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Abstract. In the paper, a compact wideband filtering
power divider (FPD) with high frequency selectivity is
presented, which is merely based on the four-coupled-lines
(FCLs) and isolated resistors. Since the FCL with diagonal
short-circuited of input port has filtering response, an FPD
without adding extra resonators can be easily realized.
Further, two types of FCLs are cascaded as multi-mode
resonators for bandwidth enhancement, and two resistors
are added for isolation improvement. For validation, a 3-
dB prototype with a size of 0.41g% 0.07)4 is implemented.
Measurements show that the proposed FPD has a frac-
tional bandwidth of more than 80%. Besides, the stopband
rejection is over 35dB with a rectangle coefficient
(|IBW2oae/BWsgg|) of 1.28, which indicates high frequency
selectivity.
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1. Introduction

Filtering power divider (FPD) is a fusion component
that integrates filter and power divider. Due to the ad-
vantages of low IL (IL) and compact size, it is a great can-
didate in high-integrated systems. Till now, main re-
searches on FPDs include size reduction [1], [2], unequal
power division [3], [4], input absorptive [4-6], and wide-
band [7], [8].

The common method for wideband FPDs is to adopt
multi-mode resonators. For example, multi-mode resona-
tors by combining Wilkinson power dividers with coupled-
lines (CLs) [9], [10] can achieve the fractional bandwidth
(FBW) of nearly 70%, but the circuit sizes are significantly
increased. Later, three-coupled-lines are employed for
wideband operation [11-13], where size reduction is ob-
tained with maintained wide bandwidth of more than 60%.
However, a common issue exists in these FPDs [9-13] that
stepped impedance resonators with electrical length of 14/2
are adopted for generating extra transmission zeros (TZs)
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to realize the high frequency selectivity, which enlarge the
overall dimensions significantly.

For high-integrated wireless system applications,
awideband FPD without adding extra resonators is
reported [14]. The size reduction of more than 40% is
achieved when compared with the FPDs in [11-13]. The
only drawback is that the in-band impedance matching is
unsatisfactory even with the help of impedance transformer.
Thus, the design of wideband high-selectivity FPD with
good impedance matching when no extra resonators are
inserted is still a challenge.

In the paper, four-coupled-lines (FCLs) are adopted to
design the wideband FPD, where high-selectivity can be
realized without loading extra resonators and good imped-
ance matching can be maintained. The merits of the pro-
posed FPD include: (1) all-port wideband impedance
matching, (2) wide 3-dB bandpass bandwidth (BPBW), (3)
wide isolation (10) bandwidth, (4) high frequency selectiv-
ity and large stopband rejection, (5) small size.

2. Theoretical Analysis

2.1 Analysis of the Unequal-width FCL

Figure 1 exhibits the schematic of eight-port unequal-
width FCL, which is composed of two outer lines with
width of wy (called A lines) and two inner lines with width
of w, (called B lines). The FCL is symmetric about the
horizontal centerline MM'. The gaps between adjacent A-B
lines are denoted as si;, and the gap between B-B lines is
defined as s,. The electrical lengths of all CLs in FCL are 6
at the center frequency fo.
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Fig. 1. Schematic of the unequal-width FCL.
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2 2 2
Zeb — Zob ,
2

According to voltage-current method [15], the Z ma-
trix of FCL can be derived in (1). In which, the even- and
odd-mode characteristic impedances of A-line are Z, and
Zoa, Separately. While the corresponding parameters of
B-line are Ze, and Zop, respectively. k; is the coupling coef-
ficient ratio between non-adjacent A-B lines (I-111 or II-1V
lines in Fig. 1) and adjacent A-B lines (I-11 or I11-1V lines),
k. is the coupling coefficient ratio between non-adjacent
A-B lines and B-B lines (lI-111 lines), ks is the coupling
coefficient ratio between A-A lines (I-1V lines) and adja-
cent A-B lines. Apparently, ks is less than ki and k. What’s
more, the relationship of Zjj= Z;i (i # j) holds due to the
reciprocity of FCL, thus the equations of Zea— Zoa = Zet — Zob
and ki = kz can be obtained according to (1).

H= a=-jcotd, B=-jcscH. (2b)

2.2 Analysis of the FCL-based FPD

The schematic of the proposed FPD is exhibited in
Fig. 2. It is composed of two types of FCLs (the FCL-I in
red dashed box and the FCL-II in blue dashed box, respec-
tively) and two isolated resistors. The parameters with
subscript 1 (Zeat, Zoa1, Zen1, and Zop1) denote even-odd mode
characteristic impedances of FCL-1. While the correspond-
ing parameters for FCL-Il are Zea, Zoaz, Zev2, and Zopz. The
electrical lengths of these two types of FCLs are all equal
to 8 (6 = 90°) at the center frequency fo. Besides, the resis-
tor Ry is connected between two FCL-Is for 10 enhance-
ment, and the resistor R; is introduced to FCL-I1I for avoid-
ing signal crosstalk between the two output ports.
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Fig. 2. Schematic of the proposed FCL-based FPD.
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Fig. 3. Sub-circuits of the proposed FPD: (a) even-mode;
(b) odd-mode.

Using even-odd mode decomposition method, the
proposed FPD can be decomposed of two sub-circuits, as
shown in Fig. 3. It is noted that the IlI- and IV-lines of
FCL-II are retained after even-odd mode decomposition to
reduce errors [15-17]. Then, the port impedances (Zine,
Zoue, and Zoyo) for even-odd mode sub-circuits can be
expressed in (3). Here, Zi*¢ (i, j = 1, 2) are Z-parameters for
the two-port network with red dashed box in Fig. 3(a), Z;*
and Z;j?° are Z-parameters of the two-port network with
blue dashed box in Figs. 3(a) and 3(b), separately. In addi-
tion, the detailed expressions of Z%, Z%, Z%, Zine1, Zoute1,
and Zoyto1 are provided in (4) bellow Fig. 6.
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According to the input impedances listed in (3), the S-
parameters of the proposed FPD can be expressed in (5).
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Since the numbers of variables exceed the equations,
the optimization method (particle swarm optimization) is
adopted as an aid for calculation. Equation (6) gives the
optimization objective function Op. Here, k denotes trans-
mission coefficient of the FPD, N is the sampling number,
and fi is the i-th sampling frequency. During optimization,
design goals are assigned for achieving wideband opera-
tion, where the FBWs of input and output return loss (RL),
10, and passband are both more than 70%.

|Sll dB| +Z|SZZ )dB|
+Z|523 )dB| +Z|Sz1(f
i=1

As an example, a prototype with equal power distri-
bution (k = 3 dB) is designed. Following lists one group of
parameters after optimization: Zes =140 Q, Zom=35Q,
Zep1=135Q, Zp1=30Q, Za=130Q, Zw=25Q,
Zep2=135Q, Zunx=30Q, R1=150Q, and R,=200 Q.
Figure 4 gives normalized theory results of the designed
prototype based on the optimized parameters. It can be
observed that the input/output RLs are both over 10 dB in
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Fig. 4. Theoretical S-parameters of the proposed FPD.

the range of 0.4f, to 1.37fy (73%), and the FBW for 10
between output ports reaches 78% (0.61f,—1.39fo). Moreo-
ver, the 3-dB passband FBW is 87% (0.57fo—1.44f;), and
the rectangle coefficient (RC) is 1.24 with the stopband
rejection of over 35 dB.

3. Parametric Investigation

In this section, the parameters that have major
influences on the FPD are analyzed for better illustration.

3.1 Effects of the FCL-I

Firstly, the main parameters in FCL-I are investi-
gated, including AZ; (AZ1= Zear— Zoa1 = Zebr — Zob1), Zoa,
and Zopi. Figure 5 shows their effects on port impedance
matchings. It is noted that the changing trends of imped-
ance matching curves are similar for varying AZ; and Zop:.
As shown in Figs. 5(a)-5(d), when AZ; or Zyy increases,
the port RLs are firstly improved and then deteriorated.
However, the |S1;| at the center frequency f, remains con-
stant as Zoa1 increases, but the bandwidth (|S11] <—10 dB) is
varied. At the output port, the |Sy| at fo is increased with
Zoa1, thus affecting the bandwidth.

Since the FCL with diagonal short-circuited of input
port can generate four TZs [18], [19], the positions of TZs
are mainly influenced by the parameters in FCL-I. Fig-
ures 6(a) and 6(b) exhibit the effects of Zya and Zop: on
output performance. In which, Za1 has almost no influence
on the positions of TZs, but the stopband rejection is im-
proved as Z..a increases. The positions of TZs can be
slightly varied by Zs1, and the stopband rejection is first
improved and then deteriorated when Zqy1 increases.
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Fig. 5.
(f) Effects of Zsa1 0N [Syg.

(a) Effects of AZ; on |Sy|. (b) Effects of AZ; on [Sy,|. (¢) Effects of Zgy on [Sqy). (d) Effects of Zgsy 0N Syl (€) Effects of Zoy on [Syy).
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(f) Effects of Zqp, 0N [Sz|.

3.2 Effects of the Resistors

The effects of isolated resistors (R; and R;) on output
port impedance matching (|Sz2|) and isolation (|Szs|) are
discussed, as shown in Figs. 6(c)-6(f). It is seen that the
|S22| at fo gets better as Ry or R, increases. While the effects
of Ry or Rz on |Sys| are contrary. Thus, a trade-off should be
done on R; and Ry in consideration of both impedance
matching and isolation.

3.3 Effects of the FCL-II

Similarly, the parameters AZy, Zoaz2, and Zopz in FCL-II
are studied. Figure 7 gives their effects on impedance
matchings and isolations. Here, the trends of |Sq1| and |Szy|
are similar as AZ;, increases, which are both first improved
and then deteriorated. Moreover, Zoz and Zg,, have the
same effects on the input impedance matching, where the
bandwidth is narrowed as Zoa» Or Zopy increases. Zon, also
has significant influences on |[Sy| and |[Szs|. It can be
observed from Figs. 7(f) and 7(f) that smaller Zg is
preferred.

4. Implementation and Measurements

For validation, a prototype operating at 2 GHz is de-
signed and fabricated. Firstly, the relations between theory
parameters and physical dimensions are introduced.
According to Ze, and Ze, the width w, and gap s. of A-line-
based CLs can be calculated. Similarly, the width wy and
gap s» of B-line-based CLs can be obtained based on Zg,
and Zgp. Then, the widths of A-line (w1) and B-line (wy) in

FCL are approximately equal to w, and wy, separately. The
gap s1 in FCL is approximately equal to s,, and the gap s is
approximately the average of s, and s, [17]. By using
Rogers 4350b  substrate (e=3.48, tan o =0.0037,
h =1.524 mm), a model is optimized in Ansoft HFSS.
Figure 8 presents the layout and photograph of the fabri-
cated prototype, where the overall size is 60 mm x 11 mm
(0.449% 0.071g).

The prototype is measured on Agilent N5230A net-
work analyzer. It can be observed from Fig. 9(a) that the
measured FBW of input impedance bandwidth is 80%
(1.25-2.85 GHz), exhibiting good impedance matching.
The measured output power distribution is 3.54 dB at fj,
and the 3-dB passband ranges from 1.25 GHz to 2.85 GHz
(88%). Besides, the fabricated prototype achieves a RC of
1.28 with stopband rejection of over 35 dB. It can be ob-
served from Fig. 9(b) that within the range from 1.04 GHz
to 2.76 GHz (86%), the measured output RL and IO are
both more than 10 dB. Moreover, the designed FPD also has

P_prt 2

Port 1 B h 2o h ’f"l?@

- ST
- d, " ”n\‘ E'd_"i

: - Port 3

Fig. 8. Layout and photograph of the fabricated FPD.

(W1_1 =0.24 mm, Wy 1= 0.1 mm, Wy 2= 0.8 mm,
W, =1 mm, W= 2 mm, $11=0.11 mm,
S 1= 0.15 mm, S12=0.12 mm, S ,=0.3 mm,
ly=24 mm, I,=185mm, d;=56mm, d,=1.5mm,

d;=3.5mm, d;= 0.5 mm, R; = 150 Q, R, =200 Q).



6 Y. ZHANG, H. LIU, S. LI, ET AL., COMPACT WIDEBAND HIGH-SELECTIVITY FILTERING POWER DIVIDER USING FCLS

[ —o=1s,l(Sim) |

S-parameters (dB)
o)
<

V! L[Sl (Mea) | NN
BOY b =Om S (Sim) M
| is L =18, (Mea,) | !i‘
-60 -+ . . . : : —Lt
00 05 10 15 20 25 30 35 40
Frequency (GHz)
()
0 T T T 20
-0 I8,/ (Sim)

—A— |S,,| (Mea.) S L10

IS,,| (dB)

—0= |8, (Sim.) | -30
; ; —¥— [S,,| (Mea.)
-60 T T T -40

0 1 2 3 4
Frequency (GHz)
(b)
8 T T T 4
' —O= GD,, (Sim.)

64 | —v— GD,, (Mea) 2
» ‘ Foge—yr— &
84 VA 1o £
5 g
£2- 23
=
a
]
e
o L L i

24 | =O=2£8,-2£5S,(Sim) SNSRI SV -6

—A— S, -2 S, (Mea) ‘

-4 T T T -8
1.0 15 2.0 25 3.0
Frequency (GHz)
©

Fig.9. Simulated and measured results of the fabricated
prototype. (a) |Sq11| and [Sz1]- (b) |S22] and [Szsl. (c) Phase
difference between output ports and group delay.

a flat output phase difference (< 1°) between the two
output ports, as shown in Fig. 9(c). The simulated and
measured group delay (GD) are also plotted in Fig. 9(c),
where the measured GD is less than 1 ns within the oper-
ated bandwidth.

The comparisons between the proposed and reported
wideband FPDs are summarized in Tab. 1. Compared with
the representative FPDs, the proposed FPD has the widest
overlapped bandwidth, lowest IL, and highest frequency
selectivity. Besides, it also owns advantages of good in-
band impedance matching, large stopband rejection, and
compact size.

Ref. [9] p2 | ne | pa | UM
f» (GH2) 3.9 2.08 3 2.42 2
‘)F‘ée\;\'/apzﬁ’/‘j)d 636 65.4 62 62 80
In-band [Su| @B) | <-146 | <20 | <-16 | <-12 | <-16
IL (dB) 0.74 0.71 0.6 0.8 0.54
RC 1.35 138 | 143 | 145 | 128
rejsetc(:ipobnar(]((ijB) > 40 >28 | >20 | >35 | >35
osonetons Y v | vy [~ | N
Technique MMR MMR MMR SMR MMR
Size (g X js) | 0.47x0.29 [0.43%0.21] 0.5%0.25 |0.32x0.05 0.4%0.07

2 10-dB input/output RL & 10-dB 10 & 3-dB BPBW; IL: insertion loss;
RC: rectangle coefficient=|BWo4s/BW3gs|; MMR: Multi-mode resonator;
SMR: Single-mode resonator.

Tab. 1. Comparisons between the proposed and reported
wideband FPDs.

5. Conclusions

In the paper, a compact wideband FPD with high fre-
quency selectivity is presented by utilizing the inherent
feature of FCL. Measured results demonstrate that the
proposed FPD exhibits an overlapped FBW of 80%, a RC
of 1.28, and a stopband rejection of more than 35 dB. Since
wideband filtering with high frequency selectivity can be
achieved without extra resonators, size reduction can be
realized simultaneously, which indicates its potential appli-
cations in highly integrated wireless communication sys-
tems.
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