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ABSTRACT In this paper, a wideband filtering power divider (PD) with ultra-wideband harmonic
suppression and isolation is proposed. The dual coupled-line sections are embedded to the conventional
quarter-wavelength transmission lines, which helps to extend the passband of the PD. With the introduction
of the short-circuit stubs shunted at the output ports and the coupled lines with the open-circuit stubs,
the ultra-wide stopband can be implemented more efficiently, thus resulting in five transmission zeros
from 2 to 6 GHz. Furthermore, the improved isolation structure with series connected a resistor and a
capacitor can be utilized to realize the ultra-wide isolation frequency band. Using a single resistor between
two output ports, we have achieved an excellent in-band isolation. For demonstration, a wideband filtering
PD operating at 1 GHz with a 20-dB bandwidth of 50% and an ultra-wide stopband better than 20 dB
from 2 to 6 GHz is designed, fabricated, and measured. The measured results agree well with the anticipation.

INDEX TERMS Filtering power divider, harmonic suppression, ultra-wideband, coupled-line, improved

isolation.

I. INTRODUCTION

In modern wireless communication systems, the ever increas-
ing demand for the low cost and miniaturized high-
performance radio frequency (RF)/microwave components
has led to growing volume of investigations for multifunc-
tional microwave devices. Owing to the indispensability of
the power dividers (PDs) and filters in RF/microwave front
end devices, much attention has been extensively paid to the
PDs with high passband frequency selectivity [1]-[10].

The PD with two bandpass filters embedded in quarter-
wavelength transmission lines (TLs) sections has been
employed to achieve the desired filtering response and
improve frequency selectivity [1]. However, the designed cir-
cuit has poor insertion loss and isolation between the output
ports. In order to improve the isolation property, a parallel
inductor-capacitor (LC) resonator is loaded onto the isola-
tion network for minimizing the divergence between even-

and odd-mode impedances around the passband at the cost
of a narrow operating frequency band [2]. In addition, the
compact folded quarter-wavelength resonators are applied
in highly symmetric coupling structures for improved in-
band isolation, which is difficult for accurate fabrication [3].
Although the aforementioned improvements to date are sub-
stantial and inspiring, the out-of-band interference up to
harmonic frequencies has not been considered, which limits
the application of such devices in a multi-standard wireless
communication system.

In order to create the wide stopband suppressing the out-
of-band interference, two dual-mode resonators [4] and four
discriminating coupled resonators [5] are loaded in quarter-
wavelength TLs for generating the desired filtering response
and the out-of-band transmission zeros. Additionally, by
employing the short-circuited half-wavelength resonators [6]
and spiral resonators [7], the harmonic suppression
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functionality can be combined in PDs. Nevertheless, the main
disadvantages of these PDs with a wide stopband are the
narrow passband [4], [5] and poor isolation [6], [7]. For
developing wideband filtering PDs with a wide stopband and
an isolation frequency band, the quasi-coupled lines with a
complex matching isolation network and open-/short-circuit
stubs are utilized [8]. Although the bandwidth of the isolation
and stopband are acceptable, the in-band return loss and the
level of harmonic suppression need further improvement.
Besides the single-band equal filtering power division ratio
case, other responses have also been investigated, including
unequal power division [9], the dual passband operation [10],
tunable filtering [11] and multi-way property [12], [13].

In this paper, a novel wideband filtering PD is proposed
with many advanced properties including excellent in-band
return loss, high in-band isolation, good harmonic suppres-
sion, ultra-wide isolation frequency band, and ultra-wide
stopband, which is composed of two coupled-line (CL) sec-
tions, short-circuit stubs, and coupled lines with open-circuit
stubs. The two-section CLs based on the centre-loaded cou-
pled structures with open-circuit stubs are used to extend the
passband while the short-circuit stubs can achieve the ultra-
wide stopband with five transmission zeros. In addition, the
ultra-wide isolation frequency band and high in-band isola-
tion can be realized by the improved isolation structure with
a series connected resistor and capacitor and a single resistor
between two output ports. Finally, the complete design the-
ories, procedures and results for the proposed PDs are also
provided in details.
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FIGURE 1. The schematic diagram of the proposed wideband filtering
power divider.

Il. DESIGN METHODOLOGY

A. ODD-/EVEN-MODE ANALYSIS

Fig. 1 depicts the designed wideband filtering power
divider (WFPD) circuit configuration, which is composed of
two CL sections, the short-circuit stubs, and the CLs with
open-circuit stubs. As shown in Fig. 2, the S-parameters of
the proposed WFPD can be obtained based on the odd-/even-
mode analysis. For simplicity, CLs with open-circuit stubs
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FIGURE 2. Equivalent circuits of the proposed filtering power divider in
Fig. 1: (a) odd mode with right-hand side excitation; (b) Even mode with
left-hand side excitation. (c) even mode with right-hand side excitation;
(d) the odd-/even-mode circuit of the coupled lines with open-circuit
stub, which is equivalent to a TL with a characteristic impedance

Z¢ and an electrical length ¢.

are equivalent to a TL in Fig. 2(c). Moreover, the odd-/even-
mode circuits of CLs with open-circuit stubs are illustrated
in Fig. 2(d). Since microstrip lines at high frequency exist in
the quasi-TEM mode, the phase velocities of the even and
odd modes are not equal in general. However, because the
coupling of the coupled-line structures in this work is not
very strong, all the coupled-line structures can be reasonably
assumed to have the same even-/odd-mode electrical lengths.
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First, the electrical lengths of all the TLs shown in Fig. 2
satisfy the following condition: 61 = 6, = 63 = 6 =
0 = m/8, except for the short-circuit stub with the electrical
length of 7/2 (i.e. 61 = 46). Therefore, the odd-/even-mode
input impedances of the CLs with open-circuit stubs can be
expressed as

_ Zeoptan0 — 27 cotl
Zine = jZe2 s (1a)
Zer + ZZtZ

Zino = jZyp tano, (1b)

where Z,» and Z,; are the even- and odd-mode characteristic
impedances of the coupled lines, respectively, and Z;; is the
characteristic impedance of the open-circuit stub. For sim-
plicity, the isolation structures are replaced by the isolators
Ziso1 and Z;s,p. Based on (1), the phase shift ¢ and the
equivalent characteristic impedance Z. of the CL structure
with an open-circuit stub can be derived as follows [14]:

Zine + Zino
lp| = |Arccos | ———
ine — Zino
e ces [FortZoZn+22070) i 02707,
(Zg22 ~Ze2Zop—2Z0Zs2) tanZ 6 — 2774 ’
(22)
Ze2Z52(2Zsy — Zg) tan? 0)
Ze = Zinelino = || = 2F : (2b)
Zo + 27

As shown in Fig. 2(a), the odd-mode input impedances
of the WFPD with the right-hand side excitation can be
obtained as:

ZoRin5 = jZo1 tan 0

Zorim = ZoRin5Zisol
" 2Z£Rin5 + Ziso1
ORin4 + JZctan g
Zorin3 = Zc -
Zc + jZoRina tan ¢ 3)
ZoRin3 +JZo3 tan 0
Zorin2 = Zo3

" Zo3 +jZoRin3 tan 6
ZoRin1 = jZ;1 tan 0y

Ziso2Z0Rin1 ZORin2
2ZoRin1 ZoRin2 + Ziso2(ZoRin1 + ZoRin2)
Therefore, the reflection coefficient I'J,, at the output

port 2 (or port 3) in the odd-mode equivalent circuit can be
deduced as [8]:

ZoRin =

0 ZoRin — Zo. @)
Zorin + 2o
Similarly, the even-mode input impedances of the WFPD
with the left-/right-hand side excitation in Figs. 2(b) and 2(c)
can be obtained as:

ZELin4 = jZ;1 tan Oy
ZELiny = _ZevinaZo
" ZEL'%AL +Zy
Tt = Zoy L3 + jZe3 tan 6
ELin2 €3 Zo3 +jZELm3 and 5)

Zgrino + JZ- tan @

Zerim = Zo——————
Ze + jZELjnp tan @
ZgLinl + JZe1 tan @

ZiLin = Zel : ’
Ze1 + jZELin1 tan @
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and
27y + jZ.1 tan 6
Ze1 + j2Zy tan
ZERind + jZc tan @

ZgRin3 =Ze (5

Z¢ + jZERipa tan @
ZERin3 + JZe3 tan @ (6)
" Ze3 + jZERin3 tan 0
ZERin1 = JZ;1 tan 6y

ZERin ZERin2

ZERind = Zel

ZERin2 = Ze3

ZERin =

ZERin1 + ZERin2

Hence, the reflection coefficient I'j, at the input port 1
and I'¢,, at the output port 2 (or port 3) for the even-mode
equivalent circuit can be deduced as:

. ZELin — 22
ry = m— (7a)
ZELin + 27y
ZERin — Zi
I, = 22, (7b)
ZERm + ZO

In order to achieve an excellent in-band return loss,
the ultra-wide stopband, and isolation frequency band, the
S-parameters of the proposed WFPD can be calculated as:

S =r; (8a)

in>

Fsut — Fgut
_ 8b
3 (8b)

Therefore, by defining the S;1, the input return loss and
the passband bandwidth can be determined based on the two
CL sections. With 8 = 6, = 03 = 6 = 6y/4= 6, an
ultra-wide stopband with several transmission zeros can be
obtained. Hereinto, the locations of three fixed transmission
zeros generated from short-circuit stubs can be found by
solving:

823 =

f=(” :5)-fo, n=123 ©)
where 6 is now considered in degrees and not in
radians anymore. Additionally, the other two transmis-
sion zeros are created by the CLs with an open-
circuit stub. Moreover, the locations of the other two
transmission zeros can be tuned by the characteristic
impedances of the CLs with the open-circuit stubs (Z.
and Z,»). The design equations can be derived by using
S21 = 0, whereas the complex and tedious equations are dif-
ficult to be solved. For depicting the presence and the control
of the transmission zeros clearly, four ideal simulated cases
operating at 1 GHz for different transmission zeros in the
stop band are implemented with different design parameters
in Fig. 3. Fig. 3(a) illustrates the input return loss and the
insertion loss of the four ideal simulated cases. Furthermore,
in order to maintain the same bandwidth of the 20-dB in-
band return loss, the characteristic impedances of CLs and
short-circuit stubs are adjusted. For Cases 1, 2, 3, and 4, the
transmission zeros are at (i) 2 GHz, 4 GHz, and 6 GHz;
(i) 2 GHz, 3.5 GHz, 4 GHz, 4.5 GHz, and 6 GHz;
(iii) 2GHz, 3 GHz, 4 GHz, 5 GHz, and 6 GHz, and (iv) 2GHz,
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FIGURE 3. The S-parameters of the ideal simulated cases operating
at 1 GHz with different transmission zeros in the stop band. (a) The
magnitude of S;; and S,;. (b) The magnitude of S,, and S,5 with
different isolation networks for Case 2.

TABLE 1. The corresponding characteristic impedances of the simulated

cases with different transmission zeros in Fig. 3(a).

- ]

Zy Zy Zy Z, Zs Zy Zy Zy

@ | @ | @ | @ | & | @ | @ | Q)
Case 1 130 80 123 55 110 85 40 78
Case 2 130 80 128 55 110 85 40 78
Case 3 110 91 139 54 100 78 37 75
Case 4 108 88 148 45 106 91 34 76

2.6 GHz, 4 GHz, 5.4 GHz, and 6 GHz, respectively. More-
over, the bandwidth of the 20-dB in-band return loss is about
50% from 0.86 to 1.36 GHz for all cases. In other words,
maintaining the in-band return loss (S11) better than 20 dB
and a wide passband of 50%, the ultra-wide stopband with the
6™ harmonic suppression is below —20 dB within the range
of 2 GHz to 6 GHz. The corresponding design parameters of
these cases are summarized in Table 1.

As shown in Fig. 3(b), in the case of no isolation network,
the proposed circuit configuration can provide a broad out-
of-band isolation. Therefore, in order to improve the in-band
isolation between the output ports, based on (3), (4),

VOLUME 4, 2016

and (6)-(8), isolation network can be

calculated as:

the general

Zisol
_ 2jZZorinsltan 0(jaZ y — jZorin (bZ3 — jac)) + jZo3g)
Z:Zy38 + tanbjdZoRins + Zcae + jZorin1 Zcbe + ah))

— Ry + 1/(joC) (10)
where
a = ZgrinZiso2, (11a)
b = =2Zggin + Ziso2, (11b)
c = Z:tan g, (11c)

d = (aZ%tang — jZogin1 (Zea — jbZ5tang)), (11d)
e = Zp3(Zo1 + Z53), (11e)
g = ac — Zogin1(ja + bc), (111)
h = (Z} + Zo1Zs3)tang. (11g)

From (10) and (11), the series connected RC network
should be utilized to achieve high in-band isolation. As shown
in Fig. 3(b), when the isolation network only adopts the
series RC, the in-band isolation can be improved without
affecting the out-of-band isolation. For further extending
the bandwidth of in-band isolation, a single resistor located
between the two output ports is utilized, while the out-of-
band isolation is attenuated to 10 dB. Finally, the in-band
isolation of Case 2 is better than 20 dB from 0.81 GHz
to 1.34 GHz for the isolation network with Ry, R, and C,
and the 10 dB absolute bandwidth of isolation is 7 GHz.
Moreover, the output matching is better than 20 dB from
0.92 GHz to 1.34 GHz. Therefore, we have achieved the
good output matching performance (|S22] < —20 dB), the
perfect in-band isolation (|S23| < —20 dB) and the ultra-wide
isolation frequency band (0-7 GHz) for Ry, Ry, and C values
of 30 2, 300 2 and 2.5 pF, respectively.

B. DESIGN PROCEDURE
The design procedure of the proposed WFPD can be summa-
rized as follows:

1) Determine the operating frequency f and the locations
of transmission zeros according to (9).

2) Based on (4), (7), and (8), the even-/odd-mode
impedances of CLs with open-circuit stubs and the
characteristic impedances of short-circuit stubs can be
determined.

3) Select the proper resistors (Ry, Ry) and capacitor C,
improved output matching, high in-band isolation, and
ultra-wide isolation frequency band can be achieved by
(10) and (11).

Ill. IMPLEMENTATION AND MEASURED RESULTS

In this section, the simulated results are obtained by using the
Advanced Design System (ADS) tool based on the method of
moments (MOM). Furthermore, the required circuit layout is
fabricated on the top layer of a RO4350B substrate, whereas
the ground is placed on the bottom layer of the substrate.
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Port 3
{

Isolatmn networks

\Wu

FIGURE 4. The corresponding circuit layout of the proposed filtering
power divider on the substrate of RO4350B.

FIGURE 5. The photograph of the fabricated WFPD. The input and output
ports are terminated with 50-2 SMA connectors and the two via holes are
used for the ground connection.

Moreover, the metal thickness of each layer is about 35 pum.
Finally, with the help of a vector network analyzer, we have
measured the circuit model of the designed WFPD.

For further theoretical verification, the Case 2 in Fig. 3
is fabricated and measured based on a substrate of the rel-
ative permittivity &, the thickness A and the loss tangent of
3.48, 0.762 mm, and 0.0037, respectively. The correspond-
ing circuit layout and photograph of the fabricated WFPD
are depicted in Fig. 4 and Fig. 5, respectively. As shown
in Fig. 4, the circuital dimensions of the proposed WFPD at
the operating frequency of 1 GHz are optimized and are (all in
millimeters): wp = 1.72, w; = 0.44, wo = 0.48, w3 = 0.49,
wy = 2.8, wp = 096, 1 = 10,1} = 13, = 1291,
I3 =12.47, Iy = 8.3, Lo = 12.2, ly13 = 21.9, [, = 11.5,
lpp = 27,51 = 0.53, 5 = 0.18, 53 = 1.04, h = 0.762, and
r = 0.5. Herein, the two via holes with the radius of 0.5 mm
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FIGURE 6. The EM simulated and measured results of the proposed
WFPD: (a) the magnitude of S;;, S,y and Ss;, (b) the magnitude
of S5, and S,3, and (c) phase imbalance and magnitude imbalance.

are used for the ground connection to achieve the equivalent
short-circuited function. Additionally, the values of R, R
andC are selected as 30 €2, 240 €2, and 3 pF, respectively in
the practical measurements.

Fig. 6 displays the EM simulated and measured
results. As shown in Fig. 6(a), the measured bandwidth
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TABLE 2. Performance comparison of filtering power dividers.

The center

Refs.  frequency fi FBW/RL! BW/IL? In-band IL? Isolation Isolation TZs® Size
(GHz) (Inband) (Stopband) (dB) (Inband) (Out of band) (Out of band) (Ag*4g)
1] 1.8 s ; 3.9 10 dB Wide 1 0.45x0.54 | 2013
2] 1 1667;/1; ; 38 20 dB Wide 2 0.17%025 | 2014
3] 12 o ; 44 30dB Wide 1 0.19x0.19 | 2014
[4] 24 f(')lg/l‘; 115‘8({1; 42 10 dB Narrow 1 0.45%045 | 2015
5] 1.4 19(')5;/1‘; 381(;’]3 43 16 dB Ultra-wide 3 0.13%0.19 | 2016
[6] 0.9 o %’i’é’ 37 20 dB - - 0.1x02 | 2014
7] 25 18?13 o 43 ; - 2 0.15x03 | 2014
(8] 3 11054 fg’ 135'4({103 3.7 15 dB Ultra-wide 3 02x0.15 | 2016
s 1 o Son 32 20dB Ultra-wide 5 0.43x034 | 2016

'RL: Return loss; *IL: Insertion loss; *TZs: Transmission zeros

of 20-dB in-band return loss is about 43% across the band
of 0.75-1.18 GHz. The measured magnitude of S»; and S31
at 1 GHz are about —3.173 dB and —3.306 dB, respec-
tively, whereas the in-band amplitude imbalance illus-
trated in Fig. 6(c) between the two output ports is about
0.1 dB. Moreover, in Fig. 6(a) the measured stopband is
below —20 dB from 1.6-5.5 GHz with harmonic suppression
located at 1.73 GHz, 2.85 GHz, 3.52 GHz, 4.64 GHz, and
5.28 GHz. Additionally, from Fig. 6(b) the measured in-band
isolation is better than 20 dB ranged from 0.76-1.18 GHz
while out-of-band isolation is greater than 10 dB. The phase
difference at 1 GHz is about 1.823° from Fig. 6(c). From
the aforementioned results, we can see that the excellent
20-dB return loss with a bandwidth of 43% is obtained under
the conditions of maintaining the in-band isolation (S23) and
output matching (S7) better than 20 dB. Moreover, the ultra-
wide stopband with high harmonic suppression and ultra-
wideband isolation are also achieved. Therefore, judging
from the preceding results, good agreement between the
simulated and measured results has been shown. In the end,
the comparison of the presented WFPD with other designs is
listed in Table II.

IV. CONCLUSION

In this paper, a wideband filtering power divider based on the
CL sections and the short-/open-circuit stubs is proposed and
discussed. Apart from major advantages of an excellent input
return loss and a broad operating band with filtering response,
the proposed filtering power divider displays an ultra-wide
stopband with five transmission zeros and an ultra-wideband

VOLUME 4, 2016

isolation. Therefore, it can be expected that this power divider
will be widely applied in the modern wireless communication
systems.
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