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A Synthesis Procedure for Designing 90°
Directional Couplers with a Large

Number of Sections

BENGT ULRIKSSON, STUDENT MEMBER, IEEE

Abstract —A synthesis method for designing symmetrical directional

couplers with an arbitrary realizable coupling is described. The method is

based on a transformation of the coupling to the time domain, where the

couplings of the different sections are easily identified. The fundamental

operation of the method is the Fast Fourier Transform, which makes it very

efficient in computer time and memory requirements. The method is

illustrated by the design of a 8.34+ 0.3-dB equal-ripple coupler with 201

sections.

I. INTRODUCTION

T HE DESIGN OF multisection directional couplers is

usually based on an equivalent stepped impedance

filter, where the reflected power is equivalent to the cou-

pling [1]. The problem then consists of two parts. The first
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part is the approximation, which gives the magnitude of a

realizable reflection coefficient for the equivalent stepped

impedance filter. The specified reflection coefficient is opti-

mum with respect to some requirement (for example, equal

ripple).

The second part is the synthesis, where the impedances

are computed from the magnitude of the reflection coeffi-

cient. The most well-known synthesis procedure is the

insertion-loss method [2]. The main problem with this

method is the computation of the poles and the zeros of the

reflection coefficient. It has been found that the poles and

the zeros cannot be computed for couplers with more than

17 to 19 sections because of the limited accuracy of the

iterative procedure in this step [3].

Another synthesis method is a straight-forward optimi-

zation. Unfortunately, an optimization has several prob-

lems. It puts very heavy demands on the computer, and the
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user must enter reasonable starting values for the imped-

ances, which makes the method difficult to use.

The purpose of this paper is to demonstrate a novel

synthesis method which is easy to use and quite effective in

the use of computer resources. The method is based on a

Fourier transformation of the reflection coefficient to the

time domain. The advantage of this approach is the separa-

tion in the time domain of the reflections from the differ-

ent sections. The impedances of the stepped impedance

filter can then easily be computed by a simple algorithm

which is mainly concerned with the multiple reflections [4].

The main problem with this method is the computation of

the phase of the reflection coefficient, which must be

known before the reflection coefficient can be transformed

to the time domain. This problem has been solved by a

modification of the Wiener–Lee transform [5]. This modifi-

cation makes it possible to compute the phase by using the

Fast Fourier Transform. A very efficient method is thus

assured.

II. THEORY

The input data to the synthesis procedure is the magni-

tude of the reflection coefficient for the equivalent stepped

impedance filter. It is assumed that the magnitude repre-

sents a realizable reflection coefficient.

The next step is then the computation of the phase of the

reflection coefficient. There are several methods for finding

the phase of a minimum phase function. The most suitable

for our purpose is the Wiener-Lee transform [5].

Consider a complex function H(6’ ) which is minimum

phase and periodic in terms of the electrical length 0. H(d)

can then be expressed as

H(O) = e-a(e) -~v(e). (1)

The magnitude and phase can then be separated by

taking the logarithm of H(O)

Ci(e)+jrp(e)= –ln(II(e)). (2)

a(0), which is easily computed from the magnitude of

H(d), is an even function and it is periodic. It is then

possible to write a(d) as a cosine series

a(d) = ~ a~cos(2nd) (3)
~=o

The Wiener-Lee transform then gives the phase of H(O)

rf(d)= – ~ a~sin2n@. (5)
~=1

There are, however, a few additional problems before the

Wiener–Lee transform can be applied to this problem.
The first problem is the behavior of the reflection coeffi-

cient at zero frequency. For a stepped impedance filter

with equal termination, the magnitude is zero at zero

frequency. a(d) is then infinite, which gives problems with

the cosine series ((3)). This problem can be circumvented

by considering the phase of the transmitted signal. This is a

useful approach, since the reflected and transmitted signals

of a symmetrical stepped impedance filter are 90° out of

phase. If the phase of one signal is known, the phase of the

other signal is therefore easily calculated.

The transmission phase, as computed by (5), will not be

total phase shift. It will only be an excess phase shift, that

is, the extra phase shift compared with an equal length

transmission line with the same impedance as the termina-

tions. This fact is based on the observation that for a

stepped impedance filter with all impedances equal to the

terminations, a(e) will be zero since the magnitude of the

transmission is one. The phase, as calculated by (5), will

then also be zero, even though the phase shift is of course

dependent of the length of the filter.

The phase of the reflection coefficient of the stepped

impedance filter can thus be found by adding 3 compo-

nents

rp(d)=(pwL(e)+N.e-: (6)

where 9 is the electrical length of the sections, N is the

number of sections, cpw~( d ) is the phase of the transmis-

sion computed by the Wiener–Lee transform and, cp(6 ) is

the phase of the reflection coefficient.

The Wiener–Lee transform, as stated by (3)–(5), is not

suitable for computer use, because of the infinite summa-

tion and the integral in (4). The cosine series is therefore

truncated. It is then possible to write the series as a

Discrete Fourier Transform, since a(0) is an even and real

function

k= O, M–1, $k = ~k/M (7)

where M is the number of terms in the truncated series and

Ok is the electrical length at discrete frequencies.

The advantage of using (7) is that the Discrete Fourier

Transform can be used for finding the coefficients a.

instead of the integral defined in (4).

The coefficients a. is thus found by an Inverse Fourier

Transform

: ‘j’ ~(~k)e-J2*nk,M,a.=— ?Z=O, M-1. (8)
k=O

The excess transmission phase can also be expressed as a

Discrete Fourier Transform

{
k=o,~–l, a:= an’

n = o, M/2

—a. , n= M/2+l, M–1”

(9)

The main advantage of using a discrete Fourier represen-

tation is that the computation can be performed by the
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Fast Fourier Transform. The result is a very fast and

efficient computation of the excess transmission phase by

using (8) and (9).

After the phase of the reflection coefficient has been

computed, the time domain reflection is easily found by

another Discrete Fourier Transform

. eJ2wnk/M
> k= O, M–1. (10)

The time domain reflection coefficient can therefore be

found by performing three Fast Fourier Transforms. The

method is therefore quite efficient in terms of both com-

puter time and computer memory.

The advantage of using the time domain is that the

reflections from the different sections of the filter are

separated. A simple algorithm [4] can therefore be used,

which first removes the multiple reflections and then di-

rectly finds the impedances from the reflections of the

impedance steps between the sections.

This method is slightly similar to an earlier procedure

[6]. The advantage of the new method is a considerably

better adaption to a computer implementation since the

Fast Fourier Transform is used instead of Fourier series

and determinants.

III. THEORETICAL RESULTS

A symmetrical directional coupler with 201 sections has

been designed by this method. The coupling has been

specified as 8.34 dB * 0.3 dB with an optimum equal

rippler performance.

The approximation has been performed by an optimizat-

ion procedure described in [7]. The new synthesis method

was then used to compute the impedances. The number of

terms (M) which is used in the computations should be at

least 4 times larger than the number of sections and at the

same time consistent with the Fast Fourier Transform. In

this case, the value of M has been chosen as 1024. The

coupling curve of the designed coupler can be found in Fig

1. The result of an analysis of the designed coupler can be

seen in Fig 2.

The accuracy of the procedure can be found by com-

paring the approximation with the computed reflection

coefficient of the equivalent stepped impedance filter, which

can be achieved by computing an error function

(11)
~=()

The computed value of the error function is 10-24.

The efficiency of the method can be judged by com-

paring the computer time for the approximation and the

synthesis. The approximation is a nonlinear optimization

with 201 variables, which requires a considerable amount

of computer resources. The synthesis, on the other hand,

takes approximately 3 percent of the computer time and 10
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Fig, 1. Coupling factor for the designed 8.34-dB coupler,
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Fig. 2, Theoretical performance of the designed 8.34-dB coupler.

percent of the computer memory compared with the ap-

proximation.

IV. CONCLUSIONS

A very efficient method of synthesizing multisection

directional couplers has been presented. An arbitrary real-

izable coupling can be synthesized efficiently, since the

main computation involves the Fast Fourier Transform.

The computing time is a few percent of a standard optimi-

zation procedure. Theoretical results for a 201 section

coupler have been included.
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The Use of Symmetry to Simplify the Integral
Equation Method with Application

to 6-Sided Circulator Resonators

GORDON P. RIBLET, MEMBER, IEEE, AND E. R. BERTIL HANSSON

Abstract —In this paper it is shown that for planar two-rfimensionaf

problems with symmetry, the dimensions of the matrices, which must be

inverted to obtain a solntion usiug the integral equation method, can be

substantially reduced. For instance, for a three-fold symmetric hexagonal

circnfator junction with N segments about the periphery, the dimension of

matrices to be inverted is reduced to N/3 from the usuaf N. It is

demonstrated that for six-sided resonators with three-fold symmetry, a very

good approximation to the equivalent admittance can be obtained with only

12 segments around the periphery, meaning that only 4X 4 matrices need

be inverted.

I. INTRODUCTION

o NE OF THE MOST general methods for analyzing

arbitrarily shaped planar circuits is based on the con-

tour integral representation of the wave equation as pre-

sented by Okoshi and Miyoshi about 1970 [1], [2]. Initially

an isotropic dielectric was assumed. In 1977 the theory was

extended to include nonreciprocal circuits which use fer-

rites magnetized perpendicular to the conducting planes

[3]. A drawback of the contour integral method is the

relatively long computational times required for analysis

since, for complex circuit patterns, large-dimensional

matrices must be inverted. Some methods are available for

Manuscript received December 7, 1981; revised April 1, 1982.
The authors are with the Microwave Development Laboratory, Natick,

MA 01760

improving the computational efficiency for circuits with

special properties. One method is based on the observation

that the Green’s function suitable to the integral equation

method is not unique [4]. The arbitrariness of the Green’s

function can be used to optimize the accuracy of the

numerical results, or equivalently decrease the computa-

tional time necessary to obtain a given accuracy. The

second method takes advantage of symmetries in the planar

circuit. In the design of a 3-dB hybrid with two symmetry

planes Okoshi, Imai, and Ito computed the reflection coef-

ficient from one of the four congruent quarter circuits for

each of the four eigenexcitations of the entire circuit [5].

The scattering parameters of the hybrid are then given as a

linear combination of these scattering matrix eigenvalues.

In this paper it will be shown in general how existing

symmetries of a junction may be used to simplify the

diagonalization of matrices. The computational effort is

reduced by a factor comparable with the order of symme-

try of the circuit.

Though planar junction, three-port circulators with six-

sided resonators constitute a natural application of the

integral equation method, and these circulators have been

built commercially for many years now, the method has

with one exception [6] not been applied to their analysis.

Consequently, it was felt to be worthwhile to combine a
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