0MCNaIEI . DI YJR1lS FO R 2 TO I S CTIIES

(nIIIU 11O 19 14h 14 xiW NJS('1! I -' uIN .II sr3 NI MS

i.SoI 1.01s] 0.1010 O .20(2 I
2.00 1.0419 0171S 0.3619
2+SO 1.0713 0.2251 0.496l
3.00 1.1121 0.267t 0.6138
4.00 j 1.17S 0.3331 0.8333 i
S.00 1.23" 0, __II l.3419t 1.o2 1

1.0 .00 1. .0 0.402 1.0.153

2.00 1.02S4 1.060 0.040 0.264
2.50 1. 044 1.1067 I0.10366 0. USA
3.00 1.0634 1 I I 0.1214 0.44 6
4.00 1.048 I1.249 0.1542 1.5St7
5.00 1,130? 1.3416 0.1732 0.7220
4.00 1.1594 1. 4233 MIS 0.3 U.WSb1
2.50 1.2047 1.909 0.2029 1.03
0.00 1,2S0I 1.7392-1- 1 0.21381 1.2091

IO 1,0047 4.013 0.0249 0.1017 0.1 i5
2.00 1.0137 11.051 0.041 0.1750 0.2 3If2.5O 1.023S 1.0907 0-0533 0.2331 0. 371
310 1.033 1.13012 0.020 0,2814 0 .4676
.o00 1.o14 1.203 0.0740 0.3596 0.6326
S.00 1.0675 -1.283S Ii.0417 0.4220 0.711
2.00 1.0216 11.3301 0.0470 0.4743 0-91 I
.00 1.1057 1.4795 0.0935 0.5589) 1.16

1.0 M 1.1211 1,51304 1 I /0.0971.. 626S -l10.346I

I4.SO 1.024 1.0124 1.0206 0.0124 0.0630 0.1213
2.00 1.0070 1.0363- I1. Ij 0.0206 0.1069 0,22;9
2.O 1.0121 1.0630 1.107 0.0264 0.1400 0.3079
3.00 1.0170 1.0902 I-I46 0.0306 -0.1662 0.3804
4,00 1.0262 1.1421 -1.24"I 0.0363 0.205s 0.5076 -

S.00 1.0342 1.1899 1.3416 0.039 0.234 o ,sI
6.00 1.0413 1.2335 1.4285 0.0422 0.2573 0.7210

0.O0 1 0132 1 1306 1 ,5909 0.0450 - 90.24 0.9019
1000 1.0630 13769 117392 01 .046411031401 1.062S

4,00 .,0012 1.0079 I1,01 I.O U. 1 00162 C 0.0957 U.12"
2.00 1.003S 1.0230 -1.0544 0.0103 0.0631 0.165 0.2284
M.'d1 1.00613 1.0391 1.0956 0.0131 0.0317 0.2225 0.3135
3.00 -1.-'86 1.O064 1.1380 0.0152 0.0959 0.2707 I 0.390
400 1.G1I32 1.018 1.22136 .0140 0.1162 0.3509 I 0.52t
6.00 1.0082 1.114 1.353 1 0.010 0.1401 0.4176 0.729
5.00 1.021 1.31 1:310 0.01971 0.1401 0.417 0.51I
8.00 1.0268 1.152 1.5151 0.0221 0.1539 0.5659 0.934"

10,00 -1.-)317 I1.222 1.221636 1 - 0.L 0.1626 0.6477 10.17%6

3.50 -1.0006 1.0047 -1.0143 1.0206 0.0031 0.0219 0.0665 0.1126
2-00 -1.0019 -1.0137 1.0419 1.0606 0.5 0.0364 0.1135 0.1961
2.O 1.0030 1.0236 1.0731- 1.1067 0.0065 0.0468 0.149 0.2709
3.00 1.0043 1.0334 1.1018 1. 1 46 0.0076 0.1054 0.179S 0.3355
4.00 1-0066 1.0516 1.1662 1.2499 0.0089 -0.0653 0.2253 0.4497
5,00 -1.0086 1.0678 1.22!1 1.3416 0.0098 -0.'724 0.26.12- 0.5509
6.00 1.0104 1. ' 0022 1.2759 1.4288 0.0103 0.0772 0.26 0.6431
8.00 1.01I34 11067 1.3699 1.5909 0.0110 0.0834 0.33S 0,80

10.00 1 I0 1 1.1270 1.452011.7392 0.01131-0.0969 036710.3SS74

1.50 1.0003 -1.'0027 1.0101 1 .0190 0.001S 0.0124 0.0440 0.0395 0.1129-
2.00 1.0009 1.0079 1.0293 I .0559 1.0025 0.0207 0.0743 0.1558 0.2000
2..0 1.0015 1.0135 1.058 1.0982 0.0032 0.0265 0.09 0.2100 0.2741.0021 1h011 -1.41.1419 0.0037 -0,0308 0.1146 0.2S67 0.342S

.0021 1.019 1 1.072425.;

4 00 1.0033 1.029S 1.1134 1-1.2282 0.0044 0.0366 0.1405 0.3357 0.4644-
6.50 1.0013 1.06 1.180 1.310 0.0051 0,0427 0.173S 0.4021 0.6779
5. 1.0053 1.0386 1.186 1.3104 0.0049 0.0402 0.1595 0.4021 0.5749
8.00 1.0067 1.0603 -1.2436 1.530 0.0055S 0.0457 0.1939 0.,91 0.9661

10.0O 1,0080 1.0715 1.2940 1.6598 0.0056 0.0474 0.2078 0.6426 1.0388
. .... .. .
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TAI.E I-3
IMGI4TrANC.S Or 1I !.;INt: Co EIIs MOI 2. 1 A I t KTI4S

MOM. Il. AM. SI t: IN(lS) I" j -

1.5o 0.01 o.10,2i -0..o i
2.00 3,04S3 0.1731 0.3s94I
2.50 L,070 0,2.112 0.4922
3.00 1.113$ 0.2717 0.6111

4.00 1.1103 0.3315 0.p229
S.00 1.2425 0.3113 1.0121
6.00 1.3000 0.426 1,109
8.00 1.4029 0.,4570 1.5007
10.00 1..929 3 11'. 17 1.744S

1.50 1.0090 1.0206 0.0511 O.1S30
2.00 1.0262 1.0606 0o06S6 0.2671
2.50 1.0454 1. 1067 0-1101 0.3634-
3,00 1064% 1,5416 n. 1100 0.4471

4.00 1.1006 1.249 0 15,84 0,5S.2S
5.00 1,1331 1.1416 0.161 017182

6.00 1.1624 1.428 0nIRo 0.83009
5.00 1,2129' IS0,9 0.10?R 1.0295

10.00 1.2554 1 73Q2 0-2101 1.2036

Atm 4

1.50 1.0041 1.0177 0.0.o16 0.1017 -01153s"

2.00 1.0140 1,0511 0.0426 0.1751 0.2715
2.50 1-0211 IM09 0.0511 1 0.2332 0 3727
3.0) 1.0341 1.1311 0.0636 0.617 0.4 4,6
4.00 l.AS2 1.2099 0.0760 0.3602 0.5274
s.00 1.0692 128,4 0.0639 0.4230 0.7747
6.00 1.0837 lIASi3 0.0894 0;4756 0.9110
3.00 1.108S 1.1811 -0.0%2 o.s610 1.1603

10.00 1.1290 L5919 1 0100 (1.6293- 1.3172
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TAK.E 1-I
ItI1TTMIW- or OMN I rI.vi, t !o;M.rj q OI t 2, .3 MO 4 SF. i

0T11IIE, !1tri. NMI FIVEI wt ." ) WHEN VI P 0.40

2.00 1.OW 4. 1:0 i .2'S.
2.s0 1.0611 0.237; 0.4753
3.00 1.11" U O° 03 o 0.56
4.00 1.1a51 U'A41 0.Ii13
5.00 1.4$63 0.404s 0.9731
6.00 1.3102 O.4AS6 1.140
6.00 1.41 1 0.51CI 1.4124

10.00 1. I. 1 0.%55i 1.7146

).so 1.0095 1.0206 O.O to 0.1500
2.00 1.0215 -1.0606 0.0907 0.272
2,50 -1.0471 1.1067 0.1116 O.356l

3.00 1.0479 3.1546 0.1341 0.4391
4.00 1.1041 1.24"- 0.1671 0.."21
Sf00 1.1407 1.3416 o.ixm2 0.7062

6.03 1.1719 1.42U 0.2031 0.1174

AOG 1.2260 1.5909 0.2235 1.0139
10.00 1.2711 1.7392 0.2367 1.1062

4

I.so 1.C052 1.0178 , 0'n216 0.1014 0.1491

2,50 1-05 Duo I 1 $1 0111:1^ ;UiiT
2.50 1.02S9J 1.,17 0090 0.233S 0.3634
3.00 1.03 7 1.1323 0.0688 0.2123 0.4S22
4100 1.056 1.119 0.023 0.3617 0.1117
5.0r -1.0745 1.2871 0.0911 0.4255 0.7554

6.00 1.o9N 1.IS5O 0."72 0-491 0.IM
6.00 1.117 1.469 0.1048 0.5667 1.1313

10.00 1.139? 1.6o 2 j OM 0.6373 1L3S26
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TAI1PX IJ.

1'WITrM6cS (W I1KWOI.#UIIW LMIM.ESM D 2, 3 AM) 4 SACTIorS
(fl1$Wro ItM,. AN[) YIVE IW&%OFS) 'A*FAt.- 0.60

1.50 j .0145 0.1126 01.21
2.00 1.040) 0.1012 0.3220-
2.50 1. 0" 0.2S31 0-44M9
3.00 1.1211 0,3037 0.$471
4.00 1.1945 0,3313 0,734
5.0 1.2630 0.4t13 0."051
4.00 1.3241 0-4W0 1.059"
L.Do 1.400- 0.5071 1.33"1

100 .5444 0.6211 1.5S91?

1.50 1.0103 1.0206 0.059 0. 1444
2.00 1.02"1 1.0606 9.1m0' 0.2535
2.5n 1.0513 1.1047 0.121" 0.3444
3.00 1.0739 1.1s44 0.1330 0.4243
4.00 1.1151 1.24"1 0.I1"? 6.5632
SAO) 1.154 1.3416 0.2104 0.839
6.00 1.1189 1.4281 0 .- 2 2 0'Is 125.

1.4 11.7 149 0.2529 0.9145
10.00 j1.3018 1.7392 0.2696 1.13 I-IS"__

1.50 1.008 1.0111 0.0313 0.1012 0.14324
2.00 1.010~ 3.0530 0.052.1 0.17"4 0.2533

2.0 1.0292 - 1.0930 0.0672 0.11332 0.3476
3.00 1.0413 1.1342 0.0185 0.2324 0.4327
4.00 1. 064:! 1.2152 0.0942 0.3430 0.515-3
5103 1.0845 1149;20 0.1044 0.42ii 9.1221

6.00 1.102? 1.3641 0.1119 0.4834 -C.SS0
4.0) 1.1339 1.4940 0.1214 0.5744 1.0026
10.00 1.1600 1,161431 0.12711 0.64" 1 1.24



TAk9E 146

1I~1TTXWYJS (W IYA4QIGUUZr COUhIMES TOP' 2, 3 AND 4 PCTICI4S

(Imlit, mmw, Mt) rlvr~ nPAnCr.) IuVC 0.

1.011.0173 0,122S 0.11630
2.00 3 .006 012061 O.281S
2.S0 IM0O 0.2776 0.3933
3.00 IM124 0.333) 0.4179
4.00 1.2062 0.4221 0.6557
5.00 1.2196 0.4919 0.1049
6.00 1,3491 1.,.4U" 0.9413
6.00 1.4740 0.4437 4,11?2

10.00 1.5905 7.7192 1.4071

*3

1.50 1.0114 1.02fl6 0.0619 0.1361
2.00 1.0334 1. 06.s 0.1147 0.2388
2.50 1.0540 1.1067 OJO4S 0.324?
3.00 1.0630 1.1546 0.1741 0.4004
4.00 1. 1309 1.24"9 0.2175 0.5324
5.00 1.1709 1.3414 0.2448 0.4474
6.00O 1.2i53 1.4288 0.2092 0.7513
3.00 1.2670 1. 19 0,3020 0.9353

10.00 j1.3491 1.T392 0.3254 1. "73

1.50 1.0069 1.01,4 0.0374 0.099 0.1339
2.00 1.01"9 1.0541) 6.0626 0.1724 0.2361
2.50 1-.0344 1.0947 o.1)60 0.2309 0.3251
3.00 1.0449 1.1364- 0.0947 0.2803 -0.4045
4.00- 1.076.3 1.219% 0.1143 0.3620 0.5472
5.00 ..!Q09 1.2963 0.1276 0.428 0.6757
6.00 1.1230 1.372S 0.1372 0.4860 0.7944
8.00 1.1614 I- .S083 0,1501 O.5313 1.0119

10.00 1.~3 f.3c6s 0.1582 0.6S"6 1.2097



TAIIUI 1.
ll d 1 "~ ~ i ; I ll 'fO rG~ l~ CO U PILU IS FO Rl n 8 . 1 N . 4I TI ( kl'( q

[ifI4EIF. tI!34P. ANI) FIVF 1tU..1. C) IFN w, I on

1.50 1.0113 0,.13,54 0.1373

2.00 I 0537 0.2326 0.2411

2.s 1.0 44 0.091 0.3303

3.00 1.1364 0.372 0.406
3.00 1.2195 0.4759 0.34AQ

S.00 1.2q 14 0.52 0.6706
5.00 1.31742 0.294 0.7824
8.0u ISI30 0.7463 .A5N1

10.00 .h397 7 0.8432 1.579

1.SO 1.0131 1.0203 0.07 . 30.12
2.00 1.023 1.0602 01.169 0.216

2.SO I .04 .l 0.10007 0.2179- 294

3.00 1.09SA .1546 0.2131 0.26 039

4.00 1.1521 1.2499 0.2652 0.447
5.00 3.1267 13,;2. 16 00.301 2 05904

6.00 1.2534 1.4288 0.3347 0.68 059
8.00 1.3412 1.529 0.3817 SOSS6
I0.00 1.4189 1.7392 0.1173 l. US?

l.SO 1,004 1.01" 0.0477 0.0961 0.1214
2.00 1.0246 Jt.0552 0.0794 0.1661 0.-2147
2.50 1.044.6 1.09%9 0.1030 0.2240- 0.2946
3.00 1.0607 1.1400 0,1211 0.2728 0.3665
4,.00 1.09S2 1,2251 0.1476 0,354 0.49S56
5.00 1I1267 1.3062 0.1661 0.4223 0,61JA
6.00 !,1551 1.3824 0.1799 0.5803 0.7191
8.00 1,2057 1.5237 0.1994 0-5802 0-9152

10.00 1.240 I.61;I0 0,2127 0.6635 1.*0935
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TAI33Jt 1.-3

IWTfAUNCMS OF IWW401.GUIM (W£ PLftS MIl 2, 3 AMf 4 5ECTIONS
(THnEIt. M..l:, AN) FIVP I1NUMA)NnI, I a m 1.20

1.50 1.0192 0115)3 0.3056
2.00 1.05s5 0.260? .aOSs

2.50 1.C,9S 0.3479 0.2527
3,00 1.,441 0.4212 0.3121

4.00 1.2325 0.$419 0.4160
S.00 1.3174 0.6410 u.:utt
6,00 1.3942 A.77M3 0.5#4

Lon J5441 0.0704 0.7331

10.00 1.6152 0. "2q 0.8601

1so 1.0152 1.0206 0.0994 0.1o
2.00 1.0445 1.060(, 0.16% 0.313

.So 1 1,0780 1.1067 0.2238 0.2504

3.00 1.1125 3.1544 0.2640 0.3092
A nn o !.26" D-1 i 0.5376 0.4123

5.00 1-2139 1.3416 0.3918 0.5021,

6.00 1.3040- 1.4216 0.43464 0.541
8.00 1.4140 1.59,19 0.5082 0.7291

30.00 315133 1.7392 0.557 0.15O2

1.50 3.0106 1.0192 0.0631 0.oC&6 0.104?
2.00 1.0315 1.0S66 0.1066 0.1542 0.1151
2.50 L.OWI 1.0994 0.1393 0.2060 0.2539

3.00 .O76! 1,1438 0.1650 0.2544 0,3157
t.00 1.1241 1.2316 0.2037 0.3331 0.4163

50 -1.1667, 1.3156 0,2320 0.3995 0.52%6
h.OC 1.2059 1.3951 0.2541 o.4s7 0.6171
1.00 1.276l 1.5419 0.2873 0,551 0.7637

10.00 1.331 j 1.6753 0.3119 0.6437 0.9345
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API'r.;VPIX If

COUPLING F OMWAS FM CASCADEE) MATCHED DIRECTIONAL. COUPLERS

When two or more directional couplers ure cascaded, as shown in

Fig. li-V, the combination in still a directional coupler. When the
couplers are matched, the couplinge and P2 .4 60 of the combination
can readily be worked out. Let PI., and P2.j be the couplings of th'I

itLh coupler. All the quahiti.ies PI.c00 P,** *, Pil, P20 Gre supposed
ro be mensured in dccibels and are taken an--positive numbers. The cou-
plings ere determjred by the differcnce in phase shift betee. the even

and the odd modcs (Fig. 11.-), which is 20, for the ith coupler, and is
given by

antilog P' '  - sin O,\2/

antilogB 00) • cos- }
20J

The couplings 1'!.C,, and P2u.. of IN such cascaded couplers are then

gilven by r r
antilogI 20 . sin 0

(!I-2)

anti log( N;a cbs[ e.
20 IE

For instnce- two 3-db couplers, or three 6-dh couplers, yield one O-db
coupler To obtain 3-dit coupling with t wo equal couplers, each must have
a coupling I', of abows: 8.36 (lb.
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___ x
SC1t~w WU ... ••I 5 .e

04^,.t 1I tot 2ca ft.( 31 ... I

FIG. 11.1 SEVERAL MATCHED DIRECTIONAL
COUPLERS IN CASCADE

-t, I-- -- , --1- --- . I-=-

(Oi owol

u u u-m -gu(REVEN)

PORT I 2 3 4

CVEW, I ,~
~ t I

MODC I-
su: _

"AUIC I 0 COS i SIN 0

FIG. 11.2 SUMMARY OF EVEN. AND ODD.MODE ANALYSIS
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APPENDIX III

CALCIIATION OF CIMIKE IN UM3IS

Consider u length of transmission line of charnctcristic impedance

Zt, with a seriea T-junction in the mid-plane (Fig. 111-1). The stub lin.
of characteristic impedance Z3 in shorted at the other end. (The line

Z, will be the branch guide. and the.stub ZV will be the choke.) The

electrical length of of the stub will be chosen to be 90 docro'ee long at

2600 Mc (the second harmonic of the center frequency). Its impedance Z1

1-0

.oe~nmz~~eiii vul. inI t i can i" a ecddta au iu

Ii e.;ual t

6.

FI.Ii1TASISOIN TBI H I.LZ
OF ALINEONEQUARER WVELNGTHLON

iaPU deemndfo h adit vrwihterfeon al exee
Jose 3tiniau~l 31ecfidvle nhicaei adeietat riie

attnutlo q 4 h ver. 0 prcnt ratioalbanwith inrecprix

idetermined fothe l besuffici oert whih the reflectrionall exceedt

then changes bjy 19 degrees from 90 deg~rees, - s/ ! turns out to be

equal to 0.4 to give 4 db attenuation at the 20 percent bond edgs. Such

a stub pre~enLa a series renctance X at 1300 Me whose normalized value

is e~jual to
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zi )t 1300 e (IIioi

The problem now is to find the value of Z,/Zo, such that for the givV%

electrical length 01 of the line Z, (Fig.lI;;-). the input is mateed,

when the output ia matched, at 1300 Me. It is possible to solve this

problem for-any value of 0. In this Case 0 was nominally equal to

90 degrees at 1300 Mt, but it was not clear how much to allow for the

T-junction retfvence plantes, which in any cnst would move as ZI is

changed. for this reason 01 was simply taken as 90 degrees at 1300 -M.

11e matcaing procedure at center frequency (1300 Mc) cat, be sen

on a-Smith chart (Fig. 111-) The letters correspond to the similarly

marked croas-sections in Fij. 111-1 The points- - Pnd d are on the Ltori-

tontal diameter (broken line) because 01 has been taken as 90 degrees at

center frequency. One moves from point c to p*int d by adding a re-

actance X given by Eq. ([11-11 The end-point f, like the starting-point

a, is in the center of the Smith shart, signifying a match (VSW - 1.1t).

It rerains to ralate 21A.,, the imptdance at 6 or e in Fig. 111.2 to .

The impedonces at c and d in Fig.1I. arc complex conjugates and

are given by

Z,. R j.(IiI- ))

where

since on the horizontal diameter (hrnken line)

2+ X2 * .(1-4)

The addition of a reactance X cases Ze to become Z' (aymmetrically

placed in Fig. i1 2). nd therefore

X - -X9 U -X/2 (iti ;)
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Sf
i a

II

FIG. 111.2 SMITH CHART PROCEDURE TO FIND Z- OF FIG. C-1
TO MATCH THE STUB Z2

Moreover, the refreectioti coefficient amplitude at c or d ii, Fig. 111-2
can lie alsown to be given by

1 + n' (+ 1-6)

nt IrJ in the name reflection coefficient as at b, where the normalized
impedrnlce Z,/ZI in also equai to t!.e VSWIL Therefore

Zo 1 4 11%1
z0 I - jr1
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Cc~bin, nR qa. (li-4 threnuh (111-7).

7, (I + A)% - (I1- A)H"

Where

A2  I - (X/2)

and X ia given b/ Eq. (llA), with Z2/Z1 equal to 0.4 in thin case. The

branch wavegitide heights in Fig. 30 have accordingly -to -be reduced i.

the ratio of the appropriate Z,/Z* given by Eq. (I1-8). With 4 guide
"aVelemgth of 4.84 inches at 2600 Mc, and of 12.68 inches at 1300 Nc

Eq. (I1-l)yielda X - 0.274. Then from Eq. (111-8). (Z1/Z*) - 0:872.

To minimize junmction effects, symmetrical chokes were used in all

but the narrowest branches (see photograph Fig. 34). The final dimen-

sions are shown in Fig. 3:1 The stub lengths in some branches ore not

the same on hooth sides, where they are 1.200 inches on one side and

1.09e iniches on the other: thia was done for mechanical reasons, to

leave more material arotind the center of the mailer block 'C' (Fig. 33),

which held the bolt fastening the block down. This slight unbalance in

choke lengtha should-have the effect of stagger-tuning, and should not

affect electrical performance appreciably.

Tito. insertion lox% characteristic of the complete coupler with the

chokes has already been given in Fig. 35.
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