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Low Losses and Compact Size Microstrip Diplexer Based

on Open-Loop Resonators with New Zigzag Junction
for 5G Sub-6-GHz and Wi-Fi Communications

Souhaila Ben Haddi®’ *, Asmaa Zugari?, and Alia Zakriti!

Abstract—In this paper, a high-performance microstrip diplexer is designed and manufactured. The
design is based on two pairs rectangular open-loop resonators band-pass filters and a novel zigzag
junction. It operates at 3.5 GHz for the fifth-generation (5G) sub-6-GHz and 5GHz for Wi-Fi
communications. The proposed diplexer is considerably miniaturized with a global compact size of
30 x 17mm?. In addition, it presents low insertion losses less than 0.5 dB at both channels in comparison
with the previous diplexers. Moreover, the isolation is higher than 20 dB, and the return loss is better
than 14 dB at the bandwidths. To confirm the simulation results, the presented diplexer is manufactured
and measured where a good agreement is observed.

1. INTRODUCTION

In the last few years, the development of the mobile communication systems has led to the apparition of
the new fifth-generation (5G) after standard 4G [1-3]. Opposing the other generations, 5G is addressed
in different domains, among them medicine, media, and industries [4]. On the other hand, the main
role of the 5G is to change the world by linking everything together such as machines, objects, and
devices. For this reason, 5G achieves high speed, great reliability, and raised availability. Furthermore,
5G wireless technology provides perfect and high performances and improved efficiency, which allow
connecting the new industry 4.0 [5]. In addition, the frequency bands in 5G are split into two classes;
the first one is below 6 GHz and the second one above 20 GHz and up to 80 GHz at sundry bands. The
low frequency band 6 GHz can be used promptly due to the use of the current structures of wireless
communication.

Recently, microstrip devices such as antennas [6], filters [7-9], power dividers [10], and diplexers [10—
12] are broadly demanded for communications systems with small size and excellent performances. In
this context, diplexers are considered as essential components in microwave communication systems
such as satellite communication systems, radar systems, and cellular phones [13].

Diplexers are based on two bandpass filters with different frequencies and a common junction.
They are used to separate the input signal into two output signals or combine two output signals into
the input signal. Several models of filters are recommended for the diplexer’s design, such as coupled
line, quarter and half waveguide resonators, stepped impedance resonators, and interdigital cells [8, 14—
17]. Moreover, these filters should be combined using common techniques which are T-junction and
Y-junction [18] to realize the diplexer topology.

The microstrip diplexers mentioned in [19-24] have large sizes, which is considered a common
disadvantage. In [19], a microstrip diplexer based on coupled stepped impedance resonators is presented.
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It is operated for the digital communication system and Industrial Scientific and Medical bands at
1.8 GHz and 2.45 GHz, respectively. It has a large size about 47 x 24mm? and high insertion losses
about 2dB at both lower and upper bands. In [20], a coupled line stepped impedance resonator is used
to achieve a diplexer. It is designed for WiMAX and wireless technological advances with an overall
size of 75 x 14mm?, and the insertion losses are about 0.8 and 0.9dB. The presented diplexers in [21]
and [22] are based on open-loop resonators. They exhibit good isolation between channels, though
high insertion losses and large size are introduced. A novel diplexer based on two coupled meandrous
open-loop resonators is studied in [23]. It operates at 1.67 GHz for FDD schemes and 1.88 GHz for
GSM applications. It presents good return loss and low insertion losses at both channels, but the
isolation should be improved. In [24], a microstrip diplexer based on open-loop resonator is introduced.
It operates at 1.8 and 1.9 GHz for mobile communication. The diplexer presents a large size and high
insertion losses about 2.88 and 2.95dB.

In this work, we design a compact microstrip diplexer based on two pairs of rectangular open-loop
resonators band-pass filters. A novel zigzag junction combines these filters in order to obtain a compact
microstrip diplexer, which occupies only 30 x 17mm?. The main goal of the introduced diplexer is
to solve the problems of the previously published diplexers especially in terms of size and insertion
losses. The design procedure is organized as follows. Firstly, we design two rectangular open-loop
resonators band-pass filters. Secondly, we integrate these filters by a new zigzag junction in order to
obtain a miniaturized diplexer for 5G sub-6-GHz and Wi-Fi communication. Finally, we manufacture
and measure the presented diplexer to validate the simulation results.

2. FILTER DESIGN

As mentioned above, the diplexer procedure starts with the design of the two bandpass filters. In
fact, compact filters are generally required for wireless communication systems. Microstrip open-loop
resonators with square, triangular or rectangular structures have been used broadly in the design of
filters and multiplexers due to their compact and small size. For this reason, a rectangular open-loop
resonator bandpass filter is proposed in this work as depicted in Figure 1(a). According to the previous
work, the resonator’s topology is obtained by folding a straight-transmission line modeled by a total
electrical length 67 and a characteristic impedance Z. As the topology is symmetric, the analysis of
the even and odd modes is required [25].

The equivalent transmission line model of the suggested rectangular open-loop resonator is depicted
in Figure 1(b). As shown, the proposed open-loop resonator is modeled by two transmission lines with
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Figure 1. (a) Structure of the rectangular open-loop resonator. (b) The equivalent transmission lines
model. (¢) The LC model of the rectangular open-loop resonator.
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two different electrical lengths 61,602 and the same characteristics impedance Z whereas the width of
the introduced resonator is constant. Moreover, the capacitance C7 models the coupling between the
two transmission lines of the resonator.

The conversion of the proposed microstrip open-loop resonator to the LC model is not difficult by
using the circuit LC analysis. The equivalent LC model is displayed in Figure 1(c). As seen in this
figure, the parameters L1, Lo, L3, L4, and Ls present the inductances modeling the transmission lines
l1, lo, I3, lg, and [5. Moreover, the gap S between the two lines is modeled by capacitance C. The
equations for calculating the inductance and the capacitance values are given in [25].

Based on the structure given above, a pair of rectangular open-loop resonators is proposed in
this work as shown in Figure 2(a). Its LC model can be performed based on the same concept
given above as depicted in Figure 2(b), where My indicates the coupling coefficient between the two
resonators. The dimensions (length [ and width w) of the resonators in microstrip technology depend
on the characteristics of the substrate and metallization, and they are calculated using the following
equations [16]:
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given that h is the thickness of the substrate, and ¢, is the permittivity of the substrate.
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Figure 2. (a) Structure of the open-loop resonator. (b) Equivalent circuit of the open-loop resonator.

The design and optimization of the rectangular open-loop resonators bandpass filters are achieved
using ADS Agilent. The first filter operates at 3.5 GHz; it has a wide upper rejection band to avoid
interference with the frequency of the other filter, which operates at 5 GHz. For the same reason, the
second filter should have a wide lower rejection band to obviate the intrusion with the first one.

The filters are excited by a 50 €2 microstrip line. The dielectric substrate employed is FR-4 with a
dielectric constant of 4.3 and a thickness of 0.8 mm. Table 1 displays the optimized parameters; length
(1;), width (w;), and spacing (.5;;) of the open-loop resonators.

Figure 3 presents the simulation of the two BPFs, and the bandwidth of the first bandpass filter
is from 3.2 to 3.9 GHz. The bandwidth of the second bandpass filter is from 4.6 to 5.8 GHz. The
fractional bandwidths of the band pass filters are 17% and 23%, respectively. In addition, the filters
exhibit very good features, low insertion losses about 0.3dB and good return losses which are about
25dB and 32 dB, respectively. These performances prove that these filters are suitable for the design of
a microstrip diplexer.

3. DIPLEXER DESIGN

This section focuses on the diplexer design. Its topology is established by integrating the simulated
open-loop resonators bandpass filters by zigzag junction as illustrated in Figure 4. Moreover, we place
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Table 1. Dimensions of both BPF1 and BPF2.

BPF1 | BPF2
li (mm) | 591 | 4.03
Iy (mm) | 7.03 | 4.94
3 (mm) | 6.055 | 4.29
w (mm) | 0.555 | 0.39
S (mm) | 0.2 0.2
S, (mm) | 0.32 | 0.21
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Figure 3. Simulation response of (a) BPF1 and (b) BPF2.

Figure 4. Structure of the proposed diplexer.
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accurately the two pairs open-loop resonators bandpass filters with different sizes by the proposed zigzag
junction, in a manner that each bandpass filter is linked to a branch of the junction. The final size of

the diplexer is approximately 30 x 17 mm?.

The proposed diplexer has been simulated and fabricated on an FR4 substrate with the relative
permittivity of 4.3, thickness of 0.8 mm, and loss tangent of 0.025. The proposed diplexer was simulated
using ADS Agilent. The required frequencies are f; = 5GHz and fo = 3.5 GHz for ports 2 and 3,
respectively. These frequencies have been chosen due to the fifth-generation applications and Wi-Fi

communications frequency bands which are exhibited in the literature.

The optimized parameters (lengths l1, I and widths we, ws) of the proposed zigzag junction are
approximated to a quarter of the guided wavelength of the two BPFs frequency bands as recapitulated

in Table 2.
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Table 2. Dimensions of zigzag junction.

[1 (mm) 12
lo (mm) 8
wy = wy (mm) | 0.3

A parametric study is proposed in order to investigate the effect of the zigzag junction widths
(w1 and wg) on the diplexer performances by keeping the lengths ({1 and ls) constant. As shown in
Figures 5, 6, and 7, the values of w; and ws given in Table 2 present insufficient performances. It can be
observed from Figure 5 that the reflection coefficient Sq; is about —7 dB and —9dB, respectively in two
passbands [3.2-3.9] GHz and [4.6-5.8] GHz. According to Figures 6 and 7, the transmission coefficients
So1 and S31 are approximately —1.5dB and —0.9dB.

It appears clearly from the same Figures 5, 6, and 7 that the diminution of the widths w; and ws to
0.1 mm decreases the diplexer performances; the reflection coefficient S7; assumes the values of —4 dB
and —5 dB respectively at both the passbands, while the transmission coefficients So; and Ss3; decrease
to —2.5dB and —1.9dB, respectively. Then, the increase of wy to 1.1 mm by keeping w; constant
(w; = 0.3mm) ameliorates the lower band performances of both reflection S7; and transmission So;
coefficients to —11dB and —0.8dB, respectively. Similarly, the augmentation of w; to 0.5mm (with
wy = 0.3mm) improves the upper band performances. As seen, the reflection coefficient Si; is about
—13dB, whereas the transmission coefficient Ss; is approximately —0.4dB. Once the widths w; and
wy increase to 0.5mm and 1.1 mm, respectively, the reflection coefficient Si; is enhanced to —24dB
and —16 dB respectively at the lower and upper bands. Furthermore, the transmission coefficients So;
and S3; are about 0.3 dB at both bands, which proves that the diplexer performances are perfect when
we = 1.1mm and wy = 0.5 mm.

-20

g g
e N w1=0.5 mm wy= 1.1 mm 1 | — wy=0.5 mm, wy= 1.1 mm .,,7 I
—— W]=0.1 mm \\';—0.1 mm — e W]=0.1 mm, wp=0.1 mm |
ag | e w1=0.3 mm w7=0.3 mm N W1=0.3 mm, wp=0.3 mm ]
—seem W]=0.3 mm wy=1.1 mm w—cemm  W]=0.3 mm wo=1.1 mm u
- ema W]=0.5 mm wp=0.3 mm - = = W]=0.5 mm, wp=0.3 mm L)
-50 - 7 - - -50 - y . .
2 3 4 5 6 7 2 3 4 5 6 7
Frequency (GHz) Frequency (GHz)
Figure 5. Simulated S7; with varied widths. Figure 6. Simulated S9; with varied widths.

4. RESULTS AND DISCUSSION

The fabricated diplexer prototype is shown in Figure 8. It was manufactured using the circuit-board
plotter LPKF ProtoMat E33. The S-parameters were measured by a Rohde and Schwarz ZVB 20 vector
network analyzer. Note that the frequency range of this analyzer is confined to 20 GHz. In addition, it
has just two ports; therefore, the third port of the diplexer is connected to 50 €2 load when we measure
the other two ports as indicated in Figure 9.

The simulated and measured reflection coefficients S1; are displayed in Figure 10. The transmission
coefficients S9; and S31 are depicted in Figure 11, whereas the measured and simulated isolations Sog
are displayed in Figure 12. High correlation between simulated and measured data is observed with
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Figure 7. Simulated S3; with varied widths.

Figure 8. Microstrip diplexer prototype.
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Figure 11. Simulated and measured Ss; and S3;.

petty frequency shift due to possible manufacturing errors and physical environment conditions at the
time of measurement.

As seen from Figures 10, 11, and 12, when signal is applied to input port (port 1), then it comes
out of the two output ports (port 2 and port 3) in two different central frequencies with a low insertion
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Figure 12. Simulated and measured Sog.
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Figure 13. Current distribution of the proposed diplexer (a) at 3.5 GHz, (b) at 5 GHz.

losses S21 and S31 of 0.43dB and 0.48 dB, respectively. The return loss of the input port (port 1) at
the operated frequencies is about 14dB and 20dB which is appropriate for diplexing. As depicted in
Figure 12, the isolation between the two channels is about 20dB which is great and suitable for the
designed diplexer. The fractional bandwidths at lower and higher frequencies were around 17% and
23%, respectively. The presented diplexer is electrically small compared to traditional diplexers based
on open-loop resonators.

Figure 13 displays the current distribution for the introduced diplexer at two operational
frequencies. As observed from Figure 13(a), the concentration of the current at the lower band is
very high compared to the upper band when the proposed diplexer operates at 3.5 GHz. In the same
way, the concentration of the current at the upper band is more important than the lower band when
the designed diplexer operates at 5 GHz as seen in Figure 13(b).

Table 3 summarizes a comparison between our proposed diplexer and other diplexers based on
open-loop resonators proposed in literature. As can be observed, our introduced diplexer presents low
insertion losses at both channels in comparison with [21] and [22] and high isolation compared with [23].
In addition, the proposed diplexer is characterized by a compact size of 30 x 17 mm? compared with [21]
and [22]. Otherwise, compared to [21] and [22] the isolation between the two channels of our diplexer
should be enhanced.
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Table 3. Comparison performances.

5.

Refs/Year CEZZE;/SH(IE}};E) Insertion losses (dB) | Isolation (dB) | Size (mm?) | FBW (%)
[23]/2020 1.67/1.88 0.43/0.35 92.13 975 x 22.3 | 1.79/2.12
[22]/2014 2.45/5.14 2/3.7 35 52 x 20 8.1/4.46
21]/2016 2.34/2.59 1.5/1.3 31 34% 24 | 3.6/34
[This work] 3.5/5 0.43/0.48 28 30 x 17 17/23
CONCLUSION

In this paper, a compact microstrip diplexer has been designed, manufactured, and measured. It is based
on two pairs of rectangular open-loop resonators. The realization of this structure has been achieved by
combining the two filters by a zigzag junction. The desired frequencies are 3.5 GHz and 5 GHz for ports
3 and 2, respectively. According to the results, the presented diplexer has the advantages of compact
size of 30 x 17mm? and low insertion losses of 0.4dB compared to the other works. This presented
structure is very attractive for fifth-generation applications and Wi-Fi communications.
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