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ABSTRACT

This paper treats directional couplers consisting of a rectangu-

lar cavity with four waveguide ports. Since the present couplers pos-

sessa very simple structure, they are useful for applications at higher

microwave and millimeter-wave frequencies, and in a high-power mi-

crowave system. Directional couplers with various power-split mtios

at X-band are investigated theoretically and experimentally. Further-

more, improvement of their bandwidth is presented.

INTRODUCTION

Recent] y, Hsu et al. have proposed a concept of the E-plane

planar circuit, and shown that the circuit theory is equivalent to that of

the usual 11-plane planar circuit with open boundary conditions under

an exchange of the two-dimensional phase constants on the E-plane

and 11-plane[l ]. On the other hand, rectangular, circular, or elliptical

disk 3 dB quadmture hybrids in stripline structure, designed by means

of If-plane planar circuit approach, have been developed and good

hybrid properties have been realizert[2]-[4].

In this paper, we treat directional couplers composed of a rect-

angular cwity with four waveguide-ports, and realize good character-

istics by optimizing the circuit dimensions on the basis of E-plane

planar circuit concept. These couplers are easy to Fabricate because of

having no complexity of structure such as coupling apertures, septa,

aod tuning elcrnents, and hence are useful for applications at millime-

ter-wave frcqucncics where a miniature circuit size is unavoidably re-

quired. 10 addition, from their simple structure, i.e., having neither

narrow gap nor sharp angle, we em expect their application to a higll-

powcr microwave system.

Some directional couplers are designed at X-band and band-

widths of about 0.7 -1.6 GHz are obtained for power-split ratios of 1

-5. Furthernlore, by inserting a narrow waveguide between the rect-

angular cavity and each coupling waveguide, we try to improve their

bandwidths, and, for example, realize a bandwidth of about 1.1 GHz

for a 3 dB coupler at a center frequency of 10 GHz. Finally, experi-

mental verification also is presented.

ANALYSIS OF E-PLANE PLANAR CIRCUIT

Fig. 1 illustrates a circuit structure to be considered. Now, let us

wsumc that the rectangular cavity is excited by a TEIO(LSEO1)mode in

a rectangular waveguide. In this case, from the smooth in the z-direc-

Fig.1 Structure of waveguide-type directional coupIer.

tion, its electric field vector is composed of only the transverse com-

ponents, while the magnetic field vector has both transvwsc and z-

axial components:

E=(E,, ()) (1)

II= (H,, HX). (~)
Next, wc define the “magnetic voltage” “V(x~) and the “mag-

netic two-dimensiond current density” ‘J(x~) as

“V(x, y) = -H.(x,yp [A] (3)

‘.l(x,y) = i, xE,(x,y) [V/m] (4)

respcctivcly, By eliminating ‘[J from Maxwell’s equations, we can cle-

rive the following equation:

v: “v(x,y )+~;’’v(x, y) = o (5)

where

p, =Jl)26-/L-(J7/(l)2. (6)

111additi{}ll, IIv(X y) has to satisfy the fO]]OWillg boundary COOditiOO ~lt

the periphery of the E-plane planar circuit:

d%’’(x, y)/&= 0. (7)

Here, we consider only the LSEP, modes @=O, 1,2,* ● “) in the

waveguides because the junctions of the wavegu ides with the rectan-

gular cavity have discontinr.ritics on the E-plane only. Moreover, by

using a Green’s function expanded in temls of eigenfunctions in the E-
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Design Parameters (R=l)

a=41.62mm, b=33.63mm, T=6.12mm

=laPii
!A’

Fig.2 Circuit configuration on theE-plmre.

plane planar circuit with the .wme boundary conditions as those of
JIV(XJ), we can obtain the “magnetic Z-matrix element” from the qth

LSEQ1mode in the jth waveguide to the pth LSEP1 mode in the ith

wavcguide at the periphery plane of the planar circuit as

(8)

where r/j,,fomls a complete set of orthonormal functions and k: repre-

sents a corresponding eigenvalue. In addition,

(9)

J;’)(S(’)) = s, Cos(prrS(’) /w(’)) , c, =1, c, = J (pz1) (10)

DESIGNING OF COUPLERS

The circuit configumtion on the E-plane is exhibited in Fig. 2.

As can be seen from the figure, this circuit has a two-fold reflection

symmetry about the two planes AA’ and BB’, and hence we can ana-

1yzc by reducing this four-port circuit to four kinds of one-port circuits

divided along the two symmetry planes with a electric or magnetic

boundary according as a magnetically even or odd excitation with re-

gard to both the planes. If we consider the one-port circuit quartered
including the wavcgrridc 1 (or port 1), its magnetic Z-matrix elements

are given by

11 (1,1) = 4“X
#:; .~::

zP 4 J
G? n ~: -k: -k;

(12)
ab .. ~ .,

crcddrnmcdd.

where the double summations over m and n are for even or odd values

only according as the planes AA’ and BB’ are electric or magnetic.

(13)

@mn(X,y) = cos(k_x)cos(kYy) (14)

km =mn/a , k,m =nx/b. (15a,b)

In the present case, the higher LSEP, (p> 1) modes of the

waveguirle are evanescent. Therefore, by temlinating the higher order

modes to their magnetic characteristic impedances, we can derive the

input magnetic impedances of the four one-port circuits (the magnetic
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Fig.3 Computed frequency characteristicsof scattering parametersfor an

equal power-split ratio designedat acenter frequency of 10 GHz. (a)

Magnitude and (b) phasedifference betweenSq,andS,l.

eigenimpcdanccs of the original four-port circuit) for the fumlamcntal

LSEO1 mode. Now, designating the input impedances as 2, (i=l,2,3,4),

we can transform them into the corresponding reflection coefficients .si

(the eigenvahres of the S-matrix) by the following equation:

.$j ‘( ’fZi-}’Zm )/(f’Zj+HZO) (16)

“z. .@d/(@vJm-) (17)

where the subscript i corresponds to a magneticdl y even or odd exci-

tation with regard to the two planes AA’ and BB’; both planes are elec-

tric for i=l, AA’ magnetic and BB’ electric for i=2, AA’ electric and

BB’ magnetic for i=3, and both magnetic for i=4. Here, we should note

that Si denotes a reflection coefficient for the magnetic voltage of the

LSEOI mode. For this reason, by changing the signs, we can obtain the

usual reflection coefficient for the TEIO mode in a rectangular wavc-

guide.

Consequently, when wc choose the definite phase of an electric

field of the TEIO mode at each junction as shown in Fig. 1, the scatter-

ing matrix of the original four-port circuit is given as[5]

(18)

where
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Design Parameters (R=4)
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Fig.4 Theoretical magnitude of scattering parameters for a power-split

ratio of 4 at a center frequency of 10 GHz.

Fig.5 Wirtered circuit of a coupler with window between the cav-

ity and each coupling waveguide.

a=-(s1+s2+s3+s4)/4 , /3=-(s1+s2-s3-s4)/4 (19a,b)

y=-(s,-s2+s3-s4)/4 , 6=-(s,-s2-s3+s4)/4 (19c,rl)

First of all, we try to design a directional coupler with an equal

power-split ratio (power-split ratio : R=ls~,/Sql~) constructed of the

Japanese standard waveguide WRJ-10 (22.9mm x 10.20 mm) by opti-

m izing the circuit parameters such as dimensions of the rectangular

cavity and positions of the coupling waveguides by means of Powell’s

mctbod [6]. Fig. 3 shows the scattering parameters of the 3 dB coupler

clcsigncd at a center frequency of 10 GHz. A bandwidth is about 0.7

GHz with a tolerance limit for return loss and isolation of 20 dB. Fig.

4 shows those of the coupler with R=4 designed at the same frequency.

These couplers exhibit a relatively good perfomlance up to R of about

5.

Next, we try to design couplers with R <1. In this case, so as to

realize a good property, windows are required at the junctions be-

tween the cavity and each coupling waveguide as shown in Fig. 5. Fig.

6 exhibits the S-parameters of the coupler with R=l/2. This figure

shows that we can obtain a bandwidth of about 0.4 GHz.

BROADI\ANI) COUPLING

In this section, we try to broaden the bandwidth of the couplers

Design Parameters (R= 1/2)

a=43.59nlm, b=31.08nlm, T=5.92n1nl,

W,,=5,27mnl, W=10.2mm, bh=3.28mm
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Fig.6 Computed frequency dependence of,S-parameters of a

coupler with a power-split ratio of 1/2 at a center frequency

of 10 GHz.
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Fig.7 Circuit configuration of broadband coupler on the E-plane.

by inserting narrow waveguides between the rectangular cavity and

each input waveguide. Fig. 7illustrates tllecircuit structure (llltlle E-

plane. By optimizing the circuit parameters for a 3 dB coupler at 10

GHz, reobtained abandwidtllof about 1.1 GHz. Fig. 8 showstbc

theoretical S-parameters for the broadband coupler. In the same man-

ner, we can broaden the bandwidth of other couplers with various val-

ues of R.

EXPERIMENTAL RESULTS

in order to confirm the cornputcd results, a 3 dB directional

coupler correspond ing to that shown in Fig.3 was made as a trial. Fig.

9 exhibits the nlagnitudes of the S-paranleters and the phase difference

between the two outputs measured with HP’s 851 OB network ana-

lyzer. The measured values include the characteristics of four coaxial

to waveguide transitions and four N to SMA coaxial adapters used for

measurement. These experimental results are in good agrcerncnt with

the theoretical results.

C0Ni3XJS10NS

Cavity-type directional couplers based on the Z-plane planar

circuit concept have been proposed and good characteristics have

been obtained. Furthemlore, by inserting narrow waveguides betwceu
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Design Parameters (R=l)
a=40.36mm, b=32,49mm, T=6.30mm, w,=6.57mm,

bk=3.63mm, L,=16.85mm
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Fig.8 Frequency characteristics crfS-parameters for a broadband coupler with R= 1 designed at a center

frequency of 10 GHz. (a) Magnitude and (b) phase difference between S~l and S~l.
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Fig.9 Measured scattering parameters of the 3 dll conpler shown in Fig.3. (a) Magnitude and (b) phase

difference between the outputs.

the rcctaogular mvity and each input waveguide, the coupler with a

broadband coupling has been obtained. These couplers are marked by

a sirnplc structure that is easy to fabricate. Therefore, we can expect

applications at high microwave frequencies, e.g., millimeter-wave

band wbcre a miniature size is required, and to a coupler for a high-

powcr system. A further examination of circuit configuration for good

performance would bean interesting subject.
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