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Slot-Coupled Directional Couplers Between
Double-Sided Substrate Microstrip Lines

and Their Applications

TOSHIAKI TANAKA, MEMBER, IEEE, KIKUO TSUNODA, MEMBER, IEEE, AND

MASAYOSHI AIKAWA, MEMBER, IEEE

Abwract —This paper describes a slot-coupled microstrip directional

coupler and its application to a planar mnltiport directional coupIer (MDC).

This slot-coupled microstrip directional coupler can be easily applied to

tight coupling, such as 3 dB. A 4-port planar MDC fabricated by combin-

ing these conplers is described. Slot-coupled MDC’S have many useful

applications, such as beam-forming networks and multipnrt amplifiers.

I. INTRODUCTION

c OMPARED to waveguide circuits, microwave inte-

grated circuits (MIC’S) are more versatile because of

their small size, light weight, and low cost. Recently,

MIC’S have been applied to such high-frequency circuits as

millimeter-wave circuits and submillimeter-wave circuits

[1]. A microstrip line is the basic transmission line for a

conventional MIC. Many analyses of microstrip line char-

acteristics have been reported [2]. Directional couplers

using microstrip lines, such as quarter-wavelength

parallel-coupled stripline directional couplers and branch

line directional couplers, are common. However, parallel-

coupled microstrip directional couplers cannot be easily

used for tight couplings. Branch line directional couplers

can be used for tight couplings, but need larger areas than

parallel-coupled microstrip directional couplers.

This paper first proposes a simple design method for a

slot-coupled directional coupler consisting of two mi-

crostrip lines which couple through a rectangular slot in a

common ground plane [3]. The proposed slot-coupled di-

rectional coupler can be applied to both loose couplings

(such as 10 dB) and tight couplings (such as 3 dB).

Next, the useful application of this coupler to a planar

multiport directional coupler (MDC) is described. MDC’S

are very useful circuits. For example, beam-forming net-
works [4] and multiport amplifiers [5] can be constructed

by mounting active circuits such as phase shifters and

power amplifiers between two MDC’S. MDC’S are fabri-
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Fig. 1. Cross-sectional view of double-sided substrate MIC configuration

cated by combining directional couplers, but it is difficult

to make planar MDC’S using conventional directional cou-

plers because of complicated wiring such as microstrip line

crossovers. An effective planar configuration :MDC can be

easily made by combining slot-coupled directional cou-

plers. A planar MDC is advantageous in view of its easy

design and fabrication.

II. CONSTRUCTION OF A SLOT-COUPLED

DIRECTIONAL COUPLER

A cross-sectional view of a so-called doublle-sided sub-

strate MIC is illustrated in Fig. 1. Its transmission lines

and other circuit patterns lie on opposite sides of a com-

mon ground plane inserted between layers of dielectric

material. Transmission lines on each side are shielded from

those on the other side by the ground plane, and there is

no interaction between them. The slot-couple{i directional

coupler is one of the elements of the double-sided sub-

strate MIC.

A cutaway view of the slot-coupled directional coupler is

illustrated in Fig. 2. The microstrip lines are coupled

through a slot in the common ground plane. The coupling

lengths of the slot and the coupling strip are both equal to

a quarter of the rnidband wavelength. The operating prin-

ciple of this slot-coupled directional coupler is essentially

the same as that of a quarter-wavelength parallel-coupled

stripline directional coupler.
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Fig. 2. Cutaway view of slot-coupled directional coupler.
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Fig. 3. Schematic
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In designing
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expression for (a) even- and (b) odd-mode electric
fields in the coupling region.

DESIGN OF THE SLOT-COUPLED

DIRECTIONAL COUPLER

the slot-coupled directional coupler, the

even- and odd-mode characteristics in the coupling region

must be evaluated. Fig. 3 gives a schematic expression of

the even- and odd-mode electric fields. The wavelength

and the characteristic impedance of each mode are calcu-

lated by quasi-TEM wave analysis. Using this method, the

capacitance value per unit length must be calculated. To

do this, the finite element method (FEM) is adopted. The

wavelengths (A ~= of the even mode, X ~0 of the odd mode)

and the characteristic impedances (Z= of the even mode,

ZO of the odd mode) are calculated using the capacitance

values per unit length (Ce of the even mode, COof the odd

mode) as follows:

where ~0

I’_Age= A. ~
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Fig. 4. (a) Characteristic impedance and (b) normalized wavelength of

even and odd modes.

per unit length of the even and odd modes without dielec-

tric material, and A ~ is wavelength in free space.

Fig. 4 shows the calculated characteristic impedances

and normalized wavelengths for the even and odd modes

for the case where the relative permittivity ~, of dielectric

material is 2.5. The coupling slot plane is an electric wall

in the odd mode and a magnetic wall in the even mc~de.

Because the odd-mode electromagnetic field is the same as

that of the microstrip line, the odd-mode characteristic

impedance is determined by the W/T ratio and e,, where

W is the coupling strip width and T is the substrate

thickness, and it is independent of the coupling slot

width G.

The design procedure is as follows:

1) Calculate the even-mode characteristic impedance Z=

(Q) and the odd-mode characteristic impedance ZO

(Q) for the desired coupling C (dB) according to the

following equatic,ns [6]:

()Ze – Z.
C (dB,) = – 2010g10 z + ~

eo

COCCOOare capacitance values
Z. (Q) = /zezo
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TABLE I

DESIGN VALUES OF SLOT-COUPLED DIRECTIONAL COUPLERS

A

Coupling
Characteristic Impedance [ohml I)imension [mm!

{dBl
even-mode odd-mode w’ G 1.

3.0 120.5 20.7 7.3 10.2 36.4

6.0 86.7
I

28.8 4.8 5.6 35.6

10.0 69.4 36.0 3.5 3.4 I 35.1

Center frequency: 1.5 GHz.

Relative permittivity: 2.5.

Substrate thickness (T): 0.8 mm.

Fig. 5. Photograph of 3 dB slot-coupled directional coupler,

where 20 is transmission line characteristic im-

pedance.

2) Determine thecoupling strip width Wcorresponding

to Zo.
3) Determine the coupling slot width G corresponding

to 2=.
4) Determine the coupling length L, equal to the arith-

metic mean of the even- and odd-mode quarter wave-

lengths:

Age + Ago
L=

8“

IV. PERFORMANCE OF THE SLOT-COUPLED

DIRECTIONAL COUPLER

Table I shows the design values of even- and odd-mode

characteristic impedances and the coupling region dimen-

sions of 3 dB, 6 dB, and 10 dB directional couplers. The

values of ~, G, and L are calculated at a center frequency

of 1.5 GHz, where substrate thickness is 0.8 mm and the

relative permittivity c, is 2.5. A photograph of a fabricated

3 dB coupler is shown in Fig. 5. Figs. 6 through 8 show the

frequency performance of these directional couplers. Table

II shows the measured results for coupling, return loss, and

isolation obtained in the range of 1.2–1.8 GHz. For these

couplers, more than 25 dB return loss and more than 28

dB isolation were obtained over the 1.2–1.8 GHz range, as

shown in Figs. 6 through 8. The measured coupling results

for these couplers closely matched the calculated results.

Frequency [GHzI
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Fig. 6. Frequency characteristics of a 3 dB slot-coupled directional
coupler. (a) Coupling. (b) Return loss and isolation,
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Fig. 7. Frequency characteristics of a 6 dB slot-coupled directional

coupler. (a) Coupling. (b) Return loss and isolation.

V. APPLICATION FOR MDC’S

A. Construction of i14DC’s

A 2“-port MDC (n= 1,2, . ..) can be constructed by

using n 2“ – 1 directional couplers [7], where 2“ is the num-

ber of input ports or outputs ports. A typical MDC

configuration is shown in Fig. 9. To construct a 2n-port

MDC, two 2n - l-port MDC’S are set parallel at the input

port, and then the output ports of a 2“ - l-port MDC are

coupled through a 2-port MDC with those of another

2n - l-port MDC.
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Fig. 8. Frequency characteristics of a 10 dB slot-coupled directional

coupler. (a) Coupling. (b) Return loss and isolation.

TABLE II
MEASURED RSSULTS OF SLOT-COUPLED DIRECTIONAL COUPLERS

I I I

Coupling [dBJ
Measured results [dBJ

(Design )
Coupling Return loss Isolation

3.0 3.2 fo.z 25 min. 28 min.

6.o 6.2f0.2 25 min. 28 min.

10.0 10.2 *O.2 25 min. 28 min.

Frequency range: 1.2-1 .8 GHz.

It is difficult to make an effective planar configuration

MDC with conventional microstrip directional couplers

because microstrip line crossovers are needed to connect

the ports. Some undesirable effects, such as interactions

and transmission phase error, occur at microstrip line

crossovers.

A combination of slot-coupled directional couplers,

however, makes it possible to construct a planar 2n-port

MDC without microstrip line crossovers. Fig. 10 shows

examples of 4-port and 8-port planar MDC configurations

using slot-coupled directional couplers. Solid lines show

the microstrip lines on one side and broken lines show

microstrip lines on the other side. Microstrip line crossovers
on the same plane can be avoided with this configuration.

Fig. 11 shows the general configuration of a 2“-port

MDC. It contains two 2’-1 -port MDC’S (#1 and #2).
Half of the output ports of #1 and #2 are on one side

and half are on the other side. To construct a 2“-port

MDC, each output port on one side of #1 MDC is

coupled to a corresponding output port on the other side

Fig. 9.
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Typicaf MDC configuration. (a) 2-port MDC. (b) 4-port MDC.

(c) 8-port MDC.
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Fig. 10. (a) 4-port and (b) 8-port MDC configurations,

of #2 MDC. As shown in Fig. 11, these couplings are

made using slot-coupled directional couplers without mi-

crostrip line crossovers. Moreover, it is possible to connect

transmission lines from the coupling regions to the 2“-port

MDC’S output port positions without microstrip line

crossovers on the same plane.
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Fig. 12. Circuit pattern of a fabricated 4-port MDC. (a) Pattern of

substrate surface. (b) Pattern of ground plane.

B. Performances of MDPs

When MDC’S are used for beam-forming networks or

multiport amplifiers, the electrical line lengths between

input and output ports must be designed to be exactly

equal. If an MDC is made by planar construction, electri-

cal line lengths are easily adjusted to the desired value by
designing microstrip line lengths between input and output

ports.

The circuit patterns of a fabricated 4-port MDC are

shown in Fig. 12. The microstrip length between input and

output ports on this pattern is designed so that the electri-

cal line lengths are equally set. The pattern is the same on

each side, so it is easy to make the electrical line lengths

equal in order to obtain good performance.

Fig. 13 shows a photograph of a fabricated 4-port MDC.

The coupling strip width (W), coupling slot width (G),

and coupling lengths (L) at the coupling region are the

same as those of a 3 dB coupler. The dimensions of the
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Fig. 14. Frequency characteristics of a planar 4-port slot-coupled MDC,

(a) Coupling, (b) Return loss and isolation.
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Fig. 15. Construction of a beam-forming network using MDC’S.

fabricated 4-port MDC are 150X 180 mmz. The frequency

performance of the 4-port MDC is shown in Fig. 14.

Couplings of 6.4+ 0.4 dB with more than 25 dB return loss

and more than 30 dB isolation were obtained for the

4-port MDC over the 1.2-1.8 GHz frequency band. The

measured coupling results for the 4-port MDC closely

matched the calculated results.

Fig. 15 shows an example of a beam-forming network

using four-port MDC’S. If the electrical line lengths be-

tween input and output ports of the 4-port MDC are
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exactly equal, the power from one input port transmits to

only one corresponding output port by setting specific

phase values of the phase shifters between two MDC’S.

For example, where the phase value of each phase shifter is

0°, the power from one input port transmits to only one

output port.

The measured results of connecting two MDC’S are

shown in Fig. 16. In this configuration; each phase shifter

shown in Fig. 15 is set to 0°. As shown in Fig. 16, input

power from input port 1 transmits to only one output port,

which shows that the fabricated 4-port MDC’S have uni-

form input–output electrical line lengths.

VI. CONCLUSION

A design for a slot-coupled directional coupler between

two microstrip lines coupling through a rectangular slot in

a common ground plane has been proposed and fabricated

for the 1.5 GHz band. The experimental results of the

slot-coupled directional coupler have been described. The

measured results of both tight coupling and loose coupling

closely matched the calculated results. A planar multiport

directional coupler (MDC) configuration designed by com-

bining slot-coupled directional couplers has also been pro-

posed. The measured results for the 4-port MDC closely

matched the calculated results. An effective planar slot-

coupled MDC can be easily fabricated and has many

useful applications, such as in beam-forming networks and

multiport amplifiers.
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