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Introduction. The conventional treatment of directional couplers

formed by two parallel waveguides coupled by a number of equally

spaced discrete apertures is based on a loose coupling theory

which, for co–directional couplers, assumes that the individual

coupled voltages of the apertures add in the ;orward direction

and tend to cancel in the backward direction. Assuming no

multiple coupling or interaction effects, a first order expres-

sion for”the isolation as a function of frequency and of the

voltage amplitude couplings of the individual apertures is readi–

ly derived. These amplitudes may be tapered to give either

Butterworth or Cheb shev performance
Y,, In the case o? fairly tightly coupled

nd simple formulae for the

amplitudes derived.

waveguides, e.g. 3 dB, it is preferable to use a set of super-

imposed arrays, l which results in a shorter coupler since the
majority of the holes in this design method are of equal dia-

meter.

When the overall coupling of the directional coupler becomes

strong, then the theory outlined above tends to become inaccurate.

For example, if the number of apertures is increased, the assump-

tion of simple addition of the voltage amplitudes to give the

total amplitude coupling must break down well before a coupling

of unity is app~oached. It is then preferable to use the accu-

rate formula for the voltage coupling k given by3

‘= ‘in E=:i(’kd
(1)

. th
where k. is the voltage coupling of the ~ aperture. The

questio~ now arises as to what happens to the isolation under this

strong coupling condition. This may be answered only by develop-

ing an exact or more exact theory than that outlined above. The

basis for such a theory has existed for a considerable time,3

but apparently has not been applied previously to the multi-

aperture coupler problem.

New method of analysis. In the new treatment a rigorous circuit

approach to the problem is adopted, and only the possibility of
direct Interaction effects (i.e. involving evanescent modes or

fringing fields) between adjacent apertures is neglected. It is

known that a small aperture behaves as a lumped reactance in

series OF shunt with the two waveguides. ●An aperture in a common

narrow wall behaves as a shunt inductance, as does a narrow longi–

tudinal slot in a broad–wall coupler. A transverse slot in the

latter gives series inductive coupling, and a circular aperture

gives a combination of inductive and shunt capacitive coupling.
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The Bethe small aperture theory is employed, and the effects of

large aperture dimensions are in;luded by replacing the ~imple

reactance by resonant elements. Finite common wall th~ckness,

which attenuates the coupled waves, adds another readily calcu-

lable frequency-dependent term.q The directional coupler is

equivalent therefore to two dispersive transmission lines coupled

at discrete intervals by means of reactive elements in series

andlor shunt, having a prescribed frequency dependence.

This U-port equivalent circuit may be analyzed exactly, and

in the most commonly encountered case of identical coupled wave-

guides, the analysis utilizes the well-known concept of even-and-

odd-mode two-port equivalent networks. ‘ The simplest examples

are for apertures having a simple equivalent circuit, e.g.

narrow-wall multi-hole couplers having discrete shunt inductive

coupling (apart from the hole resonance and wall thickness

effects). The equivalent circuit is shown in Fig. 1, which also

indicates the symmetry plane for the normal mode analysis. The

odd–mode two-port circuit is a cascade of shunt inductances

separated by lengths of transmission lines, while the even-mode

two–port is simply a length of uniform transmission line.

Analysis of previous designs. The analysis method has been used

to investigate the performance of many couplers designed on the

basis of the published theories. The directivity results for

X-band WR90 3 dB narrow-wall 18-hole couplers centered at 9.1

GHz are shown in Fig. 2. The conventional Chebyshev design was

for the band 8.70-9.55 GHz, but the actual performance is nearer

to maximally-flat than to equal-ripple. Considering the approxi-

mations made in the design theory the directivity is surprisingly

good over a fairly wide band. A superimposed array consisting

of five 6–hole binomial arrays was then designed, leading to

individual voltage couplings for the first 9 holes of the sym-

metrical 18-hole array ofl

1 5 10 11 10 11 11 10 11

The directivity is better than 60 dB over the band 8.3-10.0 GHz,

but is of rather narrower bandwidth to the 40 dB points than the

previous example. In general therefore, the design techniques

now in use give good results over quite broad bandwidths, but not

in agreement with the simple theory on which they are based.

New desi~ A more exact synthesis method is now proposed which

gives results very close to the predictions. In the case of the

simple shunt inductive type of coupling shown in Fig. 1 the odd-

mode circuit is designed usin ,,g a dist~ibuted low-pass prototype

filter synthesized exactly. Sznce the even-mode circuit is

matched, i.e. l’e=O, the voltage reflection coefficient and isola-

tion are given by ro/2. It has been found that if the bandwidth

of the p~ototype is chosen to be -that of the coupler, then the

isolation is usually practically infinite, but the shunt suscep-

tances and hence the aperture dimensions vary considerably

(although less so than in the simple Chebyshev theory). It is

preferable to design for a set isolation having a bandwidth much
greater than that strictly required. The only parameter remain-

ing is R, the product of the pvototype junction VSWR’S, which

determines the coupli~g. It can be shown that for a given volt-

age cOuPling k,R is g~ven very accurately by the expression
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[1
n

l+sin(~sin-ik)
R. n

l–sin(2sin ‘Lk)
ii

(2)

n being the number of apertures. the odd–mode circuit is formed
by choosing the susceptance values to give a mid-band VSWR equal

to that of the corresponding junction VSWR’S of the prototype.

On the basis of this theory the spacing between apertures should
be chosen to give the well–known synchronous condition, e.g. the

first value of electrical length in Fig. 1. is given by

which is slightly greater than Tr/2. However it will be shown

that equal hole spacing gives equally satisfactory results.

The 18-hole 3 dB coupler was re-designed using the new theory

to give 92 dB isolation, i.e. To/? = 0.000025, giving a prototype

filter VSWR of 1.0001. The exist~ng tables5 do not include pro-

totypes of such good VSWR, and new sets have been specially com-

puted for this work. The directivity computation of the new

design in Fig. 2 shows an approximate equal-ripple directivity

at the predicted level. The deviation from the prototype is due
to the frequency sensitivity of the aperture susceptances, which

causes bandwidth contraction and suppression of ripples at the

band edges. The spacing between holes in this design correspond

to the synchronous condition 3, but equal hole spacing gives
excellent results, as shown also in Fig. 2.

It is possible to apply the new technique without access to

exact distributed low-pass filter prototypesby using an approxi-

mate derivation of the latter.2 The equivalent of the old super-
imposed array method, where most of the holes are equal in dia–

meter, has been obtained by such means, and satisfactory results
obtained.

Experimental results for the 18-hole coupler with equal hole
spacing show a directivity of > 43 dB over the band 8.7–10.5 GHz.

Naturally the effects of tolerances, of undesired interactions,
and experimental errors make it practically impossible to achieve

a directivity of 80 dB or so, but the new theory gives a better

and more reliable prediction of the performance.

Broad-wall couplers. At present more careful and extensive

measurements have been conducted with broad-wall couplers, as

described below. The equivalent circuit for each aperture in this

case consists of a series inductor, a shunt inductor, and a shunt

capacitor. The existence of series reactance means that the odd-

mode network is non-trivial. The only unknown factor in the case

of circular apertures is the determination of the effective common–

wall thickness. It has been found that this is a function both of

the physical wall thickness and of the hole diameter, and may be

represented very well by a linear expression of the fomn:-

Effective thickness = const. x hole diameter + actual thickness

Results for single aperture couplers will be presented to show
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the close agreement between theory and experiment which,has.been

obtained. This is indicated here by the results shown m Fig. 3

for an X-band coupler consisting of 6 sets of double holes. The

coupling is predicted 0.4 dB too loose, but this is a result only

of the simplified formula for attenuation caused by hole thickness,

and may be corrected. The important point is that the coupling

frequency variation is predicted accurately, and the directivity

is also well reproduced in practice. Similar results have been

obtained in several other cases.

The synthesis technique for broad-wall couplers is similar

to that described for the narrow-wall case, but now we have dis-

tinct even and odd mode circuits. The technique used is to equate

the mid–band amplitude coupling of each aperture to the reflection

coefficient of corresponding steps of the distributed stepped-

impedance prototype filter. Very short couplers having high

directivity over entire waveguide bands have been designed in this

way, and results will be presented.
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Fig. 2 Analyzed performance of several 18.ape~ture
X-band mrrow--wall couplers.
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