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ABSTRACT

A computer aided synthesis design procedure
for wideband symmetrical nonuniform directional
couplers in inhomogeneous media is presented.
Solutions for the potential problems inherent to
these couplers are given. Results for a 2~18 GHz
5-section, -3 dB nonuniform tandem directional
coupler designed and built on alumina substrate
are presented.

INTRODUCTION

Directional couplers are used in a variety
of circuits including balanced mixers, balanced
amplifiers and phase shifters. Several problems
are encountered in the multioctave realization
of directional couplers in microstrip. Wideband
performance can be obtained with nonuniform
couplers. The theory and design of TEM-mode
symmetrical nonuniform couplers for wideband
performance is well established in the
literature (1,2). Very little has been done on
the symmetrical nonuniform directional couplers
in inhomogeneous media. Among the many reasons
are the poor isolation and the practical
realizability of tight coupling values.

A planar technique for phase velocity
compensation has been reported by Podell (3).
Podell uses a wiggly coupled structure and relies
on a trial and error method to achieve an
acceptable level of isolation. A semi-empirical
method to compute the wiggle depth is presented
in this paper.

An interdigitated nonuniform coupler is used
to realize tight coupling values. With this new
nonuniform structure, two couplers in tandem (4)
would be sufficient to design -3 4B, multioctave
bandwidth directional couplers in microstrip.

At present, a direct synthesis of physical
parameters of nonuniform directional couplers is
not possible. As an approximation, the uniform
coupled-line shape ratios are assumed to be valid
at each elemental section of the nonuniform lines.
A simple, fast and accurate technique in the form
of cubic splines (5) is given.

SYNTHESIS PROCEDURE

A. Generation of Cubic Splines
The coupled-line even- and odd-mode character-—
istic impedances are given by
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where ¢ 1is the speed of light, C_ and C_ are the

even- and odd- mode capacitances and Cea and C__

are the corresponding capacitances with dielectric
replaced by air.
From (1) and (2)
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or using Zé = Zoe Zoo’ we have,
228 CC -1 =
z2 ¢/ C C oo~ 1=0 4)

Equation (4) is now a function of w/h, S/h and €,

of the substrate. The realizability condition for
a directional coupler is that Z_ > Z for all
coupling values. Keeping this in mingf equation
(4) can easily be optimized for a given set of
values of S, to yield the corresponding set of
values for w and cubic splines w(k), s(k) (k being
the coupling coefficient) formed for specified

Zo, €, and h.

Cubic splines. The idea of using spline is to use
different polynomials to connect adjacent points,
piecing them together smoothly instead of trying
to make one polynomial go through all the points.
Hence, for a given N-data, we have N-1 polynomials.
A cubic spline has the following general form

- 3 2 . _
gi(xi) =a;x’ + b, x" 4+, x4 di i=1,2,..,8-1,

with g.(x) defined in the interval between X

and X4t

For given x points and y values, the spline must
touch the points giving gi(xi) =y and

gi(xi+1) = Vi for i = 1,2,...,N-1. Spline curves
smoothly around the points; therefore the first
derivatives of the spline polynomials must be equal
at the points. If Pj is the value of the second
derivative of the spline at L then all of the
a,b,c,d coefficients can be computed for the spline
segments since there will result four equations in

four unknowns for each spline segment with P1=PN=O.
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Hence for i

=1,2,...,N-1, we must have
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Phase Velocity Compensation

The difference in the even—- and odd- mode
phase velocities causes a degradation in direct
ivity of the directional couplers. The odd-mode
phase veloc¢ity can be slowed down to be equal to
the even—mode phase velocity by providing extra
distance for the odd-mode wave to travel. This
cdn be done by wiggling the inner edges of the
conductors as shown in Fig.1. To determine the
wiggle depth, d, consider the odd-mode capacit-—
ance without wiggling:

Co - Cpf + Cfo (5)
= Cp + Cf, Cp

where C is the capacitance

pf
between the conductor and the ground plane,

Cf is the fringing capacitance of a single line

and Cfo

ors both in air and dielectric.
The odd-mode capacitance with wiggle is
given approximately by

is the capacitance between the conduct-

= ]
Cwo Cpf +C fo ®
Only Cfo is assumed to be affected. Now, for
Ve = Vow with wiggle, we need €re = Frow: To

accomplish this, the odd-mode capacitance has
to be increased by a factor given by the ratio
e_/e_ . Hence,

re' “ro

>

re re

€ co - (Cpf * Cfo) € M

ro Yo

From (6) and (7)

Ere €re

1 = —— — —

Ceo ™ G0 & D+ o= Cgy B
To ro

Equation (8) gives the capacitance per unit
length between the conductors for the wiggly
structure. The ratio C'g,/Cfo is the factor by
which the odd-mode length will be increased.
Using the wiggle parameters given in Fig.l we
can deduce that

]

by fo (9

Ax C
fo

The wiggle depth, d, is then given by
oy Lt
= 2 O y2 _
d=35 V=) 1 (10)

fo
Cubic spline for wiggle depth d versus coupling
coefficient k, d(k), can be constructed for the
same specified Zos €, and h.

Synthesis of Coupling Distribution

To determine the continuous physical param-—
eters W(x) and S(x) for the nonuniform direct-
ional coupler, we need to find k(x), the
variation of coupling coefficient along the
coupler length. k(x ) can be synthesised for a
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specified coupling, by using the fundamental non-
uniform coupled line synthesis functions given in

(2).

The inhomogeneous media require the

application of the even- and odd-modes separately
and the required performance is obtained by the

superposition of the two modes.

The continuous

coupling coefficient is then given by

2

Zoe(x) - Zoo(x)

kG = Zoe(x) - Zoo(x)

an

18 GHz, 5-SECTION, -3dB TANDEM COUPLER ON
ALUMINA

A step by step procedure is given below:

1.

. Synthesize k(x) at selected intervals Aw =

Set initial specifications:

Zo = 50 Ohm, €. = 9.9, h = 635 ym.

Select capacitance formulation.

The even— and odd-mode capacitance analyses of
J.I. Smith (6), and Garg et al (7) are used.
The odd-mode capacitance is found to be
converging (diverging) fast when Smith's method
(Garg et al) are used. Extensive comparison
with other available data for 2- and 4-coupled
lines (8,9) is made by taking the arithmetical
average of the individual capacitances
evaluated by these methods and excellent
agreement is found.

Set number of conductors, N = 2 and optimize
equation (4) for a given set of values of s
(strip spacing) to yield the corresponding
values of w (strip width). About 30 values
ranging from 1800 pym to 30 pm would be
sufficient.

Construct cubic splines: Figs.2-4.

. Compute vy, vy and length 4; at the centre

frequency, fc= 10 GHz.

Compute wiggle depth d with Ax =
phase velocity compensation.

0.1 mm, for

Include dispersion (Getsinger's formulation for
coupled lines (10)) and repeat steps 3-6.

. Repeat steps 3-7 with N = 4,

Specify coupled output |C1(W)!. |C1(w)| is

the coupling response of each of the couplers
in tandem. A second order coupling value (1)
will be used i.e. [C (w)| = 0.4144.

0.1,
Ax = 0,05 mm with v = v, = 97.3 x 10° mm/s
with €= (m+ 1) fc=14,6m (n is the

number of sections).

Optimize for equal ripple performance. The
difference curve between the computed
performance and ideal output is formed in the
design bandwidth (2-18 GHz) and this curve is
added on ]C1(W)l to form the new 'input'
function.



12. Repeat step 10 to determine k(x) distribution
shown in Fig.5.

13. Compute w(x), s(x) and d(x) by evaluating
w(k), s(k) and d(k) respectively at all values
of k(x) (from-f/2 to 0.0 because of symmetry)

bothfor N = 2 and 4.
Fig.6.

These are shown in

The -3 dB nonuniform tandem directional
coupler is built using conventional photolithog-
raphy processes and etching the final circuit on
1" x 1" x 0.025" alumina substrate. Short
lengths of 0.025 mm diameter gold bond wires are
used to provide the crossovers. The mask and
photograph of this design are given in Fig.7.

MEASURED RESULTS

Measurements are carried out on an Automatic
Network Analyser HP8510. The measured performarce
is 4own in Fig.8. The measured coupled ports
given in Fig. 8(a), are in balance in the
2-17 GHz band. The ripples and the sharp drop
after 17 GHz are caused by the bond wires used to
connect the alternative lines at the centre. The
measured maximum return loss is =15 dB in the
same bandwidth. 1Isolation is observed to be
somewhat constant and follows the return loss with
a measured maximum value of —-15 dB. The measured
return loss and isolation are given in Fig.8(b)
and (c) respectively. The phase deviation from
quadrature is * 12 in the 2-18 GHz band and is
shown in Fig. 8(d). The 3.5 mm OSM type
launchers used for coaxial-to-microstrip and
microstrip—to-coaxial transitions and the gold
bond wires used for crossovers, contribute to the
coupler insertion loss. Fig.8(e) is a measure of
coupler balance and insertion loss for a typical
reflection type phase shifter application. This
is obtained by open circuited coupled ports (ref-
erence from the substrate edge); the signal re-
entering the coupler cancels out at the input port
and add up at the isolated port.

CONCLUSIONS

A computed aided synthesis design procedure in
the form of cubic splines is developed for non-
uniform directional couplers in inhomogeneous media.
A four finger interdigitated nonuniform coupler is
designed in order to realize tighter coupling
values at the centre. Isolation is greatly
improved over the conventional design by wiggling
the inner edges of loosely coupled sections. Bond
wires have a significant effect on the overall
coupler performance and several of them are
required to achieve the desired performance.

Multioctave performance of a nonuniform direct-
ional coupler in inhomogeneous media has been
demonstrated.

REFERENCES

(i) Tresselt, C.P., "The Design and Construction
of Broadband, High Directivity, 90-Degree
Couplers Using Nonuniform Line Techniques,"
IEEE Trans. on Microwave Theory and Tehniques
Vol MTT-14, No.12,pp.647-656, Dec.1966.

(2) Kammler, D.W., "The Design of Discrete N-
Section and continuously Tapered Symmetrical
Microwave TEM Directional Couplers," IEEE
Trans. on Microwave Theory and Techniques,
Vol MIT-17, No.8, pp.577-590, Aug.1969.

(3) Podell, A., "A High Directivity Microstrip
Coupler Technique,”" 1970 MTT Symposium Digest,
May 1970, pp.33-36.

(4) Shelton, J.P., J.Wolfe, R.C.Van Wagoner,
"Tandem Couplers and Phase Shifters for Multi-

Octave Bandwidth" Microwaves pp.14-19, April
1965.

(5) Kreyszig, E., "Advanced Engineering Matkematics"
4th edition, John Wiley & Soms,Inc.,pp779-
783, 1979.

(6) Smith, J.I., "The Even- and 0dd-Mode Capacit-
ance Parameters for Coupled Lines in Suspended
Substrate," IEEE Trans.on Microwave Theory and
Techuniques, Vol .MTT-19, No.5,pp.424~431,May
1971.

(7) Garg, R., I.J.Bahl, "Characteristics of
Coupled Microstriplines, "IEEE Trans. on
Microwave Theory and Techniques, Vol .MTT-27,
No.7, pp.700-705, July 1979.

(8) Bryant, T.G., J.A.Weiss, "Parameters of Micro-
strip Transmission Lines and of Coupled Pairs
of Microstrip Lines," IEEE Trans. on Microwave
Theory and Techniques, Vol .MITT-16,No.12,
pp.1021-1027, Dec. 1968.

(9) Presser, A., "Interdigitated Microstrip
Coupler Design," IEEE Trans. on Microwave
Theory and Techniques, Vol.MIT-26,No.10,
pp.801-805, Oct. 1978.

(10) Getsinger, W.J., "Dispersion of Parallel
Coupled Microstrip, " IEEE Trans. on Micro-
wave Theory and Techniques, Vol.MTT-21,
pp.145-146, 1973.

0.0 0.2 0.4 0.4 0.8

Fig.2. Cubic splines for 2 coupled lines at =0.0.
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Fig.3. Cubic splines for interdigitated coupler
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Fig.6. Continuous physical parameters.

Fig.7. Mask and photograph of -3 dB tandem coupler.
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Fig.8. Measured coupler performance, (a) Coupled
ports, (b)Return Loss, (c) Isolation, (d)
Phase difference between coupled poris,
and (e) Measured isolated port with open
circuited coupled ports.



