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ABSTRACT An asymmetric three-way equal wideband filtering power divider with high selectivity is
presented in this paper. The proposed three-way filtering power divider is an asymmetric structure which
is composed of two different A/4 transformers, a pair of short-ended parallel coupled lines, an open-ended
parallel coupled line, and a three-line parallel coupled line. Based on 2:1 unequal Wilkinson power divider,
an equal three-way power divider is obtained with energy subdivided by three-line parallel coupled line.
Subsequently, a Wilkinson power divider with the wideband filtering response is realized by adding a pair
of short-ended parallel coupled lines that can provide multiple transmission zeros and poles. Presented
with an equivalent circuit, the design procedure for asymmetric three-way equal filtering power divider
is developed. Moreover, the reasons for and associated measures of large magnitude imbalance are also
analytically developed. The measured results show that the proposed filtering power divider has more than
57.3% 1-dB fractional bandwidth, less than 0.4 dB insertion losses, better than 19.5 dB return loss, and more
than 14.9 dB isolation from direct current to 3.3 GHz.

INDEX TERMS Three-way, filtering power divider, high-selectivity, wideband.

I. INTRODUCTION

Recently, filtering power dividers (FPDs) that integrate
Wilkinson power divider (WPD) and bandpass filter (BPF)
into a single circuit have attracted our interests. Many efforts
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have been conducted to develop FPDs, such as the ability Bandpass Filter Wilkinson Power Divider
to realize compact size [1], to perform wide stopband [2], (a)

to achieve arbitrary power division ratio [3], [4], to obtain ~_—to
single-ended-to-balanced [5], and to perform reconfigurable o——_—o

function [6], [7]. All these even-way FPDs have good per- \_—+o

formances. However, it is difficult to design FPDs with odd-

number of output ports. For example, when the number of its Three-way FPD
output ways becomes three, it will increase the difficulty in (®)

design and fabrication, such as the inevitable stray couplings
between resonators and 3-D floating common node connect-
ing three pairs of isolation components.

So far, a lot of three-way Wilkinson power
dividers (WPDs) [8]-[16] have been published. Based on the
even-way WPD, the method of recombining power of two
output ports into one [8], [9], or subdividing power of one
port into two [10]-[12] can realize one three-way WPD. The
other way is to symmetrically divide signal into three output
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FIGURE 1. (a) Topology of conventional cascaded BPF, TL, and three-way
WPD, (b) Topology of three-way FPD.

ports [13]-[18], and an equal three-way WPD can be also
achieved.

As shown in Fig. 1(a), in the feeding network of anten-
nas, bandpass filter is sometimes cascaded with three-way
WPD, which may lead large circuit size and more insertion
losses (ILs). As shown in Fig. 1(b), if BPF is integrated
into three-way WPD, above problems will be solved. Then
a symmetric three-way equal FPD [19] is obtained by replac-
ing A/4 transformers of conventional WPD with multiple
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FIGURE 2. Design concept of proposed three-way wideband FPD.
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FIGURE 3. Schematic diagram of proposed asymmetric three-way
wideband FPD.

coupled lines. Nevertheless, its skirt selectivity [19] needs to
be improved.

In this paper, a high-selectivity asymmetric three-way
equal wideband FPD is proposed. Based on 2:1 unequal
WPD, a three-way FPD is realized using the short-ended
parallel coupled lines (PCLs) and three-line PCL. Theoretical
analysis for asymmetric three-way FPD is discussed, while
the parameters of three-way FPD are analytically determined.
The proposed three-way wideband FPD is fabricated on the
substrate Rogers RT6010 (¢ = 10.2, & = 1.27 mm, and
tand = 0.0023). Detailed design and measured results are
discussed as follows.

Il. THREE-WAY FILTERING POWER DIVIDER DESIGN

A. STRUCTURE

Fig. 2 shows the design concept of three-way wideband FPD.
In Fig. 2, the input energy is firstly divided into 1/3 and
2/3, and then the part of 2/3 is subdivided into 1/3 and 1/3.
Thus three output ports of three-way PD can have the equal
power. Fig. 3 gives the schematic diagram of the proposed
asymmetric three-way equal wideband FPD. It is consisted
of two A/4 transformers (Z,, 81) and (Zy, 1), a pair of short-
ended PCLs (Ze1, Zoo1, 92), one open-ended PCLs (Z,2,
Zoo2, 83), and one three-line PCL (w, Iy, s). A pair of short-
ended PCLs can realize multiple transmission zeros (TZs)
and poles, and thus a wideband filtering response can be
achieved. An isolation resistor R; is added between two A/4
transformers to realize the matching and isolation between
ports i (i = 2,3) and 4. R; is added onto the open-ended
of three-line PCL to achieve matching and isolation between
port 2 and 3.
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FIGURE 4. Decomposing of proposed circuit in Fig. 2. (a) even-mode
circuit for Arm-a. (b) even-mode circuit for Arm-b. (c) odd-mode circuit for
Arm-a. (d) odd-mode circuit for Arm-b.

B. ANALYSIS OF EVEN-AND ODD-MODE CIRCUIT

By applying the even-mode excitation, the simplified equiv-
alent circuits are obtained, as shown in Figs. 4(a) and (b). For
the matching at port 1, the terminal impedances (Z,,, Zp,) and
the parameters (Z,, Zp) can be derived as [20]:

Zoo = Zo (1 n kz)/kz (1a)
Zo = 70 (1+ 1) (1b)
Za = Zo\) (1 + k) /I3 (1c)
Zy = ZoyJk (1 +K2) (1d)

where the power sum of port 2 and 3 are k> times of
power of port 4. Z, and Z, are the characteristic impedance
of A/4 transformers of arm-a and arm-b, respectively.
Figs. 4(c) and (d) give its odd-mode equivalent circuits.
To realize good matching at port 1 and isolation between
port 2 (or 3) and port 4, the resistor R, for arm-a and R, for
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FIGURE 5. Extracted Z;,, against w and s.

arm-b can be obtained as:

Ro = Zy/k (2a)
R, = kZy (2b)

Then R is calculated as R, + Rj. Herein, the loaded short-
ended PCLs are firstly not considered. To realize perfect
matching [21], [22], the input impedance Z;,, and Z;,; in
Figs. 4(a) and (b) need to be equal to R, and Ry, respec-
tively. The design formula for three-line PCL is extremely
complicated [23], the microstrip physical model (w, Iy, s) is
employed for design simplicity. Fig. 5 shows the extracted
input impedance Z;,, against w and s. The desired real and
imaginary part of Zj,, can be realized by properly choosing
w and s from Fig. 5.

As shown in Fig. 4(b), Z;,,;, are calculated as:

mZg sin 2603 + j(n2 + m? cos? 03)
msin 2603 + j4Zy sin? 03

Zinp = ©)
where m = Zye2 + Zpoz, n = Zper — Zyo2. Based on above
equations (1)-(3), the initial parameters are obtained as: Zy =
509,Z, =51.5Q,7Z, = 103, Zyen = 1402, Zy00 = 21 L2,
Ry =106 Q,w = 0.33 mm, s = 0.36 mm, /[p = 21.1 mm,
01 = 63 = 90° at fy = 1.5 GHz. R, are initially chosen as
160 €2 since it has no effects on transmission coefficients that
are firstly designed. The design of R, will be introduced in
the behind sections.

Figs. 6(a) and (b) show the theoretic response without
short-ended PCLs. Within the passband, less than 0.15 dB
magnitude imbalance (MI) and good matching and isolation
can be observed. However, the passband selectivity is poor.

Then it can be improved by adding TZs near the passband,
which is achieved by adding a pair of short-ended PCLs [2].
As shown in Fig. 4, the input impedance of short-ended PCLs
Z;ns 1s calculated as:

.(Zoel + Zoul)2 Sinz 0, — 4Zaelzuol
Zins = J s (4)
(Zoer + Zoo1) sin 265
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FIGURE 6. Theoretic S-parameters of the circuit in Fig. 3 without
short-ended PCLs. (a) [Sq11. IS211: [S311, and [Sg 1, (B) [S221, 1S231: [S24l,
and |Sy,].

By imposing Z;,; = 0, the TZs positions can be derived [2]:

Zoel - Zool
6171 = arccos (—) (5a)
Zoel + Zoul
01720 = m — O171 (5b)
0173 = m + Orz71 (5¢)
Orz4s =7 (5d)

Subsequently, 1-dB FBW of wideband response can be
characterized by these TZs. Fig. 7 shows the extracted
FBW against Z,.1 and Z,,;. Herein, with 6, chosen as 90°,
Zins 1s equal to infinite and thus has no effects on the matching
and isolation at the center frequency (CF). Then a three-way
wideband FPD with CF at 1.5 GHz and 1-dB FBW of 56.67%
are designed as an example, and thus Z,,; = 109 Q and
Zpo1 = 33 Q are obtained from Fig. 7.

Fig. 8 shows the theoretic response of the circuit in Fig. 3.
From Fig. 8(a), the magnitude consistency is realized only
at fo. However, large magnitude imbalance (MI) of 2.82 dB
away fp (i.e., at 1.15 and 1.85 GHz) is found. The possible
reason is investigated.

As shown in Fig. 4, the input impedance Z
be calculated as

/

!
ina and Zinb can

Zi/na = ina//Zins (63)
Zi/nb = Zinb/ / Zins (6b)
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FIGURE 7. Extracted 1-dB FBW against Z,e; and Zq;.
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FIGURE 8. Theoretic S-parameters of the circuit in Fig. 3. (a) |S1q1, S21 1.
IS311, and |Sgq: (b) S22 s 1S231: 15241, @and |Sg4l.

Based on (3), (4), (6a), (6b), Figs. 9(a) and (b) show the
calculated Znq, Z}, . Zinp, and Z;, . After adding short-ended
PCLs, the flatness of impedance from 1.15 to 1.85 GHz get
worse, especially Re(Z;, ;) for port 4. To reduce MI, Z; = and
Z ., need to be more flat within the passband. According to
Fig. 5, with choosing w = 0.27 mm and s = 0.51 mm,
more flat Z  (i.e., revised Z],  in Fig. 9(a)) with Re(Z}, ) =
28.7 Qand Im(Z;, ) ~ 0 are realized. To improve the flatness

of Z! , , the following equations should be met

Re(Z,)|r=1.15/185 Gz = Re(Z},)|r=1.5 GHz (7a)
Im(Z;,;)lf=1.15/185 GHz = Im(Z},)|r=15 Gz =0  (7b)

Similarly, Fig. 10 shows the calculated Z;,, against Z,.»
and Z,,» at 1.15 or 1.85 GHz. To meet equations (7a)-(7b),
Zoen = 111 Q and Z,,p = 35 2 can be obtained From
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FIGURE 9. (a) Real and imaginary part of Z;,, and Z’.’na. (b) Real and
imaginary part of Z;,, and Z; .
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FIGURE 10. Extracted Z; , against Zye; and Zy; at 1.15 or 1.85 GHz.

Fig. 10. Then Re(Zgnb) = 29.0 Q is also realized in the
passband, as shown in Fig. 9(b). Herein, after choosing proper
parameters, Z; and Z”, in Fig. 9 are the flatter inversions

of Z;,  and Z; , . respectively. To realize perfect matching for

port 1, Z, and Zp, can be written as

Zy= (Z§ / ZZna) // (Zz? / Z,fnb) ®)

Subsequently, the characteristic impedances of A/4 trans-
formers Z, = 464 Q and Z, = 65.95 Q are calcu-
lated. Fig. 11(a) gives the corresponding response, which
has perfect matching but with large MI. A tradeoff needs to
be made between the matching and MI. Then by adjusting
Zp, = 108 Q and R; = 43 Q, less than 0.15 dB MI are
obtained at the expense of return loss, as shown in Fig. 11(a).
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For the problem of phase, an equal phase can be obtained
by choosing proper length of 50 2 feeding line, which almost
doesn’t affect the corresponding amplitude response. R; is the
only parameter for realizing high isolation and matching for
ports 2 and 3. It can be seen that when Ry = 200 €2, better
isolation and matching can be achieved across the operating
passband. Then Ry = 200 €2 is chosen from Fig. 12.
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FIGURE 13. Simulated and measured results of proposed three-way FPD
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The design procedure is summarized as follows: First,
determine the initial parameters based on the equations
(1a)-(2b); Second, choose the paprameters (Zye1, Zopo1) Of
short-ended PCLs from Fig. 7 according to the specifications;
Third, pick up the parameters (Z,.2, Zyo2) and (w, s) to flat
the magnitude according to the equations (3), (4), (6a), (6b),
(7a), (7b); Fourth, tune the parameters Z, and R; to reduce
ML. Last, determine R; from Fig. 12 to obtain good matching
and isolation for port 2 and 3.

C. SIMULATED AND MEASURED RESULTS

Fig. 13(a) shows the photograph of the fabricated three-
way asymmetrical FPD that has the circuit size of
0.5681 x 0.327)4, where A, is the guided-wavelength of
50 2 microstrip line at 1.36 GHz. Fig. 13 shows the simu-
lated and measured results of the proposed three-way FPD.
In Fig. 13(a), the measured CF and 1-dB FBW are 1.36 GHz
and 57.3%, respectively. The measured minimum insertion
losses (ILs) and RL are better than (4.77 + 0.4) and 19.5 dB,
respectively. In Fig. 13(b), the measured |S2;|, [S»23], and
|S44] are higher than 17.2, 14.0, and 11.6, respectively.
The measured |So4| is better than 14.9 dB from DC to
3.33 GHz. There is some difference between the EM and
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TABLE 1. Performance comparison with some reported three-way power divider.

ILs RLs Number of

Number of

Filtering Cut-off rate* Size

— (dB) (dB) TPs TZs Function (dB/MHz) %) Substrate
[8] 0.3 18 1 0 No ~0.01 small pHEMT
[13] 0.1 19.5 1 1 No ~0.03 0.265 Microstrip
[.15] 1.0 17 2 0 No <0.02 0.171 Multiplayer

Fig. 5 ’ ’ ’

[16] 1.0 16 1 0 No <0.02 2.24 Multiplayer
[.1 9l 0.2 20 1 2 Yes ~0.02 0.012 Microstrip

Fig. 4

This work 0.4 19.5 4 4 Yes 0.51 0.185 Microstrip

Cut-off rate:

J3ap ~ J1z

circuit response, which may be due to that the effects of open-
ends, cross junctions, via holes, etc are not considered in the
ideal circuit. Within the passband, the measured magnitude
and phase imbalance of wideband FPD is less than 0.6 dB
and 5.5° , respectively. Table 1 gives a performance com-
parison with some other three-way PDs. Compared with [§]
based on pHEMT and [15] based on multilayer, fabrication
difficulty and lower cost are obtained by using microstrip
structure. Compared with [8], [13], [15], [16], [19], the pro-
posed three-way filtering power divider features the highest
number of TPs and TZs. Moreover, sharp selectivity, low
insertion loss, and better return loss are also achieved in
this work.

Ill. CONCLUSION

In this paper, an asymmetric three-way equal wideband
FPD with sharp selectivity is presented. The design pro-
cedure of three-way wideband FPD is analytical devel-
oped, while the reasons and measures of large MI are
also investigated. The proposed three-way PD features com-
pact sizes, low ILs, better RLs, sharp selectivity, wide-
band FBW, and filtering function. The merits with good
performance render it attractive for modern multifunctional
communication system.
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