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Abstract—A four-way microstrip power divider is designed
with bandpass filtering response. The synthesized inline filter
has a generalized Chebyshev response, where frequency-de-
pendent couplings are utilized. All of the critical parameters,
including the characteristic impedances and electrical lengths,
can be determined by our derived closed-form formulas. By
extending the inline filter, the configuration of four-way power
divider is obtained. Then, three isolation resistors are properly
selected according to the even-/odd-mode analysis. The proposed
four-way filtering power divider has low in-band insertion loss
and high frequency selectivity. It can provide the in-band return
loss and isolation between outputs better than 16.7 and 17.5 dB,
respectively.

Index Terms—TFiltering power divider, frequency-dependent
coupling, general Chebyshev response, microstrip line, multifunc-
tional passive component.

I. INTRODUCTION

IGH-PERFORMANCE miniaturized RF components

with low cost and easy integration are desired in modern
wireless communication systems. It is an effective method to
achieve both small size and low insertion loss (IL) by inte-
grating multiple functions into one component, which leads to
a collaboratively designed multifunctional passive component.
Since bandpass filter and power divider are two types of essen-
tial passives to select and divide/combine signals in various RF
front-ends, respectively, power dividers with filtering responses
have attracted much attention recently [1].

As Wilkinson and Gysel structures are two typical power-di-
viding topologies with high isolation between output ports and
good impedance matching at all ports, most filtering power
dividers are designed with these two configurations. The
coupled resonator theory has been applied for the Wilkinson
power dividers with narrow bandpass responses [2]-[5]. In [4],
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Wilkinson power dividers with Chebyshev and quasi-elliptic
bandpass responses have been analyzed theoretically and
realized with the net-type resonators. In order to improve the
in-band isolation for higher order response, multiple isolation
resistors should be applied in different stages, which is difficult
for the implementation of cross-coupled topologies. Except
for cross coupling, 0° feeding structure [2], mixed coupling
[3], and tapped coupling [5] are adopted to get skirt frequency
selectivity. Another design method is to use filtering structures
as impedance transformers to replace the conventional A/4
transmission lines in Wilkinson power dividers [6]-[8]. Un-
equal and dual-band Wilkinson power dividers integrated with
bandpass responses are designed with proper filter structures
in [6] and [7], respectively. Combinations of resistor and ca-
pacitor/inductor, instead of pure resistors, are used to get good
isolation performance [7] or to reduce circuit size [8]. Their
performance will be influenced by the accuracy and operating
frequency of reactive elements. In addition, the ultra-wideband
filtering power dividers have been proposed and designed
with the even-/odd-mode method [9]-[11]. Recently, based
on open-ended stubs and coupled lines, a four-way wideband
filtering power divider is proposed and three resistors are
used to achieve the isolation performance [12]. The circuit is
very compact, but the reflection and isolation of output ports
should be further improved. Based on the signal-interference
technique and multistage structures, an eight-way single-band
and a four-way quintuple-band power distribution networks are
proposed in [13], but without considering the output isolation.

Bandpass filtering Gysel power dividers have also been pro-
posed by using the coupled resonator theory [14], [15] and re-
placing A/4 transmission lines with filtering structures [16].
However, it usually provides a second-order filtering response.
More recently, the bandpass filtering characteristics of power di-
viders are extended to higher order by interconnecting the basic
resonator-based building blocks, similar to a 180° hybrid cou-
pler, with extra filter sections [17].

Till now, most reported filtering power dividers are focused
on two-way applications. To the best of the authors’ knowl-
edge, only a few multiway components have been developed,
including [12], [13], and [17].

High-frequency selectivity, low IL, and good in-band isola-
tion are required for filtering power dividers. The realization
of good reflection and isolation is usually a critical concern
for filtering power dividers since the impedances of filters
are significantly frequency-dependent around their passbands.
Even for two-way cases, it is still difficult to achieve responses
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Fig. 1. Coupling scheme of a third-order inline bandpass filter with two fre-
quency-dependent couplings.
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as good as those of conventional power dividers. Complex
isolation circuits should be applied to high-order filtering
Wilkinson power dividers for good in-band isolation. For
filtering Gysel power dividers and similar 180° filtering hybrid
couplers, good isolation can be obtained by utilizing symmetric
coupling schemes with many redundant resonators, leading
to complicated topology and increased size [17]. Better fre-
quency selectivity usually tends to need higher order response
with more resonators, which will increase IL and circuit size.
One economical way to improve frequency selectivity is to
introduce transmission zeros (TZs) into lower order filters and
filtering power dividers, which helps to reduce IL and size.
Cross-coupled resonators are used in [2]-[4]. However, the
cross-coupled filter topology is not suitable for the design of
multiway filtering power dividers, which may require unrealiz-
able cross couplings and isolation elements.

Other approaches to generate TZs include multimode
resonator, nonresonating node, frequency-dependent (mixed)
coupling, tapped structure, and so on. Among them, the fre-
quency-dependent coupling is a promising technique, since it
can provide TZs with inline topologies [18]-[20] and yield
more TZs into cross-coupled topologies [21], [22]. The cou-
pling matrix of frequency-dependent coupled generalized
Chebyshev filter can be accurately synthesized by optimization
technique and implemented in substrate integrated waveguide
(SIW), microstrip, and waveguide [23]-[27]. A multiway
power divider can be built up with fork structures directly
[28] or realized by cascading several two-way power dividers
with multiple isolation stages [29], [30]. It can be expected
with good performance for an inline multiway filtering power
divider based on frequency-dependent couplings and the cas-
cading topology.

In this paper, a four-way bandpass filtering power di-
vider is proposed. At first, an inline filter is synthesized with
frequency-dependent couplings. Formulas are derived to de-
termine the critical characteristic impedances and electrical
lengths. Then, the filter is extended into a four-way power
divider. According to the even-/odd-mode theory, the isolation
resistors are well designed. A detailed procedure is concluded
for the design of filtering power divider. The good perfor-
mance of the proposed multifunctional component, such as
high-frequency selectivity, good matching, and isolation, has
been demonstrated by the simulated and measured results of
the realized microstrip prototype.

II. ANALYSIS AND DESIGN

A. Coupling Scheme and Matrix

The coupling scheme of a third-order inline bandpass filter is
shown in Fig. 1, where the coupling between Resonators 1(2)
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and 2(3) is linearly frequency-dependent. The coupling matrix
of the third-order filter can be synthesized by the zero-pole op-
timization method as [23], [24]

M =M,+M,
0 m%l 0 0 0
mgy mY+mQ mis+mi,Q 0 0
=| 0 md+miQ mdy+msQ ms+miQ 0
0 0 mis+myzQ ms+mi; Q0 myy
0 0 msr 0
(1)

When the design specifications are given, the TZs can be as-
signed and the coupling matrix is then be synthesized. If the
in-band return loss (RL) is set to 20 dB, and a pair of TZs are
located at —2.4j and 2.33 in the normalized frequency domain,
the normalized coupling matrices are given by

0 0.9442 0 0 0 ‘|
0.9442 0.8357  0.9922 0 0
M,y = 0 0.9922 —0.0255 —1.0023 0
0 0 —1.0023 —0.8579 0.9333
L 0 0 0 0.9333 0
2
K 0 0 0 O'I
0 1 0.4134 0 0
M; = |0 0.4134 1 0.4358 0 3)
0 0 0.4358 1 0
L0 0 0 0 0

According to the scaling procedure in [25], the normalized
frequency-dependent coupling matrix can be renormalized for
the design of resonators with different reactance/susceptance
slope parameters, which is given by

1 1
1 X1
M = T2 M L2
xrs I3
1 1
“

where 1, 22, and 23 are the scaling factors corresponding
to different resonators. The S-parameters are kept unchanged
during the scaling. The synthesis method in [25] is for the case
of uniform slope parameters for all resonators. It is extended
to the nonuniform case in this work to achieve more design
freedom. For example, when the normalized slope parameters
of three resonators are setto ky = 1.6, k2 = 2, and k3 = 0.5,
the scaling factors of 1, x5, and 23 can be solved from

23— miyzizg = ky

Jé mbllxz — m%gmmg = ks .
ngfml 2223 = k3

(6))
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Fig. 2. Coupling scheme of a four-way filtering power divider based on the
coupling scheme of the filter in Fig. 1.

They are found as 3 = 1.8071, x5 = 2.2297 and 23 = 1.3438.
Then, the renormalized coupling matrices are calculated to be

0 1.7063 0 0 0
17063 2.7292  3.9979 0 0
M, = 0 3.9979 —-0.1268 —3.0031 0
0 0 —3.0031 —1.5491 1.2541
L 0 0 0 1.2541 0
(6)
I 0 0 0 0
0 3.2657 1.6657 0 0
M, = |0 1.6657 4.9715 1.3057 0. (7
0 0 1.3057 1.8057 O
L0 0 0 0 0

The scaling of the two coupling coefficients m}, and mis can
be approximated by

P N mbv kl + m%3v k‘g + 2\/ k‘Q
~ 2 2
2- (mb) - (mis)

1 2
myy 5m12p { 4k} + (miap)” + mizp] ©

(®)

1 ; 2
mégqmégp[ 4k3 + (m3ap) +m%3p]. (10)

It can be seen that the values of scaled mi, and mi, will in-
creases with k1, ks, and ks.

Based on the coupling scheme and matrices of the third-order
inline filter, a four-way filtering power divider can be con-
structed. It has two two-way power dividing stages and three
isolation resistors, as shown in Fig. 2. The power divider has
two sets of symmetric planes, i.e., Plane 1 and Plane 2. When
all of the symmetric planes are assumed as magnetic walls,
the filter can be regarded as the equivalent even—even quarter
circuit of the power divider. Then, the input matching and
transmission performances are properly designed. By further
carefully considering the other equivalent quarter circuits for
even—odd, odd—even, and odd—odd cases, the output matching
and isolation performances can also be achieved.

B. Synthesis of Inline Bandpass Filter

In order to implement the equivalent even—even filter of the
filtering power divider, the configuration shown in Fig. 3 is
proposed. It consists of a half-wavelength resonator and two
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Source

R1
42, 6, +6,@ f,

Fig. 3. Configuration of the third-order inline filter, where R1, R2 and R3 are
the three resonators.

quarter-wavelength resonators. For the transformation from the
four-way power divider, the reference impedances of the two
filter ports are set to 475 = 2002 and Z; = 502 The
factor 4 of the characteristic impedances is for simple analysis of
the four-way power divider. The incremental electrical lengths
6, 02, and 03 finely control the frequency shifts of resonators
from the central frequency. The positive frequency-dependent
couplings between adjacent resonators are realized by open-
ended stubs, which have approximately linear frequency vari-
ation within the frequency range of interest. The frequency-in-
variant external couplings are realized by open-ended coupled
lines.

Frequency and impedance transformations should be adopted
for the bandpass filter designed with the coupling matrices of (6)
and (7). In our design, the central frequency is fo = 2 GHz and
the fractional bandwidth is FBW = 6%. When the following
condition is satisfied:

1 le fO
1 0
mmFB (fo le> + My,

the coupling between Resonators 1 and 2 will be dismissed.
Thus, the reference frequency of the first open-ended stub is ob-
tained to be f,; = 1.86 GHz, and its electrical length is /2.
Similarly, when

1 ’72 h'
1 0

is satisfied, we have f,; = 2.14 GHz also with the electrical
length of 7/2. In the inline topology, the two reference frequen-
cies of stubs are equal to the desired TZs of the filter, i.e. —2.4j

(11)

(12)

and 2.3j.
The input impedance of the two stubs are
nf
Zins.p = —Jj4Zs , cot —— 13
p = ~iAZep oot 5 (13)

where p = 1 and 2. They can be regarded as K -inverters with
residual series impedances, as shown in Fig. 4. The first-order
Taylor approximation of Zi,s ,, around the central frequency is

Zins,p = Zions,p + QZilns,p
) wfo . 7 fa o Tfo
~ — j4Z, pcot —— 4+ JQFBW ——2Z,.
P fep F 2fep
(14)
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Fig. 4. Equivalent circuit of the open-ended stubs and Resonator 2.
where the normalized radian frequency is approximated by

_ 1 <if_o>~
TFBW\fu /)

Then, the input impedance of Resonator 2 looked from the
Kis-inverter is calculated by

2(f — fo)
foFBW

(15

ZinsZ + j4Zz tan |:(7T + (92) i| (16)

}

Zian - Zinsl + 4Z2

S | S

475 + jZins2 tan [(ﬂ' +6s)

The first-order approximation is given by

Zlan ~ ZlnrQ + 2z 1nr2 (17)
ZlmZ Nstl +stl +.74Z2 tanﬁz (18)
Zinr2 N Zinsl + Zin52 +JFBW(r + 02)27, sec? 6. (19)

Comparing (14)—(19) with (1), (6), and (7), one can conclude
that

4745 cot ZL0

47, cot Ik

2far 2f=2
mi, mis

_ 475 tan 6,
_m82 - m?z - mg3
B FBW3L 7 csc® 7o

My
B FBW 3L 7, csc® 7o
B My

2

_ FBW (x + 222) 275 sec? 9, Cry (20)

If the common ratio is set to the reference reactance parameter
zg = nZyFBW, which can simplify the calculation of charac-
teristic impedances, the related characteristic impedances and
electrical length can be determined by

fz1=’L‘0 Lo T fo 1
A A il .
LT T RFBW O \2 7, ) M2
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-
Lzo 4 U |
— - z.0

Fig. 5. Equivalent circuits of the coupled line for external coupling.

fzzéL'o Lo [T fo 1
Zgp = 2220 =)
2T R FBW O A\ oy, ) e

fk (77 f0> 1
Zysin® [ — ms:
fo 0 2 fa2 23
2o cos® By ks

——————kyx =7,
2(r +6,)FBW 2~ 27"

TFBW
iy (M2 My — mgg)} (24)

(22)

Zy = (23)

02 ~ arctan [

where the approximation of 7 is based on the assumption of &>
usually with a small value. Then, the reactance slope parameter
of Resonator 2 is derived as

f(] aIm( er)

1
e - TgMao
r2 —
2 af

“ FBW

— Im (Zi]ilI‘Q)

FBW (25)

f=fo

It is found that the calculation of the reference frequencies
fz1 and f.o of stubs is the same as [25], but the equations of
(21)-(24) for characteristic impedances and electrical length are
different from those in [25]. The characteristic impedances in
our design are Z5y = 7648, Zs2 = 69.2€), and Z; =
50 1. The incremental electrical length of Resonator 2 is 85 =
—3.03°.

Two coupled lines are used for external couplings, which can
be analyzed with the equivalent circuit in Fig. 5. By equating
the related transmission matrices, we have

V(Ze—2,)2 —(ZetZo)2 cos?0 | JZ2 sin? 6— % cos2 6
2sin 6 B %@ sin? 8 —.J cos? 8
(26)
Ze+ Z, 1 .
7Z€—ZO_< JZC)Sme
(27)

where the difference between the even- and odd-mode electrical
lengths is ignored. For the external coupling between Source
and Resonator 1, the electrical length of the coupled line is 8
= m/2 — fy and the characteristic impedances are Z, = 477,
Z. =47Z1.,and Z, = 474, For the external coupling between
Resonator 3 and Load, the parameters are § = 7/2, Z,. = 4273,
Z. = 47Z3., and Z, = 4Z3,. When the values of 4 and Z,
are given, the even-/odd-mode impedances of coupled line are
obtained by

(JZC + JLZC) sin? 8 + sin 0

Z. = :
\/1 — (JZC + JLZC) sin% 6 cos? 0

JZ2sin* 6 — cosz 0
_/ f (28)
z . ™ X
! Zy sin <2 0 mi, (21) Jéz sin? 6 — Jcos2 ¢

0
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4Z,
CH Ko ]
z Z,
) ins1
2 W@ =Zq
4Z,
CH & g
Zis 4 2
Ky=2,, 2 2 @
(b)

Fig. 6. Equivalent circuit models of (a) Resonator 1 and (b) Resonator 3.

(47: + 54 ) sin? 6 — sine

2 «
\/1 — (JZC + JLZL> sin’ # cos? 6

JZ2sin* 6 — 1 cos? 6
X — —. (29)
77z Sin 0 — Jcos20

Zy =

The equivalent circuit models of Resonators 1 and 3 are
shown in Fig. 6. According to Fig. 6(a), the input impedance of
Resonator 1 looked from the first stub can be written as

f
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According to Fig. 6(b), it is derived that

20 cos® O3
Z3 = ~ k3 Z, 36
e +93)FBW3 320 (36)
wFBW
f3 = arctan ST (m3s — mis) (37)
3

Therefore, the parameters of Resonators 1 and 3 are obtained
as 71 = 800, 8, = —2.14°, Z3 = 258 and 03 = 7.80°.
Further, the related reactance slope parameters are also approx-
imated by

loml

FBW 3%

Lry =

where i = 1, 2, and 3.
The input admittance of Resonator 1 looked from the Jg; -in-
verter is

1 4Z1+ jZins1 tan [(% + 61)

fi
Y‘inrl = o
A2 Zins1 + j4Z1 tan [(g 01) J{_O}
~ 1nr1 + QY] 1nr1 (39)
ZO 4Z1 tan (91
YO o insl . 40
il 1672 1622 (40)
71 FBW (Z +0,) 2Z; sec? 0,
Yl ~ insl . 2 . A1
inrl 1622 +] 16212 ( )
Comparing (37)«(39) with (30)~(32), it is found that
Zlml
Y;nr 42
' 1622 (42)

which means the coupling matrices can be used as both
impedance and admittance matrices. Then, the susceptance
slope parameter of Resonator 1 can be obtained from (42) and
(38) as

1
oy,

by Ao AL
' 16Z2FBW

(43)

As shown in Fig. 7(a), the input admittance of Source combined
with the Jg1-inverter, looked from Resonator 1, is

77
Zinrl = Zinsl *j4Z1 cot |:(_ -+ 91) _:| . (30) 4 2 ZZ
2 v.s = 5 (44)
0
[tis first-order approximated by The external Q-factor of Source is given by
Zinr1 = 70+ Q7L 31 Qos = b _ Zozomi, (45)
ZU Z 4 47 YeS 64J2 ZilFBVV
inrl — Zins1 T J 1 tan 01 (32) 51
zZ =7 +jFBW (g + 91) 27, sec? ;. (33) It should be equal to the value calculated from the coupling
- matrix, i.e.,
Similar to (20), (23), and (24), we have Ous = mh (46)
) (m51) FBW
N g cos® Oq N
Z = 2 (2 + 91) FBW ki~ k1 Zo (34) " Therefore, it can be derived as
FBW , 0 m% Mgy
#1 ~ arctan 4k: (m11 mu) (35 Jg1 = 572 >V Zoxo = Sk Z vVaFBW. 47)
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4Z, I'_:‘_ _4TZJ_E|
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Zm,\-z £+8 : E #
Ky=2,, 2 e/ |y 2 _(@fi _—

(b)

Fig. 7. Equivalent circuits for the external coupling of (a) Source and (b) Load.

4Z, 4Z,,,4Z,,
Port 2

4Z, 4Z,,4Z,

Fig. 8. Configuration of the four-way filtering power divider based on fre-
quency-dependent couplings.

Similarly, the inverter value of Load can be deduced with the
equivalent circuit in Fig. 7(b), which is

Jar = V7FBW. (48)

16k2Z0

For the coupled line at Source, the electrical length of the
short transmission line is assigned to 8y = 23°. Then, the even-
and odd-mode characteristic impedances are calculated to be
471, = 421.6 Q2 and 477, = 259.2 €, based on (28), (29),
(34), and (47). For the coupled line at Load, the even- and odd-
mode characteristic impedances are given by 475, = 134.6 Q2
and 473, = 80.2 2, with (28), (29), (36), and (48). In this way,
all of the parameters in Fig. 3 have been synthesized for the
bandpass filter based on frequency-dependent couplings.

C. Four-Way Power Divider with Filtering Response

As shown in Fig. 8, a four-way resonator-coupled power di-
vider is realized according to the coupling scheme in Fig. 2 and
the configuration of the filter in Fig. 3. In comparison with the
proposed filter, the characteristic impedances of the power di-
vider are divided by the factors of 4, 2, and 1 for different stages,
while all of the electrical lengths are kept unchanged. For good
isolation, two resistors of 2, are located between Ports 2(4) and
3(5) and a resistor of 2> is loaded between Resonators 2 and
2'. The open ends of four output ports are connected in pairs
(marked with red lines in Fig. 8), which does not affect the fil-
tering response of the equivalent even-even quarter circuit.
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47, 47,47,
Z(]
0, @ f,
R
—@ fo Z3
(a)
422 Z[n] 422 Zmz 4Z ZmB 4Z}L ’4230

Z,

%@ I:I-EI-O
T

= Z,
Zas, 3@

(b)

Fig. 9. Equivalent circuits: (a) the quarter circuit for both the even—odd and
odd—odd cases and (b) the quarter circuit for the odd—even case.

Due to the topological symmetry of the structure, the S-pa-
rameters of the power divider can be analyzed with the even-/
odd-mode method as [29]

S11 = S1tee 49)
S ee

821 =831 = 841 = 551 = 221 (50)
Sa: ee S eo S oe S 0o

Shy — < zi 22 ) ( 22 22 ) (51)
S ee S eo S oe S 00

S39 = < 242 22 ) ( 22 22 ) (52)

_ _ 52266 52260 52206 52200
Saz = Ss2= < 1 =+ 1 ) — ( 1 =+ 1 > (53)

where the first and second subscripts correspond to the sym-
metric Planes 1 and 2, respectively. The even—even quarter cir-
cuit is just the filter configuration analyzed in Section I1.B, and
Sa3¢¢ 18 just the reflection coefficient at Port 2 of the filter pro-
totype. The equivalent quarter circuits of other cases are shown
in Fig. 9. Note that, when Plane 2 is set to an electrical wall,
the quarter circuits for the even—odd and odd—odd cases are
the same as each other, as shown in Fig. 9(a). Therefore, it al-
ways satisfies that S22., = 52200, leading to Sg2 = Sz2 =
(S220e — S220¢)/4. In order to achieve good matching and iso-
lation for output ports, one can conclude from (51)—(53) that
both S22, and S32,, should be sufficiently small.

When Plane 2 is set an electrical wall, the equivalent quarter
circuit is shown in Fig. 9(a). The input impedance excluding the
resistor is given by

22
Zioo = g — 21 (54)
le + ]423 tan ( ff)
where

. 8Z3€Z30 7Tf
Z11= — j———cot —— 55
1 J Z3e + Z30 2fo (53)
ZQl - 0 (56)

. Tf
Zys =32 (Z3e + Z3,) tan 2 (57)
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The input impedance Z;,, is infinite at the central frequency
fo. Then, for Sz, = S220, = 0, it is obtained that R, =
2Zy = 100 ohm. With the above assignment of Ry, S22., =
S9200 are smaller than —35 dB in the whole passband. Then, the
output reflection and isolation are mainly determined by S22.¢
and S32¢,, which should be both sufficiently small.

The input impedance Z;,. of the odd—even quarter circuit in
Fig. 9(b) can be calculated at the central frequency f; by

9
Zin1 = j4Z5 tan {fif} //R» (58)
4]
Zini + jAZ tan { 0, + ) ff—o}
Zinay =47
422 + jZinl tan |: 9 + 02 fioi|
. v
J1]-izacon (3L)] 59
Zina + §475 tan (@—Of)
Zing =473 (60)
4Z3 + jZinQ tan (f_f)

4(Zs, — Zgo)2 csc? d
ZinS — j2 (de —+ Zgo) cot 0
(61)

=Y

Ziae = - J2 (Z36 + ZSD) cot

where 8 is the electrical length of the transmission line from
the first open stub to the location of resistor R, at the central
frequency, 8, = m — g and 8 = =« f/(2fy). The refection
coefficient of odd—even case is

Zioe - ZO
So90e = ———————. 62
22 7.1 Z (62)

The response of S22, can be controlled by the location 85
and resistance 1. Fig. 10(a) shows the synthesized results of
S22, S39, and Sy with different 85 of 45°, 90°, and 135°.
For each electrical length, the resistance Ry is optimized to
achieve the best responses. The calculated Ss3,. with (58)—(62)
is shown in Fig. 11. It is seen that S3;,. can be small within
a narrow band by properly selecting 85 and R,. The case of
135° shows better in-band performance than the others. The re-
sults with a small variation of §  are shown in Fig. 10(b), where
the responses are not much changed. Thus, the in-band RL and
output isolation are not very sensitive to the loading of E, when
O is around 135°. In this way, the location and resistance of R,
are determined. Since the response of 532, is determined an-
alytically, the optimization will be very efficient. Here, R5 is
optimized to about 680 (2.

In this way, all the critical parameters in Figs. 3 and 9 are de-
termined. The synthesized results are plotted in Fig. 12. Itis seen
that a good bandpass filtering response is achieved with good
transmission and reflection of the input port. The RL at output
ports and the isolation between Ports 2 and 3 are about 28.4 dB
at the central frequency, where the isolation between Ports 2
and 4 is about 29.7 dB. Within the whole passband, the syn-
thesized RL and output isolation are better than 19 and 20 dB,
respectively.
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D. Design Procedure

Therefore, the proposed bandpass filtering power divider can
be developed according to the following steps.

Step 1) Synthesize the normalized coupling matrices (2)
and (3) with the preset coupling scheme, for the de-
sign specifications, including the central frequency
fa, the fractional bandwidth FBW | the in-band RL,
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Fig. 12. Synthesized results of the filtering power divider: (a) the insertion loss
and return loss at input port; and (b) the return loss and isolation of outputs.

and the locations of TZs. The optimization tech-
nique is based on the eigenvalues of linear matrix
pencils.

Step 2) Considering the realizable range of characteristic
impedance of transmission line, set the normalized
slope parameters of resonators, i.e., k1, k2, and k3.
Solve the scaling factors of x;, 23, and x5 with
(5) and renormalize the coupling matrices as (6)
and (7).

Step 3) Set the reference reactance slope parameter to
g = wZyFBW, and then calculate the charac-
teristic impedances 7y, Zs, Zs, Zs1, and Zgo of
transmission-line resonators and open-ended stubs
with (21)—(23), (34), and (36). All of the character-
istic impedances will increase with the normalized
slope parameters. According to the topology of
our filtering power divider, the characteristic im-
pedances 473 and 2Z,, of Resonator 3 and the
second stub are usually with the relatively high
values, which are mainly determined by k3. Thus,
a small k3 is preferred. The incremental electrical
lengths 84, #2 and 85 are obtained with (24), (35),
and (37). The reference frequencies of the stubs are
determined by (11) and (12).
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Fig. 13. Layout of the proposed four-way filtering power divider prototype.

Step 4) Calculate the inverter values Jg1 and Jsz for the
input and output external couplings with (47) and
(48), respectively. Obtain the even- and odd-mode
characteristic impedances of the input and output
coupled lines with (28) and (29). For the input cou-
pled line, a suitable value of 8, is set in advance.

Step 5) Construct a four-way filtering power divider based
on the bandpass filter with two power-dividing
stages. The isolation resistor R; is selected to be
27y = 100 2. The location #g of the resistor Rs
are explored numerically within a large range, and
the resistance R is optimized to achieve small
magnitude of Ss2,. within the passband for each
value of 8. By properly selecting 8 and Ro, the
best output reflection and isolation can be found.

Step 6) Develop the layout and physical dimensions for
the filtering power divider. Full-wave simulation
and optimization may be required to achieve good
performances of transmission, input and output
matching, isolation and magnitude/phase balances
between the output ports.

[II. RESULTS AND DISCUSSION

As shown in Fig. 13, a filtering power divider prototype is de-
signed and fabricated on a Taconic RF-35A2 substrate, with the
relative dielectric constant of ¢, = 3.5, the thickness of h = 40
mil and the dielectric loss tangent of tan § = 0.0015. After the
full-wave simulations and optimization by using ANSY S HFSS,
the dimensions of the prototype are obtained, as summarized in
Table 1. The overall size is 66.05x 48.97 mm?. The isolation
resistors are R; = 100 2 and Ry — 680 2.

The simulated and measured results are shown in Fig. 14.
In Fig. 14(a), the simulated and measured central frequency is
2.0 and 1.992 GHz, respectively. The measured minimum IL is
6 + 1.1 dB while the simulated is 6+0.83 dB. The small dif-
ference is introduced by the SMA connectors used in measure-
ments. The RL of input port is larger than 19 dB in the passband
from 1.94 to 2.06 GHz for both simulations and measurements.
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TABLE I
GEOMETRIC PARAMETERS OF THE FILTERING POWER DIVIDER (UNIT: MM)

Symbol Quantity Symbol Quantity
W, 221 5| 0.46
e 547 e 0.56
112 17.11 w3 0.39
Wi 0.95 L 1.99
Wi 0.79 &Y} 24.37
o 1.05 W 0.20
L 24.51 I 2423
Wy 0.56 S 0.51
by 38.58 lop 25.46
1y, 14.09

The measured RLs of output ports are better than 16.7 dB in
passband, as shown in Fig. 14(b). From Fig. 14(c), it is seen
that the measured isolation between the output ports is greater
than 17.5 dB over the passband. The deviation from synthesized
response is mainly resulted from the asynchronous tuning of
Resonators 1 and 3 the filtering power divider while the slight
frequency shift of measured results from the simulated ones is
caused by the tolerance of substrate parameter and fabrication.
The performance degradations are mainly due to the fabrica-
tion tolerance, especially sensitive to physical dimensions of the
input and output coupled lines.

The measured imbalances between output ports are shown in
Fig. 14(d). The magnitude imbalance is from —0.02 to 0.44 dB
and the phase imbalance is from 0.84° to 5° within the pass-
band. The magnitude imbalance of Sy /S3; is greater than that
of S531 /521, which is found in both the measured and full-wave
simulated results, but not indicated by the synthesized one. In
our synthesis, the circuit is set with ideal symmetry property,
which leads to perfect balance performance. In our layout, the
coupled line of external coupling between Source and Resonator
1 is not arranged symmetric to the middle plane of the whole
circuit. Ports 4 and 5 are closer to Port 1 than Ports 2 and 3, as
shown in Fig. 13. Therefore, parasitic couplings may exist to
introduce the magnitude imbalance of 0.3 to 0.4 dB.

The size and performance of our proposed inline filtering
power divider, based on frequency-dependent couplings, are
compared with those of the previously reported four-way coun-
terparts in Table II, where A\, means the guided wavelength
of 50-02 microstrip lines at corresponding central frequencies
on substrates. The filtering power divider in [12] is developed
for wideband application and occupies the smallest area, but
the in-band RL and output isolation are only better than 10
and 12 dB, respectively. Both the four-way power distribution
networks in [13] and [17] are with much larger circuit sizes
than the proposed component. Although the layout might be
further miniaturized, the isolation between outputs is not con-
sidered when designing the quintuple-band four-way network
in [13]. In [17], the paths from Port 1 to Ports 3 to 6 of the
eight-port SIW power divider show a four-way fifth-order
filtering power dividing performance. In this case, Ports 2,
7, and 8 and six redundant SIW cavities, as shown in [17,
Fig. 12], are utilized to construct several basic building blocks
for good isolation. Therefore, the circuit size of such multiport
power distribution networks will consequently be larger than
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Fig. 14. Simulated and measured results (marked with “sim.” and “mea.”, re-
spectively). (a) Insertion losses and the return loss of input port. (b) Return losses
of output ports. (c) Isolations between output ports. (d) Measured magnitude and
phase imbalances between output ports.

the Wilkinson counterparts in [12] and this work. Due to the
utilization of basic 180° hybrid blocks, good output isolation
is expected for [17]. However, the isolation responses between
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TABLE II
PERFORMANCE COMPARISON WITH PREVIOUS FOUR-WAY FILTERING POWER DIVIDERS
Size (2,%4,) Filter | Number | Central Frequency | FBW | Minimum | In-band | In-band output
878 | order | of TZs (GHz) (%) IL (dB) RL (dB) isolation (dB)
[12] 0.55%0.16 - 2 1.1 50 6+0.5 >10 >12
[13]-Fig. 10 | ~2.75%1.07 - 2 1.6 (first band) 11 6+0.8 >10 No consideration
[17]-Fig. 12 | ~6.37%x3.13 5 0 11 3.6 ~6+4 >17.5 No results
This work 0.73x0.54 3 2 2 6 6+1.1 >16.7 >17.5

the outputs of Ports 3 to 6 are not found in [17]. Our proposed
filtering power divider is very suitable for four- and more- way
applications in compact configurations, due to the inline and
two-stage Wilkinson topology. With the frequency-dependent
couplings and properly selected resistors, the performances of
good frequency selectivity, matching and isolation are achieved
simultaneously. The in-band RL and isolation are improved
by 6.7 and 5.5 dB, respectively, when compared with [12].
Our measured in-band RL is a little lower than that in [17],
while the occupied area of our filtering power divider is only
about 1/50 of the eight-port component in [17]. Thus, it can be
regarded as a compromise between compactness and isolation
performance.

IV. CONCLUSION

A four-way filtering power divider is proposed in this paper,
which has a third-order generalized Chebyshev bandpass re-
sponse. A filter is synthesized analytically in an inline topology
with frequency-dependent couplings, realized by transmis-
sion-line resonators, open-ended stubs, and coupled lines. Then,
the filter is extended to a four-way power divider with two
power-dividing stages. Based on the even-/odd-mode analysis,
the resistors are properly designed to achieve good matching
and isolation between output ports. A microstrip prototype
is developed, with reasonable agreement obtained between
the simulated and measured results. Our proposed four-way
filtering power divider has the advantages of low loss, high
frequency selectivity, good in-band reflection and isolation. It
is expected that the proposed design method and configuration
can easily be extended to 2~V ~L-way power dividers with N-th
order filtering responses and more TZs.
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