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FOREWORD

This is Technical Note 3 issued on Contract AF 30(602)-2392,
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program started on 29 November 1960. Mr. Robert Powers serves ug

the technical monitor on this contract,
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M. D. Domenico, who carried out the measurements; P. I, Omlor
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ABSTRACT

Branch-guide directionnl couplers can be built in most types of
transmisaion line. A derign procedure is here developad which gives
predictable and superior performance over a specified frequency bhand,

A new chart wus constructed from which the coupler impedances or ad-
mittances can be calculated quickly and with sufficient accuracy for
nearly nll practical applications, Numerical tables are also presented
from which most practical cases can be worked out by interpolation,

A five-branch, 6-db coupler and a thirteen-brench, 0-db coupler
were construcled in waveguide. The measured points and computed enrver
were in excellent agreement, Over the frequency band of 1300 2130 megn.
cyclea, the 0-db coupler had a VSWH of less than 1.07, its insertion
loss wny 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 meguwatta

of peak power in nir at atmospheric pressure,

A 0-db coupler can be used to separate the fundamental frequency
power genereted by a high-power transmitter from its harmonic frequencies,
which couple only weakly through the branches., Moast of the harmonic
power goes into the load placed in line with the input. Chokes were
cut into the brench arms to reduce the cross-coupling in the second har-
monic frequency band.
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I INTRODUCTION

The principal objective of thiz work was to develop a high-povar,
0-db, directional coupler in waveguide. Thin directional coupler was
further required to have a configurastion that would allow most spurious
frequencies tu pasa into ons or another of the two dumay loads.

Directional couplers at UNF and microwave {requencies take many
forms and have many applications. The branch-guide directional coupl:r,
which is the one inveatigated here, ia suitable for comstruction in
almoat any kind of transmiasion line. In waveguide, its mechanical con-
figuration and its electrical performance -are similar to those of
Riblet ahort-sloc couplers, or of multihole couplers; in coaxial line
or atrip-line (where only TEM modes exist), the coupler does not have
-any auch cloze counterparts, Hranch-guide couplers liave the following
useful combination ol properties:

(1) The coupling between the two lines is through joining
bhranch-lineas of finite length, and -not through apertures.
This gives additionul flexibility in design; e.g.,
apecial-purpose clhoken or filterx can be placed in the
branches,

(2) A branch-guide coupler can be designed either as a
periodic structure, or as & hand-pass filter; as a band-
pass filter, ita electrical bohavior can be optimized
over the pazs hamd,

(3) The number of branches .can be increased systematically
to improve the clectrical performance.

(4) The coupler ia better suited for strong coupling (scronger
than 20 db) than weak coupling; 0-db couplers are feasible
over large handwidths,

(5) In-waveguide, the coupler E-plane cross-acction ia con-
stant, !t can therefore be milled in two blocks and
assembled by the “split-block” construction. -Other com-
ponents can also be milled into the same hlock,

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

(7) Branch-guide couplers are capable of handling high RF
powers.




(8) They compare favor-
ably with moat
couplers as regurda

VSWR, divectivity, TR L 1y e
'"é conatant cau- W o= == e
pling over lerge [:] O [:]
bandwidths. LR = Hled
GILOw Wit BLOW vt
In thia report & deaign 1o} ns 08243 1ection)

procedure is worked out, hased
an the quartar-wave trana-

former an & prototype circuit, ooy
which comea close to being o W= - iectﬂ‘i-ur

‘ true aynthenin procedure: it o1 J [:] (. D [=. . te)
enables che designer to wark MLOW WPUT BELOW INruT
out the phyrical dimenzions of 18 as cven {4 vaetion)
his coupler to meet hia per-

| formance apecification with FIG. 1 BRANCH-GUIDE COUPLER CROSS-SECTIONS.

little or no aubsequent need (o) n «odd, (b} n = oven

! for experimental adjustment,

A_short review of the litersture on branch-guide couplers will in-
dicate the state of the att, The iden of the even and odd mode analyaia
of couplers having this kind of aymmetry (between upper and lower halves
in Fig. 1) gues hack at least as far ax a war-time report by Lippman.!’
Thiz mothod of analysia has -also been explained in sevaral more recent
publicationa, ! and is indiceted in Appendix 1 (Fig. 11-%). The super-
position of the even and odd modes, &ach of which can be solved acparately
as a loaded-transmission-line (or two.port) problem, then representa the
actusl directional coupler (or four-port) situation with the generstor
connected to only a single input. The paper hy Reed and Wheeler? comparas
the performance of hranch.guide couplers with that of hybrid rings. A
later paper by Reed! gives general formulas and the results of many cal.
culations on numerous branch-guide couplers, particularly with 0-db
coupling. These two papers consider only periodic couplers with uaiform
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 conatant.
from input to output. Such couplers have some of the advanteges and dis-
sdvantages of periodic structures: they are simpler to construct than

* Reforences ore listed ot the end of the regort,




l2ax regular atructurea, but they have no clearly defined pass band in
which the optimum performance is sought or rezlized. To reslize auch
band-pans hehavior, a filter rather than » periodic structure is needed,
and the branch and main Jihe impedances have to be controilad separately.
Lomar and-Crompton® have described an experimental five-branch “hinowial®
coupler, in which only tha branch impedancea were adjusted, the main line
still being of uniform impedance, Their approach is based on a ficat.
order theory,® in which sny coupler ia considered as a cancaded set of
tvo-branch couplers; extensive empirical changes have to be made experi-
mentslly to obtain the desired performance. Young? has considered the
general ceae when the branch- and muin<line impedances are both allawed
to vary., He haa given formulax ensuring perfect match and perfect di-
restivicy aa well ax the correct coupling ut a ningle frequency.

This report aupplies an optimization procedure over a given pasn
band. The performance of many dexigne wus analyzed on a digital computer
to check out the theory, Compared to perindic couplers®® only about half

as many brunches arc . generally requited to give about the same pass-band

performance, One 6-db and one 0<db coupler were buiil in waveguide, wich

very close agreement between experimental resnlis and predicted performance,




1T TUE QUARTER-WAVE YRANSFORMER PROTOTYPE CIRCUIT

A prototype circuit may be defined au a circust that cun be designed
to have certain desired electrical characteriatica, and that can in noxe
manner be transformed into another circuit having -the desired mechanical
charncterintica while retuining at least epproximately the deaired elnc-
trical characteristica, The prototype circuit is unually in such o ferm
that it can readily be synthesized to meet the electrical performance
apecifications,

A well-known prototype situstion ia the transformation of lumped-

RA |

conatant lowepaas [ilters™ into band-paan filters, bhoth lumped-constant

-and microwavz, Another example is the quarter-wave tranaformer,’ which

cnn be tranaformed into half-wave filtera and direct-coupled-cavity
filters., The general syntheais procedure for quarter-wave transformer:

ix known!®!

and numerical tables of solutions have heen pubilishedi!? An
extansive reviaw with many more tables hua been presented in a recent

SHI report.? The quarter-wave tranaformer can slsn be unad wa a proto-

type circuit for bhranch-guide couplera, by approprintely reluting the

steps of the tranaformer to the T-junctions of the coupler, The nota-

tion for the branch-guide coupler irpedances or admittances in shown in -
Fig, 2. For shunt stubs an admittance represeniation ix uzed, and for

serics stubs an .impedance representation. Fach T-junction hecomes a
onceeighth-wavelength {ar 45 degree} atub -in both the even and the add

mode, openscivenited in the oue ense sad shost-civcuited in the other,

as showa in Fig. 3. Only the shunt cvae in shown in the lower lalf of

Ko K Ky === Kioy  Ki Ky === Kn*K Kno®Ko

H, H, .- B Hiq == HpomH,

Ko K, Ke === Kp,y K; Kisg == Kp'K, Ko itK

4]

FIG. 2 BRANCH.GLIDE COUPLER NOTATION




Fig. 3, Then the 45 degree
stub becomes a shunt admit-
tance th‘ at the ith junction
counting from either aide, The
line admittances on aither
side are K ., and K‘ respec-
tively, The dual of the cou-
tler with shunt junctions is
the coupler with series junc-
tiona, in which all H and K,
are impydances. Sincc we wiah
to include both cases in une
discusaion, we shall (following
Bode') refer to i and K ns
immittances, meaning admit-
tunces wher there are shunt

dunctions, «id impedances when

there are seriex junctions,

The two nearest reference
planes with real reflection
cocfficient [', are shown in Fig.
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FIG. 3 EQUIVALENT CIRCUIT OF ith T-JUNCTION
. FOR EVEN OR ODD MODE AT CENTER
FREQUENCY

3 st distences ¢ to the left and ¢ to
‘the right of the junction. Without loss it gencrality, we may suppose

> Koy (1)

Then it enn be shown (for instance, by referring to a Smith chart) that

0 £ &y £ o7 < 90° , when N >0 (2a)
and
0 < &% < &) £ 90" , when H <0 . (2b)

the values of @) and @7 are given in terms of H,, K .| and K| by

S
20K,
& '%-nrc tan e
- 1+ K2 -K2_
) 70 (3)
| MK,
<,‘a': * —-arc tan -2—-—~2 ;
B IS+ K5, =K% ]




Furthermore, when H‘,iafpgaitivc. and when the right-hand (high-£) side

is matched, then the narmalized immittance looking into the referance
plene 4 on the left-hand (low-K) side is real and grester than unity;

when the left-hand (low-K) side is matched, then the normalized immittanca
looking into the refererce plane 8 on the right-hand (high-X) side ia
likewise real and grester than unity. llowever, whan H, ia negstive the
normalized immittances seen in the two ncarest reference planes A-and B
are real hut leus than unity, (These results can al] be proved by con-
sulting a Smith chact,)

The junction VSM*P.V. {x given by

(R, + K, )4 "1)” UK =Kt H%J“
v, [ — AU
LKy + K2+ 0T+ Lk - K )t ¢ i)

A ascquence of junctijons like the one shown in Fig. 3 (shunt case)
ia ahown -in Fig. 4. It represents a portion of ona-half the branch-guide
coupler in either the even ar odd mode (either all H, positive or uli—H‘
negative), If the hranchegnide coupler (i.e., the circuit of Fig. 4) is
to he bated on the quarter-wave tranaformer, reference planes on opposite
sides of adjacent junctions must touch’ as shown in Fig. 4, which is the

o GO e 90"

(i I M ) 2 s 3
I
1

Lot T R U U YO DU WL S S T
[}
|
!

premrmnm—— i

INPUT K, J:JN,I K 2] Kk, [RiMg] K,

FIG. 4 SPACINGS BETWEEN BRANCHES FOR SYNCHRONOUS
COUPLERS

* This e peesible for both the even asd the add mnder siovitoszonsly shon the Branchd longthe and the-
heonch apecings ove sll onecquarter vavralength, [t is probably not prasidie in ony ethor coss.




syachronous-tuning condition® for filtera, Branch-guide couplers de-
signed in this monner will therefore be called synchromous couplers.

In addition, the junction VSWRs, V,, of the coupler must be aect
equal to the ¥V, of the selected prototype trunsformer, which gives a
condition connecting K,, K., and ;. (Only their ratios, and not the
impadance level, are significant, so that only two and not three quan-
titiea have to be solved for.) The other condition derives frum the
reference-plane positions. Since the coupler is sysmetrical about the
center, the position of the refercnce plane associated with the center
branch or pair of branches depends on whether the number of aectiona, a,
is odd or even (Fig. 1). (The number of branches is one more than the
number of sectionws, Lhet i3, n + 1,)

For n = odd (Fig., fa)—Suppose that for instance-n » 3. There are
thus four branches. The center reference planc -at bund center is by
symmetry 45 -degrees from its junction, which in thias case is -the vccond
junction from the end, Once u three-section quarter-wave tranaformer
prototype has bee:u selected, ¥V, of thia prototype transformer can be
calculated, For n = 3, or eny odd n, ¢; w 457, and from Eqs, (3) and
(4) the parameters of thim junction, K,/K,, H,/K, and ¢}, can now be
ceduced, This in turn yields ¢}. = 90° - ¢;, which, when ¥, of the proto-
type tranaformer is known, yiclds the required paramcters of the firat
Junction, Ko/K, and l,/K,, from Eqs. {3) and (4).

For n = even (Fig. fb)—Suppose that for inatance n = 4, There are
thus five branches. The center branch, of immittance Hy, has the same
immittance K, on either side of it, since n is even, The VSWR of the
immittnnce (1 % jH,/K,) is aet equal to the junction VSWR, Vs, of the
middle step (the third step from cither end) of the appropriste four-
section quarter-wave tiransformer prototype circuit. This determines
/Ky and also hy = ¢y of the middle junition. From the next junction
VSWR, ¥,, of the prototype transformer and the equation ¢ = 90° - ¢,
the parameters of the second T-junction are obtained from Eqs. (3) and
(43, yielding K\/K,, Uy/Ky anddy, and 50 on down the line,

Since this procedure is numerically tedious, a graphical solution

wae devised, which depends on n sort of Smith chart® crossed with a

16

Carter chart.'™ The graphical snolution ia described in the.next section.




III DESIGN BY CHARTS

The three clisrts shown in Figa. 5, 6, and 7 are, respectively, the
full chart and two charts with an expanded canter. (Figure 7 in more
-expanded than Fig. 6.) The lower circle in Fig, S containa the portion
of a Smith chart -inside the unit conductance (or resistance) circle.
There are two families of circles outaide. One ia the family of conavane
conductance’ circles, with the reciprocs! values marked; thus inside the
Saith-chart circle the conductances have heen selected to have values 1.2,
1.4, 1.6, etc,, while those outside sre marked likewise hut -have con-
ductance 1/1.2, 1/1,4, 1/1.6, etc. (inatead of the uaual circles of con-
ductances 0.8, 0.6, etc.). The other family of circles represuncs conteirs
of arg ¥ * constant where ¥ atands for admittance. If we write ¥ « G + B,
then the number of dugrees represent the quantity arc tan (B/G). The use
of this chart will now be explained by meana of two examples, and the
theor; behind it will become apparent as the -axplanation proceeds.

Exampie 11I1-1~Case of n = odd., Design a branch-guide coupler based.
on s querter-wave transformer of n » 3 aections, output-to-input impedance
ratio I = 6, and transformer fractional bandwidth! wo* 0.6 (The selection
of the prototype is dealt with later.)

From the tables,! the junction VSWRs of the prototype tranaformer are

V: = 1,311 and V2 = 2.4495/1.311 = 1,869, Half the coupler for either the
even or the odd mode is shoxn in Fig. 8.

* To tisplify the esplanstion, only condsctonce ond susceptance vill be waed {corrssponding to zhuat branches);
the statenents are hosever equally trve on the dual fopedence daais (correspinding to serios branches),

U 1W teansformer fractionn] bandeidth {a defined o8 wovel by

LY
»w = A‘l A.,
! Aﬁ 'Aﬂ

shere A" snd .\'2 ore the longest and shortest guide eevelengtha in the quartersoave-transforaer pass hesd, 12
Its u-tor-hquney is determined from the guide vaveleagth A:‘J st ceatar frequency, given by

LR

A' 3T
® Ny N,

The responae is syweetricel shout this point ohen plotted sgaingt A:OIA;.
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The second junction from

the end is 45 degrees from the UYL
reference plane at the center SUNCTION —“]:
of the coupler, whare tha re- , "Um"o" ' N2 3
flection coefficient of this T— : ,E
Junction (,) is real. There- weut Y, faMg k, O R KJE
fore in the plane of the junc- 3 - ! =1 o
tion, I, ia pure imaginar i1 R ol l‘

) ' .: ) p [ 4 Y JUNCTION l Isl‘&l! 8
{(since it in 45 degreex from NORLILLIZEO

IMMITTANCESD  Aell, Ageity

Px * real), and thia [, is
therefore on the horizontal

Baeser T HK ODD-MOOE EQUIVALENT CIRCUIT
L . V. e1.869 FIG.8 EVEN-OR ,

tion ia deternined by¥; =1.869, FOR DESIGN OF FOUR-BRANCH (n * 3)

~ud it in located e the point COUPLER USED IN EXAMPLE Ili-1

marked “START." It corresponds

to the normslized wimittance

(K, %jHy}/Ky. Next we wish to find the admittance 4, ¢ jb, « (K, tjH,) /K,
which cotresponds to the junction admittance seen from-the ather side ia
Fig. 8. (Admittance is again used to simplify the explanation. For a
coupler with series junctions, replace admittance, conductance and sus-
ceptance, by impadance, resistance and reactance, respectively,) It is
obtzined asn indicated in Fig, 9 by first following the arrowed line along
an "arg ¥ = constant'” contcour, down to the unit conductance circle, and
thence following a constant ausceptance contour as far as the circle

Y » K,/Ky. By stoppiug on this circle we ensure inverting the conduct-
ance component from K /K, at the atart to 4, = K, /K,. That the suscep-
Lance component comes out as it should can ba Jeduced from the fact that

-the lower portion of the arrowed path keeps the susceptance constant, by

definition, while the upper portion follows an '“arg Y = constant contour,
and therefore the real and imaginary parts of Y a, e multiplied up or down
together. Now the real part changes from K,/K, t. uﬁity'(folloving the
arrow), and therefore the imsginary part is also multiplied by K’/K, snd

this is juat what is needed to turn j”,/K, into jH,/ll,. Incidentally,

the two points marhed " START and 4, ¢ JB; are necessarily at the same
radius, since the normeiized junction reflection coefficient, or the

junction VSWH, of a lossless junction is independent of which port is
tuken as the input side.

12
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FIG. 9 SOLUTION BY CHART OF FOUR-BRANCH (n = 3) COUPLER USED IN EXAMPLE llI-1
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To-move on to junction 1, the restriction ¢ = 90° - ¢; determines
the direction of the radiua in Fig. 9. It points into the upper left-
hand quadrant, and images the radius to A, 1 jB, in the horitontul line,
For construction purposea it is easier to ignore differences hotween left
and right of the vertical center line, and- simply to continue the ragjua
from A, + jB, along - straight line following the urrow inte the upper
right-hand quadrant in Fig, © The distance out to the circls there
corrcsponds to » VSKR of ¥, = 1,311, On u full Smith chuzt this point
would give the admittance in the plane of the firxt junction seen from
the line K, i.e., the admittance (K, tjH)/K,. By the sams conatruction
as before we now turn this admittance into At jB = (letjﬂl)/Ka, which
is the admittence of the firat junction. seen from the line Koo ALl the
conpler adwittances are now found as follows, normalized to-Ky = 1,0:

K, = A s 1,189 H, = B = 0,228
(5)

Ky = AR = 1.429 M, * B,K, = 0.7925

where B, and B, are simply taken ax positive, since differences between
the lert and right half are being ignared. In general, the solution
when the number of sections, n, is odd (when the number of branches,

n t ), iz cvan) is obtained from:

K, = 1

Ky = 4

Ky = A4,

Ky = AjdyA,

Ko o= AjAA4,
etc., and i (6)

Ill = B

i, = AB,

Hy = AAB,

H, = 44,48,

J

etc,




If the couplar consists of seriea inatead of shunt junctions, then
K and H are impedances inatead 2f admitcances,

The coupling coefficient at cencer frequency for a matched coupler
can also be read off from Fig. 9, by axtending the radiua chrough
(Al + jB,) to the outermoat acale. In this case it isx 2,9 db. The cou-
pling when the input is matched is given by the difference in phase
shifta suffered by tha evén and odd modes. Now the phase shift between
reference plancy {with real ') is a multiple of 90 degrees, and in he
sama for hoth modes. I% is therefare necessary to calculate the aepa-
ration between the even- and odd-mode reference planes at either end of
the coupler. Theae separationa are the same at the two ends of the
coupler, by symmetry, and are in equsl and opposite directions for the
twn modes from the position curresponding to no coupling. The coeupling
C {db) at centzr frequency (where the coupler is pesfectly matched aince
a in odd) in finally found to be equal to the aquare of the sinc of the
angle hetween the radius to A, + jB, and -the horizontal axis. Expressed
in decibels, it ia marked off on the lower outer scale in Fig. 9. It is
sech that for 0-db coupling (complete cross-over) to be poasilile, ull of

the pointa A, 1jB‘ would have to lie on the vertical axis. It will in

fact be scen later [Eq. (11a)] that 0-db coupling with a single deaign
becomes passible only in the limit of It tending to infinity, A O-db
coupier hus therefore to he designed as two or more couplers in cascade,
r.fts two 3edb couplers, or three 6-db- couplers, etc.

Example I11-2—(Case of n » even. Deaign a branch-guide coupleur
based upon n quarter-wave transformer of n = 4 sections, output-to-input
impedance ratio B » 6, and bandwidth L 1.00.

From the tables!? the junction VSWRs of the prototype tranaformer
are Vyow 1,247, ¥, « 1,518, ¥y = 1,672, Half the coupler for either the
vven or the odd mode is shown in Fig, 10. The third junction from the
end is the middle junction, and the lines on cither side of it have the
same sdmittances, Ky. The junction admittance acen from ecither zide is
Vel Ry; its real part is thus unity, and it must cocrespond to a VSWH
of ¥y - 1,672, This is the point marked "START"” in Fig. 11, situated on
the wnit conductance circle. Apart from this different beginning, all
swhsequent steps are as in Lxample 111-1, and it is found that:
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FIG. 10 EVEN- OR OOD-MODE EQUIVALENT CIRCUIT
FOR-DESIGN OF FIVE-BRANCH (n- »_4)
COUPLER USED IN EXAMPLE Il1-2

Ky » 1.0 W, + B, < 0.180
K, = A = 1,155 Hy 5 B, = 0.48! &}
K, = AKX, = 1383  H, = BK, = 0.719

The general solution iz atil) given by Kq. (6). The coupling C (db) at
center fregnency (where this coupler har a very low VSWR) is resd off as
hefore and in again 2,9 db, It will be seen later [Eq. (11a)) that the
conpling is only & function of R, when the reflection loss ia negligible,
and sinee H o+ 6 in both examplea, this result was to be expected. An
expression for the actual coupling Py o (db) when there is appreciable
reflection loss will alao be given later (Eq. (11h)].
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BRANCH (n = 4) COUPLER USED IN EXAMPLE 111-2
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-

SOLUTION &Y CHART OF FIY
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IV CHOICE OF QUARTER-WAVE TRANSFORMER PROTOTYPE

The evone or odd-mode half of the branch-guide couplar has heen
modnled on Lhe quarter-vave tranaflormer at center-frequency. I{ the
prototype trans{ormer has n wide-hand Tchebyschef{ response, then the
branch-guidn coupler may similarly he expected to have low VSWR and
high directivity over a wide band of €requancies; if the prototype
teanaformer ia narrow-band or maximally flat, then the branch-guide
coupler VS wnd directivity rasponse may he expected to be warrow-band
of approximately maximally flat, The coupling from one line over to
the other (¥, on Fig. 2) in generally found to increase slowly as the
frequency moves away from band center (either up or down), and ia leas
obviously dependent on the prototype characteriatics. One would like
to-huve zome criterin leading from the specification for the coupler
te the selection of -the prototype transformer that will tramsform it
into o coupler meeting Lhe specification,

Let ¥ oand " be the VSWR und associated refiection coefficient of
the branchsguide coupler at any frequency; let ¥' and "' be the VSWR
and axsociated reflection coefficient of the prototype quarter-wave
tranaformer at the corcesponding frequency. An exsmination of the
phase rolationshipa between reflected and transmitted waves® shows that,
al center frequency,

"o 1 ) re

(- P’)” antilog (P,/20)

r (8s)

V4l r
ap¥t  antilog (P,/20)

and the directivity® D in decibels is given by

-
t.0.2 the ostpat {roa the port imeediately beloe the input port in Fig. ) i (D ¢ 2.) decibels below the
inputl poeer, 2
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i r 3
D« =20 log,, - - =P, b
t L0 - r’)h antilog (P|/20)] ]

> {Ya)
-

Lol C -r, W
o4 wntilog (I,/20) ! )

. =20 log,,

J
Equations (8a) and (9a) also hold approximately ncar center frrquency.

¥e ahall now define n bandwidth contraction factor, B, as followa:
If tha prototype tranaformer fractionsl Lundwidth is .. over which i~x

VSWI does not excead V. . (the ansocinted reflection coefficicat being

I',.) then the branch-guide coupler fractional handwideh is ﬁv'. ovar

which ita VYS¥It dues not cxcead ¥V . (the sasocisted reflection coefficiant

baing 1"

vey)s and its directivity is better than D, decibels,

Equu*iona (8a) and (9a) hold epproximately whes ¥ ¥! r

sas'! " men' " sen!t
Fl,, and D ;  are subatituted for V, V', I', T, and D respectively, In

moat canes, V. . will be closas to unity (i.e., [, . vill be swall com.

pared Lo unity); neglecting I compared to unity, Eqs. (8a) and (9a)
raddce Lo

r\l
r‘ - YR}
nes sntilog (I’,/20) (8b)

r
n.l. - =20 lO‘l. [untilox (P,/ZO)] = P, . (95)

Making the additional convenient approximation when I" is amsll,

antd e (V - ”/2.

Veer 71
v w 7ot
e D g 7200 (he)

"' -l
LR}
n . - -
sia 20 Tokye [2 antilog (Pl/20J Py (9¢)
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Ona e cowbine Bga. (Bs) and (4} Lo oltiik, an center f{requency

(thia becomen ny upproxsmation acer centvr lreueney),

‘0"“":”=° untilog (I'y/720)

4 10
T " ancileg (F,/30) (o

(Note=1n Eqa, (B), (9), wnd (10) P, wnd P, are ponitive quantities
amd the antilugs are juantities greater than unity., For instence, for
a fi=db couplee, Py » 6 db, wnd satilog (P,/!O) = 3, 1f the coupler is
wlxo matched, then Py s 1,25 db, end entilog (P,/20) 1.154.)

The ratina on either aide of Eq, -(10) are the sama quantity an the
ratio K /E, » X/V in Befl. X, and can be calculatad {rom the furmulas
given there,

Equations (R), (9}, and (10)
apply vo aynchronous couplers, hut

not neceasarily to othera, For ex-

ample, Lhey da not generally spply

to periodie conplecs (Section V1),

Wiien the coupler ia matched at
center frequency, then the coupling
Py at center frequency will be de-
nuted by € (b)), 1t can be related
to B by the (ormuln

e B O A A N :
G- 20 |..,;,,,(-,-;~_—-{) dh . (11w) ! N

N
. . . N
in all the uumerical solutions at- N
tempted., A geneenl proof for this
formudn has not yet been found, The
conpling ¢ doex not depend on the )
4 2 B R b ]

« 3 A
numbier of breanches or the bandwidth, LG — Fian
The velation boetween C and I is

graphed in Fig, 12, and a {ew more

FIG. 12 PLOT OF CENTER FREQUENCY

common values are tabulaved in COUPLING C (db) vs. INPEDANCE
Table |, Wken the coupler is not RATIO PARAMETER, R, FOR A
mateheld at ernter fremquency, and MATCHED COUPLER




its prototyne tranaformer haa a VSWR Vg at TABLEL

centur frequency, then the center frequency TAME CONNECTING THE IMPEDANCE
MATIO PARAMETER & NITH THE

coupling Py o is given by COUPLING C (db) AT CENTYA
FREQUENCY FOR A
(v‘ 4 ”j IAYO"IO W‘.’:ﬂ
Py C=10 logyy| = | dl
2.0 1o c [«
[ W Plan jun] A
(11b) 1.25| 19,00 J 20 | 1,32
1.5 nan 1,330
at least for every couplar given in the 5:% z-;‘g ii 235
tahles in Appendiv I, i:o ‘:2§ ? 2.617
5.0 3,82 [ 3.012
The branch-guide coupler character- AR BRRRE
istica (like those of the prototype trana- 0.0 1 L1 1 T4

former) will be symmetrical about the center

{requency when plotted aguinat A /A , where A‘ is any guide wavelength,
and R“ ia tha particulur guide wavelength ut band-center, defined =
followa., Let k.‘ and X‘, he the longest and ahortest guide wavelengtha
in the pasa band; then A, ix defined by

A A,

A
YA,

a * . (124)
' A
The fractional bandwidth of the bransh-guide coupler will be denoted by

w, and ia defined (analogouzly to the quarter-wave transformer {ractional
bandwidth, l') by

o ovoof 22— . (12b)

(t has been found that the coupler fractional bandwidth w, ix always leas
than the prototype transformer fractional bandwidth v Their ratio i
denoted by

(13)

which is the bandwuldth contraction factor slready referred to.

Before we can seleet the appropriate quarter-wave iransformer

prototype from which to derive our branch-guide coupler, we have to
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know the handwidih contraction factev, fi. An sxawinetion of a large
numbnr of cases from maximally flat protntypos Lo grotctypes huviag band.
widtha of st lesst 80 percent, showed thue ihie houdeidth gontsaction 1aca
tor 4 did not change appreciahly with Landsider, buy did change with the
number of sections n (aumber of hrancles » 8 ¢ 1}, and the impedzacusratyo
parameter K. Becaune predicting B frex the Tojunerion properiiea acemed
too formiduble an undertaking, a lurge voimber uf bransh-guide cowplers
were analyzed and their bandwidtha zomprosd o thea of theie precetypa
tranaformera, From this comparison the graph of ¥ (. I was prepsred,
The bhandwidth contrection factor § was fouud te iic hewwsan 0.5 and 0.7
in moat cases; it was nearer the upper valey of f.7 for wuaker sonpling:
(amaller A) and fewer sections (lower n). An 2xsnpie of ke uxe of

Fig. 13 in the selection of a prototype will now Le givan.

Exuaple I¥-f-=Dezign of o J-db Coupler. Find tha protstype trans-
formar for a 3-db branch-guide couplar which is to have an input VSWR

T - 1
el [ ]
aed & MAX, FLAT
® A% OR BO% BANOWIOTH
ATI SR 2 MAT FLAT
aa 4 %% @t 0% BANOWOTH

FACTOR —wnee 2

1

.[

I

|

;

]
|

o
]

—
‘-

T4

! L. 4

~
-
-
3

.
i
g
[ =
N

b
C o)

FiG. 13 BEST ESTIMATES I'OR-BANDWIDTH CONTRACTION FACTOR, s, BASED
ON 27 INDIVIDUAL SOLUTIONS
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below 1,10 and directivity in excess of*20 dh over a 24-percent fruc-
tionnl bundetdih,

From Fig. 12 or Tabla I, when G » 3 dh, then R = 5.34. Try & tvo-
beanch coupler {irst, corresponding to a single-section quarter-wave
tranaformer (n = 1), From Fig. 13, 8 » 0.64 for n »n 1, s0 thet the
prototype {ractional handwidth must be v /8 » 24/0.64 percent, or neurly
40 percent by Eq. (13). The maximum VSWR of a ningle-section -quurter-
wave tranaformer’s of K= 6 and v, = 0.40, ia 1,860, It follows from
Eq. (8b) that ¥V  _ of the coupler would thea be considerably greater
than the 1,10 apecified,

Try » three-branch coupler next, corresponding to s two-section
quarter-wave transformer (n « 2), From Fig, 13, A~ 0,62 for n = 2, 0
that the prototype fractional Landwidth must be 24/0.62 perceut, or al-
most 40 percent, Now the maximum VSWR of a two-section quarter-wave
teanaformer!? of A 2 6, w o 0.40, ia 1,11, which for a 3-db coupler by
Fq. (8c) yields ¥V, = 1 + 0.11/1 414 = 1.08 which ia helow the 1.10
specified, The directivity from Eq. (9b) or (9¢) will he better than
=20 log,o (0.04) = P, « 25 db which exceeds the 20 db specified.

Thus the prototype quarter-wave transformer will in this cane have¢
two xections (n » 2), B = §5.84, and bandwidth v, 0.40. Ius junciiow
VSWHs can he found from tables,® and then converted to the branch-guide
coupler puramcters either by meanz of charta (sce Examples 111-1 and
111-2 of the last section) or hy interpolating from the tahles in
Appendix A,

Notiving has yet bheen snid about the variation of the couplings P,
and Py with frequency, This is snalogous to prescribing the amplitude
churucteristic of a filter and then azking about its phase {or time:
delay) characteristic, The amplitude and phauc characteristics are re-
Inted and cannot be prescribed independently of each other. In the case
of the hranch-guide coupler the coupling charncteristics are determined
by the difference between the even- and odd-mode phase characteristics,
To obtnin & systematic picture of the frequency variation of the VSWR V¥,
the directivity D (db) and the two couplings (the in-line coupling r,
and the cross-over coupling Py, both in db), these were plotted in

bigs. 14, 15, and 16 for couplers based on maximally flat quarter-wave
transformer prototypes for n » 1, 2, 4, an. 4, and for R = 1.5, 3, and
6, corresponding ta couplings (C) of approximately 14, 6 and 3 db
(Table 1). The graphs are plotted against the gquuntity (A;olk‘), where
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h. is the guide wavelangth, l" I ==

and k.. is itx value at hand- ‘=--.._~.

center [Ey. (12a)). The re- i =
sponse iz symmetrical about 7T
(A, o/A} * 1. ag that Figa. 14, - S I oo A
15, and 16 actually cover the w . 4:”'1" ’\.
range {rom 0.4 2o 1.6, slthough - g oy
only the portion from 1.0 to H {f by ..\
1.6 is ahawn, For non- T' ;f ,’ L
dispersive (TEM mode) linea, Q" - -’// fi A‘/ﬁ
the guide wavelength X‘ te- 3 ) > g oy = . 19 o
duces to the free space wava- '/ /"/(’ X r o/l
Tength A, and then A /A, boad e S > ]
reduces to Ag/A o f/f,, where T AR X1
[ ia the [requency, and [, is vy | 2t % i

ita value at band-center (alao m ] ;%‘ Ll il
called the center frequency). 0 Y i 4;&; wew 1

it can be scen from
Fig. 16 that the coupling P,

generally becomes atronger (P, FIG. 16 COUPLING CHARACTERISTICS OF SOME

measured in decibels decreases) MAXIMALLY FLAT CO.UPLERS (Immittonces
ith ide of ter fre- of these c....lora are given in Tobles |1 end
on either aide of center fre 1.2 of Appendix 1)

quency (the curves are aym-
metrical about k‘./k‘ » 1),

and correapondingly P, becomes weaker (P, measured in decibels increuses).

Now return to Example IV-l, I{ we may use Fig. 16 as & guide, then
over the 24-percent. hand apreified this three-branch 3-db coupler would
be expected to change each of its couplings, P, snd Py, by o little under
0.3 db, Thus if the coupler were designed to have 3-db coupling et ceater
frequency (correaponding to R = 5,83 pichsd bafors), ithen Py vould go to
2.7 dk and | to 3.3 db st the 24-percent band edges. If the specifice-
tion asked for both /', and Py to be maintained to within £0.15 db »f 3 db
over the 24-percent band, or generally te’ optimize the balance over the
hand as a vhole, then the coupler would be designed with Py o « 3.15 db,
corresponding to ft « 5,7, by Fig., 12 or Eq. (1la). This coupler was de-
signed (using the tables in Appendix A) and has the following parameteres:

Ke =1, K, =»1.2902, H, =0.4363 , H, =« 1,0844
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FIG. 17 COMPUTED PERFORMANCE OF THREE-BRANCH (n = 2) COUPLER OF EXAMPLE V-1

Ita analyzed performance is reproduced in Fig., 17, and it is found to
conform very closely to the specificationz. (Again, this ias plotted
only for one snide of band-center, since the response in symmetrical us
plotted.) From Fig. 17, the analyzed performance over the 24-percent
bandwidth is: Maximum VSWR, 1.07 (1.08 wan predicted); Minimum directiv-
ity, 26 db (25 db was predicted); Couplings P, and P, both within 10.2 db
of 3 db (20.15 db was predicted),
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Y FURTHER NUMERICAL EXAMPLES

In applying sany spproximate design procedure, the question inevitably
wriaea: How accurate is it? One way to answer this queation ia to ana-
lyze numerically the performance of some repreaentative cases. A few
more of these sample cames which were analyzed are reproduced in thiv
aection,

Example V-1—~Design of a 6-db Coupler. Optimize a five-branch 6-db
coupler aver a 25-percent fracticnal bandwidth, Estimate the maximum
VOWR and the minimum directivity over this band, end the variation in
coupling.

For a well-matched coupler, a coupling coefficient of 6 db requires
R » 3, by Table I, The bandwidth contraction factor, 8, is 0.64 fron
Fig. 13, For 2 coupler fractional bandwidth v, = 25 perceat, we there-
fore require " 0.25/0.64 = 0.4. From data on qusrter-wvave transformnra
for n » 4 (Table 111 of Ref. 12) the maximum passband VSWR (V. ) for the
quarter-wave transformer will be less than 1.01. Therefore ¥V will be
lens than 1.005 for the branch-guide coupler, by Eq. (8c), since P, = 6 db.
The directivity by Eq. (9c) should be better than -20 log,, (0.005/2 X
0.866) = 6 = 44 db, since P, = 1,25 db for a weli-matched 6-db branch-
guide coupler,

This coupler was designed by chart, and then constructed in waveguide
according to the impedance values so obteined., The impedances were later
recomputed more accurately from the tables in Appendix | after the coupler
had already been buiji, (These later snd morec accurate velues are shown
in brackets below, as they were not used in constructing the coupler,)

It was found that

x '
Ko = 1.0 (1.0) Hy, = 0.070 (0.0688)
K, = 1.036 (1.0367) M, = 0.274 (0.2823) .8 ae
Ky = 1,127 (1.1323)  Hy = 0.450 (0.4522)
J
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A compariaon between the firat sat of numbers (caliulated by chart}
and the numbers in bracketa (calculated by digital computer) gives an
indication of the accuracy obtsinable by chart. Here it is ahout 2 percers
in M and in (N = 1) on the average.'

|

The analyzed porformance of the coupler with the impedances in
bracketa (obtained by digital computer) conforms very closely to the
predicted valuea of maximum VSWR and minimum directivity over the 25-per-
cent pans bund: ita computed values by snalyaia were respectively 1,007
for the maximum VSWR (compare 1.005 predicted), and 43 db for she mininue
directivity (compara 44 db predicted); the center frequemcy coupling is
exactly 6,02 db, The analyzed performance of the voupler with the firat
aet of impedances (obtained by chart) ia little changed though the maxi-
mum YSWR in the 25.percent pans bend is now 1.01, and the minimuam di.
rectivity 34 db; the center frequency coupling ia 6.1 db. Junction
discontinnity effects and mechanical tolerunces way be axpectad %o have
s greater ef{fect on perfovmance than inaccuracics due to using the chart;
it may therefore be concluded that the charts are almost as accurate aa
the tables for moat practical purpcaes.

The analyzed performance of the coupler (deaigned by chart) is ahown
in Fig. 18, together with the experimental results in waveguide, which
will be described later.

The variation in coupling may be estimated from Fig. 16. It is neen
from the curve for n » 4, R = 3, that P, changez from 6 db at band-center
by 0,2 db to 5.8 db at the 25-percent band-edges (K‘./K‘ = 1 10.125).

The annlyzcd performance (Fig. 18) shows s like change of about 0.2 db
from band-center (6,1 db) to band-edges (5.9 db),

Example V-2—[lesign of a 0-db Coupler. Design a thirteen-hranch 0-db
coupler making use of the five-branch coupler (n = 4) of the previous ex-
ample,  What maximur insertion loss would one expect over & 49-percent
fractiona] handwidth?

The 0-db coupler can he put together from three 6-db couplers, ax
follows from Appendix B, By merging the end branches of adjacent couplers,
tws branches can be eliminated, and the 0-db coupler has thus thirteen
branvhes, Its immittances, based on Eq. (14), are as follows:

* This ves one ¢l aeverel corly exseples vorhed out quickly on the charts. ®ith o little were core, the
scentacy is abost ) perceat. Coopare Fxample V.
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x. » K‘l - l|°
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Ky = K, oo Kg = Ky v Ko Kpeo L2

H, = M, = 0.070 . us)
My = H, = Hg = My = Qg = Hy = 0,214

Hy = Hy = Hy, = 0.450

Hy » Ny + 0.140

The couple; of Example V<1 varied in coupling from 6.1 db at band-
center to 5.5 db over a 40-percent fractional handwidth (K../A. from 0.8
ta 1.2), an can he scen from Fig. 18. To work out the greataat deviation
from 0 db of the new coupler we see from Appendix IT that 5.5 db corre-
sponds tz a phuse shift € in either Lhe even or the odd mode of

. . "5;5 ¢
0 = % rc sin |antilog( —— = 432° 4 . (1é)

For the three couplers in cuscade the combined phane shift in either mode
will be approximately 30 » 398° 12', which corresponds to a coupling of

=20 log,o (sin 96" 12') » 0.05 db . {11)

This represents the maximum innertion loss, since the deviation from 0 db
at band-center is even less. The performance of this coupler is 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 wnalysis
is indeed better than 0,05 db over a 40-percent fractional handwidth, (The
experimentally wmeasured points also agree very closely.)

Example V-3—A Coupler with J\/4 Branches. It is required to lenglhen
the branches of the 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 affects the per-
formance,

There is no way to predict accurately the reduction in bandwidth to

be expected. If both the branch lengths and their spacings were tripled

un
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togather, the reanlting bandwidth vould be reduced to nqe-third, withaut
otherwise affecting VSWR, coupling, etc. Since the branches are to be
Jengthened but not their apacings, we might expuct & lessar reduclion

in bandwidth, Thia in horne out hy the analysis. Tha VSW{ and insertion
loas of this coupler are plotted in Fig, 21, The insertion-loss baad-
width ia reduced down to almoat one-third of the original bandwidth

{compare Figs. 19 and 21), but tha VSWH handwidth ia lesa affected, and
is reduced to only shout one-half,

Fxanple V-4—A Three-Branch Coupler. Consider a branch-guide cou-
plar basned on the follawing quarter-wave transformer pretotype paramatars:

A = 2
R - 5.0
L P 0.8
| T T T T T ) T
\- t
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FIG. 21 COMPUTED PERFORMANCE OF 0.db COUPLER WITH BRANCHES 3\/4
LONG (Exam, |a V.3)
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Predict the couplar's maxicum VS¥I and minimum dircctivity ovar its pasa
band, and find its fractional bandwidth, Predict the maximum and minimum
values of the txo couplinga Py and P'; over the paas band. Finally, cal.
culate the immittances Ky, M, and N, of thia coupler.

The maxinum pasa-band VSWR V! = of a quarter-wave transformer having
A2, N5, w o« 0,80 iz, by Ref, 12, equal to 1.45. Therefore, the
meximum VSWH (V. ) of the coupler over its pass band is, according to

Eq. (8c), approximataly equal to

0'
l *——"—s- ™ “J

1.5 ' (18}

since R « 5 correnponds to Py « 3,52 db when the effect of miamstch is
neglected, Since the VSWH has a maximum at band-center, because n is
even, and this is equal to 1.45 for the prototype transformer (corre-
sponding to a loas by reflection of 0.15 db), the coupling 'y is, by
Eq. (11b), equal te 3.67 db.

Similarly from Eq. (9¢), the directivity would be expected to e
hett=r than

=20 leg,, [g*ﬁ%] -=3.5 = 12,54db (19)

over the pass band, where P, has been sct cqual to 3 db for the moment,
A more accurate extimate of /', can now be made by balancing the input
and output powers:

Coupled power {corresp. to 2.67 db) = 0,430
lReflected power (corresp, to VSWR = 1,3) = 0,017
Power in directivity arm = 0.025

{corresp. to 12,5 + 3.6 » 16.1 db)
Total s0 far = 0,472

Hlence the fraction of power out of the "in-line” arm ix 0.522 {corre-
sponding to /') equal to 2,77 db). When this is substituted into Eq. (9c),
then instead of Eq. (19) we obtain 13.6 db for the directivity., Making

a new more uccurnte balance-sheet for the powers then gives

Py o= 27db (20)




The coupler (ractinnal bandwidth, v,, predicted from Fig. 13 ix 0,804 =
0.80 X 0.54 » 0,43,

Uning Fig, 16 aa a guide, we vould expect P, Lo change by about
0.67 db from 3.67 to abowut 3,0 db, and P; by sbout 1.1 db from 2.7 te
3.8 db over the 4)-parcent bund.

The immittance parameters of thix coupler were obtained by chart.
(Thay can alao he read from the tablea in Appendix [. and thes: immit-
tances are showa in parenthenes; they ware not uszed in the aubsequent
analysia,)

K, = 1.0

K, = 1.29 (1.2798)

=
L

0.50 (0.4919)
0.812 (0.8049)

x
-
L

Here the paramnters ohtained by chiart and by computer agrae to within
one percent on the average.

This coupler (denigned by chart) was analyzed, and its performance
is plotted in Fig, 22, (Ita response is symmetrical about A../R. * 1.0,
as ususl.) lca analyzed and prediziazd performance sgree clossly. Over
the 43.percent bandwidth, the uaximum VSWR is 1.29 (the predicted VSWI
was 1.3); ita minimum directivity in 13,4 db (13.6 db vas predicted);
the coupling P, changes from 3.65 to 2.7 db (3.67 to 3.0 db was predicted);
and P, changes from 2,7 to 3.4 db (2.7 to 3.8 db was predicted).
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YI PERIODIC AND SYNCIHRONOUS COUPLERS

leedt has analyzed s claxs of branch-guide couplers in which the
mzin 1ina {apedsnces are constant and equal to the input and output line
impedancas, wnd in which all the internal branches have the asme impedance,
Theae couplers will herein be referced to as "periodic couplers.” They
du not have n clenrly defined pass band, over which the performance is
eptimized in some scnxe. Heed han given numeroun curves for 0-db couplers
ard sone for other coupling ratiux, which may be used an a guaide in some
eragn,

Couplers whoae denign is based on » quarter-wave trens{armer proto-
type are referred to ax synchronous couplera (Section I1). The purtormance
of perizlia wnd synchronous couplers will here be illustrated by examplea,

It muy ba atuted ax » rough guide that to achieve the aame parformance

over w spucified bundwideh, = periodic conpler requires sbout twice as
mony brancher »x n synchronous coupler.

fione augpestions Lo improee the performence of periodic couplers are
atao sene. sad Jllusteated by examjien,

Exax; e VI.!=—Coaparison of Some 0-db Couplers. Figures 23 and 24
show thn VS¥H.agrinat-frequency wnd cuupling-against-(requency chsracter-
{staen of fntid t-db couplers. Two of them are aynchronously derived cou-
plevr, and t¥p xre perivdic couplers.

urye A ip for the thirteen-branch 0-db coupler of Example V.2, except
thet the orawt jmmittances K, and /I, [rom the tables were used, [1e is
agnin based on three 6-db couplers with n « 4, " 0.40, R =« 3. The in-
mitvanvey Lhix time come from the numbers shown in parentheses in Eq. (14),
shezeun previnunly Eq. (15) of Example V-2 was derived from the nuzhers

obiuined Oy chart » ' shown without parentheses in Eq. (14).)

(arva Bix forasimilar thirteen-branch 0-db coupler, differing from
the previous ane only in that it is based on a prototype transformer
having wox 0.80 (instend of 0.40). Curve C is Reed's' periodic coupler
with thirceen branches. Curve D) ix Heed’s' periodic coupier with twelve
branches.
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It is ovident that Coupler C is inferior to the other three, Thia
is typical of periodic couplers with an odd numher nf hranchea, and is
due to the Inck of matching end-branches. (Periodic couplers with an
odd nwaber of brunches have all branch immittances the aame, inclnding
the end hranches,)

Coupler 1) ix only slightly inferior to Coupler A an regarda coupling
Py, but distinctly inferior as regards VSWR. Coupler B ia aimilar to
Coupler A, except that its peak VSWH at center frequency in higher, and
it han a grewter handwidth.

The VSWMis of the two periodic couplers, Couplera C and I}, exhibi:
ripplea oi incrensing amplitude as the frequeny, deviation from band.
cuntér increanes, There is no reflection at band-center, and there are
xeron of reflection whenever the separation between end-branchen increanes
or decreanea by approximately one-half guida wavelength (Fig, 2}). The
couplinga of the periodic couplers also exhibit aimilar periodic vigples
(Fig. 24).

The YSWR and coupling of the two synchronously derived couplers,
Couplers A and B, tend to remain constant in a fairly well defined pana
band, outside which the curves rine steadily.

Since periodic couplers with an even aumbe:r of hranchea are better
than those with an odd number of branchea, five couplera having €, 8,
10, 12, and i4 branches were annlyzed. Their performance was compared
with three T-branch, 0-db couplers, which were "synchronously derived.”
This mecns that each 7-branch hand-pass coupler was based on two identical,
synchronous, 4-hranch couplers (with R = 5.5) placed in cascade, the two
end-branches heing merged, Three such couplers were designed and ann-
lyzed, and each vas made optimum over & different bandwidth: they will
ba referred to as Case I, Case II, and Case J1I. They correspond to
values of the prototype fractional handwidth v, of 0,40, 0.60, and 0,80,
respectively. Their immittances can he obtained reudily from the tables
in Appendix {, and are as shown in Table Il,

Instead of plotting all of the curves for the five periodic couplers
and the three synchronously derived couplers, the principal resultx are
summnrized in Tablea 111 and 1Y,
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TAME 11

TMMITTANCES OF THREE SYNCHRONOUSLY DERIVED 0-¢b COUPLERS

IITTANCES CASE 1 CASE 1) Casg 111
Ky = K 1,0 1.0 1.0
L Ky = Koo« K 1,163 L1118 1,1951
l" - K 1,3882 1.3852 1.3852
My = K 0,1957 0.2192 0.2580
Hy = Hy = K = Ny 0.7618 0.7382 0.6443
¥, 0,3914 d.4384 0.5160
TABLE 111
MANIMUM Y3YR OF SEVERAL 0-2b COUPLERS OVER STATED BANDWIOTHS
PERIODIC COUPLERS
‘(‘:,c‘?::?:? Six+ | Eights | Tone | Tvelve- l’ullu:-— :gm
broneh | broneh | branck | brunch branch | DERIVED COUPLERS
16 1.1o 1.06 1,04 1.03 1.02. Case 1 1,02
28 1.19 1.09 1.05 1,03 1.92 tase II 1,02
4 .21 J.1o | 12 | 1,09 -1.05 Case 111 1,10
TABLE 1V
MAXIMIN INSERTION LOSS (db) OF SEVERAL
0-db COUPLENS GYLR STATED BANDWIDTHS
- PERIODIC COUPLERS 7 s’,&‘g‘;&“&%
(roreontd e Frintn [srenen | Tvameh | Pt | oentven courtins
16 0,02 | 0.01 | 0.006| 0.004 0.003 {Case I 0,008
28 0.11 0.04 |- 0,02 | 0,013 0.011 [Case II 0.009
4@ 0.1 22 1 019 | 0.15 | 0.113 [Case III 0.18




On each line the periodic coupler whose performance is wearest to
that of the aynchronously-derived coupler at the end of the line, is
underlined, It {a seen that roughly twice as many branchea are gencs-
ally required in the periodic coupler to obtain about the aame porformance.
However, the aynchronoualy-derived coupler design has to be adjusted fos
each bandxidth, ax in u quarter-wave tranaformer or bandpans filter,

Example VI-2—Comparison of Sonme

J=db Gouplers. Periodic couplers of TAME ¥

4, 5, 6, and 8 branches® were ana- !INITTMC!Z?‘:): mi::';sms
lyzed, ax were three aynchronoua

3-db couplers of four branches each; TIMITTANGES | CASK 1 |CasE 11 | CAdK n.'
the aynchronous couplers were those Ky = & 100 0 1.0
used to make up the 0-db couplers Kk, o= Ky 100563 1718 ] Lest
for Cases I-111 in Example VI-1, K, 1.3852 | 10852 -1.3482
Using the same dexignations for the Mg = Ny [0,1957:| 0.2192| 0.2500
3-db couplers, their immittanzes are LA 0.7618 | 0.7302| 0.6955

given in Table ¥V, (Compare Table11.)

All of these couplers are derived from quarter-wave trans{ormer
protetypea with n » 3, R » 5.5; their fractional bandwidths, v, are
equal to 0,40 for Caxe I, 0.60 for Case 11, und 0.40 for Caze IIl. The
performunces are summarized in Tablex VI and VII, Table VI gives the
maximu, VSV over the bandwidths used in Exumple YI-1, Denote the maxi-
mum chunge in P, over any specified bandwidth by &P), and the maximum
change in P, by &P,. To indicate the variation in coupling in s single
short tuble, the quantity [IAPII %']AW:I ) is shown in Tasble VII,
and referred Lo us the"coupling.a;bulnnce.a.'

TABLE VI
HAXIMUM VS¥R OF SEVERAL 3-db COUPLERS OVER STATED BANDWIDTHS

PERIODIC COUPLERS
RANDE1DTH FOUR-BRANCN

(percent) Four» Fiveo Sixe Eight= | SYNCNRONOUS COUPLL:3
broneh | heanch | branch | brench

16 1.02 1.05 1.02 1.01 Case 11} 1,01
28 1.08 1.10 1.05 1.04 Case I1] 1,02
18 1,32 .12 L8 | L0 | Case Ilt | 107
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TABLE VII

COUPLING UNRALANCE (db) OF SEVEMAL 3-db COUPLERS
OVEN STATED SANIWIDTHS

PERIODIC COUPLERS
RANDS 1DTH

FOUR- BRANCH
{pareest) © Foure Tives Sin: | Kights | SYNRCHAONOUS COUPLIRS
branch | broweh | bronch | breaneh

1¢ 0,20 0,18 0.1¢ 0.4 Cane 1 ]0.19
b ) Q.67 .1 0.4 0.43 Casa 11 {0.87
11 2,1} 1.6 L$ 1.4 Case £11 | 1,0

The four-branch synchronous coupler for each bandwidth has a VSWR as
good as, cr better than, an cight-branch periodic coupler, The four- '
branch aynchronoua coupler ia always better in termn of variation in cou-
pling than the four-branch periodic coupler, Lut not as good as the
six-branch periodic coupler.

Example VI-3—Inproved Periodic Couplers. The periodic coupler
deaigns given by Reed! enamure a perfect match at cunter frequency, and
alao ersure the specified coupling there. IL can be aeen from Fig. 16
that if, for instance, the coupling I'y is to vary as little as possible
from some apecified value over any non-zero bandwidth, then the coupling
P, at ceiter {requency should generally be weaker, since Py, becomes
stronger as the frequency deviates from center,

Conaider for instance the periodic 0-db coupler of eight branches.?
By reducing the coupling, which means decreniing the branch immictances,
tho bandwidth for any apoccificd coupling tolsrance can be increzascd, All
of the branch immittances of this coupler were reduced by 4 percent. The
VSWR and the insertion loas (coupling P,) of both the original and the
modified couplers are plotted in Fig, 25. The improvement in VSWH je
only slight, as expected. The bandwidth between the 0.1-db insertion
loss points is incressed from 42 percent to 49 percent; between the 0.05db

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

curves in Fig. 25 are again symmetrical about the k'./k‘ axis; hence, only
one-half of each curve is shown.)
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FIG. 25 COMPUTED PERFORMANCE OF TWO EIGHT.
BRANCH 0-db PERIODIC COUPLERS (Covpler A
after Reed, ! and Coupler B with branch immittances
reduced by 4 percent os In Exomple V|.3)
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VII EXPERIMENTAL RESULYS

A. THE 6-db COUPLER
1. Consyaucrion

The 6-db couplar of Example V-1 was conatructed in S-band. This
coupler has five branches. Since waveguide T-junctions are series juuc-
tions, the immittences K, and N, ore impedances: however, since waveguide
T-junctions are not perfect series junctions, they can Le rejprsented by
Sn eyuivalent cireuit¥ such as ia showan in Fig. 26. (Thia is the same
cirewit as Fig. 6.1-2 on p. 330 of Ref, 17.) At any T-junction of the
coupler, K ,_, -aud K, are generally not equal, altheugh they differ only
slightly, so that K.' in Fig, 26(a) wasz set equal to their arithmatic
mean (K., +K,)/2,

larly the waveguide height

Simi-

substituted into the graphs

N
of Ref. 17 to ebtain the M 0" v
N Lend

T-junction properties was 1 i i I '
by, = (b, +0.)/2 and the '1"“4”?""% Ko Koy
junction was trested es if s IS . S g | 7
it were symmetricsl [sece vy K fecTakCE K
Fig. 26(b)]. Gl

The waveguide heights o
(their b-dimensiona) were v

‘l

firast taken o3 proportional l. _-LTT“" L_"'"
to the respective K or H bl f--L;-u--w b Koy X
values [Eq. (14)]; they were : L_J
fined by the bd-dimensions &“&Eg’;ﬁg’
of the four ports, which to)
were each equal to by = bius 8y Kt %,
1.420 inches. Thix deter- Pt 2 Yot =

mined the b-dimensions in

the throuph-puides without
further adjustments, hut

the b-dimensions of the

FIG. 26 EQUIVALENT CIRCUITS OF T-MCT’O’:S
(o) Symmetrical Junction, after Marcuvity,
(b) Unsymmetricel Junction
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branch guides have to be further increased to allow for the tranaformer
factor nl. Thix factor wus found from Tuble 6.1-10 on p. 346 in Ref, 17,
and the branch b-dimenaions were increased by o factor 1/n%, Since Luis
changed the junction dimenaions, the quantity n? hud to be worked out
agnin, ¥ and more times if necessary (usunlly thix is not necexsary) until
each product of n? und the branch guide b-dimension was proportional to
the appropriate impedance H. Finally the reference plane positions, d
snd d', of ench junction were determined! (Fig. 26).

Since an L-band coupler in WH-650 waveguide wus luter to be scaled
from thia S-band model, it was designed with output ports in 2,840-inch
by 1,420-inch suveguide, to preserve the xame lwo-tn-nhe sapect ralio of
WR-650 (6.500 inchea by 3.250 inches). Since standard S-band waveguide
is WN-284, which is 2.840 inches by 1,340 inches, u two section trana-
former from 1.420-inch to 1.340-inch waveguide wux placed at each port
so that all the usual S-hand test equipment (xlotted line, ete.) could
be uned, The wide dimension (the ao-called a-dimension) of all wave.
guides, both inside and outside the coupler, was made 2.840 inches. Tha
L-bund center frequency of 1300 Mc then scaled to 2975 Mc at S-band, and
the guilde wavelength at center {requency reduced from 12.68 inches to
5.54 inches,

The dimensions of this coupler were culculated, using the impedances
of Eq. (14), tnd the T-junction equivalent circuits in Ref, 17. (The
series reactances were includad in several of the earlier computations
analyzing the coupler performance. Their presence was found to wnffect
the performance only slightly, and has been ignored in all lster compu-
tations,)

The coupler E-plane cross-section might be expected to require
stepped top and bottom walls (Fig. 1) to obtain the changes in impedance
A, called for in Hq. (14)., llowever, tha refercnce pluneuz(T; in Fig. 26)
move in such a manner that the brancies have to be shortencd more where
the impedances K are larger, with the result that the top and bottom
walls (Fig. 1) come out =lmost straight. In nrder to ohtnin straight
top snd hottom wills as shown in Fig. 1, and yet maintain the correct
impedances K, branch lengths some of which differed slightly from the
lengths culculated theoretically have to be accepted,
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FIG. 27 DIMENSIONS OF FIRST S-BAND é-db COUPLER ~
BASEN ON EXAMPLE V-1

The dimensions 30 calculated are shown in Fig. 27. The coupler was
constructed in two linlvex ax shown in Fig., 28, Three jig-plates of
aluminum were used to wake a Usxhuped channel, in which aix aluminus
blocks were placed and bolted down to form the waveguide channela. The
end blocks -contain the transformers from the waveguide height of
1.420 inches tu 1,340 jnches, The depth of all the channela iz half
of 2,840 1nches, or 1,420 inches. The twe pieces shown in Fig. 28 were
finally superimposed nnd holted together to form the 6-db coupler.

The meusured performance of the completed coupler is ahown by the
light points in Fig. 18, which go with the frequency acale (A) near the
bottom of Fig. I8. Plotted on a (K‘o{h‘) scale, the points fit the com-
puted curves very closely; however, the center frequency is 3125 Mc
instead of the design value of 2975 Mc. This diserepuncy is thought to
result from the relatively large b-dimensions which, for instance, make
the Jength of an outline edge on the two center squares in Fig. 27 only
about one-seventh wavelength, Thus higher-order modes could be st up,

giving rise to interaction effects at =uch close spacings, I this
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FIG. 28 EXPLODED VIEW OF 6.db EXPERIME:{TAL COUPLER
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explanation is corract, then lover waveguide haights (smaller b-dimansions)
would result in hatter design accuracy. Howaver, this was not attempted
since the coupler was to be used at high powers where large waveguide
haighta are an advantage,

All brench lengthax and spacings, nominally one-quartar wavelength,
ware then ascaled in the ratio of the guide wavelengtha to reduce the
center frequency from 3125 to 2975 Mc, and the coupler was tea’ed again,
Its centar frequency moved
dowa as expected, but the

coupling the. e bhecame ¢ e
stronger, i { 6.1

. gou.ag rom 109 e u]xo l
to 5,8 db, Since the __J__‘_L_‘ 47 1400
coupling bh2comen atronger
still ot off-center {re- . "". i 0937 ! r- )
quenciea, it was decided i l [ 1 L.
tv reduce the branch "‘"—"J—-—JL 1 310 o] -—Lool—Jo,?:o,
heights to weaken the et 30anetet 304t 070 fomery o] o= :

. oo 0,404
coupling by 0.5 db at ———

center {requency, chang- {ROUNDLO COANEAS NOT SHOWN! CHANNCL DEPTHeLA20

}
ing the 5.8 db to 6.3 db see Text
coupling. The new dimen-
sions caiculared are FIG. 29 DIMENSIONS OF S-BAND é-db COUPLER
shown in Fig, 29, The AFTER MODIFICATIONS

mesaured results are

ahown by the black points

in Fig. 18, which go with the frequency scale (B} at the horeom of Fig. 18,
It ia seen that this coupler gives the denired center frequency and its
parformance elonaly follows the computed curves.

All edges orthogonal to the electric field of the TE,; mode were then
vounded off to increase the poeer handling capacity. The edges of the
eight rectangulur blocks were rounded to & radius of one-eighth inch; the
edges of he four outside blocks, on the faces defining the outside edges
of the narrowest branches, were rounded to a radiua of one-sixteenth inch
These radii were estizmated to reduce the field atrength at the edges to
less than double the field strength in the waveguides.' Any {urther
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 vithin experimental accuracy. The rounding did not

introduce any noticeable change in the coupler response.

50




2. Povea-llanoLixne Caraciry

The power-handling capacity can e eatimatced aa Tollows, The coupler
may be treated aa a filter, wheew the “equivalent power retio® of Ref, 14
is erquei U the internal VSWA fur « matched coupler {or tlment sn for a
nesrly matched coupleri. Thr higheat internui V3WR of the pratolype
teanaformer™ {2 1,22 in this case. This VSW sccurs in the szecond aece

tion where the waveguide height is

1,127 % 1,426

1.19
1.340

times Lhe waveguide height of WHe284. If we allov a weakaring factor of
2.8 (in povar) for tfe rounded edges (estimated from Ref, 18), thia leada
us to erxpect & power-handling capacity of spproximstely

1,19

—— 0.3¢
1.22 x 2,5

timea the power-handling capazity of WR.284, or roughly 1.0 megawatt in
air tt atmoapheric preasuve. (IU in snssumed that breakdouwn will wol
occur first inajde the branches.)

The coupler was texted at high pover using & 3.8-microsecond pulse
at G0 ppa, at a frequency of 2857 Mc. With air at atmospheric pressure,
no arcing was observed up to at lenat 1 megawatt peak power., When the
power was turned up to 2 megawatts, there was some arcing, but this ap-
penred to be cauned by a waveguide bend.

B.  THE 0«dL COUPLER
1. Coxsyrucriox

The 0-db coupler ia constructed following the procedure of Example V-2,
It is based on the 6-db experimental coupler just described, but scaled
from S-bund to L-band, with the ratio of the two guide warvelengths at
center irequency as the scaling factor. The ratio of the guide wave-
lengths was made equal to the ratio of the a-~dimensions of WR-650 and
Wit- 284,

The coupler was constructed of aluminum jig-plste in the fashion
described for the 6-db coupler, The over-all length was close to four feet,
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no that it wax made in

twa {langed sectiona,
which bolted together,

The dimensionn of onee
half the coupler are givean T ] Y
in Fig., 0. A photograph W0 3y uw ’r‘ !

(LI Y41 ]

of thc'qniire coupler ia e[t !é“ T i }}u + (_--E
shown in Fig. 31, ‘1 I l 1 T L_..
The meazured per- Jum ool L nin B b tun- sbi sl
formance of this coupler s N - e - “"'% e
ia ahoun in Figa. 19 and lm:’c::u:v u:o'::‘ - .‘m’:u::u YO LES RN

20, and it is found to- qC
agree very cloxely with

the computed curves,
FIG. X DIMENSIONS OF 0-¢b COUPLER
{Only half the coupler is shown)
2. Posen.lannLinG
Caraciry

The edges prrpendicular 2o the electric field were rounded to a
¥einch radiux, except for sn In.inch radius on the end blocks, Lo increase
the power-handling capacity., (Compare the 6-db coupler.)  Thia wan fouwnd
to have no meaxurable effect on the performance, Using the eatimate for
the 6-db coupler, the power-handling capacity should be about (6.5/2.84)x
1.0 megawatt, or 5.2 meguwatts in air at stmospheric pressure,

High-power tests were made uxing the Eimac X832 experimental Klystron
amplifier, which operates at L-baud and supplien 2-microsecond pulses at
60 pps. A cobalt-60 radioactive source wax placed under the coupler® to
insure that the air wag jonized st points most susceptible to breakdown.
The branch-guide coupler wax filled with air at atmozpheric pressure. It
did not break down at the peak power available, which was 5.1 megawatta,
The VSWR of the water-load at the output of the coupler was 1,3, but as
no phase shifter was available, it ia not known how much it helped or
hurt the power handling capacity, llowever, it is probohly safa to say
that this coupler would handle at least § megawatta of peak power in air
at atmospheric pressure with a matched termination,

* The cirenit tosted eon the toe balves of the 0.db coupler, arrenged an toe 3.4b conplers op onplained in

connection oith Fig, 14, rather than the coupler described sbuve, (g 3-db covpler hed the slots shoen
in the photogroph of Fig, 36, but the other Jedb coupler ves eithoat any alote, oo described sbeve,
Siace eech Jedb coupler (hall o 0:db coupler) had o good VSWR by itaelf, this test io ensentislly the
2eme o8 testing o coapleze Codb coupler oith or withast alets.

52




4271d500 TYANINIYILXI 990 L5414 JO A3IA Q30071dX3

1€ "old

33




1. Ansorrrion or Hisnen Farouewcigs

The purpoze of the 0-dl zowpler was to uct as an absorption filter
{o7 harmonic and other apurious frequencies in the power ontput of high-
pawer microwave tubes.” 1t ia used in conjunction with a rejection
filter, such ax & wnffle-iron fiiter, The 0-db coupler is placed be-
tween Lhe Lranamitter and the rejection filter to protect the tube from
the refleciad apurioun frequencies. Tt ix not aecesanrils required to
pruvide high uttenuation at the spurioua frequencies (this in accomplinhes
by the rejection filter), but to pravide tnough sttenuation that a astia-
factory match can be prosented to the transmitiler, even when un effective
shortecircuit ia placed at the osutput of the O-dh coupler at the apuriows
frequencina,

Figure 32 indicates the
ot . ix are 7
veannning hehind thia « " -
LRU )

rangement,  The coupler in novt ———
- ———

dexigned &3 3 Groxs-over -—JD{-"]G
= b mmmt Tonthu(atsl
(0-dl) vouplee ot Lie FJ o e = it

fundamental = Trequency outs

put. AL higher frequenties,

1 2
o FIG. 32 ARRANGEMENT OF 0-dh COUPLER-AND
the coupling intw the SPURIOUS-FREQUENCY REJECTION FILTER-

branchex deereagzes (a? in

Fig, 6.1-10 on p. 346 of

tef, 17 deereasex).  The higher frequenciex will therefore tend to he
“heamed' through to the load inatend of crossing over, thereby hecoming
separated [rom Lhe fundamental frequency without haing raflected. Thia
15, of course, only w qualitative argument, und applics bext to the T,
and tive lawersarder soides.  For inatance, sll TE o modes, as they ap-
pronch eutolf, will pass through u- frequency st which the guide wave-
Pength 1x 12,68 inches, the A, of the fundamentsl band-center in the
T,
will suffer no attenuation in the coupler. This was confirmed experi-
meatally for the Ty, mode at 2380 Me.

mosle.  This gives rixe to frequency bande, which in certain moden

It wan also found in the TE,, mode around 2600 Mc that the coupling
wax ax strong as 1.5 db, resulting in a high VSWR when the rajection
f1lter or a short esrcuit was placed at the output, The explanution for

.
This opplrcation seras to hove been first swggested by Vernca Price, ord ves suggoated independently
by the authar ot a_later date,
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However, since the performancae _‘

this ia probably that st this frequency the guide waveleagth is auch that
the branch lengths and sapacingn are approximataly threc-quartera guide
wavclength long, 1f the couplings and refcrence plunen haud rc-tinﬁd
conatant, O-db coupling would have been obtained at this [requency.

Since thia atrong coupling occurs at the second harmonic of the center
frequancy, which might be expected to be atrongly preaeat in the output

frem » high-pover transmitter, it wan decided to reduce the ascond-lareanic

coupling by placiag chokes in al] the brsnches, This would prevest the
aecond harmoaic from crossing over. (A mera general zolution would be &
build spproprisie filteza in Lhe hranches.) Thane accond-harmonic chuava
ware placed in the mid-planc of the branches, and the branch inpedances-
were raduced to compennate for Lheir reactances st 1300 Mc. The calculs-
tion i given in Appandix 111, The dimenniona sre given in Fig, 1), and o
photograph of the cuwpler in given in Fig. 34, The mesnurad pass-hand
insertion loan in plotted in Fig, 35; the innertion lons ia better than
0.1 db from about 1180 tn
1350 Mc, The pass band has

become narrowsr ana result of $

" 230 e ¢ — S e
-
230

|

”i“ e ey 334 DM Ay

the chokes, and thu center

{requency haa moved dowa.

$ 2 | e
over the band 1300 £50 Mc wax __g__. !5- D4l a ;'LQ ; ~.§E§¢ggﬁ_
adequate, mo experimental wud- 1?”‘ a?s ’?‘ ?‘ 1?":1?‘ ’?. -
justment vas made to raisethe L‘\Oﬂ‘- LAELE I L1 L WU | IO § L4 }
center frequency. Theedzes f 1
of the T-jurctions at the Ot w pla 4 k=037 b Lo

+d ko i 0NN ol #OKD
open einda ui the chokes were el GO S1420
then rounded to a radius of o 3043 e 24stea
 JO : T
A inch to improve the power- oore |y
‘handling capacity. ' 2 “"9," o:-urQ 1= é‘;’l
1 ]
This coupler presented » E j“ i
low VYSWH to the second harmonie ocx notx °¢*
in theTE,, mode with or without
. {ROVDED CORNIRS -NOT SrOwH. SLT TEAT)
s short-circuit at the output,
Further improvement in the TE,,
mode wax obtained with the FiG. 33 DIMENSIONS OF 0-db COUPLER WITH
circuit of Fig, 36. This photo- SECOND-HARMONIC CHOKES
graph showa the two halves of {Only hell the coupler Is shewn)

the 0-db coupler used ag two




|
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FIG, 34 EXPLODED VIEW OF 0-db COUFLER WITH SECOND-HARMONIC CHOKES
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FIG. 35 MEASUKRED INSERTION LOSS OF 0-db COUPLER WITH SECOND-HARMONIC CHOKES

FIG. 35 ARRANGEMENT OF TWO 3-db COUPLERS TO SUPPRESS SPURIOUS FREQUENCIES
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3-db couplers, (Each 3-db coupler is one-and-one-half 6-db couplers, and
had & YSWR below 1,10.) Each J-db coupler is connected to two waveguidea
that taper from 6,500 inches by 3,250 inchea wavegnide to ). 750 inchen by
3,250 inchea waveguide (Fig. 37). Thia guide is cyreoff in the funda-
mental paas band, but transmita-all harmonic {requencies in the TE,  and
most other modes. Such an srrangement has the advantage of simplicivy,
hut it alao has the dizadvantage of reflecting some impartant frequencien
in certain likely modex (as for inatance the second harmonic in the TE,,
mode). It should be possible to devine something better fur thia purpora
thon » tapercd waveguide, which, however, was retained hecauae of ita
simplicity,

Tha photograph in Fig. 36 showa botdh 3-db couplers as contnining
slotted blocka, (The “alots’ are the second-harmonic chokes.) Jt wan
felt that a better arrangement. would be to have the chokes only in the
firat J-db coupler (nearest the input), and to have only plain hlacka
without chokes (compare Fig. 31) in the second J-db coupler. All of the
subaequent measurements were made with thix modification- applied to the

arrangemenl shown in Fig. 38. .

At low power, long tapered waveguide sectiona were used to set up
the TE,, mode at frequencies ranging from 2.2 Gc (below the second har-
wonic) to 15,4 Ge (above the eleventh harmonic). A bank of motor-driven
awept signal generators was used to generate the input, and the output
was recorded un a pen-recorder synchronized with the sxter driving the
signal-generator tuning-knob, Matched loads were placed at the output
of the four cutoff waveguidea. The reflection coefficient thus obtained
at the input Lo the long taper wan meswsured by recording (1) the incident
power and (2) the reflected power with the arrangement of Fig. 36 fol-
lowed by a walfle-iron rejection filter (which acts as a short circuit
from 2 Gc up to at least 14 Ge) ws shown in Fig. 37, These two recorded
curves are shown in Fig, 38. The reflection coefficient in decibels, «t
uny frequency, is the distance between the two curves. The harmonic
bands of 1250-1350 Mc are marked in Fig, 38, It is sesn 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 VSWR (at the input to the taper launching the TE,, mode) of better
than 2:1,
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FI1G. 37 VIEW OF COMPLETE FILTER FOR SUPPRESSION OF SPURIOUS FREQUENCIES,
SHOVING BRANCH-GUIDE COUPL.ERS {Middle), WAVEGUIDE TAPERS (Foregtound
ond Upper Right), AND WAFFLE-IRON FILTER (Upper Left)
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At high power, the coupler configuration of Fig. 35 (again with no
chokea in the secund coupler) was teated up to 5.1 megawatta peak power,
as slresdy described. Since the predicted power handling capacity is
5.2 megavatts for the couplar without chokes, it may be cancluded that

the addition of chokes in the branches doea mot appreciably affect its
pover-handling capacity.
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YIII CONCLUSION

A design method for branch-guide couplers hes been developed which
gives clone to optimum performance over a given paas-band. The method
was tested by analyzing the performance of several numerical denigns,
then conatructing two couwplers in waveguide and comparing the actusl with
the computed characteristica, The agreement was close. The design pro-
cedars ia facilitated by a new chart conatructed for this purpoxe; al-
ternstively, most practical canen can be worked out from the tables in
Appendix | Ly interpolatien.

The 0-db branch-guide coupler has heen uned as a harmonic pad {that
in, & harmonic abaorber in front of a harmonic rejection filter). Meas-
uraments to date have been confined to the Tﬁ'. mode, for which the
padding achieved should be adequate for most practical purposes. A VSWH
of better than 2:]1 has been obtained at all harmonic {requencies up to
the cleventh harmonic, The shaorption of spurious f{requoncies improves
as the frequency increases.

The L-band 0-db coupler has passed over § megawatta of peak power
in air at atmospheric pressure without any sign of arcing.
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APBENDIX |

TABLES OF BRANCH-GUIDE COUPLER IMMITTANCES

The notation far Lhe immittances W, und K, is shown in Fig. 2. For
s cowpler with seriea T-junctions, H, and K, are both characteristic
impedarces (e.g. for E-planc junctiona in wavegnide); for s coupler witn
shunt T-junctiona, H; and K, sre bath charucteriatic admittancas (e.g.

*

for coaxia) or strip transminaion liuex),

TABLE 1=1

BRANCH - GUIDE, COUM.ER EMMITTANCES
POR & » | SECTION (TW) MRANCHES)

L L L
12 1.006 | o.l11y
1.50 | 1021 | o.2040
2.00 | 1060 | o0.3538
2.5 | Los | o.4m2
3,00 | 1188 | 0.5118
4.00 | 1,25¢ | o0.7500
$.00 | 1.34) | o.8%
6.00 | 1,429 | ¢
3.00 | 1592 | 1,23
10.00 | 1730 | 1,423
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TABLE T.2
IMMITTANCES OF MAXIMALLY FLAT BAANOH-GUIDE COUPLERS FON a = 2 TO § SECTIONS
(THREF. 10 NINE BAANCHES)

HENEEEE N LY R LR LR
LN |
1,801 1,015 0.1010} 0.20¢2
2,00 | 1,0419 0.17151 0.3619
2.5011,0183 0.22511 0.4%)
3,00:1,1128 0,2619] 0.61
4,00 § 1.17AS 0.J))1§ 0,8)0)
5,001,219 0.)8191 1.0249
6,007 1,29%8 0.4202] 1.2
8.001 1,976 0.4178¢ 1.31%.
10.00 | 1.40861 0.5194] 1.8070
L a3
1,50 ] 1.0089 | },0206 0,0801} .15
2,0011,02%411. 0.08401 0,2
2,50 11,0446 ] 1,1067 0.1006 ] 0,384
.00 1.0634 1. 18 0.1214] 0.44%
4,00 1.,0%88 ] 1,249) 0.18421 0.39%7
.00 1,107} 1.3416 0,1732] 0.7220
6.00(1.1594 1'1.4208 0. 18841 U, ¥35]
8.60]1.20821 1.8 0.2029] 1.
10,00 | 1.2501 ] 1.7392 0.2138] 1.209
[BX]
1 1,507 1,0047 51,0174 0.02491 0.1017]0.1548
2.0011,01371 1.0817 0,0413] 0,1%50] 0.2138
2.50 ] 1.0235 | 1,0907 0.0333] 0.2331 ] 0.3158
Jaue 1,033, 017 0.0620] 0.2814 | 0.467¢
4,00 11,0514 { 1,209) 0.0740} 0,359 | 0.6€32¢
5.,0011,0675-1.2038 2,5417) 0,4220 | 0.7011
6.06011. +3530 0. 4743 10,9185
8,001 1.1057 ] 1.4795 0.09151 0,5509 | 1,169
10 007 1,1286 11,8924 0,0971] 0.4265 {-1.1906
ks
1,501 1,0024 | 1.0024 | 1,0206 0,0124] 0,0630 ] 0,1288
T2,001°1,0070 1 1.0361°] 1, 0608 0.0206| 0,.1069 | 0,22%%
2.50| 1,0121] 1,0630 { 1.12067 0,02641 0.1400] 0,3075
3.00] 1.0170] 1.0902 | 1,1546 .03061°0.1 .
4,001 1,02621 1. 1421 11,2499 0,0363] 0.2058 | 0.5078
§,0001,03421 1.1899 ] 1.3416 0.0398] 0.2348 ] 0,
6,000 1.04131 1,2035 | 1.4288 0.0422] 0.2573 [ 0.7210
4.0011.08321 1.3166 | 1,5909 0.0450]-0,2904 | 0.9019
10.00 | 1.0630 | 1,3769 | 1.7392 0,0464] 0.3140] 1.0625
a®4d N
-1.50]1,00121 1.0019 | 1.0185 0,00621 0.0376 § 0.0957 | 0. 1290
2.00) 1.00354 1,020 |-1,0544 0.0103] 0,0631 ] 0. 0.2284
2,401 1,0061 | 1.0397 |-1.0956 0,0131] C.0817 ] 0.2225]0.3138
3,00[3.0086 ) 1.0564 | 1,1380 0,0152] 0,0959 | 0,2707 | 0.3908
4,00 1.61321 1,0478 | 1.2216 0,0180] 0,1162] 0,3509 | 0.5295
S$.00f 101721 1.1161 | 1,3010 0.0197| 0.1301} 0. *
6,000 1.0208 ] 1.1414 ] 1,3758 0.0208) 0.14020,4136 { 0.7712
8.00] 1.02681] 1.1852] 1,528 0.0221] 0,1539 | 0.5689 | 0.
10,00 | 1.-2317] 1.2220 | 1.636) 0,0228] 0.1626 | 0.647711.17%
- aw®? o )
1.501°1.0006 | 1.0047 {-1,01437] 1,02067{ 0.0031} 0.0218 | 0.0665 | 0.112¢
2.00|-1,0018]-1.0137{ 1,0419 | 1,0606 | 0.0051] 0.0364 | 0.1135} 0.1983
2.50] 1.0030]°1.02 1.0131-1 1.1067 | 0,0065] 0.0468 | 0.1499 | 0.2109
3.00] 1.00437 13,0334 | 1,1048 | 1.1546 | 0.0076} 0.05 0.179510.3358
4.00] 1.0 1.0516 | 1.1662 ] 1.2499] 0.0089] 0.0653 1 0.2258 | 0. 4497
3:00].1.00860 1.0678 | 1,2221 ] 1,3416 { 0.0098]°0.7724 1 0.26127] 0.5509
6.00] 1.0104} 1.0822]-1.2759 ¢ 1.4288 | 0.0103| 0,0772 | 0.23%8 | 0.6431
8,001 1.01341 1.1067 ] 1.3699 | 1.5909 | 0.011G| 0.0834{¢.333310,
10,001 1,0i89] 1.1270 | 1.4520 0.0113}-0. G.367¢  0.9514
axl
1.501 1.0003}-1,0027 | 1.0101 | 1,019 ] 0.0015| 0.0124 | 0.0440 | 0.0895 | 0.1129
2.00| 1.0009| 1.0079 | 1.0293 | 3.0559 | 9.0025] 0.0207 | 0.0743 { 0.1558 | 0.2
2,501 1.0015} 1,0135 | 1.0508 | 1.0982 | 0.0032] 0.0265] 0. 0.2100]0.2748
J00] 1.0021] 1.0191 1-1.0724 | 1.1419 ) 0.C037}-0,0308 | 0.1146 { 0.2567 | 0.3425
$:60] 1.00331 1.02951 1.1134 11,2282 0.0044] 0.0366 | 0.1408 | 0,3357 | 0.464.
5.00] 1,0083) 1.0386 ] 1.1508 | 1.3104 | 0.0049| 0.0402 } 0.1595 | 0.4021 | 0.5749
6.001 1.0052 1.0467 | 1.1846 | 1.3881] 0.0051{ 0,0427} 0.1737 [ 0,4601 | 0.6715
8,00f 1.0067] 1.0603 |'1.2436 | 1.5308 | 0.0055] 0.0457 | 0.1939 | 0,559 | 0.8661
10,00 1,0080] 1,0715] 1.2940] 1.6598 ) 0.0056] 0.0474 | 0.2078 | 0.6426 | 1.0388




TAULE 1.3

IMMITTANCES OF MUANCH-GUITE COUPLERS FOR w2, 3 AND & SEGTIONS
(TREE, FOUR, AND FIVE BUANCHEN) wiypN -‘u‘,'.‘n

" o ks " " "
L §

1.50 1.0188 - 0.1022 | -0.20%

2,00 1,0453 0.7 0.25%4

2.00 11138 0. 2117 0.6111

4.00 1.180} 0,335 0.0229

5.00 1.242% 0, 3083 Lo

.00 1. 3000 04216 | 1,185

2.00 1.4029 0. 4870 1,5007

10.00 | 1.4929 05307 1 1,7M8

) A®y ’

1.50 | 1.009 1.0206 0,051 0,15%0

2.00 1.0262 1.0606 0, 0856 0.2618

2.50 1.0454 1.1067 0_tlos 03634

3,00 1: 0645 1. 1546 0. 1100 0,347

4,00 1. 1006 1. 2490 0 1574 0.522

5.00 1.1 1.%416 0.1761 0.7182

.00 11624 1.4288 n; 1807 0.8309 -

8.00 L2 b LLSwe 0.2078 1,0295
10,00 1.2554 1 7392 0.219) 1.2036

L }

1.50 1,004 L7 0.0256 o.1017 | -0.151%
2,00 1,0t40 1.0519 0.0426 0,1151 0.2715

2.5¢ 1;0241 1.0909 0.0547 232 | o a2t

3,00 1.0341 1131 0.0636 0.7817 0.4608

4,00 1,0527 1.2099 0.0760 0.3602 0.5274

5.00 1,0692 12884 0.0839 0.4230 0.7741

.00 1.0837 1.3543 0.0894 0:475% 0,9110-

5.00 1.1085% Lats | 0,092 0.5610 1.1603
i0.00 1.1200 1.5910 0. 1000 0.6293. | 1,3072
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TABLE 14

IMMITYANCES OF BUANCHSGUIDE COUPLERS FOR & = 2, 3 AND & SECTIONS
(THREE, GHB, ANU FIVE RIUNCHES) WHEN "vw" 0.40

N % i X " ", ] Pl
awg
1.50 1.0189 0.104% 0,193
2.00 1.0484 g.18%7 8,388
2,50 1.0811 0.2)% 0.4733
3. 00 1.1186 0.20)% 0.307¢
4.00 1.1882 L. 3432 0.771)
$.00 1,250) 0.4078 0.913}
€00 1.3102 0,450 1.1400
$.00 1,418} .51y |- 1.34%4
10,00 LA 0.545% 17148
av)

1.0 1.0095 1.0206 0.8510 01500 |
2,00 | 1,018 | Loeoh | 0.0007 0,2621
2.50 | 10417 13063 4. 1176 0,357
3.00 1.0679 1,154 0.8 | 0.9
4,00 1.106) Lay | o6 | o.5021
§.00 13407 | 13406 | o.ixx2 8.7042
6.0 11719 14208 | 0,2031 0.0174
B.00 1.2260 1.5%9 | 0.2n8 1,0039
10,00 1271 1.7392 | -0.2361 | 11862

4
1.50 1.0052 1.0178 0.0216 0.1016 | 0,1497
2,60 Lotsa |op0s2 oo ass 1ogiin G.iedi
2,50 1.0259 10007 0.0590 a8 0,364
3,00 1,037 1,532 0,068 0.2823 0.4522
3,00 1.0567 1.2119 | o.0823 0.3617 0.6117
5.00 | -1.0145 1.2 | o.o9 0.4255 0,7554
6.00 1.0904 1.as85 | 0.0912 04791 0.0084
5.00 1,117 1.4869 | 0.1048 0.8667 11313
10,00 11397 | 1.6023 0.5093 0.6313 1.3528
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TW{TTANCES OF DRANCH-GULIE, COUPLERS FOR a = 2, 3 AND & SECTIONS

TALE Ja%

(THAER, FOUN, AND FIVE MUNCHES) wiEX u'-o.m

a J | ) " ] "
T an?

150 | 1013 o.1128 | ol

2.00 | 10402 0.1928 | 0.3220

2.50 | 1.0 0.2839 | 0.44M

.00 11218 03031 | 0,547

4,00 I T 0,318 | 0,736

5,00 1,2630 o418 0,905

€00 | 13209 0.4%04 1,059

800 1.4130 0,561 1.3
10,00 1.5464 0.6211 1.5917

i A"} .

1,50 10103 | 1.0206 | 0.059¢ | 0.1

2,00 | 10299 | 1,060 | 0,3000 | 0.2535

250 | 0518 | 1loer | o295 | 0.3484

3,00 1.0139 LIS | 0530 | 0,420

4,00 | LNsY L1y | o.lser | 0.5632

s.h0 | 1152 1,343 | o.2108 | o0.683

6.0 1. 1089 L4 | 0.221 0.1925

800 | lL.ue? 1.5%09 | 0,2529 | 0.948
10,00 | 1.3018 1.1392 | 0.2¢5 1,153

- e -

1.50 1,00%8 1.018) 0.0313 | o.)012 | o,1432
2, 1.016% 1,0830 | o.0522 | 0.174 | 0.25%
2,30 1.0292 7| 1,090 | 0,0472 0,402 | o.M
3,00 | L.oiy 1,132 | o.omas | o232 | 0.7
1,00 1 10641 1.2152 | o.0%42 | 0,3630 | 0.585)
5.00 | 1.0845 1.9526 | 0.1046 | 0.4Z8s | vl
6,00 | l.1027 1,3641 | 0.1519 0,483 | €.3500
0 | 1.13)9 1.4%0 | 0.1214 | 0.574 1,082
10.00 1.1600 16143 | o0.120) 0.6486 | L2944
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TABLE 1.6

HMITTANGES OF IPUANCH-GUIDE COUPLE#S FOR » = 2, J AMD 4 SECTIONS
{TNEE, roum, AND FIVE DRANCHES) WHEN. v = 0.80

A L1 Xy .I l' '&
8 el
30 1,013 0.1228 0.16)0
.00 1.0508 0,209 0,2818
1.50 1,091 0.217¢ 0. M
). 00 1.1%4 0,333} 0.4879
4.00 1.2062 0.4221 0.6387
5.00 1.11% 0.431% 0.8049
6.00 LM 2.549% 0.%:13
8,00 1.4160 0.6437 s, 1072
10,00 1,5905 2.1192 1.4018
a®)

.50 1,014 1.020¢ 0.067% 0.13¢1
.0 1.0 10408 Ry 0,228
2.8 1,0500 1.1087 0.1495 | 0.3247
3.0 1.0830 5.1546 0.1%8 0.4004
4.0 1,109 1.2499 0.2173 0.534
5.00 1.174% LXK 0.2450 0.4474
6.00 1.2183 1.4208 0.2¢92 0.7513

60 1.2870 L5509 0.3020 0.9383
10.00 1.3491 1.7 0.3254 1.0915

A=

1.50 1. 0069 1,084 0.0314 0.0997 0.133
.00 1,019 1.0540 0. 0626 0,174 0.2
2,50 1,034 1.0547 0, V808 0.2309 0.325L
_ 200 1L.0Wwy 1.1M0. 0.0947 0,200 -0. 4048
4.00° 1,0763 1,219 1 0.1143 0.320 0,5472
5.00 1. 1009 1.2903 0.127¢ 0.4208 0.67517
6.00 L12d0 1.3128 | 0.2 0.4860 0.7944
8,00 L6 |- 1.5083 0,1501 0.5813 | l.olly
10.00 1,139 | 31 0.1582 0.6598 1.2097
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TABLE 1.7
DRUTTANGER OF ISURCQLGUIEE COUPLERS FOR a = 2, 3 aND 4 SECTIONS
CIMREE, FOUR, AND FIVE BRUANCHES) WHEX ¥t 100

a l“ l': 'I '3 N,
L— a®2
1,50 1,018} 0.1354 0.1373
2.00 1 oSy 0.2326 0.2418
2.50 1.0044 0,309} 0,3303
3,00 11364 0.3128 0.40%G
4,00 1,219 0.4759 0, 5444
$.00 1.199%0 0,559 0.6708
6.00 1.3142 0.6294 0. 7824
.0 1.513) 0.7461 0.9821
10.00 10397 0,8432 1,1595
At

1,50 1.0 1.0206 | 0,607 0.123)
2,00 1,039 | 1.0408 0,139 0.2165
2.50 1.0648 Lier | 0015 0,294
3. 1,095 1.1546 02124 0.361%
4,00 11521 1.2499 | 0.2652 0.4847
5.00 12647 Lo 0,301 0,5904
6.00 12534 1.4208 0.2047 0.6859
8.00 13412 1.5%09 0.3817 0.4556
10.00 1.4189 Lv2 | oom 1.0087

nE g

1,50

1,0084 1,008 | 0.0472 | 0.0061 0.1214
2.00 1.0246 1.0552 | 0,0794 0.1661 | o.n47
2,50 1.0426 1.0969 0.1030 0.2240. | 0,2046 |-
3,00 1. 0407 10400 | 9,210 0,2728 0.3665

4.% | l.0952 | 1.2251 0.1474 0,3545 0.4956
5,00 1.1267 1.3062 | 0.166% 04223 v.6118
6.00 1, 1554 13028 0.1799 0.3303 0.7191
B.00 7] 1.2087 L.S23T ) 0,199 0.5802 | 0.9152
- 10,00 1. 2440 1.4510 0,227 0.6635 1.0935
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TABLE 1-4

DO ITTANCES OF DIANCH-GUIDE COUPLERS MOl m * 2, D
(THREE, FOUE, AND FIVE BRANCHES) WHER "" 1.20

AND 4 SECTIONS

A ! X ¥ ) )
anl
1.50 1.0192 0,150 0. 1056
2,00 1,086 0.2607 6.1088
2.50 1.¢995 0. 3479 0,2327
.00 1. ob4) 0.4212 0.1
4.00 1.2328 0.541% 0.4160
$.00 1,34 0.6410 TRT Y
€.00 1.39R2 0.7263 0. 5004
2,00 1,5481 0,8708 0.7331
10,00 | 1.6aS2 0.9921 0.8401
ne=)
1,50 1,0152 1,0206 0.0994 0.1046
2,00 1.0445 1.060¢ 0.1696 0. 1834
2,50 | 1,080 1.1067 | 0,2238 0.2504
.00 | .z | o3.1s46 0.2680 0.3092
4.0n 1.1300 1,200 1 08376 0. 4123
5,00 1.2539 1316 0.3918 0.5035
6.00 1.3050- | 14208 0.4364 0,584}
8.00 1.4140 1,5909 0,502 0.7291
10,00 1,510 1.1302 0.5657 0.8572
nwt i
1.50 1.0108 1,0192 0.0631 0.0286 0.1047
2.00 1,0315 1.0566 0.1066 0.1542 0.1851
2,50 1. 0546 1.0994 0.13%3 0.2080 0.25)9
3,00 1: 6384 1.1438 0,1650 0.2544 0.3157
1.00 11243 1.2314 0.2037 0.3331 0.4763
500 11,1667 1,315 | 0.2320 0.3995 0.5256
.06 1,2059 1.3951 0,2541 0.4578 0,617
1,00 1.270) 1.5419 0.2873 | o0.5%81 0.7137
10,90 1,330 1.6753 0.3119 0.6431 0.9348
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APPENDIX I

COUPLING FORMULAS FORt CASCADED MATCHED DIRECTIONAL. COUPLLRS

When two or more directional couplers ure cascaded, as shown in
Fig, 11, the combination is still a directional coupler. When the
couplers are matched, the couplings P\ _ and Py . of the combination
can rexdily bhe worked out. Let P, . and Py , be the couplings of tha
ith coupler. All the quantitica ﬁ‘.‘.', P,"... Pl.‘, Pa.t ure suprosed
ro be messured in decibels snd are taken an-positive numbers., The cou-
plings are determinied by the difference in phase shif{l between the even
end the odd modes (Fig. 11-2), which is 20, for the ith coupler, and is

iven b

given by 1

P
nntilog( :;i> = sin &,

P
lnbilog( ;6‘) = cos U,

g (11-1)

g

The couplings P

locon 30d Py o of N auch cascaded couplers are then
given by
\
P ¥
licon
antilog( - ) « ain| T ej
Y _(-4 J
q (11-2)
P -~ 7
2,00n
nntilo;,/ - ) “ cos Z 8
\ 20 et : J

For instance two 3-db couplers, or three 6-db couplers, yield one 0-db
coupler  To obtain 3-dh coupling with two equal couplers, each must have
» coupling I’y of abour 8.36 db.
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FIG. II.1 SEVERAL MATCHED DIRECTIONAL
COUPLERS IN CASCADE
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-FIG. 11.2 SUMMARY OF EVEN- AND ODD-MODE ANALYSIS
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APPENDIX 111

CALCULATION OF CHOKES IN BRANCIES

Connider = length of tramamiasion line of charncteristic impedance
Z,, with a seriea T-junction in the mid-plane {Fig, [11-1). The stub lin=
of characteristic impedance Z; is shorted at the other end. (The lina
Z, will he the branch guide, and the.atub Z, will be the choke.) The
electrical length &, of the stub will be chosen to be 90 degzres leng at
2600 Mc (the second harmonic of the center frequency). Its impedance Z,

s s ey I e
b 2, 3 [
. ’

L 2 oUTPUT
$10C *oU-
el { e | .-

Pl —h :

I, : [ : , \ LN
i |
lod 1] &

I ] 13 B M
ISR ' '

t e [} < be

FIG. lll.1  TRANSMISSION-LINE STUB IN THE MID-PLANE
OF A LINE ONE.QUARTER WAYELENGTH LONG

iz determined from the bandridth over which the reflection shall exceed
Bome minimun apecifind value. In this case it was decided thet & winimum
sttenuation of 4 db over w 20 percent fractional bandwidth (im reciprocal
guide wavelength) would be sufficient, The stub electrical length 6,
then changes by 19 degrees from Y0 degrees, sid Z,/&, turns ot to be
equal %o 0.4 to give 4 db sttenuation at the 20 percent band edges. Such

a stub presents a seriea revctancea X at 1300 Mc whose normelized value
iz equal to




Z,  [f A, st 2600 Mc
.« — m—— ) 00| .
e\ o we ) % t-h

The problem now iz to find the value of Z,/Z,, such that for the given
eicctrical length 0, of the line Z, (Fig.1[1-1), the input is matched,
wvhan the output is matched, st 1300 Mc. It is ponsible te soive this
prublem for any value of 8,. In this case 8, wes nominally equal to
90 degrees st 1300 Mc, but it was mot clear how much to allow for the
T-junction refviance planes, which in any cane would move as Z, is
changed. For this reason {, was simply taken as 90 degrees at 1300 M.,

The matching procedure at center frequemcy (1300 Mc) can be saun
on 8 Smith chart (Fig. 111-2) The letters correspond to the aimilarly
wmarked cross-sections in Fig. IIl 1 The pointa ¢ nnd d are on the jori-
tontal diameter (broken lins) because O, has been taken as 90 degrees at
center frequency. One movea from point ¢ to paint d by adding & re-
actance X given by Fq. (IT1-1)  The end-point f, like the starting-point
a, is in the center of the Smith chart, aignifying a mateh (VSWR » 1.0},
It reraina to xdlate Z,/2,, the i-psdunEQ at b or ¢ in Fig. it1-2 to X.

The impedunces at ¢ and d in Fig. 111.2 are complex conjugates and
are given by

Z, . q = RotjX, (11-2)
where
p, = VT-XT, (111.3)

since on the liorizontal diameter (hrnken line)

RU+ X . 1, (E1-4)

The addition of a reactanca X causes £, to become Z, (aymmetrically
pluced in Fig. U1 2), and therefore

X, o= X, o= X2 (a3
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FIG. 11I-2  SMITH CHART PROCEDURE TO FIND Z; OF-FIG. C-}
TO MATCH THE STUB Z,

]

-

Moreover, the reflection coefficient amplitude at ¢ or d in Fig. I11-

can be shown to be given by

5 (111-6)

Ir 2 -

and Il"cl is the same reflection cocfficient as ot b, where the normalized

impedance 7,/Z, ia also equai to the VSWH, Therefore

z, 1+
(111-7)

zi r- lrcl .
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Ce=bining Eqs. (11{<4) theough ({11-7),

A o rai- -k

2o 1 rafs -k
(111-8)

where

AT < 1 - (X/2)?

ond X is given by Eq. (I11.1), with Z,/Z, equal to 0.4 in this caae. The
branch waveguide heighta in Fig, 10 have accordingly to -be reduced in
the ratio of the appropriste Z,/Zy given by Eq. (111-8). With a guide
wavelenglh of 4.84 inches at 2600 Mc, and of 12,68 inches at 1300 Me,
Eq. (I-1)yields X = 0,274, Then from Eq. (111-8), (Z,/Z,) » 0.872,

To minimize junction effects, symmetrical chokes were uaed in all
but the narrowest branches {see photograph Fig. 34). The final dimen-
aions are shown in Fig. 33, The atub langths in some branches sre not
the same on hoth sides, where they arec 1.200 inchea on one side and
1.090 inches on the other: this was done for mechanical reasons, to
leave more material around the center of the maller block *'C' (Fig. 33),
which held the bolv fastening the hlock down. This zlight unbalance in
choke lengths should -have the elfect of atagger-iuning, and should not
affect electrical performance appreciably.

The innertion loss characteristic of the complete coupler with the-
chokes has already been given in Fig. 35.
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