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To directly obtain physical dimensions of parallel coupled microstrip lines with a floating ground-plane conductor (PCMLFGPC),
an accurate synthesis model based on an artificial neural network (ANN) is proposed. The synthesis model is validated by using
the conformal mapping technique (CMT) analysis contours. Using the synthesis model and the CMT analysis, the PCMLFGPC
having equal even- and odd-mode phase velocities can be obtained by adjusting the width of the floating ground-plane conductor.
Applying the method, a 7 dB coupler with the measured isolation better than 27 dB across a wide bandwidth (more than 120%),
a 90∘ Schiffman phase shifter with phase deviation ±2.5∘ and return loss more than 17.5 dB covering 63.4% bandwidth, and a
bandpass filter with completely eliminated second-order spurious band are implemented.The performances of the current designs
are superior to those of the previous components configured with the PCMLFGPC.

1. Introduction

The parallel coupled microstrip lines (PCML) have been
widely used in microwave circuits [1] such as directional
couplers [2, 3], phase shifters [4], and filters [5, 6]. For the
traditional PCML, the coupling factor is mainly dependent
on the spacing between the two coupled microstrip lines and
the dielectric constant of the used substrate. When using the
general printed circuit board (PCB) fabrication technology,
it is difficult to realize a tight coupling (i.e., <10 dB) as very
narrow spacing is required [1]. Actually, PCML with the tight
coupling are required in wideband applications such as 3 dB
coupler for wideband circularly polarized patch antennas
[7], Schiffman phase shifters [8], and ultra-wideband filters
[9]. In order to increase the level of coupling, a ground-
plane aperture was introduced used to design directional
couplers in [10] and bandpass filters in [11, 12]. The ground-
plane aperture was also adopted to tune even- and odd-
mode phase velocities for high isolation couplers [13, 14] and

parallel coupled microstrip bandpass filters with spurious
band suppression [15]. In [16], a floating conductor strip was
firstly inserted in the aperture etched in the ground plane
under the coupled lines to further enhance the level of coup-
ling and equalize even- and odd-mode phase velocities
for wideband bandpass filter applications. Then, wideband
Schiffman phase shifters and couplers were also designed
by using the parallel coupled microstrip lines with floating
ground-plane conductors (PCMLFGPC) [17, 18].The analysis
formulas of the PCMLFGPC were derived by Abbosh [19]
with the help of the conformal mapping technique (CMT)
to calculate the even- and odd-mode impedance. However,
complicated CMT analysis formulas need strong background
knowledge to be understood and used.Moreover, an iteration
technique of applying the analysis formulas to calculate phys-
ical dimensions of the PCMLFGPC is required. Therefore,
with increasing popularity of the PCMLFGPC for the design
ofmicrowave circuits, it is highly desirable to have an accurate
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Figure 1: Cross-sectional view of parallel coupled microstrip lines
with a floating ground-plane conductor.

synthesis method for directly obtaining physical dimensions
of the PCMLFGPC.

Recently, artificial neural networks (ANNs) have been
used to synthesize microwave transmission lines [20] such
as coplanar strip lines [21], coplanar waveguides [22], and
impedance-varyingmicrostrip lines [23].However, the input/
output configuration and the required neuron number of
the ANN for a given modeling task need to be determined
in the practical application. Furthermore, to the best of our
knowledge, there is no synthesis model for the PCMLFGPC.

In this paper, an ANN-based synthesis model for the
PCMLFGPC is proposed to directly obtain physical dimen-
sions of the structure. A high isolation coupler, a wideband
Schiffman phase shifter, and a bandpass filter with second-
order spurious band suppression are designed by using the
synthesismodel, which is validated by comparing their results
with the electromagnetic simulation and measurement.

2. ANN-Based Synthesis Model

Figure 1 shows the cross section view of a PCMLFGPC. 𝑊
represents the width of the parallel coupled microstrip lines;
𝑆 represents the spacing between parallel coupled microstrip
lines.The dielectric substrate has thickness of𝐻with relative
dielectric permittivity 𝜀

𝑟
. The width of the floating conductor

strip is𝑊
𝑓
.The width of slots between the floating conductor

strip and the ground plane is 𝑆
𝑔
. The even- and odd-

mode characteristic impedance (𝑍
0𝑒

and 𝑍
0𝑜
) and effective

dielectric constant (𝜀
𝑒𝑒
and 𝜀
𝑒𝑜
) depend on the dimensions

of the coupled structure. The complicated relation between
them is a group of high-dimensional and highly nonlinear
equations [19], which cannot be easily solved to obtain
physical dimensions of the PCMLFGPC with respect to the
required electrical parameters. In order to overcome this
problem, ANN will be used in this paper.

As a fast and flexible vehicle for microwave modeling,
ANNs have been developed for many years [24]. Among a
variety of ANNs, multilayer perceptron (MLP) is most suit-
able to model these high-dimensional and highly nonlinear
problems. Thus, an MLP neural network is adopted in this
study, which consists of three types of layers: an input layer,
an output layer, and one or more hidden layers, as shown in
Figure 2.More details about theMLP can be found in [24, 25].
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Figure 2: ANN-based synthesis model of the PCMLFGPC.

An ANN used to synthesize microwave transmission
lines can be named an “inverse model,” in which the model
inputs are electrical parameters and the outputs are geometric
parameters [26]. It is used to find the geometric parameters
for the given values of the electrical parameters. Unlike
the analysis model, in which the input-to-output mapping
is usually a one-to-one mapping, the inverse model often
encounters the problem of multiple solutions [26]. This
problem also causes difficulties during training because the
same input values to the inverse model will lead to differ-
ent values of the output. As a result, the neural network
inverse model cannot be trained accurately [26]. To solve
this problem, some geometric parameters are used as input
values in our synthesis model to ensure a unique value of
the output. Figure 2 illustrates the proposed synthesis model.
The synthesis model can be used to calculate the coupled-
lines width 𝑊 and coupled-lines spacing 𝑆 for the required
coupling factor 𝐶 and port impedance 𝑍

0
with the given

substrate (𝜀
𝑟
and 𝐻) by choosing the appropriate floating

conductor width𝑊
𝑓
and ground-plane slot width 𝑆

𝑔
.

The ANN-based model is a kind of black box model,
whose accuracy depends on the training data sets and net-
work configuration [27]. To obtain the training and test data
sets, CMT analysis formulas in [19] are used to generate data
sets for 2 ≤ 𝜀

𝑟
≤ 12, 0.5 ≤ 𝑊/𝐻 ≤ 5, 0.05 ≤ 𝑆/𝐻 ≤ 1,

1 ≤ 𝑊
𝑓
/𝐻 ≤ 10, 0.5 ≤ 𝑆

𝑔
/𝐻 ≤ 1, 0.30 ≤ 𝐶 ≤ 0.75,

and 30Ω ≤ 𝑍
0
≤ 150Ω. In this study, out of the 5000 data

sets generated, 4000 are used for training, and the rest are
used to test the trainedANNs. For the network configuration,
a three-hidden-layered network is found that the target
of high accuracy can be achieved. The suitable network
configuration for the synthesis model is 5 × 20 × 40 × 16 × 2.
The numbers of neurons are 5, 20, 40, 16, and 2 for the
input layer, the first, second, and third hidden layers, and the
output layer, respectively.The activation function of neurons,
normalization of training data, and the training algorithm are
chosen the same as [28]. The maximum allowable number
of training epochs is 400. At last, the average relative error
between the ANN predicted value and the CMT analysis
result is less than 0.8‰, and maximal relative error [28] is
less than 2.9%.
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Figure 3: Comparison of results obtained from ANN-based syn-
thesis model and CMT analysis contours for the PCMLFGPC with
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3. Validation of Synthesis Model

In order to validate the proposed synthesis model for the
PCMLFGPC, the results obtained from the proposed model
compared with the CMT analysis contours are shown graph-
ically in Figures 3 and 4.

Figure 3 plots the ratios of geometrical dimensions𝑊/𝐻
versus the 𝑆/𝐻 for various values of port impedance 𝑍

0

with the given substrate material, floating conductor width,

ground-plane slot width, and equal coupling factor. Figure 4
plots the ratios of geometrical dimensions 𝑊/𝐻 versus the
𝑆/𝐻 for various values of coupling factor 𝐶 with the given
substrate material, floating conductor width, ground-plane
slot width, and equal port impedance 𝑍

0
. Excellent agree-

ments between the results of the CMT analysis and the ANN-
based synthesis are obtained, validating the proposedmethod
for the synthesis of the PCMLFGPC.

4. Applications of Synthesis Model

In order to further validate the proposed model for the syn-
thesis of the PCMLFGPC, a high isolation coupler, a wide-
band Schiffman phase shifter, and a bandpass filter are
designed, simulated, fabricated, andmeasured in this section.

4.1. Design of a 7 dBDirectional Coupler. As the first example,
a 1.5 GHz coupler with coupling factor 𝐶 = 0.4467 (or 7 dB)
and port impedance 𝑍

0
= 50Ohm is designed by using the

proposed synthesis model. The used substrate has relative
dielectric permittivity 𝜀

𝑟
= 3.5 and thickness 𝐻 = 1.5mm,

which also is used to implement the phase shifter and
bandpass filter in Sections 4.2 and 4.3. In the design of the
7 dB coupler, the ground-plane slot width is selected as 𝑆

𝑔
=

0.75mm (i.e., 𝑆
𝑔
/𝐻 = 0.5). Then, the outputs of the syn-

thesis model of 𝑊/𝐻 and 𝑆/𝐻 (i.e., coupled-lines width 𝑊
and coupled-lines spacing 𝑆) are only varied with𝑊

𝑓
/𝐻. To

realize a higher isolation, the floating conductor width𝑊
𝑓
is

adjusted to accomplish equal even- and odd-mode effective
dielectric constant. Last, the floating conductor width is
determined to be 𝑊

𝑓
= 6.9mm (i.e., 𝑊

𝑓
/𝐻 = 4.6). Mean-

while, the calculated coupled-lines width 𝑊 and coupled-
lines spacing 𝑆 using the synthesis model, respectively, are
5.0mm and 0.5mm with 𝜀

𝑒𝑒
= 𝜀
𝑒𝑜
= 2.58. Concerning the

coupled-line length 𝐿, it is chosen to be a quarter of the
effective wavelength at 1.5 GHz.Then, the coupled-line length
𝐿 is calculated to be 31.1mm. Using calculated geometrical
dimensions and HFSS electromagnetic simulator, the simu-
lated strongest coupling is at 1.433GHz with 7.5 dB (greater
than the required 7 dB), which is mainly due to the radiation
loss from the slots in the ground plane.The central operation
frequency shift is likely due to the inaccuracies of the CMT
analysis formulas [19]. However, the discrepancies can be
corrected by slightly adjusting 𝑊, 𝑆, and 𝐿. Finally, the
geometrical dimensions of the 7 dB coupler are found to be
𝑊 = 4.7mm, 𝑆 = 0.47mm, 𝐿 = 30mm, 𝑆

𝑔
= 0.75mm, and

𝑊
𝑓
= 6.9mm.
Figure 5 shows the top and bottom views of the fabricated

coupler with overall circuit size of 140mm × 50mm. 𝑆-
parameter measurements were performed by using an Agi-
lent N5230A network analyzer and compared with HFSS
simulations, as shown in Figures 6 and 7. The measured
value of coupling is 7.3 dB at the central operation frequency
1.5 GHz. The 0.3 dB discrepancy probably arises from SMA
connectors, which were not included in the simulation. It
is worth mentioning that the measured isolation is better
than 27 dB, return loss is better than 20 dB, and output phase
difference between the coupled and through ports is 90∘ ± 1∘
from 0.6 to 2.4GHz.
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Figure 5: Photograph of the fabricated 7 dB coupler configuredwith
the PCMLFGPC.
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Figure 6: Simulated andmeasured 𝑆-parameters of the 7 dB coupler
configured with the PCMLFGPC.

4.2. Design of a 90∘ Schiffman Phase Shifter. In this second
example, a 90∘ Schiffman phase shifter configured with the
PCMLFGPC is designed, which is previously presented by
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Figure 7: Simulated and measured output ports phase difference of
the 7 dB coupler configured with the PCMLFGPC.
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Figure 8: Photograph of the fabricated 90∘ Schiffman phase shifter
configured with the PCMLFGPC.

Guo et al. [17]. Similar to [17], the coupling factor of coupled-
line section is chosen to be 7 dB. For conciseness, geometrical
dimensions of the PCMLFGPC in the phase shifter are the
same as that in the foregoing coupler. Figure 8 gives top and
bottom views of the fabricated 90∘ Schiffman phase shifter.
The overall circuit size is 190mm × 50mm.

Figure 9 gives the simulated and measured 𝑆-parameter
of the phase shifter. The measured insertion loss is lower
than 0.7 dB and return loss is better than 17.5 dB from 0.6
to 2.4GHz. Measured bandwidth for phase derivation within
±2.5∘ is about 63.4% from 1.086 to 2.094GHz, and that for
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Figure 9: Simulated and measured 𝑆-parameters of the 90∘ Schiff-
man phase shifter configured with the PCMLFGPC.
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Figure 10: Simulated and measured phase difference responses of
the 90∘ Schiffman phase shifter configured with the PCMLFGPC.

±5∘ is 71.5% (1.020 to 2.154GHz), as shown in Figure 10. It is
noted that the insertion loss, return loss, and bandwidth of
the current design are all superior to that of the previously
phase shifter in [17].

4.3. Design of a Chebyshev Bandpass Filter. In this last exam-
ple, we design a 1.5 GHz one-pole Chebyshev bandpass filter
with a bandwidth of 30% and ripple of 0.5 dB. Based on the
filter theory [1], two identical coupled sections with 𝑍

0𝑒
=

124.8Ohm and 𝑍
0𝑜
= 42.7Ohm are calculated. Thus, the

coupling factor and port impedance of the PCMLFGPC for
the filter are 𝐶 = 0.49 (about 6.2 dB) and 𝑍

0
= 73Ohm,

respectively. Similar to the foregoing examples, the ground-
plane slot width is also selected as 𝑆

𝑔
= 0.75mm and the
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Figure 11: Photograph of the fabricated bandpass filter configured
with the PCMLFGPC.

floating conductor width𝑊
𝑓
is adjusted to obtain equal even-

and odd-mode effective dielectric constant. In this case, the
floating conductor width is determined to be𝑊

𝑓
= 4.935mm

(i.e.,𝑊
𝑓
/𝐻 = 3.29). Meanwhile, the calculated coupled-lines

width 𝑊 and coupled-lines spacing 𝑆 using the synthesis
model, respectively, are 2.66mm and 0.50mm with 𝜀

𝑒𝑒
=

𝜀
𝑒𝑜
= 2.42.
Similar to [16], the floating conductor is divided into

three identical sections by using metal bridges to avoid the
generation of undesired ground-plane slot modes, as shown
in Figure 11 (the bottom view of the filter). The width of all
the bridges is assigned equal to 1.0mm and all the spacing
between floating conductors and the ground plane is chosen
to be 0.75mm. Finally, the geometrical dimensions of the
bandpass filter are implemented to be 𝑊 = 2.50mm, 𝑆 =
0.46mm, 𝐿 = 30mm, 𝑆

𝑔
= 0.75mm,𝑊

𝑓
= 4.935mm, and

𝑊
𝑏
= 1.0mm. Figure 12 gives the simulated and measured

𝑆-parameters of the bandpass filter configured with the
PCMLFGPC. It is clearly observed that second-order spu-
rious band of the bandpass filter is completely eliminated
by using the PCMLFGPC synthesized with the proposed
method.

5. Conclusion

In this paper, the ANN-based computer-aided design model
for the synthesis of the PCMLFGPC has been presented.
Using the synthesis model, the physical dimensions of the
PCMLFGPC can be directly obtained. Furthermore, with the
help of the CMT analysis, it is very easy to achieve equal
even- and odd-mode phase velocities of the PCMLFGPC,
which will improve the isolation of directional couplers,
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Figure 12: Comparison of the performances of bandpass filters
configured with traditional parallel coupled microstrip lines or the
PCMLFGPC.

increase the return loss of Schiffman phase shifters, and
completely eliminate second-order spurious band of parallel
coupled microstrip bandpass filters. The current method has
been validated in practical applications with simulation and
measurement.
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