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A Wilkinson power divider

with harmonic suppression
through low-pass filter for GSM
and LTE applications

Nariman Mohammadi*, Gholamhosein Moloudian?, Saeed Roshani?, Sobhan Roshani?,
Fariborz Parandin? & Ali Lalbakhsh***

Conventional Wilkinson power dividers (WPDs) perform satisfactorily near the intended operation
frequency. Nonetheless, these WPDs demonstrate subpar performance in the stopband and
necessitate a significant physical space. To enhance the existing level of advancement and in order to
improve on the current state-of-the-art, a modified WPD is designed and fabricated, demonstrating
asignificant improvement in stopband and superior isolation between output ports. To improve the
stopband and suppress unwanted harmonics, a low-pass filter (LPF) structure is placed in the both
branches of the conventional WPD. The proposed modified WPD depicts a wide stopband bandwidth
(fse>17.25 GHz) from 2.75 to over 20 GHz with an attenuation level of 20 dB, suppressing 2nd to
11th harmonics. According to measured results, the input return loss (|S,4|), insertion loss (|S,,|) and
output isolation (|S;,|) at f=1.8 GHz are better than 33 dB, 3.2 dB and 21 dB, respectively. Indeed,
the proposed modified WPD exhibits a magnitude imbalance of 0.00018, a phase imbalance of 1.25
degrees and a group delay of 0.5 ns. The proposed WPD depicts a compact size of 35 mmx 25 mm (0.38
Agx 0.27 Ag), where Ag is the guided wavelength at f=1.8 GHz. There is a good agreement between
the simulated and measured results. According to the obtained results, the proposed modified WPD
shows a desirable performance for modern LTE and GSM communication applications.

With the rapid growth of technology in recent decades, the need to expand and upgrade wireless communica-
tion devices has increased dramatically. According to modern comprehensive needs to improve quality and the
need for higher speed in wireless communication, special attention has been paid to increasing the quality and
upgrading active and passive microwave devices such as antennas'~>, filters®™'$, multiplexers'®~*, and power
dividers?*~*%. Power divider plays a vital role in modern microwave devices. The function of these devices is like
a bridge between different parts of microwave circuits, making it crucial to pay special attention to the design of
these devices. The most important features of a suitable power divider are low transmission loss (|S;;| or [S;]),
low input return loss (|Sy;|), low output return loss (|S,,| or |S;3|), high isolation between output ports (|S,;|), low
phase difference between output ports (phase imbalance), easy manufacturing, and compact size.

Microstrip filters such as bandpass filters (BPFs)®” and lowpass filters (LPFs)* ' have a key role in microwave
circuits to suppress unwanted harmonics. In recent years, several techniques and topologies such as defected
ground structure (DGS)®'°, T-shaped resonators'"!?, microstrip stubs'*-°, and hexagonal-shaped resonators'¢-'8
have been reported for designing LPF structures. According to the current state-of-the-art, design and fabrication
of an LPF structure with sharp roll-of-rate (ROR), high suppression factor (SF), high relative stopband (RSB),
high figure of merit (FOM), compact size and affordable manufacturing processes are still design challenges'®.
A tunable microstrip LPF structure with sharp ROR and wide stopband bandwidth has been employed in an
envelope detector/rectifier circuit for controlling harmonics'®.

The demand for multi-port components, such as diplexers'*-?* and power dividers®®~* has been experiencing
significant growth in contemporary communication systems. Indeed, by integrating filters with power dividers
and diplexers, more desirable features such as increasing the stopband, improving suppression bandwidth to
eliminate unwanted harmonics and reducing the size and footprint can be achieved. A rat-race coupler with an
LPF structure, compact size and high isolation was presented in?. Recently, several techniques and topologies
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for designing filtering power dividers, such as squared resonator based on artificial intelligence?®?’, microstrip

open and short stubs®, high/low impedance ring resonators*****, open complementary split-ring resonator™,
capacitor loading®', square-loop resonator and meandered stubs®, parallel strip line and DGS*, hexagonal shaped
resonator and multi open stubs®, radial resonator and multi open stubs***” and microstrip electromagnetic
bandgap element* have been reported. However, a modified WPD with LPF structure and high isolation has
been presented in*, the footprint is a bit large. In the cutting-edge next-generation communications, the design
of a WPD that offers miniaturisation, harmonic suppression, high isolation, wide stopband performance, sharp
ROR, high SE and low-cost implementation remains a challenge at present.

In this paper, a WPD with a novel LPF harmonic structure is designed, fabricated and tested. The con-
tributions of this work are (i). designing a modified WPD that can work at GSM and LTE frequency bands
(f=1.8 GHz), (ii) developing a novel LPF structure step by step based on theoretical equations and LC circuits,
(iii) manipulating and controlling unwanted harmonics by employing the LPF structure into both branches of
the WPD, and (iv) implementing a modified WPD with high isolation, low insertion loss and compact size in
comparison with the current state-of-the-art. The rest of this paper is organised as follows. In Section "Materi-
als and methods", the proposed WPD (conventional WPD, LPF structure, and modified WPD) are designed
and manufactured. We undertake the performance evaluation of the fabricated circuit and discuss simulated
and measured results in Section "Results and Discussion". Finally, Section "Conclusions” concludes this paper.

Materials and methods

Power divider structure design

The WPD design methodology is depicted in Fig. 1. The aim is to design a modified WPD with a compact size,
high isolation, ultra-wide rejection band and high suppression factor. In the first step, a conventional WPD is
designed and simulated. A basic LC resonator is designed based on normalisation coefficients of the third-order
LPF circuit and mathematical analysis®® in the second step. The roll-off-rate (ROR) is one of the important per-
formance parameters for the LPF structures, which shows the changing rate from the passband to the stopband.
A novel resonator is designed to improve the LPF response (sharpen ROR parameter) compared to the basic
resonator. A novel harmonic suppression is presented and analysed in the fourth design step. The proposed novel
harmonic suppression is used to achieve a wide stopband and suppress unwanted harmonics. Then, the novel
harmonic suppression structure is added to the proposed novel modified resonator to create an LPF structure.
In the final step, the proposed LPF structure is replaced in the both branches of conventional WPD to pass DC
frequency signal and fundamental harmonic and eliminate other harmonics (2nd to 11th harmonics). Placing
filters within the branches of a WPD can offer several advantages, but it is important to justify this design choice
based on specific requirements and constraints. Several potential advantages and justifications of employing
LPF structures in the WPD branches are size mitigation, reducing signal path length and improving isolation
between output ports. However, it is important to note that the choice to integrate filters within the power divider
branches should be made after considering the specific requirements of the application, including frequency
range, desired filter characteristics, size constraints, and performance goals.

A conventional WPD is designed with two-quarter wavelength (A/4) microstrip transmission lines with the
impedance of each branch 70.71 Q (Zo~n/2andZy = 502), and a resistance of 100 Q (R=2 Z,$2) which is placed
between the two output ports. A schematic for the block diagram and simulation results of the proposed con-
ventional WPD at f=1.8 GHz is shown in Fig. 2a. According to Fig. 2b, the proposed conventional WPD shows
a well performance for the input return loss (S,,), isolation (S;,) and insertion loss (S,,) at f=1.8 GHz. Figure 3,
depicts a high-frequency harmonic balance analysis from 0 to 20 GHz. According to Fig. 3, the magnitude of
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Figure 2. Conventional WPD. (a) Schematic and (b) simulation results.
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Figure 3. Simulated output harmonic balance.

the harmonic balance is very close to -3 dBm for an input power Py =0 dBm. In the following, an LPF structure
will be designed in order to improve the WPD features such as suppressing unwanted harmonics, high isolation,
wider stopband bandwidth and compact size.

LPF design methodology
In the first stage of LPF design, a simple LPF resonator is designed based on the normalisation coefficients of the
third-order LPF circuit and mathematical analysis®.

ZogLi
L = 2%
i anc (l.a)
_ &
T 21 f.Zy (1.b)

In the above Egs. (1.a) and (1.b), Zj is the characteristic impedance of the transmission line, which is equal
to 50 Q. f. is a—3 dB cut-off frequency, gc; and gy, are the normalisation coefficients of the LPF circuit. From*,
the normalisation coeflicients of the LPF circuit are gr; = 1.130, gr2 = 0.2559, gc2 = 1.138, and g3 = 1.360. Using
Egs. (1.a) and (1.b), an LPF resonator is designed for f.=2.7 GHz. In Fig. 4, the circuit diagram of the designed
filter can be seen along with the shape of its response. In Fig. 4a, the value of L,=3.3 nH, L,=0.75 nH, L. =4 nH
and C,=1.34 pE. According to Fig. 4b, the transmission zero (T) can be calculated by Eq. (2). In Fig. 4b, | T,
|=92 dB (at fr,, =5.02 GHz).

1

= /L, 2)

In the following, using Eqs. (3.a) and (3.b), schematic circuits are converted into the layout structure. The
values of the inductors and capacitors of the third-order circuit can be obtained using Egs. (1.a) and (1.b). In
addition, the physical lengths of the low- and high-impedance lines are calculated using Eqgs. (3.a) and (3.b).

T,

AoL: 2nf.Li
I, = Bgin~l (X 3.
L= ( 7o ) (3.2)
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Figure 4. The LPF resonator. (a) Schematic circuit. (b) Simulation results.
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In the Egs. (3.a) and (3.b), Jg1; and Agc; are the corresponding guided wavelengths, and Zyc and Zo are
the impedances of transmission lines with low and high impedance, respectively. Figure 5a, shows the layout
designed using Egs. (3.a) and (3.b). Figure 5b, shows the simulated results for the the conventional resonator. The
dimension of the conventional resonator (depicted in Fig. 5a) are a=5.9 mm, b=7 mm, ¢=3.5 mm, d=1 mm,
e=0.5mm and f=7.5 mm.

According to Fig. 5b, the ROR is 13.65 dB/GHZz for the conventional resonator and|T,, |= 49 dB (at fr,;= 4.534
GHz). To improve the ROR and achieve a sharp response, two conventional resonator are placed in series, shown
in Fig. 6. The dimension for the modified resonator #1 (shown in Fig. 6a) are g=5.9 mm,h=13.2 mm,i=7.5
mm,j=3.5mm,k=7mmandl=1mm.

Aiming for a higher Roll-of-rate (ROR), the conventional resonator was modified. These modifications manip-
ulate the distributed surface current and electrical field and improves the frequency response of the conventional
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Figure 5. (a) Layout for the conventional resonator. (b) Simulated results.
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Figure 6. (a) Layout for the modified resonator #1. (b) Simulated results. (show T3 and T,).
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resonator*. The new design structure illustrates better response (sharper ROR and higher SF) than the previous
structure. According to Fig. 6b, the new resonator (shown in Fig. 6a) shows a sharp ROR = 23.5 dB/GHz and two
transmission zeros; | T,5|= 74 dB (at fr,;= 4.02 GHz) and |T,, |= 70 dB (at f,,= 4.583 GHz), respectively. In the
following, a much better response (sharper ROR and more T,,) is obtained by making changes in the resonator
structure. Figure 7 displays the suggested alteration in the structure of resonator #2 along with the corresponding
simulated outcomes. As depicted in Figure 7b, the modified resonator #2 exhibits a more pronounced response
when contrasted with modified resonator #1. Additionally, the return loss of modified resonator #2 displays
an improved response and a broader resonance range compared to modified resonator #1. Furthermore, the
overall size of modified resonator #2 has been notably decreased in comparison to the dimensions of modified
resonator #1. This reduction in size not only lowers construction costs but also results in a smaller final design.
According to the Fig. 8b, the modified resonator #2 illustrates a sharp ROR = 175 dB/GHz and four transmission
zeros; | T,s |= 50 dB (at fr,s= 2.860 GHz), | T, |= 64.8 dB (at fr.,,= 3.05 GHz), | T, |= 32.75 dB (at f,,= 2.837 GHz)
and |T,5 |= 39.278 dB (at fr,4= 3.104 GHz), respectively. The dimension of the modified resonator #2 (depicted
in Fig. 7), W;= 0.2 mm, W, = 0.85 mm, W; = 0.8 mm, W, =1 mm, W5 =0.5mm, L, =2 mm, L, = 0.6 mm, L,
=4.1 mm and L, = 1 mm. The LC equivalent circuit for the proposed modified resonator #2 is shown in Fig. 8.
To achieve an accurate LC equivalent circuit, the meandering lines in the layout of the modified resonator have
been modelled by a nt-type circuit according to the reference*®. Apart from the modelling approach used here,
there are other techniques based on modal analysis*®, artificial intelligence-based approaches* and transfer
functions*®*. According to the obtained results, there is a good agreement between the simulated results for the
layout and LC equivalent circuit.

According to Fig. 8b, the proposed modified resonator illustrates a sharp response (ROR = 175 dB/GHz) and
frequency selection (four T,), but the stopband bandwidth is weak. Harmonic suppression structures to control
unwanted frequencies are necessary to improve the rejection bandwidth. The proposed harmonic suppression
structure consists of four suppression cells; each suppresses a frequency range in the rejection band. Fig. 9 shows
the schematic circuit of the first suppression cell, simulated results and layout. According to Fig. 9b, the first sup-
pression cell suppresses the S,, from 10.1 GHz to over 20 GHz with 10 dB attenuation level and creates a |Tz-¢.; ;.
|=34 dB at fp, ce;y.p = 12.59 GHz. In Fig. 9a, the inductors and capacitors values are L;; =0.2nH, L, =0.5nH, L ;
=0.4nH, L, =0.4nH, Cg=0.4 pF and C, = 0.4 pE. Moreover, In Fig. 9¢, the dimensions of the first suppressor
cellare L, = 1.16 mm, Lg = 2.5 mm, W, = 0.2 mm, Wy = 1.3 mm and W, = 1 mm. Fig. 10, depicts the schematic
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Figure 7. Proposed structure (modified resonator #2), (a) Layout. (b) Simulation results.
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Figure 8. Proposed structure (a) Schematic of LC equivalent circuit. (b) Simulation results. The values of the
inductors and capacitors are L;=1.5nH, L,=1nH, L;=1nH, L,=1nH, L;=1nH, L;=1.5nH, L,=6.8 nH,
Lg=2.7nH, Ly=6.8 nH, L,y=1.3 nH, C,=0.05 pE, C,=0.3 pE, C;=0.1 pF, C;=0.1 pE, C;=0.1 pE C¢=0.05 pF
and C,=0.3 pE
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Figure 10. Second suppression cell. (a) Schematic circuit. (b) Simulation results. (c) Layout.

circuit, simulated results and layout of the second suppressor cell. According to Fig. 10b, the second harmonic
suppressor cell creates more than 10 dB attenuation levels from 13.78 GHz to over 20 GHz. The optimized LC
circuit values are L;5 = 0.9 nH, L, = 0.9 nH, C,;, = 0.3 pF and C,; = 0.3 pE. The dimensions of the second sup-
pressor cell are Ly = 1.43 mm, Ly = 1 mm, W¢ = 2.2 mm and © = 90 degrees. According to the Fig. 11, the third
harmonic suppressor cell suppresses the S,, in the stopband from 17.38 GHz to 28.5 GHz with 20 dB attenuation
level and creates two transmission zeros;| Tz,—ce1;.3 |= 34.37 dB at f1,1_ce11.3 = 17.98 GHz and | T2,—¢ey1.3 |= 29.75
dB at f1,5_ce11.3 = 23.64 GHz. The optimised LC circuit values of the third suppressor cell are L, = 1.57 nH, L5
=0.5nH, Ly = 0.5 nH, L,y = 0.05 nH, L,, = 1.6 nH, Ly, = 1.6 nH, L, = 0.9 nH, Ly, = 0.9 nH, L,s = 0.24 nH, Ly, =
0.24 nH, C,, = 0.05 pE, C,5 = 0.05 pF, C,, = 0.05 pF, C;5 = 0.05 pF, C;c = 0.05 pF and C,, = 0.05 pF. The physical
length of the third harmonic suppressor cell are W, =3 mm, W, =2.5 mm, W, =2 mm, Ly=0.62mmand L,
= 0.21 mm. Moreover, according to Fig. 12, two radial stubs are employed to suppress lower frequency bands
from 3.8 GHz to 9.1 GHz with 20 dB attenuation level as the fourth suppressing cell. In addition, according to
Fig. 12b, the fourth suppressor cell creates two transmission zeros;| Tz,— ¢4 |= 56.2 dB at fr,1_ce11.4 = 4.15 GHz
and|Tz,—ce;1.4 |= 48 dB at f1,5_ce11.4 = 7.58 GHz. The length and width values of the fourth suppressor cell are:
L,; =0.025 nH, L,y = 3.7 nH, L, = 1.3 nH, L,;; = 0.4 nH, L;; = 2.04 nH, C,3 = 1.15 nH and C,y = 0.75 nH. The
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Figure 11. Third suppression cell. (a) Schematic circuit. (b) Simulation results. (c) Layout.
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Figure 12. Fourth suppression cell. (a) Schematic circuit. (b) Simulation results. (c) Layou.

inductance and capacitance values for the LC circuit of the fourth suppressor cell were optimised to W5 = 0.39
mm, W, = 0.48 mm, W; = 3.7 mm, W, =4.5 mm, L;; =4.5 mm, L;, =2 mm, L;;=3.7 mm and L, = 0.2 mm.

A suppression structure (four harmonic suppressor cells) have been added to the modified LPF resonator
to achieve a large stopband and improve the frequency response in the rejection band. According to obtained
results, good agreements are observed between the layout and LC circuit results. The introduction of the sup-
pressor cells to the modified LPF resonator yields an LPF structure with a sharp response and large stopband as
depicted in Fig. 13. The final structure of the LPF structure, simulated results and measured results are shown
in Fig. 13. Table 1 shows a comparison between the simulated results for the proposed LPF structure and recent
state-of-the-art. According to Fig. 13b, the—3 dB cut-off frequency for the proposed LPF structure is 2.69 GHz.
The proposed LPF structure illustrates a sharp ROR parameter and equal to 180 dB/GHz. The return loss (RL)
and insertion loss (IL) in the passband and stopband are better than 19, 0.53, 0.56 and 20 dB, respectively. The
suppression level in the rejection band is better than 20 dB leading to SF parameter being 2. The proposed LPF
structure shows an ultra-wide stopband bandwidth which covers a 17.31 GHz range (from 2.69 to over 20 GHz),
with an RSB of 1.79 having been obtained.

The proposed structure has ROR and RSB better than previous works introduced in Table 1. Also, the dimen-
sions of the structure are better than®'".

To validate the concept of the design methodology, the proposed LPF structure is subjected to simulation
at two distinct frequency bands to showcase its performance in both the passband and the stopband. Fig. 14
illustrates the simulation results of the surface current distribution for the proposed LPF structure. As depicted
in Fig. 14a, at a frequency of 1.8 GHz, which falls within the passband region of the LPF, the surface current
flows towards port 2, clearly indicating the passband operation. In Fig. 14b, at a frequency of 3.17 GHz within
the stopband, the LPF structure effectively blocks the signal and surface current.

Proposed WPD
The proposed LPF structure is integrated into both branches of conventional WPD to improve the stopband
bandwidth, suppress unwanted harmonics and increase the isolation between output ports. The schematic of the
final layout of the proposed modified WPD and simulated results are depicted in Fig. 15.

According to Fig. 15b, the simulated results of the proposed modified WPD illustrate an ultra-wide stopband
up to 40 GHz with a 20 dB attenuation level. According to simulated results in Fig. 15b, above 20 GHz, the S,
loss increases which can be attributed to several high frequency loss sources such as material losses (dielectric
losses, conductor losses and parasitic components), impedance mismatches and radiation losses from transmis-
sion lines and components. Fig. 16 shows the imbalance EM analysis that depicts the simulation results of the
group delay, phase difference and magnitude difference between the two outputs. According to the results, the
group delay, phase and magnitude imbalance are better than 0.5 ns ,0.15 degrees and 0.00018 at f = 1.8 GHz,
respectively, this discrepancy in output power levels can be attributed to simulation inaccuracies and a slight
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simulated and measured results up to 20 GHz. The values of L,;=25 mm and W;=9.8 mm.

References | f.(GHz) | ROR (dB/GHz) RSB |SF | Size (A;) Size (mm) IL (dB)
° 1 78 - 2 0.16x0.1 33.0*21.4 0.3

10 1.9 85 1.43 2.5 |0.31x0.21 36.0%22.0 0.5

u 1.86 96.3 131 |34 |0.21x0.08 27.0*14.4 0.24

12 2.68 42.5 1.51 2 - 12.4*11.9 0.12

13 1.03 86.2 1.74 3 0.26x0.13 42.3*20.8 0.3

16 2.97 84.69 1.51 2 0.14x0.15 10.04*10.89 | 0.07

v 2.45 100 2 - - 0.85
This work 2.695 180 1.795 | 2.0 |0.412x0.161 | 25.0*9.80 0.53

Table 1. Comparison between simulated results and other studies for the LPF structure.

(b)

Figure 14. Surface current simulation (a) f=1.8 GHz. (b) f=3.17 GHz.
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Figure 16. (a) Simulation results of Group delay. (b) Simulation results of Magnitude and phase imbalance for
the proposed WPD.

variation of 0.001 mm in the overall design. It could also arise from an asymmetrical positioning with a modeling
difference of approximately 0.001 mm. Fig. 17 shows the simulated results of harmonic balance analysis (with
Py =0dBm at f = 1.8 GHz) for the conventional WPD and the proposed modified WPD. To simulate the har-
monics, the harmonic balance simulation in ADS software was used. It is important to note that even in passive
devices like Wilkinson Power Dividers (WPDs), the generation of undesired harmonics can occur for various
reasons. These reasons include impedance mismatches at the input or output ports, the presence of non-ideal
components (such as non-linear parasitic capacitance and inductance in high-frequency resistance models), and
crosstalk between different branches, which can result in signal reflections within the WPD and the subsequent
generation of unwanted harmonics. The fundamental frequency (f= f;) is located in the passband of the proposed
LPF structure, therefore, the output magnitude remains constant and equals 3 dBm for both conventional and
modified WPDs. According to Fig. 17a, other harmonics (2nd to 11th) are located in the stopband of the LPF
structure that are suppressed significantly.
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Figure 17. Output harmonics. (a) Proposed modified WPD. (b) Conventional WPD.
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Results and discussion

The proposed modified WPD is implemented on the Rogers RO4003c¢ substrate with a dielectric constant of
3.38, a thickness of 0.8 mm, and a loss tangent of 0.0022. An AGILENT/HP N9918A Vector Network Analyzer
was used to measure the S-parameters response with a frequency range of 0.1-20 GHz. The fabricated sample
of the presented modified WPD and experimental/measurement setup are shown in Fig. 18. The simulated and
measured results are shown in Fig. 19. According to Fig. 19d,e, the reasons for the structural imbalance include
manufacturing and assembly errors of SMA connectors, as well as measurement errors by VNA and cables.

According to the measured results, the isolation between output ports (|Ss,|), insertion loss (|S,;) and input
return loss (|S;;|) are better than 21.2 dB, 3.52 dB and 33.2 dB, respectively, at f = 1.8 GHz. There is a good
agreement between simulated and measured results. According to the results, the proposed WPD shows a
wide stopband from 2.7 to 40 GHz and 2.7 to 20 GHz with 20 dB attenuation levels for both the simulated and
measured results, respectively. Figure 20 shows the stopband bandwidth and harmonic suppression level for the
proposed modified WPD. The second to eleventh harmonics at frequencies 2f, to 11f, (f, = 1.8 GHz) are depicted
to be suppressed with better than —40.85, —22.48, —32.91, —50.47, —42.68, —47.66, —46.55, —32.88, —23.61 and
—-29.91 (all in dB) attenuation levels. Compared with the state-of-the-art WPDs, desirable suppression levels
in the stopband are illustrated for the modified WPD and harmonics have been significantly attenuated in this
region. Table 2 shows a comparison between the obtained results for the proposed modified WPD and other
works described in the literature.

Among power dividers, WPDs are widely used due to their simple construction, narrow bandwidth, and
reliable performance. WPDs can be used in test systems to measure two different characteristics of a signal,
such as frequency and power, for broadband-independent signal sampling. GSM modems have a wide range of
applications in transaction terminals, supply chain management, and security applications. One of the frequently
used frequency bands in GSM is the 1800 MHz range, known for its widespread availability and well-established
presence within GSM networks**. The proposed WPD shows desirable performance at this frequency, in terms of
having a wide stop band, high isolation, and suppression of unwanted harmonics. The proposed WPD is versatile
and finds application in various scenarios, including distributing power to antennas in an array, partitioning
power among different components within a system, and aggregating power from various system segments.
Moreover, the presented WPD is suitable for use in devices like radio receivers and transmitters, as well as more
advanced systems found in the telecommunications and commercial sectors.

(@) (b)

Figure 18. Fabricated sample of modified WPD (a) Top/bottom views. (b) Experimental setup.
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Figure 19. The proposed WPD simulated and measured results. (a) S,; parameter from 0 to 5 GHz, (b) Sj;
parameter from 0 to 5 GHz, (¢) S,; parameter measured from 0 to 20 GHz, (d) Phase difference, (e) Magnitude
difference,(f) Output harmonics (harmonic balance).
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Refs fo(GHz) | S33(dB) | S11(dB) | S21(dB) | S (dB) :fagx?lonics suppression | Size (\?) ;?o(;ll;)and (GHz)
% 1.9 26 30 4 - 2nd-4th 0.1x007 |41-76

7 1.8 17 17 3.5 20 2nd-4th 025x0.15 |2.9-74

% 2 20 21 33 26 2nd-3rd 032x0.24 | -

» 2.65 2 27 3.4 - 3rd & 5th - -

» 0.9 - 36 3.32 - 3rd - -

S 1 30 30 3.2 - 2nd-3rd - 22-4

» 45 10 12 3.3 12 2nd-6th 023x041 | -

» 0.5 39 26 3.1 26 No - -

» 1.8 20.1 212 3.1 - 2nd-11th - 4.4-20

& 1.8 34 204 3.1 24.6 2nd-6th - 3.4-10.9

» 1 13.5 30 3.4 - 2nd-5th - -

» 0.9 23 20 4.75 20 No 01x02 |-

g 15 238 19.9 32 - 2nd-5th - 3.3-7.9

g 1.8 15.2 16.5 4 143 No 036x0.02 | -

a 1.8 312 342 3.52 262 2nd-7th 042x0.33 | 2.54-13.48
Elhei::"ork 18 212 332 3.23 - 2nd-11th 038x0.27 |2.7-20

Table 2. Comparison of the proposed modified WPD with related previous works.

Conclusions

This paper presented an efficient WPD with LPF harmonic suppression structure and ultra-wide stopband for
modern communications. An LPF structure was designed based on EM/Microwave theoretical equations. The
proposed LPF structure was integrated into both branches of the WPD to improve the stopband, isolation and
harmonics. The proposed modified WPD demonstrated a desirable performance for the S parameters at f =
1.8 GHz. The demonstrated results showed an RL, IL and isolation better than 33.2 dB, 3.23 dB and 21.2 dB,
respectively. The proposed modified WPD was able to suppress the 2nd to 11th harmonics with better than 20
dB attenuation level and showed an ultra-wide stopband. The overall dimensions of the structure are 35 mm
x 2 5 mm. The proposed WPD is, therefore, suitable for a wide range of cutting-edge wireless communication
systems in GSM and LTE services. The proposed power divider can be used to feed antennas in an array, divide
power between different parts of a system, or collect power from different parts of a system. Also, the proposed
power divider can be used in different structures such as radio receivers and transmitters and more advanced
systems in the telecommunications and commercial industries.

Data availability statement
The corresponding author can be contacted on reasonable request.

Received: 31 August 2023; Accepted: 19 January 2024
Published online: 29 January 2024

References
1. Hussain, S. et al. Current sheet antenna array and 5G: Challenges, recent trends, developments, and future directions. Sensors 22,
3329 (2022).
2. Sayem, A. S. M. et al. Advancements, challenges, and prospects of water-filled antennas. IEEE Access 11, 8301-8323 (2023).
3. Bahrami, S., Moloudian, G., Song, H.-J. & Buckley, J. L. Reconfigurable UWB circularly polarized slot antenna with three modes
of operation and continuous tuning rang. IEEE Trans. Antennas Propag. 70(9), 8542-8547 (Sept. 2022).
4. Ray, M. K,, Mandal, K., Moloudian, G., Lalbakhsh, A. Axial ratio beamwidth enhancement of a low-profile circularly polarised
antenna using defected ground structures. Int. J. Microw. Wirel. Technol., pp. 1-9 (2023).
5. Bahrami, S., Moloudian, G., Miri-Rostami, S. R. & Bjorninen, T. Compact microstrip antennas with enhanced bandwidth for the
implanted and external subsystems of a wireless retinal prosthesi. IEEE Trans. Antennas Propag. 69(5), 2969-2974 (May2021).
6. Park, E., Lim, D. & Lim, S. Dual-band band-pass filter with fixed low band and fluidically-tunable high band. Sensors 2017, 17
(1884).
7. Hyodo, Y. & Yabuno, H. Self-excited microcantilever with higher mode using band-pass filter. Sensors 23, 2849 (2023).
8. Yeo, J. & Lee, J.-1. Design of a high-sensitivity microstrip patch sensor antenna loaded with a defected ground structure based on
a complementary split ring resonator. Sensors 20, 7064 (2020).
9. Chen, E-C,, Hu, H.-T., Qiu, ].-M. & Chu, Q.-X. High-selectivity low-pass filters with ultrawide stopband based on defected ground
structures. IEEE Trans. Compon. Packaging Manuf. Technol. 5(9), 1313-1319 (Sept. 2015).
10. Cao, S., Han, Y., Chen, H. & Li, J. An ultra-wide stop-band LPF using asymmetric pi-shaped koch fractal DGS. IEEE Access 5,
27126-27131 (2017).
11. Moloudian, G., Dousti, M. & Ebrahimi, A. Design and fabrication of a compact microstrip low-pass filter with ultra-wide stopband
and sharp roll-off-rate. J. Electromagn. Waves Appl. 32(6), 713-725 (2018).
12. Sheikhi, A., Alipour, A. & Abdipour, A. Design of compact wide stopband microstrip low-pass filter using T-shaped resonator.
IEEE Microw. Wirel. Compon. Lett. 27(2), 111-113 (2017).
13. Moloudian, G. & Bahrami, S. Design and fabrication of a continuous tunable microstrip lowpass filter with wide stopband and
sharp response. Int. . RF Microw. Comput. Aided Eng. 29(8), €21759 (2019).

Scientific Reports |

(2024) 14:2429 | https://doi.org/10.1038/s41598-024-52506-5 nature portfolio



www.nature.com/scientificreports/

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.
. Wang, ], Ni, J., Guo, Y.-X. & Fang, D. Miniaturised microstrip Wilkinson power divider with harmonic suppression. IEEE Microw.

30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
46.

47.

48.

49.

Chen, C.-]. Design of artificial transmission line and low-pass filter based on aperiodic stubs on a microstrip line. IEEE Trans.
Compon. Packag. Manuf. Technol. 4(5), 922-928 (May2014).

Salehi, A., Moloudian, G. & Setoudeh, F. Design, simulation and manufacturing microstrip low-pass filter by wide stopband and
changing fast situation from passing state to stopping. IETE J. Res. 65(4), 487-493 (2019).

Hayati, M., Gholami, M., Vaziri, H.S., Zaree, T. Design of microstrip lowpass filter with wide stopband and sharp roll-off using
hexangular shaped resonator. 51(1), 69-71 (2015).

Kumar, L. & Parihar, M. S. Compact hexagonal shape elliptical low pass filter with wide stop band. IEEE Microw. Wirel. Compon.
Lett. 26(12), 978-980 (Dec.2016).

Moloudian, G., Bahrami, S. & Hashmi, R. M. A microstrip lowpass filter with wide tuning range and sharp roll-off response. IEEE
Trans. Circuits Syst. II: Express Briefs 67(12), 2953-2957 (Dec.2020).

Deng, P-H., Liu, R.-C,, Lin, W.-D. & Lo, W. Design of a microstrip low-pass-bandpass diplexer using direct-feed coupled-resonator
filter. IEEE Microw. Wirel. Compon. Lett. 27(3), 254-256 (March 2017).

Roshani, S. et al. Design of a compact quad-channel microstrip diplexer for L and S band applications. Micromachines 14, 553
(2023).

Moloudian, G. & Dousti, M. Design and fabrication of a compact microstrip lowpass-bandpass diplexer with high isolation for
telecommunication applications. Int. J. RF Microw. Comput. Aided Eng. 28(5), €21248 (2018).

Moloudian, G., Dousti, M. & Ebrahimi, A. Design and fabrication of a tunable microstrip lowpass-bandpass diplexer for telecom-
munication applications. Microw. Opt. Technol. Lett. 60(3), 754-759 (2018).

Xiao, J.-K., Zhang, M. & Ma, J.-G. A compact and high-isolated multiresonator-coupled diplexer. IEEE Microw. Wirel. Compon.
Lett. 28(11), 999-1001 (2018).

Rayatzadeh, S. & Moloudian, G. Design and fabrication of a miniaturised lowpass-bandpass diplexer with wide tuning range and
high isolation. J. Electromagn. Waves Appl. 33(14), 18741889 (2019).

Lalbakhsh, A. et al. Design of a compact planar transmission line for miniaturised rat-race coupler with harmonics suppression.
IEEE Access 9, 129207-129217 (2021).

Roshani, S. et al. Design and modeling of a compact power divider with squared resonators using artificial intelligence. Wirel. Pers
Commun 117, 2085-2096 (2021).

Roshani, S. et al. Design of a patch power divider with simple structure and ultra-broadband harmonics suppression. IEEE Access
9, 165734-165744 (2021).

Roshani, S. et al. Design of a filtering power divider with simple symmetric structure using stubs. Symmetry 2022, 14 (1973).

Wirel. Compon. Lett. 19, 440-442 (2009).

Karthikeyan, S. & Kshetrimayum, R. Compact, harmonic suppressed power divider using open complementary split-ring resona-
tor. Microw. Opt. Technol. Lett. 53,2897-2899 (2011).

He, J., Feng Chen, Z., Hai Yang, B. & Ying Xiong, M. Miniaturised microstrip Wilkinson power divider with capacitor loading.
Microw. Opt. Technol. Lett. 54, 61-63 (2012).

Qaedrahmati, A., Sheikhi, A. & Abdipour, A. A wideband filtering Wilkinson power divider integrated with good harmonic sup-
pression. Microw. Opt. Technol. Lett. 64, 104-109 (2022).

Miao, C,, Yang, J., Tian, G., Zheng, X. & Wu, W. Novel sub-miniaturizedWilkinson power divider based on small phase delay. IEEE
Microw. Wirel. Compon. Lett. 24, 662-664 (2014).

Li, S., Wang, X., Wang, J. & Ge, L. Design of compact single-ended-to-balanced filtering power divider with wideband common
mode suppression. Electron. Lett. 55, 947-949 (2019).

Karimi-khorrami, S. & Moloudian, G. Design and fabrication of a microstrip lowpass filter with wide tuning range as harmonic
suppression with application in Wilkinson power divider. Analog Integr. Circ. Signal Process. 107, 155-163 (2021).

Moloudian, G., Lalbakhsh, A., Bahrami, S. A harmonic-free Wilkinson power divider using lowpass resonators. In 2022 16th
European Conference on Antennas and Propagation (EuCAP), Madrid, Spain, pp. 1-4 (2022).

Moloudian, G., Miri-Rostami, S. R. & Bjorninen, T. Modified Wilkinsonpower divider with harmonics suppression and compact
size for GSM applications. Int. J. RF Microw. Comput. Aided Eng. 30(7), €22209 (2020).

Coromina, J., Velez, P., Bonache, J. & Martin, F. Branch line couplers with small size and harmonic suppression based on nonpe-
riodic step impedance shunt stub (SISS) loaded lines. IEEE Access 8, 67310-67320 (2020).

Chau, W.-M., Hsu, K.-W. & Tu, W.-H. Filter-based Wilkinson power divider. IEEE Microw. Wirel. Compon. Lett. 24(4), 239-241
(2014).

Wang, Z., Zhang, N., Wang, X., Ma, Z. & Chen, C.-P. Miniaturised horst-type Wilkinson power divider with harmonic suppression.
In IEEE Asia-Pacific Microwave Conference (APMC), 881-883 (2020).

Pakasiri, C. & Wang, S. Dual-band compact Wilkinson power divider using common inductor and complex load. IEEE Access 8,
97189-97195 (2020).

Gao, S. S, Sun, S. & Xiao, S. A novel wideband bandpass power divider with harmonic-suppressed ring resonator. IEEE Microw.
Wirel. Compon. Lett. 23(3), 119-121 (2013).

Zhang, E. & Li, C. E. Power divider with microstrip electromagnetic bandgap element for miniaturisation and harmonic rejection.
Electron. Lett. 44(6), 422-424 (2008).

Moloudian, G. et al. Design and fabrication of a Wilkinson power divider with harmonic suppression for LTE and GSM applica-
tions. Sci Rep 13, 4246 (2023).

Hong, J.-S. & Lancaster, M. J. Microstrip filters for RF/microwave applications (Wiley, 2004).

Lalbakhsh, A., Afzal, M. U,, Esselle, K. P. & Smith, S. L. All-metal wideband frequency-selective surface bandpass filter for TE and
TM polarisations. IEEE Trans. Antennas Propag. 70(4), 2790-2800 (2022).

Simorangkir, R. B., Bayat-Makou, N., Kishk, A. A., Esselle, K. P. Advancements and artificial intelligence approaches in antennas
for environmental sensing. Artificial Intelligence and Data Science in Environmental Sensing, pp.19-38 (2022).

Jamshidi, M. B., Siahkamari, H., Ghaderi, A., Golestanifar, A., Linhart, R., Talla, J., Simorangkir, R. B., and Mandal, K. (2020). A
compact lowpass filter for satellite communication systems based on transfer function analysis. AEU-Int. ]. Electron. Commun.
124, 153318 (2020).

Karimi, G., Siahkamari, H., Khamin Hamedani, E, Lalbakhsh, A. Design of modified Z-shaped and T-shaped microstrip filter
based on transfer function analysis. Wirel. Personal Commun. 82, 2005-2016 (2015).

Author contributions

N. M., G.M,, and A.L. conceived the idea. N.M. and G.M. did the simulations and optimisation. N.M., G.M,
Sa.R., So.R., EP. and A L. developed the main idea for useable applications and designed the different structures.
N.M,, G.M, Sa.R., So.R. and A.L. did the theoretical analysis and proposed the circuit models. N.M. and G.M.
performed the measurements. N.M., G.M., and A.L. wrote and G.M,, Sa.R., So.R., EP. and A.L. edited the manu-
script. All authors contributed to the discussion.

Scientific Reports |

(2024) 14:2429 | https://doi.org/10.1038/s41598-024-52506-5 nature portfolio



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:2429 | https://doi.org/10.1038/s41598-024-52506-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A Wilkinson power divider with harmonic suppression through low-pass filter for GSM and LTE applications
	Materials and methods
	Power divider structure design
	LPF design methodology
	Proposed WPD

	Results and discussion
	Conclusions
	References


