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Synthesis and Design of WideJ3and Equal~Ripple TEM

Directional Couplers and Fixed Phase Shifters

J. P. SHELTON, SENIOR MEMBER, IEEE AND J. A. MOSKO, MEMBER, IEEE

Abstract—An approximate synthesis technique is described for
TEM directional couplers and fixed phase shifters consisting of

multiple parallel-coupled quarter-wave sections. Synthesis is ac-
complished without the use of polynomials by a first-order relation-
ship between the components and Chebyshev antenna arrays. The
design procedure has the important advantage of allowing the maxi-

mum coupling coefficient between transmission lines to be an inde-
pendent parameter. An iterative correction procedure for bringing

the performance arbitrarily close to equal-ripple is described. The
process has been programmed for electronic computation, and the

results have been tabulated for directional couplers of 3, 6, 10, and 20

dB overall coupling and for phase shifters of 90, 45, and 22.5 degrees
differential phase shdts. Bandwidth ratios range between 2 and 25,

and the number of coupled sections ranges from 3 to 21 for couplers
and from 2 to 9 sections for phase shifters. Maximum normalized
even-mode impedance ranges from 1.83434 to 4.5.
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LIST OF SYMBOLS

Even-mode characteristic

conductor to ground

Odd-mode characteristic

conductor to ground

impedance, one

impedance, one

Maximum allowable even-mode impedance

(normalized to ZO = 1)

Even-mode impedance of kth section in lth

coupled region

Ratio of Zo, to Z~~

Reflection coefficient at junction of kth and

(k+ I)th sections

Reflection coefficient as function of electri-

cal length of section (frequency)

Mid-band coupling of directional coupler.

Coupling in dB = 20 log I’(7r/2)

Electrical length of single coupled section

Electrical length of single coupled section at

low end of operating frequency band

First value of Ofor T.(u cos 0) = 1

First two zeros of Tn(a cos 0)

Relative dielectric constant

Absolute phase through phase-shifter cou-

pled regions

Specified midband phase shift

4?/2 – .MO, where M is total number of

coupled regions

Phase-shift response to be synthesized

Number of l/4 sections in the largest cas-

caded device in the tandem solution
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T. (a cos 0) Chebyshev polynomial of order n, argument

a cos 0

P(e) Integrated Chebyshev polynomial:

J-:Tn(a Cos O)de

R Ripple. Coupler ripple in dB = 20 log R.

Phase-shifter ripple in degrees= (180/7r)

(R–1)3?0

BW Bandwidth =fJ~l = (180 –00)/00

ai ith element of the Chebyshev antenna dis-

tribution; al= 1.0

fl, .f2 Lower and upper frequency limits of operat-

ing band

k, Voltage coupling coefficient, design goal

K Scaling factor

all Coupling design goal; ko = sin aO

A< ith relative maximum deviation from ao,

or ‘3?0

A.n Average ripple in response function

6% Desired amount of change at the ~th relative

maximum or minimum to make the response

curve be equal ripple.

INTRODUCTION

A

N IMPORTANT aspect of any multisection micro-

wave network is the derivation of a general

synthesis procedure. Generally, the potential

value of the network is not fully realized until such a

procedure is available. Many examples can be consid-

ered. The quarter-wave stepped impedance transformer

and several types of resonator filters have been treated

exhaustively in the literature [1 ]– [3 ].

Two closely related components are treated here. One,
the multisection parallel-coupled TEM directional

coupler, has been previously described [4]. Young em-

phasized the problem, stating the need for new insertion-

10ss functions [5].

The multisection TEM phase shifter has only recently

received attention since Schiff man’s initial efforts [6].

Cristal has described an exact synthesis of phase shift-

ers, so that both components have received similar treat-

ment [23 ].

The general concensus at this time seems to be that an
iterative procedure is necessary in synthesizing these

components. This type of approach is particularly at-

tractive in view of the high-speed computing techniques

now available. Workers at Stanford Research Institute

and at Illinois Institute of Technology have treated the

problem of deriving the polynomial for directional

couplers on an iterative basis [7], [8]. The synthesis of
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the coupler is then a straightforward procedure. Du-

Hamel has used dynamic programming to arrive at an

equal-ripple coupler response without deriving the poly-

nomial [9]. The particular method described in this

paper, different from any previously described, has an

important advantage in that the maximum coupling

coefficient of the individual sections can be specified.

Therefore, in addition to synthesizing components of

theoretical interest, the engineer can (design components

of practical value since maxilmum coupling coefficient is

generally a basic limitation of the transmission-line

configuration being used. This approach yields a compo-

nent with the fewest quarter-wave coupled sections for

given performance.

Before the objectives are introduced, it is desirable to

describe the prototype components that are being dis-

cussed. Both components are, in a sense, four-port net-

works. Both are ideally matched at all inputs. In one,

the directional coupler, a change in the relative ampli-

tude of the outputs in comparisorl to the inputs is

achieved. In the other, the phase shifter, a change in the

relative phase of the outputs in comparison to the inputs

is achieved.

Figure 1 is a description of the basic mu~tisection

directional coupler. The various coupled sections are h/4

in length at the center frequency. The contributions to

the coupling curve are represented in terms of odd har-

monics in t?, the electrical length of the coupled sections,
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which is proportional to frequency. If second-order

effects are neglected, the harmonics can be attributed to

specific steps, as indicated in Fig. 1 (c).

The directional couplers considered here ares ym met-

rical. The quadrature phase relationship between

outputs of a symmetrical coupler is desirable in applicat-

ions where close tolerances are to be held on phase [10].

Furthermore, the technique that will be described for

realizing wide-band couplers with moderate coulpling

coefficients requires the quadrature phase characteristic.

Thus, quadrature hybrid junctions in the form of .3-dB

directional couplers are readily synthesized. Magic Tee

hybrid junctions may be obtained by inserting a 90-

degree phase shifter in the outputs of a 3 -dB coupler

[11].

Figure 2 is a description of the basic multisection

phase shifter. The component consists of two separate

transmission lines, one of which contains the coupled

sections and the other of which is simply a length of

uncoupled line. The effect of the coupled sections is to

introduce dispersion, and the differential phase between

lines is controlled by achieving the proper dispersive

characteristics. It must be noted that the length of the

uncoupled line is also a parameter. As for the coupler,
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Fig. 1. Operation of multisection directional coupler. (a) Configura-

tion of multisection directional coupler. (b) Required coupling Fig. 2. Operation of multisection phase shifter. (a) Configuration

response of multisection coupler. (c) Decomposition of coupling
response.

of multisection phase shifter. (b) Required response of rrLulti-
section phase shifter. (c) Decomposition of phase response.
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the contributions to the dispersion curve are represented

in terms of harmonics, even in this case, in 6. Again, if

second-order effects are neglected, the harmonics can be

attributed to specific steps.

The paper is divided into three parts. The first part

describes an approximate synthesis procedure that

enables the designer to specify bandwidth, overall cou-

pling or phase shift, ripple, and maximum coupling

coefficient.

The first part begins with a first-order analysis of the

components, and the basis for an approximate harmonic

synthesis is developed.

The actual synthesis procedure is derived in a section

that is concerned first with the derivation of a suitable

polynomial, then with the synthesis of the prototype

component. It is found that the entire procedure can be

performed, with the aid of Chebyshev antenna distribu-

tion tables, without actually writing down a polynomial.

A section is devoted to the practical aspects of achiev-

ing reasonable coupling coefficients and of realizing a

satisfactory geometry for the resulting TEM transmis-

sion-line configuration. Reasonable coupling coefficients

are made possible, regardless of the number of sections

or bandwidth, by arranging coupled regions in series for

the phase shifter and in tandem for the coupler.

The second part considers the correction of the design

to obtain precise performance.

The correction procedure is based upon the derivation

of an error curve from the calculated response of the

initial approximate design. The error curve is harmoni-

cally analyzed to obtain corrections to the 17~, and the

response of the modified component is calculated. This

procedure is repeated until the calculated performance is

satisfactorily close to equal-ripple.

A rather complete program has been generated for

performing the precise design by digital computation.

The inputs may be in the form of normalized or un-

normalized reflection coefficients or even-mode imped-

ances. The tolerance, or deviation from equal-ripple

performance, may be specified. The response of the

overall component, as well as the responses of the sepa-

rate coupled regions, can be plotted.

Sample tables of computed designs are presented

with bandwidth, number of sections, and maximum

even-mode impedance as parameters.

A brief third part references experimental results ob-

tained using the design techniques described here.

APPROXIMATE SYNTHESIS PROCEDURE

First-Order Analysis of Components

It has already been stated that the operation of the

components under consideration can be described ap-

proximately in terms of first-order reflections of the even

and odd modes. If the ratio of even- to odd-mode im-

pedances for section j is given by pi= ZO,j/ZOOj, the even-

mode reflection coefficient at the junction with the j+ 1

section is

~ _ V’Pi+l – %G = ZOe,+l – ZOei .

3 V’PJ+l + W/z Zoej+l + 2..3’

If the reflections from symmetrically located steps are

combined, the result is

r’le~o – I’le-jg = 2jI’1 sin 0

where ZI is the central section, and O is the electrical

length of the section. The overall reflection coefficient

for a multisection coupler is of the form,

r(e) = 2j[I’1 sin 0 + r2 sin 30 + r3 sin 50 + . . . ]. (1)

In (1), higher-order reflections have been neglected.

Some workers have approached the problem on the

basis of finding the appropriate polynomial,. since the

synthesis of the impedances in terms of the polynomial is

now available for both couplers and phase shifters. This

approach was not used because its application would be

limited by practical considerations. In the following

paragraphs, emphasis is placed on approximate pro-

cedures wherever possible. The correction process in-

volves feeding back the resulting errors to an early step

in the design procedure. The philosophy here is to have

the feedback “loop” include as much of the process as

possible.

As in the case of the directional coupler, the perfor-

mance of the phase shifter is defined in terms of the

reflection coefficients of the even and odd modes, which

are equal and of opposite sign for both cases. For the

directional coupler, the amplitude of the reflection co-

efficient determines the coupling. For the phase shifter,

however, the magnitude of the reflection coefficients is

unity, and the phase of these coefficients determines the

phase-shift characteristics of the component.

For the purposes of this part of the design, an ap-

proximate technique is adequate. The method de-

scribed in the following paragraphs is comparable to the

one used for the directional coupler in that it neglects

higher-order reflections.

The basic coupled-section configuration for the phase

shifter is similar to that of the directional coupler. The

relationship among the various impedances is

Zo = ~Z.oZo,, and the operation of the component can be

described in terms of only one of the coupled modes. The

coupled region is terminated in such a way that the even

mode is open-circuited and the odd mode is short-

circuited. It is therefore found that the mode imped-

ances have opposite signs, resulting in cancellation of the

reflected waves at the input arm and reinforcement at

the output, or coupled, arm.

The reflection coefficient of a stepped-impedance sec-

tion of length 0, normalized impedance Z, terminated in

short circuit, corresponding to the odd mode, is calcu-

lated as follows.
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The input impedance is seen to be

Zi~ = jZ tan 0.

The input reflection coefficient is

I’i. =
jZtan O–1

jZtan@+l’

It is found that the phase of the reflection coefficient,

allowing for sign correction caused by the transfer of

energy to the output arm of the component, is given by

4’
tan7=Ztan8

where (@is the absolute phase through the component.

The periodic term of the phase characteristic, shown in

Fig. 2, is given by ZL= @J/2 – 0. After some manipulation,

it is found that

l–z

{)
sin 20

1+2
tanu=— —>

l–z

{}
1+ — Cos 20

1+2

and it is seen that the factor (1 —2)/ (1 + Z) is just the

magnitude of the reflection coefficient at the impedance

step.

Thus, if the reflections and phase dispersion are small

and second-order effects are neglected, the overall phase

dispersion has the form,

u = rl,z sin 26’ + r2,3 sin 40 + . . .
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and the phase-shift response is V(d) = u+ (r#OO)/ (~r/2),

where 40 is specified as the midband phase shift. Ozr a

first-order basis, the coupler and phase shifter have

essentially equivalent representations. The coupler

response consists of a series of odd sine harmonics, and

the phase-shift response is made up of even sine har-

monics.

It is at this point that the polynomial problem ap-

pears. Most components, such as step transformers from

one impedance to another, or antenna arrays, or discrete

directional couplers, can be analyzed in terms of sums

of cosine harmonics. It is found that Xa. coIs nO can be

expressed as Za. Cosn 0, and the Chebyshev polynomial

can be applied. In the case of Xz. sin nO, however, the

equivalent power series is Zb. sin o cos ~–l 0, ancl the

remaining sin O factor causes difficulty.

Derivation of First-Order Reflection Coejicients

Ksienski described a technique for synthesizing

sector-shaped antenna patterns, in which he integrated

Chebyshev polynomials [12]. Price and Hyneman used

both differentiation and integration of such polynomials

to generate monopulse difference patterns [13].

The integration of even and odd Chebyshev poly-

nomials, expressed in the form T. (a cos 0), is illustrated

in Fig. 3. The similarity between the integrated patterns

and the responses of the directional couplers and p’base

shifters is apparent. It is also seen that this step provides

the proper mathematical form for both the coupler-s and

the phase shifters. The polynomials of odd order prc,vide

coupler responses, and even order phase-shift responses.

- &------+----Al
n

(:)

o~
o !l/2 n

(d) o

Fig. 3. Generation of polynomials for coupler and phase shifter. (a) Chebyshev poly-
n omial T. (a cos O)—-n odd. (b) Integral of odd polynomial. (c) Chevyshev polynomial

T.(u cos @)—n even. (d) Integral of even polynomial.
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Because the polynomial responses of the components

have been related to antenna patterns, the possibility of

relating the component reflection coefficients with the

antenna array distribution is seen. The relationship is

illustrated in Fig. 4. The antenna distribution and pat-

tern are Fourier transforms, as are the reflection coeffi-

cients and response of the component. A basic result of

Fourier analysis is that the integration of a function is

accompanied by the division of its transform by the

independent variable. For the phase shifter, with a

reflection coefficient at the origin, the indeterminacy is

disposed of by setting that reflection equal to one.

Therefore, if one can decide which Chebyshev an-

tenna pattern to use, he can obtain the relative distribu-

tion of reflection coefficients by referring to the tables

and appropriately operating upon them.

The polynomial T. (a cos 0) is specified by n and a. An

alternative parameter is the sidelobe level of the corre-

sponding antenna pattern, which is 20 log T.(a) in dB.

In the design of the coupler or phase shifter the number

of sections and required bandwidth are generally known.

If ripple is specified rather than number of sections, it is

necessary to try different n until the required ripple is

achieved.

If the bandwidth and number of sections are known,

the value of a or the sidelobe level must be determined.

One approach to this problem is trial and error, whereby

I I
o V

e

RADIATION PATTERN, F(e)
c -)

ANTENNA ELEMENT
F(6) =Tn(ocose) DISTRIBUTION, f(x)

FOURIER
TRANSFORM

~F(0)dt? {-> f(x)/x

oF -’k.x

o e
n

RESPONSE OF DIRECTIONAL DISTRIBUTION OF REELECTION
COUPLER, C(6)- ~F(!3)d9 COEFFICIENTS, r(x) - f(.)/x

Fig. 4. Relationship between antenna arrays and components.

T. (a cos 19) is integrated with some arbitrary value of a

chosen, the result examined for bandwidth, then a new

value of a estimated, until the required bandwidth is

obtained. Such a procedure, however, requires machine

computation for high-order polynomials. Since the basic

premise of the synthesis procedure to this point has been

to obtain an approximate design, an approximate

method for evaluating a is described.

Figure 5(a) is a plot of a polynomial T. (a cos 0),

based on the following simplifying assumptions.

1) The curve is sinusoidal in shape between zeros,

including the mainlobe region near O = O.

2) The zeros are uniformly spaced in the sidelobe

region. Figure 5 (b) is a plot of the integral of the curve

of Fig. 5(a), P(6) = JT,, (a cos 6)M. P(6) is sinusoidal

between maxima and minima. It is seen that the signifi-

cant values of O in Fig. 5(a) are O., the first point where

T. (a cos 0) =1, and 01 and 02, the first two zeros. In

Fig. 5 (b), 01 and 19j retain their significance because they

are the first maximum and minimum of P(!3). The edge

of the component’s operating band, however, is defined

by 190,where P(OO) = P (OJ. Referring back to the original

polynomial curve T. (a cos 0), it is seen that the area

between /30 and 81 is equal to the area between 61 and 0,.

The following equations are now available for relating

bandwidth to the parameter a, ripple, and number of

sections:

Tr

—–01
R–1 2

R=

{)

(2)
?2—1
— T.(a)Ol

2

Tn (a)

L

00
Tn (o ..s e)

e.

+1 ——— — ,-

0
Eq ez ,1 ~

-1 –––––

P(9) =JTn (a COS 8) d9

(a)

n

—— + – P(e, )

_—— _ P(eo) = P(!32)

II
II
II

II R = P(’JI)/P(QO)

L._u_L_e
80 e, 92

(b)

Fig. 5. Estimation of parameter a. (a) Chebyshev polynomial,
(b) Integral of polynomial.
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{}

1
log [Tn(a) + <Tnz(a) – 1] = ?Zcosh–l — (3)

Cos !9.

= ??$. for 8. small

{
2_]>O.=O1 l–—

mTn(a)~

7r 00 1sin——=—.
29, R

Bandwidth is defined by

(4)

(5)

where jz and f] are the upper and lower limits of the

frequency band, respective y.

The derivation of (2) is based on the approximation

that the Chebyshev pol~-nomial is sinusoidal from zero

to 61 and from & to 62. Equation (3) is an exact expres-

sion for T.(a) in terms of 8.. Equation (4) is based on the

approximation that the polynomial curve is linear for

values of 0 slightly less than O1. Equation (5) results from

the sinusoidal shape of the integrated polynomial P(O)

between zero and 61.

Equations (2) through (5) contain two known param-

eters, 190 and n, and four unknown, O., 191, T.(a), and R.

Because the equations contain transcendental functions,

an explicit solution is not readily available. An alterna-

tive technique is a judicious trial-and-error solution in

which either T.(a) or 0. is assigned a value. Then (3),

(4), (2), and (5) are solved in order, resulting in a value

of O.. The values of parameters are correct when the

final value of 00 agrees with the specified value. To sim-

plif y the above procedure, Fig. 6 was prepared. It shows

2010g10{ T~ (a) ] versus bandwidth forn=3,5, 7, . . .,21.

When Tn(a) has been determined, it is pc)ssible to find

the corresponding element amplitude distribution in the

Chebyshev antenna tables [14]. This distribution can be

used to find the reflection coefficients of the component

in the following manner.

Assume that the element amplitude distributions for a

coupler and phase shifter are as shown in Table 1!. The

objective in Table I is to progress from the antenna

distribution found in the Chebyshev an terms tables to

the even-mode impedances of the various coupled re-

gions. The first step is to obtain relative reflection co-

r I I I 1 I
BANDWIDTH

Fig. 6. Bandwidth vs. 20 logjo Tn(a) as a function of N,
number of coupler sections.

TABLE I

DETERMINATION OF Zk

Characteristics Coupler (*L = 5) Phase Shifter (n = 4)

.—

Element amplitudes a,r, a2, al as, m al

Relative reflection coefficient b,=?; b.z=~; bl=al b,=:; b,=:; bl = a,

Coupling at O = 7r/2 B= bl–b, +b,

Phase shift at o = rr/4 B= bl–b2+bz

Scaling factor
,< = r(7r/2)

B

A’b:
Reflection coefficients ].8 =!%, rz=

Kb,
—, rl=—

2 2
rt = l%b~; 13 = KbZ; 171== Kbl; 1“0 = 1

2

l-1-r3
Even-mode impedances (ZO = 1) & . _

I–rJ

I+r,& . —.
l–r,
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efficient by dividing the amplitudes by 1, 3, 5 . . . for

the coupler and by 1, 2, 3 . . . for the phase shifter.

Next, it is necessary to find a scaling factor that adjusts

the coefficients for the required coupling or phase-shift

response. The parameter B results from setting O = m/2

for the coupler or O=7r/4 for the phase shifter. Once the

actual reflection coefficients have been determined, the

even-mode impedances are found by working in from

the uncoupled inputs to the component.

The drawback to this procedure is the high values of

Zl, which are found for wide-band multisection compo-

nents with strong coupling or large phase shift. These

high values represent extremely tight coupling, which

may not be realizable in a given practical configuration.

Admittedly, advances have been made in the coupling

achievable between two transmission lines [15 ], so that

the ratio of even- to odd-mode impedances can be ap-

proximately twenty [16 ]. However, it is characteristic

of these components that, for any given overall coupling

level, ripple, and maximum value of P = ZJZ~~, it is

possible to specify a bandwidth sufficiently wide that the

given parameters cannot be held.

A method for specifying maximum coupling coeffi-

cient as one of the design parameters is described in the

next section.

Tandem Configuration jor Practical Design

The only possible solution to the problem of achieving

a design with specified maximum coupling coefficient

(short of using a basically different configuration such as

that proposed by DuHamel, for example) is to split the

coupling or phase shift into pieces and then to realize the

required network for each piece [17 ].

Possible design techniques for the directional coupler

are illustrated in Fig. 7. The analogous configuration for

the phase shifter is easily visualized. The basis for the

approach is the connection of coupled regions in tandem,

the coupled and straight-through outputs of one multi-

section coupler being used as the isolated inputs to an-

other coupler. The operation of such a network is mathe-

matically equivalent to multiple discrete coupling in

branchlike or waveguide multihole couplers. The quad-

rature phase characteristic of symmetrical couplers is

required. It is seen that the coupled lines must cross over

at the center of each coupler. The important aspect of

this configuration is the representation of the coupling

coefficient of each region by the sine of an angle, which

allows one to find the overall coupling level by adding

angles.

It is interesting to note that, although this technique

was assumed to be original, it has been learned that

Monteath proposed the “cascade” connection of sym-

metrical directional couplers and suggested that wide-

band performance could be obtained by using multiple

sections in each coupler [18].

Two tandem arrangements of coupled regions are

shown in Figs. 7(b) and (c). In one, the separate regions

sin a, i cos al

w

1

t
in

sin r22 i ms ~2

H
2

t
in

-Cos (CY,+ ?2) i sin (a, + rY2)

la

r

2

I
in

(a)

VALUES OF P

1.07 1.22 1.62 4.45 1.62 1.22 l.o7

8.3 dB COUPLER

J-------”-
5.3 dB COUPLER

(b)

1.16 1.52 2.66 3.36 2.66 1.52 1.16

/“

(c)

Fig. 7. Layout of directional couplers without extremely tight
coupling. (a) Operation of directional couplers connected in series.
(b) Series connection of two identical units. (c) Series connection
of dissimilar units.

are identical. For example, a — 3 dB coupler is realized

by using two – 8.3 dB couplers in tandem. (– 3 dB = 20

log sin 7r/4, and –8.3 dB = 20 log sin ~/8.) In general,

the second arrangement is preferred because it requires

the minimum number of total sections for specified

maximum coupling coefficient. Furthermore, the mini-

mum coefficient is greater than for the case of identical

coupled regions. Too low a coupling coefficient, as well

as one too high, presents practical difficulties.

The final step in the approximate synthesis procedure

can now be defined. A maximum value of even-mode

impedance is specified and represented by Z~. The case

of interest is the one for which at least one of the zk

found sequentially by the procedure of Table I exceeds

Z~. The rule that holds in this case is that all Z~ initially

greater than Z~ are set equal to Z~. The resulting multi-

section coupled region satisfies the requirements for

some of the r~, in particular, those corresponding to the

higher harmonics of the response function. Therefore, a

new set of rk is found for the second multisection cou-

pled region, which will be placed in tandem with the

first, by subtracting the actual r~ of the first region from

the required values. This procedure is repeated until the

totals of the corresponding rk of the tandem regions

equal the required rk.
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An example will clarify the proceciure: Assume In the early application of this correction technique,

Z~ = 1.83$3.1
only step 1) was performed by machine computation

[19]. Manual computation of the remaining three steps

A 3-dB directional coupler with 17:1 bandwidth was laborious. Such factors as number of sections, band-

(OiI =r/18) and 13 sections is being synthesized; the width, and maximum coupling coefficient, and number

correct ~~ are: of iterations were limited by this procedure. Inevitable

r7 re rs r4 re rz rl

0.0303 0.0277
Thus

0.0403 0.0575 0.0881 0.1536 0.4989

Values of Zk, 1st Region 1.0799 1.1362 1.2269 1.3780 1.6539 1.8343 1.8343
Remaining rk “
Values of Zk, 2nd Region

0.0944 0.4989

Remaining 11
Values of Zk, 3rd Region

1.2089 1.8343
0.293
1.8303

The results of this approximate synthesis procedure

can be expressed as a set of Zth, where the subscript 1

refers to the tandem region and the subscript k refers to

the section within the tandem region~.

The procedure described in the preceding sections is

based on a first-order description of the components, and

as such produces performance errors to the extent of the

higher-order contributions. In the :second part of this

paper, a method is described for correcting the design to

any required accuracy by successive iterations.

PRECISE DESIGN AND TABULATED RESULTS

Correction Procedure

The first step in the precise design is to calculate the

performance of the coupler or phase shifter that has j ust

been synthesized by the previously described methods.

This is a straightforward process and need not be dis-

cussed.

The calculated performance of the component will

not, in general, exhibit the desired equal-ripple charac-

teristic for two reasons. First, the design polynomial is

the integral of an equal-ripple Chebyshev function and is

not precisely equal-ripple. Second, the neglected higher-

order effects will further degrade the calculated perfor-

mance.

The objective of the correction procedure is to perturb

the values of I’ so that the performance of the compo-

nent is more nearly equal-ripple. This is done by the

following steps:

1) the ripple of the desired curve is estimated from

the initial performance curve;

2) an error curve is obtained by subtracting the

initial curve from the desired curve,

3) a set of AI’~ are calculated from the error curve by

a Fourier analysis, and the orijginal 17~ are accord-

ingly modified:

4) the impedance values of the first iteration are

calculated from the new rk.

1 This value of Z* results from a parallel-coupled, strip-trans-
mission-line configuration in which s/b= 1/5, Zo = 50 ohms, and
e.= 2.32 (polyolefin dielectric).

human errors introduced “noise” with a divergent effect

on the iterative process. Since all steps can~ be specified

logically, it is reasonable to attempt to progralm the

entire design for machine computation.

The estimated ripple is found from

mn—1

~ 2Ai + An

‘i= o
Aav =

2n+l

for directional couplers and from

for phase shifters, where A, is the ith relative maximum

deviation of the calculated performance curve from the

design objective, CYO.The value of AO is measured at

the band edge, O=00.

The error curve is obtained by taking the differences

between A.V and the Ai. Figure 8 is an illustration of the

derivation of the error curve for a directional coupller.

A Fourier analysis of the error curve will yield cor-

rections for the initial reflection coefficients. Specifically,

the correction for the ith reflection coefficient is Ari

= 6,/ (27r) for couplers and A17, = b,/r for phase shifters,

where b, is the ith Fourier coefficient found from the

error curve. With the improved reflectiorl coefficients

the whole process can be repeated until the desired

solution is found. Figure 9 shows the initial response

curvez and the results of the first two iterations. Most

designs do not require more than about five iterations.

Although this simple correction procedure utilizes in-

formation gathered at the relative maxima and minima

and the initial response curve does not always have the

correct number of maxima and minima, the following

computer program has solved all the given design prob-

lems. Obviously, the better the initial design, the fewer

iterations are required.

2 The initial response curve was obtained by using a 20-dB
Chebyshev antenna distribution as indicated by Fig. 6.
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Fig. 8. Derivation of error curve from computed response. (a) Un-
equal ripple coupler response showing error curve components.
(b) Construction of error curve by straight line segments.

Program for the Correction Procedure

A simplified flow chart of the computer program used

in this work is shown in Fig, 10.8 lhlost of the blocks are

self-explanatory. It should be noted that the input data

to the program can be ir terms of normalized even-mode

impedances Zo,, reflection coefficients T, or antenna

element distribution as in the example of Fig. 9. Also,

whenever a component consisting of tandem connected

coupled regions is to be designed, the program will pro-

vide the coupling or phase-shift response of the indi-

vidual coupled regions. This feature can be useful in

development work, where one might want to optimize

each coupler before actually connecting all in tandem.

Because this design technique uses approximate

methods, this computer program is not ‘(optimum. ”

However, it is of engineering value because designs of

arbitrarily great precision can be efficiently achieved.

In the previous sample computation, each iteration re-

quired less than one second of machine execution time.

Furthermore, designs of greater difficulty involving

more sections, larger bandwidths, and the like, require

only slightly more machine time, with the result that

the parameters of any practical component of this type

can be obtained by this program, at least within the

foreseeable future.

s Persons wishing to use this program are referred to: J. A. M osko,
“Finding the optimum designs of arbitrary TEM quadrature
couplers and phase shiftersj using a digital computer, ” U. S. Naval
Ordnance Test Station, China Lake, Calif., NAVWEPS Rept. 9048,
September 1965. This report, complete with sample data cards,
contains a FORTRAN I\’ program listing and flow chart of the
main program and all the subroutines (for plotted outputs, etc. ) as
it was used with the IBM 7094 at NOTS to generate Tables A through
\ (see footnote 7).

— ORIGi NAL RESPONSE
‘---- FIRST ITERATION
.. . . . . . . . . . . . . . . . SEC~ND ITERATION

-7 I I I I I I I ! I
o 30 so 90

9, DEG

Fig. 9. Initial response and first two iterations—3-dB coupler
with 13 sections, 17:1 bandwidth.

mm-km-i

I

ClCALCULATE
Z,, i WITH Z

.
LIMITATION

L ‘=OpE*IPHASE SHIFTERS x.

I YES

t
FIND FOURIER CALCULATE DETERAJ,INE

CALCULATE

NEW r’S
COEFFICIENTS ERROR CURVE PROBABLE

OF ERROR CURVE SOLUTION

Fig. 10. Simple flow chart of computer program

Computed Results

Extensive coupler and phase-shifter designs have been

tabulated. Tables II and III are examples of the twenty-

two pages of tables that are available through the

Auxiliary Publications Program of the American Docu-

ments tion Institute.~

1 A description appears in R. W. Zimmerer, “AD I auxiliary pub-
lications program, ” IEEE Trans. on ~[ic~owave Theory and Tech-
niques (Comespomierzce), vol. MTT-13, pp. 883–884, November 1965.
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TABLE II

EVEN-MODE IMPEDANCES FOR –3DB COUPLER OF 13 SECTIONS

..

N,la CO UP LINC= -3.01 08

8A ND W1DTM 10.000 10.000 10.000 10.000 10.000 12.000 12.000 12.000 12.000 12.000
RIPPLE, OB 0.06248 0.06087 0,05960 0.05323 0,04456 0.12103 0,11704 0.11515 0,10373 0.08650
TOLERANCE * 0.00016 0.00022 0.00027 0.00022 0.00019 0.00049 0.00056 0.0004s 0.00052 0.00035

Z(1, 1) 1.83434 2.09434 2.30314 3.30000 4.50000 1.63434 2.09434 2.30314

2 {1, 2)

3.30000 4.50000

1.83434 1.96564 1.96223 2.00302 2.00300 1.83434 2.05199 2.07010

2(1, 3)

2.09084 2.10225

1.44460 1.46136 1.46528 1.46506 1.44732 1.50055 1.52319 1.52789 1.52661 1.51232

2(1, 4) 1 .22S92 1.23426 1.23492 1.23133 1.22036 1.27039 1.27919 1.26006 1.27645 1.26502

2(1, 5) 1.11367 1.11523 1.11519 1.11246 1.10664 1,14395 1.14641 1.14639 1.14329 1.13677

2(1, 6) 1.05092 1.05109 1.05092 1.04942 1.04673 1.07050 1.07080 1.07063 1,06675 1.06548

2(1, 7) 1.01808 1.01792 1.01776 1.01704 1.01611 1.02883 1.02850 1.02825 1.02710 1.02581

Z(2, 11 1.83434 1.60495 1.53375 1.67317 1.25386 1.83434 1.64331 1.57025 1.75050 1.30978

Z(2, 2) 1.05750 . . . . . . . . . . . . . . . . . . . . . . . . 1.10535 . . . . . . . . . . . . . . . . . . . . . . . .

Z(3, 1) 1.58882 1.60495 1.53375 . . . . . . . . . . . . 1,66293 1.64331 1.57025 . . . . . . . . . . . .

BAN OWI07H 14.000 14.000 14,000 14.000 14.000 17.000 17.000 17.000 17.000 17.000

RIPPLE, OB 0.19574 0.18846 0.16491 0.16638 0.145?2 0.33259 0.32163 0.31322 0.28620 0.2 S346

TOLERANCE * 0.00078 0.00091 0,00064 0,00074 0.00038 0.00136 0.00136 0,00102 0.00105 0.00062

2(1, 1) 1.63434 2.09434 2.30314 3.30000 4.50000 1.83434 2.09434 2.30314 3.30000 4,50000

2(1, 2) 1.83434 2.09434 2.15074 2.17078 2.19296 1,63434 2.09434 2.26225 2.27669 2.31652

2(1, 3) 1.55397 1.57604 1.58600 1,58826 1.57313 1.62971 L.64498 1.66732 1.67064 1.65823

2(1, 4) 1.30991 1.32077 1.32303 1.31972 1.30793 1.36591 1.37768 1.38453 1.36138 1.36945

2(1, 51 1.17366 1.17693 1.17721 1.17404 1.16684 1.21737 1.22136 1.22285 1.21933 1.21147

Z(1, 6) 1.09106 1.09146 1.09122 1.0.2915 1.0.9529 1.12310 1.12357 %.12335 1.12067

Z(1, 7)

1.11635

1.04134 1.04073 1.04025 1.03878 1.03705 1.06254 1.06175 1.06111 1.05862 1.05620

Z(2, 1) 1.83434 2.09434 1.60337 1.62255 1.36187 1.83434 2.09434 1.64882 1.92339

Z(2, 2)

1.43466

1 .1491.2 1.00565 . . . . . . . . . . . . . . . . . . 1.20886 1.06379 . . . . . . . . . . . . . . . . . .

Z(5, 1) 1.?3232 1.34337 1.60337 . . . . . . . . . . . . 1.83025 1.41702 1.64882 . . . . . . . . . . . .

.—

BAN OU1OTU 20.000 20.000 20,000 20.000 20.000 25,000 25.000 25,000 25,000 25.000

R[PPLE, 0s. 0.48666 0.47278 0,45866 0,42302 0,3?751 0.76043 0.74186 0.72152 0.66213 0,596.83

TOLERANCE * 0.00184 0.00220 0.00169 0.00125 0.00157 0.00245 0.00333 0.00294 0.00179 0.00254

2(1, 11 1.83434 2.06434 2.30314 3.30000 4.50000 1.63434 2.09434 2.30314 3.30000

Z(1, 2)

4.50000

1.83434 2.09434 2.30314 2.37805 2.43102 1.63434 2.09434 2.30314 2.52S60 2.60629

Z(1, 3) 1.70450 1.71217 1.73474 1.74832 1.73640 1.62149 1.82215 1.83444 1.86900 1.86412

2:1, 4) 1.41841 1.43153 1.44070 1.44016 1.42837 1.50145 1.51579 1.52617 1.53345 1.S2226 !

2(1, 5) 1.25973 1.26421 1,26674 1.26366 1.25548 1.32700 1.33328 1.33625 1.33536

2(1, 6)

1.32656 ;

1.15591 1.15593 1.15579 1.15320 1.14843 1.20997 1.21023 1.20971 1.20646 1.20101 ‘

Z(1, 7) i .08620 1.08455 1.08342 1.08006 1.07727 1.12707 1.12504 1.12314 1.11705 1.11296

Z(2, 11 1.83434 2.09434 2.30314 2.02064 1.50501 1.83434 2.09434

Z(2, 2)

2.30314 2.17799 1.61824

1.28595 1.11770 1.00337 . . . . . . . . . . . . 1.38040 1.20165 1.06523 . . . . . . . . . . . .

2(3, 1) 1.36759 1.48808 1.23996 . . . . . . . . . . . . 1.44268 1.60639 1.33574 . . . . . . . . . . . .

ZC4 ,1)1.30759 . s.,.....,.. . . . . . . . . . . . . 1.44268 . . . . . . . . . . . . . . . . . . . . . . . .
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TABLE III

EVEN-MODE IMPEDANCES FOR90” PHASE SHIFTER OF9 SECTIONS

N. ● PHASE SHIFT. 90.0 DE;

0464DWIOTM 14.000 14.000 14.000 14.000 14.000 17.000 17.000 17.000 17.000 17.000

RI**LE, OCC i. 246$0 1.25441 i.4?138 1.90465 2.21774 2. S676S 2.73160 2.673;7 3.72S70 4.31304

10 Lt2RANCE 8 0.01066 0.010s1 0.01159 0.01142 0.02106 0.01319 0.00716 0.02714 0.0222s 0.02126

RCF. LENGTH 7.75000 7.25000 6.75000 5.75000 5.25oOO 8.25000 7.75000 6.75000 6.25oOO 5.75000

2(1, i) 1.83434

Z(1, z) 1.83434

2(1, 3) 1.83434

2(1, 4) 1.724?3

2(1, 5) 1.40164

2(1, 6) 1.20626

Z(1, 7) 1.lf6?5

Z(1, 6) i.07294

2(1, 9) 1.03614

2.09434

2.09434

2.09434

1.60331

1.39619

1.22909

1.15740

1.09604

1.04435

2.30314

2.30314

2.30314

1.75600

1.39159

1.26711

1.17736

1.09360

1.04239

3.30000

3.30000

2.43362

1.80610

1.54597

1.34023

1.20248

1.11475

1.05640

4.50000

4.06562

2.45644

2.00027

1.60486

1.38634

1.23056

1.13110

1.06503

1.83434

1.63434

i.83434

1.83434

t.52085

1.29998

1.16401

1.10040

1.06167

2.09434

2.09434

2.09434

1.97276

1.53998

1.29686

1.19587

1.13888

1.07902

2.30314

2.30314

2.30314

2.01425

1.52339

1.32114

1.23242

1.15793

1.08408

3.30000

3.30000

2.79781

1.9258o

1.65822

1.45630

1.27960

1 .1732.6

1.09991

4.50000

4.50000

2.63675

2.20304

1.74036

1.50613

1.32190

1.20000

X.11282

Z(2, i) 1.63434 2.09434 2.30314 3.01178 2.18153 1.83434 2.09434 2.30314 3.30000 2.58474

Z(2, 2) 1.63434 1.98403 1.82191 1.33341 . . . . . . 1..s3434 2.09434 2.09979 1.55301

Z(2, 3)

1.02914

1.26SS0 1.11216 1.04427 . . . . . . . . . . . . 1.42113 1.24424

Z(2, 4)

1.i4a47 . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.03574 . . . . . . . . . . . . . . . . . . . . . . . .

Z(3, 1) 1.83434 2.09434 1.89549 . . . . . . . . . . . . 1.83434 2.09434 2.26020 1.01884 . . . . . .

Z(3, 2) 1.19417 . . . . . . . . . . . . . . . . . . . . . . . . 1.35352 1.06151 . . . . . . . . . . . . . . . . . .

Z(4, i) 1.57246 i. 13801 . . . . . . . . . . . . . . . . . . 1.78290 1.23753 . . . . . . . . . . . . . . . . . .

BANOWIOTM 20.000 20.000 20.000 20.000 20.000 25.000 25.000 2s .000 2s .000 25.000

RIPPLE, OCG 3.9e 701 4.63S62 4.77476 6.01695 6.66897 6.71263 6.07736 6,704S6 10.39438 11.60516

TOLIIRANCC * 0.01472 0.05700 0.02247 0.06106 0.06226 0.06.635 0,10035 0.13101 0.04112 0.09207

RC~. LCtACTH 6.75000 8.2s000 7.75000 6.25000 5.75000 9.25000 8.25000 8.25000 6.75000 5.75000

2(1, 1)
2(1, 21

2(1, 3)

2(1, 4)

2(1, 5)

2(1, 6)

2(1, ?)

241, 6)

2[1, 9)

1.63434

i.e3434

1.63434

1.83434

1.64760

1.41122

i .24095

1.13616

1.06846

2.09434

2.09434

2.09434

2.09434

1.66041

1.36851

1.23969

1.17132

1.11271

2.30314 3.30000

2.30314 3.30000

2.30314 3.12927

2.22492 2.06677

1.67029 1.747?4

1.38812 1.57458

1.27662 1.36705

1.21347 1.23704

1.13059 1.15124

4.50000

4.50000

2.9370S

2.31778

1.90297

1.61604

1.41717

1.27415

1.17093

t.63434 2.09434

1.63434 2.09434

1.63434 2.09434

1.83434 2.09434

1.83434 1.91669

1.58010 1.5S962

1.40410 1.36039

1.24706 1.23207

1.15199 1.17215

2.30314 3.30000

2.30314 3.30000

2.30314 3.30000

2.30314 2.42166

1.93658 1.91494

1.56880 1.70687

1.36868 1.52544

1.26775 1.36062

1.19667 1.24568

4.S0000

4.50000

3.47361

2.S1195

2.13217

1.81658

1.57891

1.41190

1.28204

Z(2. i)

Z(2, 2)

Z(2, 3)

Z(2, 4)

Z(2, s)

1.83434

1.63434

1.57374

1.14572

. . . . . .

2.09434

2.09434

1.39716

1.01256

. . . . . .

2.30314 3.30000

2.30314 1.71558

1.25169 . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

2.72751

t.i5655

. . . . . .

. . . . . .

. . . . . .

1.63434 2.09434

1.83434 2.09434

1.80799 1.64656

1.35107 1.15625

1.00608 . . . . . .

2.30314 3.30000

2.30314 1.91560

1.48623 1.12267

1.08031 . . . . . .

. . . . . . . . . . . .

3.06033

1.39049

. . . . . .

. . . . . .

. . . . . .

2.30314 1.23996

1.14743 . . . . . .

Z(3, 1)

Z(3, 2)

1.63434

1.49i74

2.09434

;. 17338

2.30314 1.11624

1.01133 . . . . . .

1.83434 2.09434

1.76077 1.35170

. . . . . .

. . . . . .
. . . . . .
. . . . . .

1.63434 1.31492 1.09209 . . . . . . t. 83434 “1.4%671 1.16121 . . . . . .2(4, 1) . . . . . .. . . . . .

2(s, 11 1.08157 1.32553 . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The coupler tables are for 3,56,010, and 20 dB designs

of N=3 to N=21 sections. The phase-shifter tables are

for 90, 45, and 22.5 degree designs of N=2 to N=9

sections. N refers to the number of A/4 sections in the

largest cascaded coupling region of the tandem solution.

It does not represent the total number of coupled A/4

sections. The bandwidth ratios have been arbitrarily

selected to be 2, 2..5, 3, 4, 5, 6, 8, 10, 12, 14, 17, 20, and 25.

The maximum normalized even-mode impedances were

chosen to be 1.83434, 2.09434, 2.30314, 3.0, 3.5, and

any value less than 4,5 in order have a single cascaded

coupler solution. Even-mode impedances 1.83434,

2.09434, and 2.30314 represent the tightest coupling

value of broadside coupled strip transmission lines for

20= 50Q, e,= 2.32 (polyolefin material), and for t= O,

s/b = 1/5, 1/7, 1/9 [20], [21 ]. The upper limit of

208 =4.5 was based on the tightest coupled re-entrant

configuration [16 ].

A measure of the equal-ripple performance is given as

“tolerance.” Although “ripple” is defined as the nominal

equal-ripple value (based on A,” of Fig. 7a), the worst

deviation from the coupling or phase-shift design could

be + (ripple+ tolerance). For example, the N = 13, 17:1

bandwidth – 3 dB coupler, where Z~ = 1.83434, could
5 Actually 3.0103.
BActually 6.0206.
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be as much as 0,33397 (i.e., 0.33259+.00138) dB off the

3.0103 dB design at one frequency. The tolerance of the

designs given in the tables is of the cinder of one percent

of rippIe. Tolerance has the same units as ripple.

Because the phase shifters are in fact differential

phase shifters, the uncoupled reference line (listed as

Ref. I.ength) is given in terms of wavelengths at the

center frequency of phase-shifter operation.’

EXPERIMENTAL Rr3sm,m

The basic purpose of this paper is to describe the

synthesis of the components, to indicate the availability

of a computer program for carrying out the synthesis,

and to reference a source from which extensive tables

of parameters can be obtained. In this sense, the practi-

cal realization of the component is left to the reader, as

in other papers concerned with the theoretical synthesis

problem.

Nevertheless, it is appropriate to make brief reference

to experimental results. The components are most easily

realized in a strip-transmission-line configuration con-

sisting of three layers of dielectric with conducting strips

located at the interfaces and ground planes on the outer

surfaces [21 ]. Variation in coupling is achieved by dis-

placing the strips along the interfaces.

Three-dB couplers and 90-degree lphase shifters have

been built with design bandwidth of 17:1 [22]. The

couplers had 13 sections and the phase shifters 6. The

polyolefin dielectric layers were 0.040, 0.020, and 0.040

inch in thickness, and the frequency range was 89 to

1500 me/s.

The principal practical problem with these compo-

nents is the reactive discontinuity at the junction be-

tween coup~ed sections of different ccmpling coefficients.

It is the discontinuity which places al limit on the high-

frequency operation of the components. In order to

minimize these junction effects, one is forced to reduce

the scale of the transmission-line crc~ss section. The re-

sulting smaller dimensions, however, result in increased

attenuation and larger errors due to tolerances. An

analysis of junction discontinuities for even and odd

modes would be a valuable contribution to the further

study of these components.

7 The design tables, together with introductory test, have been
deposited with AD I Auxiliary Publications Project, Photoduplica-
tion Service, Library of Congress, Washington 25, D. C. To obtain a

copy: Document 901 7; advance payment $3.75 photoprints, $2.00
35mm microfilm, payable to Chief, Photoduplication Service, Library
of Congress.
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