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An Interdigitated 3-dB Coupler
with Three Strips

VOLKER TULAJA, BURKHARD SCHIEK, axp JURGEN KOHLER

Abstract—An interdigitated microstrip coupler on alumina substrate
with three strips and two bond wires is described that provides an alterna-
tive to the four-strip Lange coupler. The useful coupling range is between
3 and 6 dB. Experimental results for a 3-dB coupler in the frequency range
4.5-9 GHz are presented together with theoretical results for 3-5-dB

coupling.

I. INTRODUCTION

HE interdigitated microstrip 3-dB coupler as first

described by Lange [1] has now been widely accepted
[2], [3]. However, the interdigitated coupler needs four
bond wires, when it is designed to have the direct and the
coupled ports adjacent, and half the bonds are within the
structure, where the space is limited. This leads to techno-
logical problems at higher microwave frequencies, when
standard thin-film and bond techniques are applied. In
addition an “unfolded” Lange coupler has been proposed
[4] that only needs two bond wires. This structure, how-
ever, does not have the direct and coupled ports adjacent.

We therefore raised the question whether it might be
possible to obtain 3-dB coupling in thin-film technique
with only three strips instead of four. This is, indeed, the
case, as shall be shown below.

A design with the direct and coupled ports adjacent is
shown in Fig. 1. Only two bond wires are needed and
additional space may be provided for the bondings (Fig.
1). The gap width for this type of coupler on an alumina
substrate 0.51 mm thick is in the order of 20 pm, which
can be realized with present technology. Of course, a
backward coupler design is also possible. Furthermore the
interdigitated coupler with three strips seems to be partic-
ularly suited to achieve coupling values between 3 and 6
dB.

A similar structure has already been suggested [5] and
—8.34 dB coupling was realized in stripline.

II. THEORETICAL APPROACH

A. General Considerations

In a system of three coupled microstriplines, there exist
three independent modes with different phase velocities. If
we assume a symmetrical structure, the modes can be
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Fig. 1. Calculated geometrical layout of an interdigitated three-strip

3-dB coupler. Substrate thickness 0.51 mm; Al,O,; €, =10.

characterized as follows: I: quasi - even mode, II: quasi -
odd mode, II1: odd mode between outer conductors (the
middle conductor is at ground potential). Further infor-
mation about this structure is given in [6].

Modes I and I1 can be described as “natural” modes of
the coupler. Mode III is supposed to be suppressed by the
boundary conditions that are imposed by the bonding
connections. In order to optimize the coupler over a given
frequency band, we have three degrees of freedom, i.e.,
(Fig. 1) w,/h (relative width of the outer strips), w,/h
(relative width of the middle strip), s/h (relative spacing
between strips), where % is the thickness of the substrate.
The permittivity e, is determined by the selected material,
and the length / of the coupler determines the midband
frequency.

From a physical viewpoint the coupler can be consid-
ered as two parallel-working two-line couplers. Unfor-
tunately this does not lead to a simplification, because
these two-line couplers have a magnetic wall at one verti-
cal boundary. Results for such couplers are not known
and therefore a proper analysis of the given system was
necessary.

B. Computation of the Performance

The structure is not too complicated for a computer
analysis of the scattering parameters at the four-ports. The
only simplification made was the quasi-TEM assumption,
which, as is well known, leads to good results for design
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purposes. From given cross-sectional dimensions, we have
to calculate the distributed static capacitances for the
vacuum and the dielectric filled cases.

We used the “network analogue method” described by
Lennartsson [7], [8]. It is appropriate at this point, to
report about a significant improvement to this method
which has been successfully tested. Lennartsson subdi-
vides the cross section by an equidistant network in both
the horizontal and vertical direction. As this is not neces-
sary [9], we assumed a “network” which had infinitely
small node distances in the vertical direction, while the
horizontal spacing remained finite. This leads to limiting
value formulas for the elements of the matrix [R,,] (see
[8]) and we could spare the time consuming recurrence
algorithm and directly establish [R,,,]. Moreover the com-
puting accuracy was increased. For the special case of
planar strips at only one interface between two dielectrics
€,,€,, we found (nomenclature as in [8])

Rudy= 7ot S b (i-1)
totij N+1k=1pk COS[N+1 i .]]

—cos[%(z#j)]}

with

km €1 4
ANAD | o o P2
Ax Ax

where A, and h, are the thicknesses of the two dielectrics
and Ax is the distance between two network nodes in the
horizontal direction. In the special case of the described
coupler, the term with ¢, degenerates to 1 because of
€,=1, h,=o00.

Having calculated the distributed capacitance matrix
we have to find the admittance matrix [ Y}. A recent paper
by Tripathi [6] gives formulas for this special case, which
can be evaluated directly. The six-port is reduced to a
four-port by bonding the outer strips together at the line
ends. Mathematically this means, that the corresponding
rows and columns in the Y-matrix have to be summed.
Since the Y-matrix of the coupler does not conveniently
describe the coupler performance in a given system, we
form the scattering matrix [S] assuming that all ports of
the coupler are connected to lines with characteristic
impedance Z,,.

1/p, =2sin

(s1=( 5111+ 071) (5 011-171)

In the present case of a reactance network, [S] is of the

form
[S]=[4]""[4]*

which simplifies programming considerably.

C. Optimization and Results

The three parameters w;, w,, and s have been de-
termined numerically for some optimum couplers in a
range from 2.9- to 5.0-dB coupling. The permittivity
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Fig. 2. Calculated performance versus average line angle 6 of the
three-strip 3-dB coupler with parameters as given in Table I (s=
0.0225 mm).

TABLE I
RESULTS FOR £=0.51 mm, ¢,=10

db at midband freq.
o] | wyfmd | wplmmli  Spy 1 S5y | Sy | Br/By | Brp/B,
0.02 [0.05 [0.17 |- 2.86|~ 3.19 |- 35.19] 2.55 | 2.35
%0.0225 || 0.0325 | 0,175 || - 2.98 | - 5.07 | - 3.07| 2.53 | 2.35
0.0325] 0,035 | 0,20 | - 3.46 |- 2.63 | - 2.64] 2.55 | 2.35
0.04 | 0.0375 | 0.215 | = 3.76 | - 2.40 | - 2.40] 2.55 | 2.35
0.045 | 0.0375 | 0.225 | - 3.96 | - 2.26 | - 2.26| 2.56 | 2.35
0.05 |0.0375]0.2325 | - 4.16 | - 2.14 | - 2.14| 2.56 | 2.35
0.06 [o.04 [o0.245 | - .50 |- 1,94 |~ 1.04] 2.57 | 2.35
0.07 [o.06 |o0.255 [~ .86~ 1.77 |- 1.77| 2.57 | 2.35

*Theoretical performance versus frequency is shown in Fig. 2.

assumed was 10.0. For the computation of the capacitance
matrix a scaling of Ax=500 nodes/mm was chosen. The
entire width of the structure has been chosen to be 20
mm, so that N was about 10.000. The selected substrate
material had an 4 of 0.51 mm.

The optimization is simplified by the fact, that the
coupling mainly depends on the spacing s. Therefore, we
took a given s and optimized w, and w, in such a way,
that the reflected and isolated signals were minimized. At
the midband frequency the line length is a quarter wave-
length long for the mean of the two mode phase velocities.
The results for the coupling parameters and the optimum
line widths depending on s are given in Table 1. The
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Fig. 3. Measured performance of a three-strip 3-dB coupler with the
layout as given in Fig. 1.
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isolation and return loss were lower than —25 dB over the
frequency band. The calculated phase difference between
S, and S;; was between 89.9 and 90.15 degrees over an
octave band. An example of the calculated performance
of a 3-dB coupler is given in Fig, 2.

III.

Several couplers have been built for the range 4.5 to 9.0
GHz. The measured results for the coupling and isolation
as well as the input return loss of a practical device are
shown in Fig. 3. Over an octave frequency band, the
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measured return loss was better than 18 dB, the measured
isolation was better than 21 dB and the coupling shows
the typical behavior of a transmission line coupler.

The substrate thickness was 0.51 mm, the substrate
material used was A1,0; and the diameter of the bond
wires was 10 um. All dimensions were obtained from the
theoretical analysis outlined above.

The losses include the connecting lines to the coupler
on a substrate 1 in by 1 in and the coaxial-to-microstrip
transitions. Another layout had a gap width of s~13 pm.
In this case the coupling was stronger, corresponding to
an ideal coupling of 2.5 dB at the midband frequency.
The thickness of the gold layer was 4 ym. ,

To a first approximation, the gap width s only in-
fluences the coupling (Table I). The theory is based on
infinitely thin conductors, whereas in practice the thick-
ness of the gold layer is by no means negligible compared
with s. Therefore, in order to obtain a reproducible cou-
pling, not only the gap width s has to be controlled
carefully, but also the thickness and the edge definition of
the gold layers.
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