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Abstract—In this work, a novel structure of a microstrip diplexer 
consisting of coupled patch cells is presented. It works at 2.5 GHz 
and 4.7 GHz for wireless applications. The proposed structure is 
well miniaturized with a compact area of 0.015 λg

2, fabricated on 
0.787 mm substrate height. It has two wide fractional bandwidths 
(FBWs) of 28% and 17.9% at the lower and upper channels, 
respectively. Another feature of the proposed design is the low 
group delays, which are better than 0.4 ns for both channels. 
Moreover, the designed diplexer can suppress the harmonics up 
to 10 GHz. Meanwhile, the insertion losses at both channels are 
low. The design method is based on proposing an approximated 
equivalent LC circuit of a novel basic resonator. The information 
about the resonator behavior is extracted from the even and odd 
modes analysis of the proposed equivalent LC circuit. Finally, 
our introduced diplexer is fabricated and measured to verify the 
simulation results, where the simulated and measured results are 
in a good agreement.

Index Terms—Fractional bandwidth, Group delay, Harmonics, 
Microstrip diplexer, Wireless applications.

I. Introduction
Microstrip diplexers are attractive devices for the frequency 
domain multiplexing in modern communication systems 
(Yahya, Rezaei and Nouri, 2020a). Several types of 
microstrip structures have been used to design diplexers for 
wireless applications (Rezaei, Yahya and Jamaluddin, 2020; 
Rezaei, Nouri and Mohammadi, 2019; Huang, et al., 2016; 
Rezaei, et al., 2019a; Jun-Mei, Zhou and Cao, 2016; Peng 

and Chiang, 2015; Rezaei, et al., 2019b; Salehi, et al., 2016; 
Rezaei and Noori, 2018; Chen, 2015; Xiao, 2015; Noori and 
Rezaei, 2017a; Rezaei, Noori and Mohamadi, 2017, Noori 
and Rezaei, 2017b; Bui, et al., 2017; Guan, et al., 2014; 
Bukuru, Song and Xue, 2015; Yahya, Rezaei and Nouri, 
2020b; Rezaei, et al., 2020). However, all of these diplexers 
occupy a large implementation area. Meanwhile, they do 
not have wide fractional bandwidths (FBWs) for broadband 
applications. 

In (Rezaei, Yahya and Jamaluddin, 2020), engraved patch 
cells divided into trapezius and triangle cells have been 
utilized to design a microstrip diplexer. This structure is 
suitable for harmonic suppression with several transmission 
zeros (TZs) at its stopband. Two meandrous cells have been 
coupled to design a microstrip diplexer in (Rezaei, Nouri 
and Mohammadi, 2019). This diplexer could not suppress 
the harmonics whereas it has low frequency selectivity. In 
(Huang, et al., 2016), coupled stub loaded U-shape cells, in 
(Rezaei, et al., 2019a), coupled lines loaded by similar patch 
cells, in (Jun-Mei, Zhou and Cao, 2016), coupled U-shape 
structure, in (Peng and Chiang, 2015), meandrous close-loops 
connected to interdigital cells, in (Rezaei, et al., 2019b), 
coupled meandrous cells and in (Salehi, et al., 2016), and 
triangular open-loop resonators have been used to obtain 
dual-band band pass-band pass diplexers.

The above-mentioned diplexers could not attenuate the 
4th harmonics except the introduced diplexer in (Salehi, 
et al., 2016), which could suppress the harmonics from 1st 
up to 4th harmonics. Similarly, the other designed diplexers 
(Rezaei and Noori, 2018; Chen, 2015; Xiao, 2015; Noori and 
Rezaei, 2017a; Rezaei, Noori and Mohamadi, 2017, Noori 
and Rezaei, 2017b; Bui, et al., 2017; Guan, et al., 2014; 
Bukuru, Song and Xue, 2015; Yahya) have the problem of 
unsuppressed harmonics. The proposed diplexer in Rezaei 
and Noori, 2018, which has been proposed based on novel 
microstrip engraved patch cells, has low insertion losses 
at both channels and several TZs at its stopband. Slotline-
loaded microstrip ring resonators (Chen, 2015), open-loops 
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connected by mixed electromagnetic coupling structure 
(Xiao 2015), coupled stub loaded microstrip lines (Noori 
and Rezaei, 2017a) and coupled meandrous cells (Rezaei, 
Noori and Mohamadi, 2017) have been used to design new 
microstrip diplexers.

The reported diplexers in (Chen, 2015; Xiao, 2015), 
occupy large areas with high insertion losses at upper and 
lower channels. As mentioned above, some of the reported 
diplexers have similar resonators. However, the designed 
diplexer in Noori and Rezaei, 2017b, has a novel structure. 
Nevertheless, the isolation between channels of this diplexer 
is low. Interdigital cells in (Bui, et al., 2017), two coupled 
E-shape structures in (Guan, et al., 2014), and coupled spiral 
resonators in (Bukuru, Song and Xue, 2015), have been used 
to design microstrip diplexers. In (Yahya, Rezaei and Nouri, 
2020b), a high-performance microstrip multiplexer has been 
designed using computational intelligence for multi-band RF 
wireless communications systems. In (Rezaei, et al., 2020), 
a low-loss compact microstrip diplexer has been designed 
based on coupled meandrous open-loop resonators.

Since the diplexers with compact area, low group delay 
and wide FBWs are rarely designed, in this work we have 
designed a compact microstrip diplexer with wide FBWs and 
very low group delay for wireless applications. Moreover, our 
diplexer can attenuate from the 1st to 4th harmonics whereas 
it has low insertion losses at both channels, several TZs at 
its stopband and acceptable isolation and return loss. The 
designing method is based on proposing a symmetric single-
mode resonator without harmonics. Then, the odd and even 
modes analysis is carried out to determine the microstrip 
cells with the most impact on the resonator behavior. Using 
the proposed designing method, we can miniaturize the area. 
Meanwhile, we show that our resonator can suppress the 
harmonics inherently.

II. Design and Analysis of the Proposed Structure
The proposed resonator is composed microstrip thin 

sections, patch cells, and coupling structure. The coupling 
structure creates small capacitors named coupling capacitors 
whereas the thin cells have inductance features. The 
simulation results show that using the patch cells can help 
to save the area. Fig. 1a shows the proposed resonator. It 
includes two coupled sections with a symmetric structure. As 
depicted in Fig. 1a, in each section there are two rectangular 
cells that are coupled to each other. These cells create two 
capacitors larger than the coupling and gap capacitors.

An approximated equivalent LC circuit of the proposed 
resonator is illustrated in Fig. 1b. The stubs with the physical 
lengths l1, l2, and l3 are replaced with the inductors L1, L2, and 
L3, respectively. The coupling, gap, and rectangular capacitors 
are CC, Cg, and Cr, respectively. In the approximated LC 
model, the effects of bents and steps in widths are removed, 
as they are important only at the frequencies higher than 
10 GHz (Jahanbakhshi and Hayati, 2016). Moreover, 
replacing the coupling effect by only three capacitors is an 
approximated model for the coupling structure because in 

the exact model the number of capacitors will be increased 
significantly (Rezaei and Noori, 2018).

To obtain some information about the resonator behavior, 
we analyzed the LC model. The impedance between the input 
and output ports (Z) is calculated as follows:
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In (1), ω is an angular frequency. The coupling capacitor 
is a small value in fF. Therefore, for Cc<<Cr we can write 
1 1 C CC r/ and 3 4 3 C CC r/ . As a result, ZA and Z will 
be changed as follows:
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Similar to the coupling capacitor, the gap capacitor (Cg) is 
very small. Accordingly, Z will be approximated as follows:

 Z j
L L L C L

C C
C
C

C
C r

g

C


   



ω ω2
1 2

4
2 16 4 8

1 2

3

( )

[ ]
 (3)

For the small values of CC, we can remove the second 
phrase (8 4

2 1ω L C LC ) in the numerator of (3), so that:
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Due to the symmetry in the proposed resonator structure, 
we can carry out the even and odd modes analysis. To find the 
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odd mode angular resonance frequency (ωo), the numerator 
of the above equation must be zero. On the other hand, for 
calculating the even mode angular resonance frequency the 
denominator of the above equation should be zero. Hence, 
we have only an odd mode angular resonance frequency as 
follows:

 o
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Since we have only an odd mode resonance frequency, 
our proposed resonator is a single-mode resonator with 
the attenuated harmonics. Because, if we had more 
resonance frequencies they were harmonics. If we apply the 
approximation of the small coupling capacitor, (4) can be 
decreased as follows:
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According to (6), we can tune the resonance frequency 
by selecting the appropriate values of the inductors L1, 
L2, and a coupling capacitor. Therefore, the resonance 
frequency depends on the space between the coupled cells 
and the physical lengths l1 and l2, significantly. Hence, for a 
predetermined angular resonance frequency, we can select the 
space between the coupled sections and dimensions of the 
physical lengths l1 and l2 in a way that we can save the area.

If the gap between the coupled sections can be reduced, the 
coupling capacitor will be increased. As a result, for a constant 
predetermined angular resonance frequency, we can decrease 
the dimensions of the physical lengths l1 and l2 which leads 
to save the area. Extracting the above information about the 
resonator behavior leads to better optimization, easily.

By knowing the basic information, we can design two 
band pass filters (BPFs) (BPF1 and BPF2) with compact 
size and attenuated harmonics as depicted in Fig. 2a and b, 
respectively. In Fig. 2a and b, the dimensions of both filters 
are in mm. To design these BPFs, the proposed resonator is 
utilized. However, for BPF1 the space between cells is smaller 
whereas it has extra stubs that are used for better optimization. 
To improve the insertion losses, the patch rectangular feed 
structures are added to both BPFs. The bandwidths of BPF1 
and BPF2 are affected by their overall sizes. Increasing the 
overall size of each BPF decreases the bandwidth, whereas 
the fractional bandwidth (FBW) remains constant. 

The frequency responses of BPF1 and BPF2 are depicted 
in Fig. 2c and d, respectively. The simulation results are 

obtained using the EM simulator of ADS software on 
a Rogers RT/duroid 5880 substrate with ɛr = 2.2, loss 
tangent = 0.0009, and the substrate thickness 0.787 mm. As 
shown in Fig. 2, BPF1 works at 2.49 GHz whereas it has 
a very low simulated insertion loss of 0.02 dB and a wide 
FBW of 30%. It suppresses the harmonics up to 9.9 GHz 
with the maximum harmonic level 20 dB. Furthermore, 
BPF2 operates at 4.9 GHz with 0.7 dB insertion loss and an 
FBW of 28.7%. It suppresses the harmonics up to 18.6 GHz 
with the maximum harmonic level 20 dB.

To obtain a dual-band band pass-band pass diplexer, we 
connected BPF1 and BPF2 with the same dimensions given 
in Fig. 2a and b. Fig. 3 illustrates the layout configuration 
of the proposed diplexer. As shown in Fig. 3, there is no 
need to use an extra junction for connecting the BPFs and 
this can save the area. This is due to having several coupling 
structures between Ports 2 and 3, whereas there are not any 
paths without coupling between Ports 2 and 3. Therefore, 
the BPFs do not have a significant loading effect on each 
other.

III. Results and Discussion
We simulated the proposed diplexer using the EM simulator 

of Advanced Design System (ADS) software. The designed 
diplexer is fabricated on a Rogers RT/duroid 5880 substrate 
with ɛr = 2.22, loss tangent = 0.0009, and the substrate 
thickness 0.7874 mm. We used Agilent network analyzer 
N5230A to obtain the measurement results of the fabricated 
diplexer. The proposed diplexer occupies a very small area 
of 13.3 mm×10.2 mm = 0.14 λg × 0.11 λg, where λg is the 
guided wavelength calculated at the first resonance frequency.

Fig. 4a shows the simulated and measured S21 and S31. As 
depicted in Fig. 4a, the designed diplexer works at f1 = 2.5 
GHz and f2 = 4.7 GHz with two low insertion losses better 
than 0.2 dB at both channels. However, due to copper and 
junction losses, the measured losses are a little higher than 
the simulated losses. The first and second FBWs are 28% 
and 17.9%, respectively. As shown in Fig. 4a, the designed 
diplexer can attenuate the harmonics up to 10 GHz (4f1) 
with the maximum harmonic level 16.2 dB. Therefore, it can 
attenuate 1st, 2nd, 3rd, and 4th harmonics.

Fig. 4b and c illustrate the simulated and measured 
isolation between channels and common port return loss, 
respectively. The common port return losses at the lower 

Fig. 1. (a) Layout of the proposed resonator, and (b) an equivalent LC circuit of the proposed resonator.
ba
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and upper channels are better than 15.9 dB and 17 dB, 
respectively, whereas there are two transmission poles at the 
first channel. Meanwhile, the reasonable isolation between 
the channels better than 20 dB is obtained. A photograph of 
the fabricated diplexer is presented in Fig. 4c.

To prove the advantages of this work, we compared our 
diplexer with the previously reported microstrip diplexers, 
as shown in Table I. From Table I it can be seen that, in 
comparison with the previously reported diplexers, the 
proposed diplexer in this work has the most compact area 
and the widest FBWs, whereas it has low insertion losses 

at both channels. Moreover, it can attenuate the harmonics 
better than all; expect the introduced diplexers in (Rezaei, 
Yahya and Jamaluddin, 2020; Salehi, et al., 2016). However, 
these two reported diplexers occupy larger areas. Meanwhile, 
the channels of these diplexers are narrower than ours.

In addition to the mentioned features, the proposed diplexer 
has flat channels with low group delays. Fig. 5a and b show the 
group delays of the first and second channels, respectively. The 
narrowband transmission parameters of the proposed diplexer 
are depicted in Fig. 5c and d. The simulated group delays of 
the proposed diplexer are lower than 0.4 ns which are very 
small value for a microstrip diplexer. Despite the importance 
of having flat channels (a non-flat pass band with high group 
delay has a pulse distortion), most of the previously reported 
diplexers did not pay attention to this problem. Therefore, we 
had to compare the group delay of our work with some of the 
previously reported diplexers and filters, as shown in Table II. 
In comparison with the previous works, our diplexer has the 
minimum group delays at both channels.

The isolation of the proposed diplexer is a function of the 
gap between the first and second channels, which is depicted 
in Fig. 6. Using a smaller filter shifts the frequency response 
to the right. Accordingly to change the gap between the 
channels, we changed the overall dimension of the larger 
filter with the scales 1:1, 0.9:1, 0.8:1, and 0.7:1 so that the 
gap between channels are obtained 2.25 GHz, 2.22 GHz, 
2.1 GHz, and 1.33 GHz, respectively. As shown in Fig. 6, 
by increasing the gap between channels, the isolation of the 
proposed diplexer will be improved.

Fig. 3. Layout configuration of our diplexer (all dimensions are in mm).

Fig. 2. (a) Layout of BPF1, (b) layout of BPF2, (c) frequency response of BPF1, and (d) frequency response of BPF2.
dc

ba
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Fig. 4. (a) Simulated (solid line) and measured (dashed line) S21 and S31, (b) simulated (solid line) and measured (dashed line) S23, and (c) simulated 
(solid line) and measured (dashed line) S11 with a photograph of the fabricated diplexer.

c

ba

Fig. 5. (a) Simulated group delay of the first band, (b) simulated group delay of the second band (c) narrowband frequency response of S21, 
(d) narrowband frequency response of S31.

dc

ba
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IV. Conclusion
A microstrip diplexer with compact size, wide fractional 
bandwidths (FBWs), low group delays, low insertion losses, 
and attenuated harmonics was designed in this work for 
wireless applications. Using the even and odd modes analysis 
of an introduced equivalent LC circuit, the significant microstrip 
sections that affect the frequency response of the proposed 
resonator were identified. As a result, for a predetermined 
angular resonance frequency, we could select the dimensions 
and space between the coupled sections. We obtained some 
information about the behavior of the introduced resonator by 
analyzing the proposed equivalent LC circuit. This information 
led to better optimization so that we could decrease the overall 
size of the proposed structure. Therefore, the proposed diplexer 
has a very compact area of 0.015 λg

2. By tuning the dimensions 
of the feed structures, we could improve the insertion losses, 
where they are better than 0.2 dB at both channels. These 
features were obtained whereas the isolation between channels 
and return losses at both channels are acceptable.
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