0-3

ACCURATE DESIGN OF MICROSTRIP DIRECTIONAL COUPLERS
WITH CAPACITIVE COMPENSATION

By Michael Dydyk

Motorola, Inc. Government Electronics Group, 8220 East Rooseveit Street Scottsdale, Az 85252
(602) 441.2074

ABSTRACT

This paper presents an accurate design of microstrip directional
couplers with high directivity using capacitive compensation. The
method utilizes symmetry analysis and equivalency principals to de-
velop closed form solutions of the compensating capacitance and a
new odd mode characteristic impedance necessary to realize an
ideal microstrip directional coupler. The design approach is valid for
any degree of coupling thereby overcoming limitations of previous
approaches to this design concept.

1 INTRODUCTION

Quadrature directional couplers consisting of parallel-coupled mi-
crostrip transmission lines are used extensively because they are
easily incorporated in microwave and millimeter wave integrated hy-
brid monolithic circuits.

Microstrip transmission line has an inhomogeneous dielectric—partly
dielectric substrate, partly air. For this reason, odd and even mode
phase velocities are unequal. This inequality manifests itself in the
couplers poor directivity. The directivity performance becomes
worse as the coupling is decreased, or as the dielectric permittivity is
increased [1].

There are several methods of improving the directivity of such cou-
plers, i.e., serrate the gap between the conductors [2], adding
lumped capacitors at each end of the coupler [3] and selecting two or
more different permittivities and their thicknesses for the multi-leve!
substrate [1].

The second method has been analyzed by Schaller [3] and Kajfez
[4]; however, the analysis is only approximate. The developed
equations for the capacitance determination are nearly true for tight
coupling; however, the center frequency prediction is lower than
desired. This necessitates foreshortening of the coupled section.
Further, for loosely coupled sections, the equations are no longer
valid.

This paper addresses the development of design equations for the
capacitively compensated directional coupler with ideal directivity
using symmetry and equivalency techniques. The approach gener-
ates closed form solutions for the compensating capacitance and a
new odd mode characteristic impedance necessary to realize an
ideal microstrip directional coupler. The results provide accurate de-
signs of quadrature microstrip directional couplers valid for tight and
loosely coupled sections.

it METHOD OF ANALYSIS

The capacitively compensated microstrip directional coupler consists
of two symetrical inner conductors with a ground plane of length [,
separated by a dielectric substrate with relative dielectric constant
£r.At the edges of the coupled section, there are two lumped capaci-
tors as shown in Figure 1.
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FIGURE 1. Capacitively Compensated Microstrip Directional
Coupler

The method of analysis makes use of the physical symmetry of this
directional coupler. By applying symmetric (even mode) and an-
tisymmetric (odd mode) excitation to two collinear ports of the direc-
tional coupler, the four-port problem is reduced to that of solving
two, two-port problems. The two, two-ports to be analyzed are
shown schematically in Figure 2. The coupled region is character-
ized by two transmission lines with characteristic impedances,Zgo
and Z ge, and two effective relative dielectric constants, €effo and

€offe. The second subscript refers to odd and even modes respec-
tively. Notice that the compensating capacitors do not affect the
even mode representation.

The standard procedure is to describe these two circuits using the
ABCD matrix notation as:

AB = COS@e jZoe Sin@e (1)
CDle |jYoeSinBg  CosBe

C0s0p - Zoo2wCSin@g iZoo Sin®g ©)
j(4wCCos®o +(Yoo-Zoo (20)C)2)Sin®0) C0800-20C ZaoSing
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Then, these matrices are used in developing the overall scattering
matrix for the directional coupler.

Directivity, the performance characteristic of concern, is defined as
the difference between isolation and coupling expressed in dB.
Both of these characteristics are deduced from the scattering matrix
of the directional coupler, i.e.

Isolation = 20 log1g ( IS%SI) @)

Coupling = 20 log{o (lsﬁ) 4)

Directivity (D), is then given by

S
D =201og10 G—S}—?SD

in this paper, a very important deviation is introduced; that is, to find
an equivalency between the actual realization and the ideal odd
mode representation. This description is depicted in Figure 3.
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FIGURE 2. Directional Coupler with Capactive Compensation
a) Even Mode Equivalent Circuit

b) Odd Mode Equivalent Circuit
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FIGURE 3. Equivalence Between Actual And Ideal Odd Mode Representation

where

Zooa

Zooi

actual odd mode characteristic impedance
ideal odd mode characteristic impedance
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® = actual odd mode electrical length of the
coupled section
®g = even mode electrical length of the

coupied section



Observe that the ideal odd mode electrical length is made equal to
the even mode electrical length. Further, the actual characteristic
impedance of the odd mode is different from the ideal. The ABCD
matrix representation is chosen to find the conditions that will satisfy
this equality. Specifically, each entry of the ABCD matrix network are
equated and conditions determined. The matrix description for the
actual odd mode representation are given by Equation (2) and for
the ideal representation by

28l

Equating the A and B element entries in Equations (2) and (6), we
get

Cos®¢
iYooi Sin®¢

Zo0iSin©g ®
COS@e

Cos®g = CosBg - 20 C Zgo Sin®p (7)
Zoo Sin®g = Zooj SinGg (8)
Combining (7) and (8)

CosBg = CosBg - 20 C Zgpj Sin@g

and recognizing that at the center frequency

Bg = /2 9)
then
Cos@q
- 10
20 C Zooi ( )
Since

2n b1 €effo
8= 1= -~*\/— (11
Ao 2 N sfe

The compensating capacitance dependency becomes

Eeffo
C = Cos T
(2 \J Eiffe }

2Zpoi00

(12)
The actua! odd mode characteristic impedance is deduced to be

Zooa= Zooi (13)

2
T €effo
1- [Cos (2'\’ —Seffe )J

Equation (7) demands that Zogg be higher than Zgej. To achieve
this, the inner-conductor must became narrower and the separation
must increase to keep the even mode characteristic impedance con-
stant. This of course, is possible, as the example undertaken later
will demonstrate.

With this equalization, at the center frequency at which the direc-
tional coupler is designed to operate, we find that Equations (1) and
(2) reduce to:

A Bl =|0 e (14
C Dle [|iYoe O
and
_r. O Zooi
é g o (jY°°i © ) (s
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This is identical to an ideal directional coupler with the following S~
parameters.

o] k V1-k2 0
K 0 o N1k

(8)= (16)

V12 0 o k

o] V1-k2 k 0

\

k=—§§§—:§§% (17)
Zo =VZoeZoo (18)

The fact that the isolation (S14) is zero, leads to infinite directivity. Of
course, it is understood that this ideal directivity will degrade when
losses are introduced and frequency departs from design center.

lil. APPLICATION OF THEORY

The use of the developed formulas will be demonstrated via a design
example of an edge coupled microstrip directional coupler. The
substrate properties to be used in this example are shown in Table 1.

TABLE 1. Substrate Properties for Microstrip Transmission Line

Application
PARAMETERS VALUES
Er 9.6
h 635 um
1 3um

Table 2 shows the pertinent information regarding the microstrip
directional coupler requirements and coupled line realizations for
both uncompensated and compensated structures. EEsof's
LineCalc software was used to generate the coupled line structure
characteristics.

TABLE 2. Properties of Coupled Line Uncompensated and
Compensated Microstrip Directional Coupler

PARAMETERS | UNCOMPENSATED COMPENSATED
Center Frequency 12.0 GHz 12.0 GHz
Coupling (dB)

Desired -7.0 dB -7.0 dB

Achievable —7.25 dB -7.0 dB
Zo 50 ohms 50 ohm
Zoe 80.85 ohms 80.85 ohms
Zog 30.92 ohms 31.71 ohms
geffe 7.20 7.20
geffo 5.31 5.32
w 443.7 um 440.2 um
S 80.8 um 89.4 um
L 2504.9 pm 2326.9 um
Directivity

Desired Infinite infinite

Achievable 13.25 dB Infinite




Using the uncompensated results of Table 2, Equations (12) and
(13) and calculating the compensating capacitance, the actual odd
mode characteristic impedance and the length of the coupled sec-
tion based on the even mode velocity of propagation can be
derived. The results are:

1 . /5.31
C= Cos (5 \/— = .047 pt
am x 12 x 109 x 30.92 “=E NV7.2) p

(19)

30.92

Zooa = =31.71 ohms (20)
2
r .| 5.31
'\[1‘(“5 GN 72 ))
12—3%10%  _uog0um @1)
4x12V72

To achieve the same even and different odd mode characteristic
impedance, compared to the uncompensated case, it was necessary
to reduce the inner conductor width and increase the separation be-
tween conductors. These modifications cause third order changes
in the effective dielectric constant of the coupled structure. If these
changes were more significant, it would be necessary to go through
another iteration of the design cycle.

Scrutiny of results indicates ideal directivity for on-frequency opera-
tion, and no change in coupling value.
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IV.CONCLUSIONS

Microstrip directional couplers suffer from poor directivity because of
inhomogeneous dielectric, i.e., partly dielectric substrate, partly air.
For this reason, odd and even modes excited in the coupled region
exhibit different velocities and consequently different wavelengths.
it is possible to compensate for this inequality by introducing lumped
capacitors at the edges of the coupled region. Attempts at accurate
theoretical design of these couplers, for any degree of coupling,
have not been very successful.

This paper fills the void, by presenting an accurate approach to the
design of microstrip directional couplers with high directivity using
capacitive compensation. The method is valid for tight and loosely
coupled structures and overcomes all limitations of previous ap-
proaches to this design concept. The method is validated via a de-
sign example.

V. REFERENCES

S.L. March, "Phase Velocity Compensation in Parallel-
Coupled Microstrip" 1982 MIT Symposium Digest, June 1982,
pp. 410-412,

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

G. Schaller, "Optimization of Microstrip Directional Couplers
with Lumped Capacitors", A.E.U. Vol. 31, July-Aug. 1977, pp.
301-307.

D. Kajfez, "Raise Coupler Directivity with Lumped
Compensation"”, Microwaves, Vol. 27, March 1978, pp. 64-70.

M

@
&)

4



