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Abstract

In this paper, a novel three-port Wilkinson power divider (WPD) with a compact size is designed and fabricated. New stepped
impedance transmission lines, and two-part resonators between the input and output ports are used to suppress harmonics up to
the ninth order and achieve a smaller size than a conventional power divider (75% size reduction) based on quarter-wavelength
transmission lines. The characteristics of the transmission lines and resonators are obtained using an even and odd analysis.
The results show that the Sy is about — 3.015 dB, the input return loss (S11) is better than — 24 dB, and at a central frequency

of 2.6 GHz, harmonics are eliminated as far as the 9th order.

Keywords Compact size - Harmonic suppression - Stepped impedance - Two-part resonators - Wilkinson power divider

1 Introduction

One of the essential circuits in telecommunication systems
is power dividers (PDs) used in many components such
as antennas, phase shifters, power amplifiers, etc. Usually,
three-port networks have loss-matching networks. To solve
this problem, the resistance between output ports is used to
increase isolation. Conventional Wilkinson power divider has
drawbacks such as low fractional bandwidth (FBW), large
size, and inability to eliminate high-frequency harmonics.
Researchers have recently tried to improve performance and
reduce PD size (Pozar 2011; Zonouri and Hayati 2021; Imani
et al. 2020; Pouryavar et al. 2018; Imani et al. 2019; Zhang
et al. 2021a; Hayati et al. 2023; Jamshidi et al. 2021; Sattari
et al. 2023; Roshani et al. 2021; Zonouri et al. 2023; Jed-
kare et al. 2020; Zhang et al. 2013; Li et al. 2017; Zonouri
and Hayati 2019; Gai et al. 2017; Lin et al. 2017; Hosseini
Tabatabaee et al. 2021; Li et al. 2016; Hao et al. 2023; Zhang
et al. 2021b; Roshani et al. 2022; Wilkinson 1960; Zhuang
et al. 2018; Zhang et al. 2018; Vaziri et al. 2020; Zhan and
Zhao 2017; Tian and Dong 2022; Xiao et al. 2020).
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Different resonators and techniques are used in the PD
structure, and different methods may be used to design
these resonators, such as using a rectangular-shaped res-
onator (Pouryavar et al. 2018), triangular-shaped resonator
(Imani et al. 2019), circular-shaped resonator (Zhang et al.
2021a) modified square resonator (Hayati et al. 2023), or a
hybrid design technique (Jamshidi et al. 2021). The study of
microstrip circuits has also attracted a lot of attention from
academics in recent years, particularly with the use of intel-
ligent approaches like GMDH neural networks (Sattari et al.
2023), multilayer perceptron network (Roshani et al. 2021)
and the PSO optimization method (Zonouri et al. 2023).

Semicircular resonators in a symmetrical arrangement are
utilized to provide small dimensions and a large pass-band in
Jedkare et al. (2020). Nevertheless, the described structure
uses spiral lines, making its implementation more difficult
than it otherwise would be.

A small PD is introduced in Zhang et al. (2013). In this
PD, the required transmission zeros are generated through
the design of five resonators, but the high insertion losses
and large size are the disadvantages of this design. A dual-
band filtering WPD with multi-mode resonators is provided
inLietal. (2017), which can simultaneously divide the power
and select the frequency, but suffers from a complex design
structure. In (Zonouri and Hayati 2019), a low-pass WPD
is provided with suppression of second to eighth-order har-
monics with an attenuation level of 20 dB. The isolation at
some points of the bandwidth is less than 10 dB.
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Fig. 1 Flowchart of the WPD design method

In (Gai et al. 2017), the uneven distribution of power is
clearly shown. The transmission lines’ length determines this
PD. Any modification to the transmission lines will cause an
arbitrary power split between the terminals. The operating
frequency of this circuit is 2 GHz. An adjustable WPD is
designed and fabricated in Lin et al. (2017). Coupled lines
are used in its design. But the large dimensions of the circuit
and the disregard for high-frequency harmonics are its weak-
nesses. In (Hosseini Tabatabaee et al. 2021), the transmission
lines of a quarter of the wavelength are replaced by oval
and rectangular resonators. The size of the circuit is reduced
by about 55% compared to the conventional structure. It
also has low insertion loss and attenuates unwanted harmon-
ics. In (Li et al. 2016), a dual-band microstrip Gysel power
divider is presented, simultaneously dividing the signal at
two frequency bands and two-phase shifts. Transmission line
characteristics can control the frequency bands. Also, two
isolated and separate areas can be created between the fre-
quency bands with two transmission lines connected to the
output ports. As a result, a wide and isolated frequency band
is created, and finally, the PD is made from the two presented
dual-band structures.

Branch loading was employed in the coupled line in Hao
et al. (2023), and by adding a stepped impedance open cir-
cuit stub, the filtering performance and pass-band bandwidth
were improved, as was the stopband rejection performance.
Also, in this structure, bending the microstrip line between
the input and output parts has resulted in physical access to
the isolation resistance and increased isolation performance
between the output ports.

In (Zhang et al. 2021b), a PD is provided that uses a
cascaded pair of couple line segments, each loaded with a
half-wavelength open-circuit stub. The filter’s bandwidth,
selectivity, and band stop may all be enhanced by using half-
wavelength open-circuit stubs. However, it has a huge size
and a complex design.

As an alternative to the original PD branches, in ref
Roshani et al. (2022) LC parts are combined together. The
proposed new branches have produced a PD scheme that is
small and meets the target miniaturization percentage.
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Designing a PD with a compact size, low losses, and
broad bandwidth remains challenging. To our knowledge, the
microstrip WPD design based on two-part resonators has not
been reported. Most of them are single-part and, of course,
have limited efficiency.

In this paper, a modified Wilkinson power divider using
new stepped impedance transmission lines and two-part
resonators is designed and presented. Due to the two-part
resonator structure, this PD can suppress unwanted harmon-
ics using its wide stopband. It can remove as many as nine
unwanted harmonics. Furthermore, it has an operating band
with an FBW of 73.3%, which indicates its wide working
band. The main novelty of this article is the design of a PD in
which two-part and stepped impedance resonators are used,
inits layout, for the first time with this geometry. On the other
hand, the dimensions of the proposed PD have been reduced
by more than 75% compared to the conventional circuit. The
rest of the article is structured as follows: the second section
details the designed WPD and the associated even and odd
mode analysis. The implementation of the microstrip and
resonators used is described in Sect. 3. Finally, simulation
results and comparisons with previously reported works are
discussed. In summary, the WPD design method can be seen
in Fig. 1

2 Design of the stepped impedance WPD
2.1 Conventional WPD

The conventional WPD consists of two transmission lines,
shown in Fig. 2. In this structure, each transmission line’s
characteristic impedance (Z0) and the electrical length (®)
must be calculated. The conventional WPD consists of two
transmission lines in which the characteristic impedance
equals V2 Zo (70.7 2), and the electrical length is 1/4 wave-
length (90°) (Wilkinson 1960). The conventional WPD is a
single frequency with relatively large dimensions, so it can-
not be used in most radio frequency circuits today and must
be modified.



Multiscale and Multidisciplinary Modeling, Experiments and Design (2023) 6:643-655 645

V2700 =9¢ Port2

o

Portl

R Zo
Zo —
J2 Z0® =90

7 Port3

Zo

Fig.2 Conventional WPD circuit diagram (Wilkinson 1960)
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Fig.3 a The physical 3D and b The equivalent circuit of the stepped
impedance WPD

2.2 Stepped impedance circuit

Figure 3a shows the physical 3D circuit of the stepped
impedance WPD, and Fig. 3b demonstrates the equiva-
lent stepped impedance WPD circuit. Zg represents the
impedance of the input and output ports, and R is the isolation
resistance between the output ports (100 €2). This design aims
to calculate the optimal characteristic impedance of the odd
and even mode for each section to reduce the return losses of
all ports in the desired bandwidth.

2.3 0dd-mode analysis

In the odd-mode sub-structure, Z,qq is the equivalent
impedance seen from the right, shown in Fig. 4. The odd-
mode analysis is calculated step-by-step using the following
equations:

Zo19 = jZ tand (D
Zo18 = — jZscotOs (2)
Zo18 + JZ4tanfy
Zo11 =24 ; 3)
Za+ jZo1gtanby
Zo15Z014
Zotg = oo “4)
Zots+ Zo14
Zo16 + J Zrtanby
Zots = Zo| 22— )
Z> + jZo16tand;

Next, the impedance equivalent to the left branch of the
circuit is calculated as follows:

2514219
Zoiy = 24200 (6)
Zo1a+ Zo19
Zo13 + jZetanbg
Zoty = Zo[ 223712600 @)
Ze + jZo13tanfe
Zo11 = —jZycotOy (8)
Zo11 + J Zgtanbg
Zo=Zpg| oo 9
Z3 + jZ,11tanfg
Zo10 + j Z7tand
Zoy =77 T (10)
Z7 + jZs1otandy
2,97
Ty = 207012 (11)
Zo9+ Zo12
Zo8 + jZ1otanbyg
Zyy = Zyo( 28221000 (12)
Z10 + JZygtanbqg
Zoo = —jZiscott4 (13)
Zo6 + jZ13tanb;3
Zos = 23  £L 200 (14)
Z13 + jZ,etand;3
Z,37Z
Ty = 03202 (15)
Zo3 + Zo2
Zoa + jZ11tandy
Zop = 7y S22 (16)
Z11 + jZpstan6yy
Z7Z
Zo = 2 (17
Za7 + ZOZ
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where Zyqgq is the output impedance and could be obtained
from (18):

Zo1 + jZy5tanf;s
Zodd = Z15| ————"—— (18)
Z15+ jZ,tanb5
Based on (18), the derived reflection coefficient '?%¢ in
the output ports is calculated as follows:
Zodd — Z
rodd — Lodd — Zo (19)
Zodd +Zo

In this design, like in the conventional WPD structure, the
real part of Zo is equal to 50 €2, and the imaginary part equals
zero. Also, the isolation resistance is 100 2.

2.4 Even-mode analysis

In the even mode, as shown in Fig. 5, no current flows through
resistors R or between the inputs of two transmission lines
on port 1. Zeyey is the equivalent impedance, which can be
calculated as follow:

Zy+ jZis5tanf5

Zeto = Zis| = ——7—— (20)
Z15 + jZ,tanf;5

Ze1s = —jZ14c0t014 21
Ze18 + jZ13tanby3

zm=a{e . (22)
Z13 + jZ. gtanf;3

Ze16 = —jZ1acotd2 (23)

Z77Z
ZelS _ el74el6 (24)
Ze17+ Ze16

Zel5 +jZ11tan911

Ze17 = Zu( o (25)
Z11 + jZs5tanfy

@ Springer
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Next, the impedance equivalent to the right branch of the
equivalent circuit is obtained as follows:

Ze19Z
Zo13 = _Lel9%eld (26)
Ze19+ Zels
Z.13 + jZjptanb)g
Zm=a%e ! ) 27)
Zio + jZe13tanbyg
Ze11 + j Zgtanbg
o= {2t o
Z3 + jZ.11tanbg
Ze10 + j Z7tan6
Zeo = 2;( ST LETETT (30)
Z7 + jZeotanby
Ze12Z
Zeg = _Zel2fed (31)
ZelZ + Ze9
Zeg + j Zotand
Zo = Zs M (32)
Ze + jZegtanbg
Zee = —jZscotOs (33)
Zeo6 + jZstan6,
Zos = 24 S8R (34)
Zy+ jZeptanfy
ZenZ
Ty = 226 (35)
ZeZ + Ze3
Ze3 = —jZ3zcotts (36)
Ze3 + jZotanf
Zey = 2, 22T L2 (37)
Zr + jZ3tanb;
Zo1Z,
Zol = _LeToed (38)
Ze1+ Ze2

where Z,ye; is the input impedance on the left side of Fig. 5
and can be shown as:

7. _z Ze1 + jZytanby (39)
even =2\ 7§ j Zortant,
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According to (39), the reflection coefficient derived at the
input port or parameter S1; can be obtained as follows:

Sy = peven _ Zeoven —2Z,

even _ Zeven — <20 40
m Zeven + 2ZO ( )

So, due to the physical limitation in the implementation
of the WPD, Z, and Zg¢ are selected to be 168 and 160 €2,
respectively.

2.5 Parameters of the stepped impedance WPD

In the presented structure, the isolation between the output
ports of the WPD is considered zero (Sz3 = 0) and is sym-
metric for simplicity as well. Therefore, Z1 = Z15,Z¢ = Z10,
2y =711,2y =711,23 =Z12, 24 = Z13, and Z5 = Z4.

In the operating band of the stepped impedance WPD, the
return loss is assumed to be greater than 15 dB. Furthermore,
in the conventional structure, the characteristic impedance of
each transmission line is 70.7€2, so all the impedances and
electrical lengths of the stepped impedance structure can be
obtained according to Table 1 (Units are Z, €2, 68°).

3 Microstrip WPD design

The proposed stepped impedance WPD design approach
implements a microstrip waveguide. Microstrip technol-
ogy is a good choice for implementing microwave filters,
power dividers, and couplers. The advantages of using
microstrip lines include compact size, low cost, easy fabrica-
tion, lightweight, and the ability to integrate them with other
microwave circuit elements on a circuit board. Therefore, to
implement the stepped impedance circuit, microstrip stubs
and resonators are used, in which impedances two-part res-
onators replace Z, to Zs and Z; to Z14. Stepped impedance
resonators substitute the impedances Z7 to Zg.

Magnitude (dB)

L L )

L
5 10 15 20 25

Frequency (GHz)

(b)

Fig.6 a The layout, and b The simulated Si, of proposed two-part
resonators in different dimensions

3.1 Two-part resonators

According to Fig. 6a, two-part resonators have implemented
symmetric impedances Z; to Zs and Z1; to Z14. In the pre-
sented design, the sizes of L2 and W2 are 7.4 and 0.1 mm,
respectively, and the result of insertion losses (S»1) for dimen-
sions (a) L1 =3.5mm, W1 =1.2mm, (b)L1 =3.7mm, W1
= 1.2 mm, and (c) L1 = 3.7 mm, W1 = 1 mm is simulated
in Fig. 6b. The simulation results show that the condition
of mode (b) produces the best output response because it
has produced two transmission zeros with the lowest level of
attenuation and compared to mode (a) and (c), it has a better
bandwidth.

@ Springer
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Table 1 Calculated parameters of

the stepped impedance circuit Z 0, 73 02 Z3 03 Z4 04
168 1.5 167.5 2 56.2 6.5 158 14.3
Zs 05 Zg 06 Z,; 67 Zg 03
56.2 6.5 160 11.7 31 5.6 18.2 4
Zy by Zyy 010 Zy 01 Zy, 012
41 7.6 160 11.7 167.5 2 56.2 6.5
Zy3 013 Zy 014 Z;s 015 R
158 14.3 56.2 6.5 168 1.5 100

Figure 7a depicts the LC equivalent circuit of the two-part
resonators. Following the method outlined in Refs. (Imani
et al. 2020; Pouryavar et al. 2018), the inductor and capacitor
values can be determined.

Based on Fig. 7a, we may infer that the impedance seen
from Va and Vb is Zb, Zc, and derive the transfer function
as:

Each microstrip line in the LC model can be thought of _ Ve - v (45)
as a series inductor and a grounded capacitor. From this, the Ly xS+50 50
equivalent L-C circuit can be formed. The following set of (L1 x S+50)V;
equations can be used to accurately simulate transmission Va = 50 (46)
lines (Pozar 2011):
1.08 ) 0-926
c— | 885 x 10-2) e ], |y (et L w x I (41)
T h 2 In(3 +1) 8
w
Z x1
L=2""y, =5 (42)
Vo JEre
For w/h < 1:
e+1 g —1 h70 w12 n w
6, = + 1+122 +0.04[1 - —] 7= |82 +0.25Y (43)
2 2 w h 27 /€re w h
Forw/h > 1:
+1 & -1 h703 h !
fo= T 1+12- L Z=—1" 11393 +o.6771n[E + 1.444] (44)
2 2 w e W h
where Z is the transmission line’s characteristic impedance Vi v,
L fp— T —0 - (47)
and Vp is its phase velocity. Light velocity is given by c, Ly x S+50 50
and is a constant quantity equal to 377 (1207) 2; 1 is the
length of the transmission line; w and h are the line width and Vp = M (48)

substrate thickness, respectively. Table 2 lists the capacitor
and inductor values used in the circuit seen in Figs. 7a and
9a.
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Table 2 The values of inductors and capacitors Figs. 7a and 9a (all values are in pF and nH)

Ly L, L; Ly Ls L¢ Ly Lg Lo Ly Ly, Ly L3 Ly
2.5 7.71 2.5 3 0.3 24 0.3 3 0.3 24 0.3 6.5 0.4 0.25
Ci C> C; Cy Cs Ce C; Cs Cy Co Ci Ci2 Ci3

0.15 0.134 0.48 0.48 0.55 0.55 0.74 0.74 0.55 0.55 0.146 0.78 0.78

Both Eq. (45) and (46) assume a matched impedance of 3.2 Stepped impedance resonators
50 O between the input and output ports in their calculations.

Assuming Va and Vb are nodes, we now have: To increase the stopband bandwidth of the PD, another res-
onator is added to the microstrip circuit, as shown in Fig. 8a.
Vo Vi V. Vo=V, V, V,—V, Figure 3 shows this resonator consists of three different trans-

-+ + -+ =0 (49)  mission lines whose impedances vary step by step. According
Lix$ 2y Lax$  Ze Lyx$ to Fig. 8a, L3 and W4 are 1.3 and 0.4 mm, respectively. Also,
the response of S1; for different W5/W3 ratios is simulated in

where Fig. 8b. The created transmission zeros can easily be moved
1 1 1 1 1
Zy = +L7 xS +Le x S| +Lsx S| +Lsx S| +L; xS
Cog x S C7 xS Csx S Cy3x S Ci xS
(50)

1 1 1 1 1
Z, = +L S +L S +L S +L S +L S
¢ ((((((CIOXS e )HCSXS) 10 )HCéXS . )||C4><S 8 )||C2><S i )
(51)
From Eq. (46), (48) and Eq. (49), the transfer function of
V, and V; can be written as:
Vo 50 x Zp X Z, (52)

Vi (L1 x S+2 X Zp)(50+ L1 x S)(L3 x S+2 x Zo)(50+ L3 x S) — (50 x Zp)(50 x Zc)

Setting Eq. (52) to zero gives us the transmission zeros,  py changing the dimensions of the resonator. For W5/W3 =

thus we have: 4.2, the most optimal result is obtained because two transmis-
sion zeros are obtained in the response, which has a better
Jzero3 =71.82GHz attenuation rate compared to others, and also reaches the

highest level in the passband.
The LC equivalent circuit of the stepped impedance res-
Jzeroa = 199G Hz onator is shown in Fig. 9a. Based on Fig. 9a, we may infer
that the impedance seen from Vy is Z,, and derive the transfer

As seen from the frequency simulation result of this function as:

structure with the dimensions of mode b in Fig. 7b, these v v
X o

resonators produce two transmission zeros (TZs) at a fre- < 0 (53)
quency of 7.9 GHz and 19.8 GHz, respectively. These novel L1z xS+50 50

resonators with long bases and two parts are designed to

occupy a small space while creating TZ. Therefore, itcanbe  V, = M (54)

concluded that the simulation results of the LC equivalent 30

circuit with the layout are slightly different from each other.
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(56)

From Eq. (54) and Eq. (55), the transfer function of Vo

and Vi can be written as:

Equation (53) assumes a matched impedance of 50 O

between the input and output ports in their calculations.
Assuming Vy is a node, we now have:

Vx_Vi
—_— +
Ly xS

Vx

Vi =V,
+ —
Zy

L]XS_

50 x Z,

(55)

thus we have:

| —4C1pC13L13L14+(C1aL13+C 1o L1a+C13L14)

1 1
\/C12L13 + CiaLi4 +

Vi (LiaxS+2xZ)(50+ L1a x S) — (50 x Z,)

(57)

Setting Eq. (57) to zero gives us the transmission zeros,

Ci3Li4 C12Ci3L13L14
fzerol - (58)
272
\/ | T BRI | _ —4C1pCi3L13L14+(CioL13+CioL1a+C13L14)?
_ VYV CiLiz " CipLiy * CizLiy Ci2Ci3Li3L14 59
fzera2 = (59)
271'\/§
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Using the values of capacitors and inductors of Table 2,
the cut-off frequencies in Eq. (58) and (59) are evaluated as:

frerol = 11.16GHz

Frerer = 22.45GHz

According to Fig. 9b, this resonator also creates two TZs at
a frequency of 11.2 GHz and 22.5 GHz, respectively. These
frequencies are the resonance frequencies of the proposed
resonator in Fig. 8a. As the layout simulation results show, the
LC equivalent circuit analysis results are very close to each
other compared to the simulation and have little difference,
which shows the high validity of the calculated results.

3.3 Final structure

According to Fig. 10, the final structure of the proposed
WPD is formed by combining the two-part with the stepped

10.7 mm

Fig. 10 The layout of the final WPD structure

7.9 mm

Fig. 11 Fabricated WPD

impedance resonators. This compact structure is symmetri-
cal on the vertical axis, so it can be easily fabricated using
microstrip technology. On the other hand, the equivalent
impedance is equal to the impedance of each branch of the
conventional WPD.

4 Simulation and fabrication results

The wide-band WPD is simulated on a Rogers RO4003 sub-
strate with a thickness of 0.508 mm and a relative dielectric
constant of 0.0022 using electromagnetic wave simulator
software (ADS). The circuit’s overall size equals 7.4 mm
x 7.9 mm (0.106 Ag x 0.114 Ag). The photograph of the
fabricated WPD is shown in Fig. 11. This circuit has an 75%
reduction in dimensions compared to the conventional struc-
ture. Where ) is (Zonouri and Hayati 2019):

300

T TGH < e “
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where &, is the microstrip line’s effective dielectric con-
stant.

Furthermore, the simulation and measurement results of
S-parameters are shown in Figs. 12 and 13. As expected,
there is a slight difference between the simulation result and
the fabrication due to fabrication and soldering errors.

As can be seen, this single-band WPD at 2.6 GHz has
an insertion loss of — 3.015 dB and fluctuates very little
throughout the bandwidth.

According to Fig. 12, the proposed structure has a return
loss of less than — 15 dB in the bandwidth, and S11 is equal
to — 24 dB at the central frequency.

According to S;; = — 15 dB, the bandwidth is from 1.6
to 3.5 GHz, while the center frequency of 2.6 GHz. Since
the bandwidth of the proposed power divider ranges from
1.6 GHz to 3.5 GHz and the center frequency is 2.6 GHz,
FBW is calculated as follows (Zonouri and Hayati 2019):

B.W 3.5GHz — 1.6GHz
x 100 =
fo 2.6GHz

=173.3%
(61)

FBW% =

The simulation results of return losses at the output port
(S22-S33) and isolation between ports 2 and 3 (S»3) are shown

@ Springer
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in Fig. 13. If we set the — 20 dB level as a comparison level,
then this circuit has a wide stopband, in which it suppresses
nine unwanted harmonics with the level of attenuation -20.5,
35.1, — 232, — 343, — 30.7, — 37.4, — 29.1, — 22.8, and
— 31.1 dB, respectively.

In a PD, the input signal is divided into two output signals
with the same amplitude. Still, there may be slight variations
in the amplitude of the signals relative to each other, and the
output signals have phase differences. Figure 14a, b depict
the phase and amplitude variances between the output ports,
respectively. The phase and amplitude differences are lower
than 1.5° and less than 0.2 dB in the pass-band. Therefore, the
proposed structure has an equal power division at the output
ports and is symmetric.

Table 3 compares the proposed WPD’s performance to that
of comparable works. As can be seen, the simulated perfor-
mance of the proposed structure outperforms other solutions
in terms of insertion losses, FBW, return losses, technique
and harmonic suppression. Also, the circuit size is smaller
than most previous works and has a simpler structure. To put it
simply, it excels at S-band uses. The presented circuit has the
best FBW and insertion loss compared to other works, which
makes its applications wider. Hence, the developed circuit
has applications in airport radars for air traffic management,
weather surveillance radar, and several telecommunication
networks.

5 Conclusion

This article proposes a novel compact broadband WPD using
microstrip lines at a central frequency of 2.6 GHz to improve
the previous solutions using a novel two-part and stepped
impedance resonator. The even and odd mode method has
been used to analyze the designed circuit. The simulation
results show that nine unwanted harmonics are suppressed.
The FBW is 73.3%, and the circuit size is just 0.106 A
x 0.114 \g. The above properties make the designed WPD
attractive for applications in microwave amplifiers for divid-
ing or coupling power, antenna arrays, and mixers.
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