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Abstract — This paper presents a technique to improve
the spurious suppression performance at the second
harmonic (2f) of a Wilkinson power divider. The tech-
nique is achieved by the insertion of bandstop filters real-
izing with parallel-coupled lines with the characteristic
impedance of 21/ZyQ and the electrical length of A/8
in a conventional structure. The simulated and measured
results of the conventional and the proposed divider are
compared at 0.9 GHz. The insertion losses (S, S31) are
less than 3.1 dB, while the return losses (S;;) are less
than 34.6 dB across 100% fractional bandwidth. More-
over, the proposed Wilkinson power divider achieves
more than 25.5 dB suppression at 2fj.

Index Terms — band stop filter, harmonics suppression,
parallel-coupled lines, Wilkinson power divider.

L. INTRODUCTION

The Wilkinson power divider, first introduced by
Wilkinson [[1]], is an essential component for microwave
and millimeter-wave applications. It is widely used
because of its useful property of being perfectly matched
at all ports, high isolation between the output ports
[2] and power divider with harmonics suppression
[3HS5]. The Wilkinson power divider consists of two
quarter-wavelength branches of transmission lines with
a characteristic impedance 2+1/Zy and a parallel resistor
27, connecting two output ports as shown in Fig.[I|(a). A
conventional Wilkinson power divider is designed based
on the electrical length of a desired fundamental fre-
quency. However, high-order harmonic signals appear
at the output ports due to the periodic characteristics
of a transmission line. In addition, using the quarter-
wavelength transmission lines will unavoidably lead to
poor selectivity in each transmission path. The selectivity
can be improved by adding bandpass filters at the input or
at each output port of the Wilkinson power divider. How-
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ever, this approach is not suitable for a compact design
[6-8].

Several researchers presented a Wilkinson power
divider for reducing high-order harmonic frequency,
such as a band pass filter using the open/shot stub [9],
third order bandpass filter high order [10], lowpass fil-
ter [L1H12], and all mentioned above techniques can
reduce the harmonics frequency suppression perfectly.
Most techniques are limited due to their fabrication com-
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Fig. 1. Schematics of (a) conventional and (b) the pro-
posed Wilkinson power divider with integrated band stop
filter.
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plexities. Employing a transmission line with inherent
bandstop filter functionality, we propose a replacement
of ordinary quarter-wavelength branches of transmission
lines with the parallel-coupled lines bandstop filters as
shown in Fig. [I] (b).

Section II presents the basic theory of the proposed
bandstop filter based on parallel-coupled lines to sup-
press the harmonic signals. The proposed method also
results in the suppression of 2f( frequency response, as
presented in Section III. The paper is finally concluded
in Section IV.

II. THEORY

A. Band stop filter based on parallel-coupled lines

Band stop filters (BSF) are important components
in microwave and modern wireless communications sys-
tems. Their potential applications are rejecting higher
harmonics and spurious passband responses in trans-
mission line circuits. A conventional band stop circuit
with either a shunt stub or stepped-impedance transmis-
sion line is not suitable due to its large circuit size [9,
13H16]. Recently, some periodic materials such as pho-
tonic bandgap (PBG), electromagnetic bandgap (EBG),
and defected ground structure (DGS) [[17H19], have been
shown to exhibit good band stop filter characteristics
and are popularly applied in band stop filter designs.
Their stopband bandwidth and sharp cutoff frequency
response are enhanced by increasing the periodic cells,
which leads to a larger size and more transmission loss
in the stopband. Moreover, PBG, EBG, and DGS require
an etching process on the backside ground plane, and
additional position calibration increases time consump-
tion and helps overcome some machining difficulties [9].

We proposed a simple design of a compact band stop
filter using parallel-coupled lines as shown in Fig. |2} To
suppress the second harmonic frequency response, the
proposed band stop filter is designed and implemented
by using a section of A /8 parallel-coupled lines and cas-
caded with an ordinary A /8 at the operating frequency
fo as shown in Fig. [1| (b). The function of the integrated
band stop filter is to suppress spurious response in the
transmission coefficient (S;1) at the second harmonic.
The equations of the input reflection coefficient (S;;) and
forward transmission coefficient (S»;) of the proposed

Fig. 2. Schematic of the proposed 2-port band stop filter
based on parallel-coupled lines.
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circuit are obtained from the relationship of voltage, cur-
rent, and impedance of a 4-port parallel-coupled lines
network [10] as shown in Fig.|2| These relationships can
be expressed in Equations (T)-(d) as shown [20-21]):

Vi =2Znl +Z13l3 + Z14ly, (D
Va = Zp111 + 2315 + Znaly, (2
0="73111 + Z33153 + Z3414, 3
Vi =Zy1 1y + Zaz s + Zagly. 4)

From Fig. [2] the 4-port network of parallel-coupled
lines is transformed into a 2-port band stop filter, where
port 1 and port 4 are the input and output ports, respec-
tively. The initial conditions are V3 = 0 and I, = 0
to obtain the relationship between voltage, current and
impedance parameters of the 2-port band stop filter. We
eliminate /3 from Equation (T)) and {@). Therefore, the
current /3, which is a function of /; and /4 as shown in
Equation (3), is substituted into Equations (I)) and (@),
then the 2-port impedance matrix of the band stop filter
is obtained as shown in Equation (6):

Zi3 Zys
L= lell Z1114’ &)
Zssr — (Zn—=Z%/Z1) (Zia—Z0Zi3/Zn)
(Zi4—Z12Z13/Z11) (le —2122/211)
(6)
where [21]:

1

Zi = 5 (Zoecoth (6) + Zoo coth (6))
1

Z12 = 5 (Zoe coth (8c) — Zoo coth (6))
1

Zi3 = 3 (Zpecsch (6,) — Zpg csch (6p))

1
Zia = 3 (Zoecsch (6,) + Zopcsch (6p)) -

From Equation (6) Zi27 = Z»17 and Ziir' Zoor, the
2-port impedance matrix of the bandstop filter is shown
in Equation (7))

[Vl] _ [ler ler} |:Il:| )
V2 It Zot | | L |

The 2-port matrix in Equation (6) was used to cal-
culate the input impedance (Z;,), the input port reflection

coefficient (S11) and the forward transmission coefficient
(S21) of the proposed band stop filter as in Equations (8,

(®) and (T0) [21, 22]:

Zhr
Zin ZZHT—ma ®)
PP i B ©)
(Zur +20) (Zoor + Z0) — 23,
Sy = 27202121 (10)

(Znr+20)* =23y
Figure [3| shows the simulated results of the pro-
posed band stop resonator in terms of S1; and S1, where



the proposed bandpass filter is synthesized from a cou-
pling factor of —10 dB parallel-coupled lines. Consider-
ing the inset figure shown in Fig. |3| the relevant volt-
age coupling factors of parallel-coupled lines for syn-
thesizing the band stop filter are between —9 dB and
—10 dB, which provides the best performance to sup-
press the spurious response at a frequency of 2f. There-
fore, in the proposed power divider, the band stop fil-
ters were synthesized from —10 dB coupling factor with
characteristic impedance Zy = 70.7€Q, the even and odd-
mode impedances of coupled lines were Zy, = 98.09Q
and Zy, = 50.95Q, on Arlon AD-260A printed circuit
boards with the following design parameters: &, = 2.60,
h=1.0 mm, tan § = 0.0017 at the operating frequency of
1.8 GHz.
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Fig. 3. Frequency response (S21) and (S1;) of band stop
filter based parallel-coupled lines.

B. The modified transmission line with integrated 2f
band stop filter

The conventional Wilkinson power divider consists
of two quarter-wavelength transmission lines with the
characteristic impedance \/EZ() connected between the
input port and the two output ports. A resistor of 2Z, con-
nected between the output ports as shown in Fig. [T] (a).
In this research, we insert the proposed band stop fil-
ter into each branch of a A /4 transmission lines. Each
transmission line is divided into two sections, as shown
in Fig. 4] The first section is a A /8 parallel-coupled-
lines band stop filter, while the second part is an ordi-
nary A/8 transmission line. Both sections have charac-
teristic impedances v/2Zy. These modified transmission
lines have the same electrical length and characteristic
impedance as the original design. However, it’s particu-
larly capable of suppressing the signal at the harmonic
frequency 2fo of the fundamental frequency of the
Wilkinson power divider operating frequency due to the
stop band network.

C. The proposed Wilkinson power divider with inte-
grated 2f band stop filter

Based on the theories and concepts described in the
previous section, a Wilkinson power divider capable of
suppressing the second harmonic without adding a band
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Fig. 4. The proposed synthetic transmission line with the
integrated 2f( spurious suppression band stop filter.

stop filter at the input port or the output ports is pro-
posed. The band stop filter is integrated into the origi-
nal design, as shown in Fig. [5] The replaced modified
transmission lines maintain the original electrical prop-
erties of the conventional design. The size of the circuit is
increased from the conventional circuit by 10% in the y-
axis and increased by 10% when considering the overall
area. The circuit design is simple, with minimal adjust-
ments to the length of the transmission line to meet the
desired operating frequency fo. The proposed Wilkin-
son power divider was designed and simulated on Arlon
AD-260A printed circuit board. The integrated band stop
filters were synthesized using a —10 dB coupling coef-
ficient parallel-coupled lines with the following design
parameters: €, = 2.60, h = 1.0 mm, and tan 6 = 0.0017 at
the operating frequency of 0.9 GHz.

The insertion losses (S;, S31) and the input
return loss (S11), are not different from those of the
conventional circuit. A significant change in the input
return loss is achieved by the the coupled lines via holes.
The simulated results in Fig. E] show that, S;; of the
proposed circuit (—) increases when compared to the
conventional circuit (—) at the frequencies 0.9 GHz
(fo) and 1.8 GHz (2fp), while, the S»; and S3; are pre-
served with —3 dB values in the range of the circuit
bandwidth. The proposed circuit has the S»;, S31 sup-
pression performance to less than —20 dB at the 2f; or
1.8 GHz. However, parasitic inductance of the coupled
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Fig. 5. Schematic of the proposed Wilkinson power
divider with integrated BSF-based parallel-coupled lines
and the shunted capacitance (Cj,).
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lines via holes significantly affects the return loss of the
circuit. There are two approaches to tackle this. These
are: 1) choose a printed circuit board with a thin sub-
strate to reduce the inductance caused by the length of
via ground and 2) add shunted capacitance (Cj,) [13] at
the input port as shown in Fig. [5] to improve the input
matching.
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Fig. 6. Simulated frequency response of conventional
and the proposed Wilkinson power divider.

IT1. DESIGN AND EXPERIMENTAL
RESULTS

The proposed technique’s performance is proven
with a design of a 0.9 GHz operating frequency
fo Wilkinson power divider. The circuit prototype is
designed and fabricated on AD260A substrate (¢, =
2.60, h = 1.0 mm, tan 8 = 0.0017). The band stop fil-
ters were synthesized in the proposed circuit from —10
dB coupling coefficient parallel-coupled lines with elec-
trical parameters Zy = 70.7Q, Zo, = 98.09 Q, and Zy, =
50.95Q. Table [T] shows the dimensions of the proposed
Wilkinson power divider. The conventional Wilkinson
power divider employs ordinary transmission lines with
W=1.50 mm and L =58.00 mm at the electrical length of
0.57. While the proposed Wilkinson power divider con-
sists of two subcircuits, the first subcircuit used 0.257
at 0.9 GHz parallel-coupled-lines with W =1.2 mm, S
= 0.30 mm, and L = 19.00 mm. For the second subcir-
cuit, a 0.257 transmission line with W = 1.50 mm, and
L = 29.00 mm is employed. In the proposed circuit,
the modified transmission line consists of a band stop
filter based on A /8 parallel-coupled lines operating at
the frequency 2f( of the Wilkinson power divider cir-
cuit cascaded with an ordinary A /8 transmission line.
This research used Sonnet-Lite and Matlab for simula-
tion, data processing, and display. The simulated results
of both circuits are shown in Fig.[6] The experiment was
performed with an S5065 Vector Network Analyzer from
Copper Mountain calibrated the frequencies from 0.1 to
3 GHz.
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Table 1: The Wilkinson power divider circuits’ physical

dimensions

Wilkinson W,S,L (mm) Electrical
Power Length
Divider (rad)

Conventional Ordinary lines 0.57
W=1.50, L= 58.00
Wilkinson Ordinary Lines 0.25x
with BSF W=1.50, L=29.00
BSF Coupled Lines 0.257
W=1.20, S=0.30, L=19.00
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Fig. 7. Measured results of (a) conventional and (b) the
proposed Wilkinson power divider with integrated band
stop filters.

The measured results of the conventional power
divider are shown in Fig. [/| (a). The values of the inser-
tion loss S»; and S3; are approximately —3.00 dB, at
frequencies from 0.1 to 3.0 GHz, while the Sy is less
than —25.00 dB at 0.9 GHz and —10.10 dB at 1.8
GHz. In Fig. [/| (b), the insertion losses S»y, S31, and
return loss Sy of the proposed Wilkinson power divider



Table 2: The measurement S-Parameters of the circuits

Wilkinson Power Frequency % BW
Divider (MHz)
Conventional 1,066 118
Wilkinson with BSF 1,255 136

Table 3: The comparison of Wilkinson power dividers

Ref. |Frequency] Techniques Implementation
(GHz)
(30 1.65 Open stubs Complicated
[4] 3.00 Parallel-coupled Complicated
Line
(51 1.80 Open ended stubs| Complicated
[10] 2.45 Microstrip Complicated
bandpass
[20] 0.90 STIL Simple
compensated
This 0.90 BSF coupled Simple
work lines

around the operating frequency of 0.9 GHz are —3.10 dB
and less than —34.60 dB with the input capacitive stub
employed.

More than 100% fractional bandwidth is obtained,
and the insertion loss’ suppression performance at 2f is
approximately more than —25 dB. Comparing the abil-
ities of the proposed Wilkinson power divider and the
conventional designs, the fractional bandwidths are 136
% and 118%, as shown in Table 2] Photographs of the
conventional and the proposed Wilkinson power divider
printed circuit boards with integrated band stop filter-
based parallel-coupled lines are shown in Figs.[§](a) and
[] (b). The circuit sizes, excluding the input and output
connectors, of conventional and the proposed Wilkinson
power divider, are approximately 24.5 cm” and 18.24
cm?. The proposed circuit is 25% smaller than the con-
ventional circuit.

(b)

Fig. 8. PCB photograph of (a) conventional and (b) the
proposed Wilkinson power divider with integrated BSF-
based coupled lines and the shunted capacitance (Cjy,) at
the input port.
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Table [3] summarizes previous works and the pro-
posed circuit. Our design is based on band stop fil-
ter coupled lines, which is simple, while the other
designs are more complicated. Therefore, the proposed
Wilkinson power divider is more suitable in terms of
implementation.

IV. CONCLUSION

A simple technique to improve the spurious
response suppression at the second harmonic of a
Wilkinson power divider by inserting a compact band
stop parallel-coupled lines in the original circuit has been
presented. The proposed technique has several distinct
features, such as low insertion and returns losses, good
selectivity in each output signal path, excellent spuri-
ous suppression, and simple design and implementation.
Based on the experiment, the spurious response of the
proposed Wilkinson power divider is more than 28 dB
at the second harmonic. Therefore, the technique has
potential for modern microwave and wireless communi-
cations.
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