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Abstract

Microstrip coupled line is parallel coupled transmission lines formed by
coupling two conducting strips (resonator) with the same width together at a
certain distance. This paper presents the design of microstrip directional coupler
without the prior knowledge of the physical geometry. A general configuration
directional coupler will be determined by creating a layout in the Agilent
Advanced Design System (ADS) and momentum. In order to perform
simulation, a substrate as well as metallization and mesh should be defined.
Hence, the required s-parameter response of the coupler could be obtained. The
design will then fabricate on top of RT Duroid 6010 substrate, and finally
undergo measuring through Vector Network Analyzer (VNA) to evaluate their
S-parameter characteristics. Simulated results show insertion loss, isolation,
coupling (10.82 dB), and return loss were within the acceptable limits.
Directivity of better than 23 dB was achieved in the simulated response. The
coupling (9.99 dB) of fabricated circuit shows a good agreement with the
required specification (10 dB), but the directivity 10.61 dB is quite low in
practice. The reason for the discrepancy could, however, due to discontinuities,
measuring errors, and fabrication error. However, coupling values show a good
agreement between the simulation and measured results.
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1. Introduction

The microstrip is a mixed dielectric system or inhomogeneous, having solid
dielectric below, and air above as demonstrated in Fig. 1. These mixed systems
can only support multi-modal propagation behaviour at any particular frequency,
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Nomenclatures

C Coupling, dB

dB Decibel

E Electric field, V/m

F Centre frequency, GHz

GHz Giga hertz

H Substrate thickness, mm

I/L Length, mm

S Scattering parameter

s Spacing, mm

St Return loss, dB

S1 Coupled signal, dB

S31 Isolation , dB

Si Transmitted signal (transmission)
w Width, mm

Z, Output impedance,

Ze Even-mode output impedance, Q
Zoo Odd-mode output impedance, Q
Greek Symbols

be Even-mode phase constant

. Odd-mode phase constant

& Substrate permittivity, As/Vm
I, Even-mode reflection coefficient
r, Odd-mode reflection coefficient
Abbreviations

ADS Advanced Design System
MCLIN  Microstrip Coupled Line

MLIN Microstrip Line

PCB Printed Circuit Board

SMA SubMiniature version A

TEM Transverse Electro-magnetic
VNA Vector Network Analyzer
VSWR  Voltage Standing Wave Ratio

due to the discontinuity in the electric structure. In other words, the structure does
not support pure TEM wave.

The field patterns in a microstrip are such that the bulk of the energy is
transmitted in a TEM like mode, and this approximation is often made, so
propagation in microstrip is often referred as ‘quasi-TEM’ [1]. TEM stands for
Transverse Electro-magnetic, and means that the electric and magnetic fields are
entirely directed in a plane transverse to the direction of propagation.

Parallel coupled line couplers are widely used for many wireless and
microwave applications because they can be easily implemented and incorporated
with other circuits. Microstrip coupled line is parallel coupled transmission lines
formed by coupling two conducting strips (resonator) with the same width
together at a certain distance, as depicted in Fig. 2 [2]. The odd- and even-mode
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characteristic impedance can be analyzed by individual even-mode and odd-mode
circuits. It should be noticed that, phase velocity of even-mode is greater than
odd-mode phase velocity due to more of the odd-mode electric fields (F) travels
in the air. Then, the wavelength of individual mode is absolutely different from
each other [3].
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Fig. 1. Microstrip line.
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Fig. 2. Top view of two port parallel coupled line.

The analysis of a coupled transmission line can be described by S-parameter in
order to observe the coupling characteristics. As shown in Fig. 3, all ports are
labelled, and are all terminated in the system characteristic impedance Z,. In this
case, it is assumed that the two lines have the same characteristic impedance, and
so the whole structure is symmetrical. If port 1 is the input port, then the
characteristics can be determined by derivation based on the four ports, as shown
in Eq. (1).

1122,5‘2122,5‘3122,S41:E (l)

a a a a

where S| is the return loss, S, is the coupled signal, S, is the isolation and S is
the transmitted signal (transmission). Each of even-mode and odd-mode has
associated characteristic impedance and phase constant, Z,, and S, for the even
mode and Z,, and f, for the odd mode. The derivations for the above four
parameters are complex and mentioned in many published sources [4-15]. The
final definitions are expressed as Eq. (2).
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where I', is the even-mode reflection coefficient, I', is the odd-mode reflection
coefficient, 7, is the even-mode transmission coefficient and 7, is the odd-mode
transmission coefficient.

b,

b, 4_1

Fig. 3. Asymmetrically excited pair of coupled line.

For the ideal coupler, the value of phase constant of each odd and even mode
are similar and S;; = S3; = 0. The power will split between ports 2 and 4 with a
90° phase shift between the signals. This is called a quadrature hybrid coupler.
Due to symmetry, power input into port 4 splits between ports 1 and 3 with 90°
phase shift, input to port 3 splits between ports 2 and 4, etc [16]. However, when
implementing the directional coupler in microstrip transmission line, the effect of
phase velocity difference between even and odd mode exhibits poor directivity.
The directivity is a measure how well coupler can isolate two signals. Higher
directivity results in better measurement accuracy. As a result, it is the most
designed parameter for accurate measurement systems. However, it is a great
challenge to preserve directivity, amount of desired coupling level, low Voltage
Standing Wave Ratio (VSWR) [17] and insertion loss for wideband microwave
applications [18].

In this paper, a simple design procedure is used with model approximation
formulation. It comprises a complete design of symmetrical two-line microstrip
directional coupler. However, the physical length of the coupler is initially
unknown. The only information that can be obtained is port impedances, required
coupling level, and operational frequency at the initial stage of the design. Thus,
this requires several iterations to finalize the design.

2. Design of Directional Coupler

The geometry of a parallel coupled line directional coupler is as shown in Fig. 1.
As it is outlined in the introduction section, we assume that port impedance Z,,
coupling and the operational frequency are known parameters at beginning of the
design. The initial specifications for the designed directional coupler are shown in
Table 1. Based on the known parameters, the proposed procedure has the
following steps.
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Table 1. Directional coupler designed specifications.

Parameter Value
Coupling, C 10dB
Centre frequency, f 12 GHz
Substrate permittivity, &, (RT Duroid 6010L.M) 10.2
Substrate thickness, & 0.635 mm
Copper thickness, ¢ 17 pm
Tan J 0.0012 at 10 GHz

2.1. Step 1: Find even and odd mode impedances

The equations used in the design are based on transmission line model
approximation. The even and odd mode impedances, Z,, and Z,,, of the microstrip
coupler can be found as

1-10°¢/2

Z,, = ZHX\/W (3)
1410792

Z, = ZOX][W 4

where Z, is the network characteristic impedance of 50 Q [19] and C is the
forward coupling requirement in decibels. The value of coupling (C) then

substitutes into Eqs. (3) and (4), the values of Z,, and Z,, are 69.37 Q and 36.04
Q, respectively.

2.2. Step 2: Agilent ADS simulation

All the values and the specifications in Table 1 were included as the data in the
Advanced Design System (ADS) electronic software. The software simulated the
data and automatically calculated the dimensions of Microstrip Coupled Line
(MCLIN) and Microstrip Line (MLIN) by using ‘linecalc’ tool bar. Table 2 shows
the dimensions of MCLIN and MLIN. With these geometric dimensions, the
physical structure can be modelled with the inventory of the circuit element
provided, as shown in Fig. 4. In order to accomplish a best simulation result as
specifications required, several iterations had been done accordingly.

With the Agilent ADS, its schematics diagram layout is closely integrated
with momentum layout of the designed circuits. The layout of directional coupler
circuit is automatically generated. Any changes of the schematic diagram will be
affected in the momentum layout. Figure 5 shows the momentum layout of
passive directional coupler.

Table 2. Dimensions of MCLIN and MLIN.

Parameter MCLIN MLIN
Width, w 0.487239 mm 0.596374 mm
Length, / 2.4168 mm 2.33598 mm
Spacing, s 0.239712 mm
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Fig. 4. Schematic diagram of directional coupler.

2.3. Step 3: Directional coupler fabrication

As can be seen, several microstrip corner pads have been added in the schematic
diagram to avoid coupling effect between arms and also the distance between
arms become wider. Hence, the respective arms can attach or connect to the
SubMiniature version A (SMA) connector during fabrication [20]. The layout will
be printed and fabricated on top of RT Duroid 6010 material with ¢,= 10.2 and
the thickness, # = 0.632 mm.
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Fig. 5. Momentum layout of directional coupler.

3. Results and Discussion

It is a great challenge to preserve an amount of desired coupling level, high
directivity and low insertion loss for microwave applications. The directivity is a
measure of how effective the directional coupler is in “directing” the coupled
energy into the coupled port, but not into the isolation port. Ideally, directivity is
infinite, so the higher the directivity, the better the device is.
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Fig. 6. Simulated result of directional coupler.
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As simulated result shown in the Fig. 6, the value of coupling (S,;) is 10.819
dB at 12 GHz. It is slightly greater than of the required coupling specification.
The differences in coupling factor due to the physical length, width, and spacing
between microstrip of the directional coupler circuit computed from simulation
process compared with design procedure with accurate formulation. Furthermore,
the design procedure only depends on the knowledge of required coupling level,
the port impedances that directional coupler will be connected to, and operational
frequency [21]. However, all the results such as insertion loss, isolation, coupling
and return loss were within the acceptable limits. Directivity of better than 23 dB
was achieved in the simulated response. Furthermore, the error of coupling factor
of the simulated result compared to required specifications is 8.19% and is
considerably small.

Fig. 7. Directional coupler fabricated circuit.

In order to prove the design, a coupler corresponding to Fig. 5 is fabricated on
RT Duroid 6010 substrate as per photograph given in Fig. 7. The fabrication was
measured by using Vector Network Analyzer (VNA) [22], as shown in Figs. 8, 9,
and 10. Isolation is plotted instead of directivity to give better graphical view and
directly be calculated at any point by subtracting coupling factor from it [23]. There
is a good agreement between the simulation results and measured one. It can be
seen clearly that measured coupling (9.99 dB) shows a better result compared to
simulated result and almost fulfil the specification requirement (10 dB). In spite of
that, the isolation response (20.6 dB) of measured coupler indicates lower
performance compared to the simulated result (about 34 dB). By subtracting the
measured result between isolation and coupling, the result exhibits low directivity
(10.61 dB) which is not suitable for measurement systems accuracy.

The reason for the discrepancy could, however, due to discontinuities and
measuring errors which are not taken into account [24]. Error in fabrication could
be another possible source of discrepancies to the measured result. The difficulty
encountered in fabrication is to ensure that the thickness of copper conductor
exactly at 17 um according to the simulation done earlier and also as notified in
the standard procedure. As the printing carried out, the copper thickness and
pattern follow the screens that had been produced earlier.
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Fig. 8. Isolation result.
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Fig. 9. Insertion loss result.
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Fig. 10. Coupling result.

4. Conclusions and Recommendations

In this paper, the design of microstrip directional coupler is presented by a simple
design procedure. The validity of the design circuit is verified by comparing the
simulated and measured responses. The coupling (9.99 dB) of fabricated circuit
shows a good agreement with the required specification (10 dB) [25], but the
directivity results 10.61 dB which quite low in practice. There is a good
agreement regarding coupling factor between the simulation results and measured
one. However, the directivity of the measured result was not within acceptable
limit compared to the simulation one. The main important parameter in achieving
good coupling is the gap of the coupled resonators should be very small. Hence,
the coupling gap should be adjusted manually during simulation.

The higher frequency operating is, the smaller the circuit. In that case, the
designed 12 GHz dielectric coupler might be influenced by more serious sources
of error when fabricated in Printed Circuit Board (PCB) technology. Therefore,
thick film technology could be utilized in order to provide better accuracy in
circuit fabrication and yield better performance.
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