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ABSTRACT: In the paper, a wideband four-way filtering power divider with arbitrary power division ratio and input absorptive feature is
proposed. Two sets of coupled lines (CLs) are used to achieve the wideband performance. To obtain absorptive properties, a set of T-type
absorption structure consisting of two isolation resistors and a A/4 short-circuit stub is connected between the two CLs. Meanwhile,
high frequency selectivity and good out-of-band rejection are realized by introducing two stepped-impedance resonators. Besides, output
impedance matching, isolation, and unequal power distribution are achieved by the power division section in the second stage. In the
analysis, the equations are derived by using the method of even-odd mode decomposition and voltage-current method. For demonstration,
a prototype is designed, fabricated, and measured with the power distribution ratio of 2 : 1 : 1 : 2. Measurements show that an all-
frequency band absorption of 200% is obtained with the 3-dB passband bandwidth of 78.1% and out-of-band rejection of 14 dB. Besides,
it also shows 15-dB isolations within more than 60% FBW and has the feature of small size.

1. INTRODUCTION

ideband power dividers [1,2] have become a research

hotspot in recent years. The wideband filtering power di-
viders (FPDs) with integrated multi-way output [3—7], unequal
power distribution [8—11], and all-frequency band absorptive
feature [12—17] have become the top priority of research.

Reports have been exhibited to design wideband FPDs with
different structures. For example, in [3], a class of 2n-way
wideband FPDs with a fractional bandwidth (FBW) of 106%
is proposed. In order to availably enlarge the isolation band-
width, an isolation network is first implied to replace the isola-
tion resistor of the traditional Wilkinson power divider. In [4],
an asymmetric three-way equal wideband FPD with apparent
selectivity is proposed. The proposed three-way PD has a
compact size, low insertion loss (IL), good return loss (RL),
sharp selectivity, wide FBW, and filtering functions. In [8], a
wideband unequal FPD with arbitrary constant power ratio and
phase difference is designed. The results show that the structure
has a PDR of 4 : 1 with a 90° phase difference, and it can reach
a relative bandwidth of 53%. However, this work has a defect
of poor frequency selectivity. In [10], the paper introduces the
design and practical implementation of a non-reciprocal FPD
with an arbitrary PDR and tunable central frequency. The re-
sults show that the structure has a relative bandwidth of 17.6%,
a maximum forward insertion loss of 4.95 dB, and more than
20 dB isolation.

However, the unemitted RF-input signals in the stopband will
be reflected back to the source and affect the performance of the
circuit. Thus, the FPDs with absorptive feature can be a good
solution to deal with this problem. So far, a few researches
have been reported on absorptive FPDs. In [13], by using a
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composite T-type network consisting of a set of resistors and
a \/4 shorted stub, good isolation and input absorptive feature
are realized. To enhance the absorptive effect, an additional ab-
sorptive stub is added to the input port. The proposed absorp-
tive FPD has all-band input-reflectionless property, showing a
wide 1-dB FBW of 52.8%, the minimum in-band IL of 0.32 dB,
and more than 16 dB isolation. In [17], three simple absorptive
stubs composed of \/4 shorted stubs series with resistors are ap-
plied to realize all-frequency absorption of the RF-input-power.
Although these FPDs achieve good absorption and filtering fea-
tures, they have only two-way output ports. Therefore, it is still
difficult to design absorptive FPDs with multi-way output and
unequal power distribution.

In this paper, a wideband four-way FPD with arbitrary power
division ratio (PDR) and input absorptive feature is proposed.
It has the merits of (1) unequal power division, (2) wide FBW
for all-ports return losses and isolations, (3) input absorptive
feature, (4) good out-of-band suppression. This paper is orga-
nized in 4 sections. Section 1 describes the current research
status and advantages of wideband filtering power divider. In
Section 2, the analytical process and design formula are given
for the proposed FPD. For demonstration, a prototype is pro-
vided in Section 3, followed by the conclusion in Section 4.

2. THEORETICAL ANALYSIS

Figure 1 shows the structure of the proposed wideband unequal
four-way FPD. It consists of two sets of coupled lines (CLs),
a T-shape absorptive stub, two stepped-impedance resonators
(SIRs), and two sets of power division section. The CLs have
the even- and odd-mode characteristic impedances of Z, and
Z,, respectively, with an electrical length of §. The T-shape
absorptive stub consists of two resistors named R; and a short-
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FIGURE 1. Schematic of the proposed wideband unequal four-way
FPD.

circuit transmission line (TL) with the impedances of Z;. The
SIR is constructed by two TLs with the impedances of Z; and
Zso. The power division section consists of two TLs with the
impedances of Z, and Z3. Besides, one resistor R; is linked
between two TLs to achieve good isolation between adjacent
output ports. It is noted that the electric length of each section
is assigned as 90° at the center frequency (6, =0, = 6; =0 =
90°).

For simplified analysis, the relations of Z3 = Z4 and Z, =
Zs are assigned. Thus, the even-odd mode decomposition
method can be applied. Fig. 2 exhibits the even- and odd-mode
sub-circuits. When assuming the PDR of the FPD as k?, the
output ports power ratio is k> : 1 : 1 : k* corresponding to
ports 2, 3, 4, and 5.

Firstly, the reflection coefficient S;; is derived. Since the
proposed structure is symmetric, and the power division ratio
forport2 and 3 is k2 : 1, the impedances of the TLs in the power
division section should satisfy the following relations [11].

Z3=k*Zy Zy=k*Zs (1)

According to the even-mode shown in Fig. 2(a), the
impedance seen from port 1 (Z;,,.1) can be derived as (2).

Zinel = Z11

Z3(Zh1 + Za) + Z35(Z11 + Zinz) — 2229733244

2
72— (Zu1 + Za) (Zus + Zon2) @
where
Ze Zo . Ze - Zo
Z11 = —j % cotf Zyy =—j——— cotb
(3a)
e Zo . Ze o
Z33 = —] T cscl Zy = —j % csct
Za = R1 +J2Zl tan 91 (3b)
2y Zina
Zing = ——— 3c
T Zi+ Zipa (3¢)

Z3+iZy tan 63 + Zo+jZ 1, tan O3
Z3(ZL+jZ3 tan93) Zz(ZL+_jZ2 tan93)

Thus, when ignoring the influence of the resistor R,, Sj; can
be expressed as (5). Here, Z, represents the impedance of each
port.

Zinel - ZL
Sll Fe Zinel + ZL (5)

Secondly, the S-parameters between ports 2 and 3 under
even- and odd-mode excitation are derived. Fig. 3 gives the
simplified equivalent circuit, where Z;,,3 and Z;,¢ are the port
impedances for even- and odd-mode circuits seen from the
power division section, respectively. By using the voltage-
current analysis, the S-parameters [11] of the two excitation
conditions can be obtained as (6).

Y226(0)ZL +1- ’Ye(o)’ Z% - Ylle(o)ZL

5226 o) — (63)
(©) 1/226(0)ZL +1+ ’Ye(o)’ Z% =+ Ylle(o)ZL
IS . _2Yv21e(o)ZL 6b
Be0) = Y T W | 22+ Ve Z. D)
22e(0) L+ +’ e(o)’ L+ 1le(o) 4L
S . —}/22@(0)21/ +1- |Ye(o)| Z%, + Ylle(o)ZL (60)
33e(o) —
(©) }/226(0)211 +1+ ’Ye(o)’ Zz + Ylle(o)ZL
where
N _ jZ3Yin3(6) Sin 3 cos 3 —Y2Z3 sin? 05 +-cos? 05 1
11le(0) = "j(Za+2Zs3) sin O3 cos 03— Z2Z3Y3(6) sin? 03 +R72
_ 1 1
Y12€(0) = " j(Z2+2Z3) sin B3 cos 03— Z2Z3Y;3(6) sin? 03 " Ry (7)
_ 1 1
}/216(0) T T j(Z2+Z3)sin03 cos 03— Z2Z3Y;,3(6) Sin% 03 Rz
v. _ iZ2Yin3(6) sin 03 cos 03— Y3 Z5 sin® O3 4cos® 03 | 1
22¢(0) T Tj(Z2+Z3) sin 03 cos 03— Z2Z3Y;na(c) S 03 | Ra
and
_ _ZkZini(s)
Zin?’(ﬁ) - Zk+Zi:1?5)
Zinl(5) =271 3

Z3,(Z11+Za(R1))+ 235 (Z11+221,(0)) —2Z22 Z33 Zas

+ 72, (i 1 2. (7)) (20 +222(0))

According to (6), the S-parameters of the whole circuit can
be expressed as (9)

S22¢ + 5220
S221555:722 B 22 (93)

S33e + 5330
533:544:¥ (9b)

S32¢ 4+ 5320
53225452% CY)

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 147, 39-44, 2024

PIER C

(a)

lea 02

ZeoZo 0 | Zip

(®)

Z3, 0;
—oPort 2
L @
Z3,0; 72
oPort 3

L
] Al @)
R 1%

FIGURE 2. Sub-circuits of the proposed FPD. (a) Even-mode, (b) odd-mode.

R>

st 83

mJ(ti]%

FIGURE 3. Equivalent circuit of the power division section.
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To obtain the circuit parameters, particle swarm optimiza-
tion algorithm [18] is applied according to the S-parameter ex-
pressions. The defined objective function F' is given in Equa-
tion (10)

F(Ze,Zo, 21, 22, Z3, Zs1, Zsa, Ra, Ra)
1
NZOSH (I + 1822 (£ + |93 ()]

+ 1852 () + 192 (f)F)

Jo <1+

where f; represents the sampling frequency; fo/D is the sample
interval; and N is the number of sampling points.

Figure 4 gives an optimization flowchart. The optimization
goals are as follows: (1) the FBW of |Sy;| < —10dB is larger
than 200%. (2) the overlapped FBW for 10-dB return loss (RL),
10-dB isolation, and 3-dB passband is larger than 60%. (3) Out-
of-band rejection is greater than 17 dB. For illustration, an ex-
ample with PDR of 2 : 1 : 1 : 2 is provided. A group of
optimized calculated parameters are as follows: Z, = 168,
Zo=0520,7Z, =500, Z, =Zs =60Q, Z3 = Zs = 1201,
ZSl =100 Q, ZSQ =175 Q, R] =130Q and R2 =909.

Based on the above analysis, the proposed design process of
the wideband four-way FPD can be summarized as follows:

1. Determine the center frequency fj, fractional bandwidth
FBW, and dielectric constant ¢,..

(10a)

1—1

s -

) (i=1,..,N) (10b)
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FIGURE 4. The optimization flowchart.

2. According to the optimization flowchart in Fig. 4, the
impedance parameters Z., Z,, 2y, 2, Z3, Zs1, Zg2, Ry, and
R, can be obtained.

3. Convert the parameters into physical structure and adjust
the layout of the whole circuit by electromagnetic simulation
for better results.

Figure 5 shows the theory calculated results. It is observed
that under the criterion of |.S};| < —10 dB, the frequency range
is from 0 to 2 fy with the FBW of 200%. Besides, the RLs for
the output ports are larger than 10 dB in the FBW of 87%. From
0.65 fo to 1.35 fo (70%), the adjacent ports isolations are greater
than 14 dB. In addition, the non-adjacent ports isolations are
greater than 20 dB within the whole band. Meanwhile, the 3-
dB FBWs are 79%, 81%, 81%, and 79% for output ports 2, 3,
4, and 5, respectively. In addition, the out-of-band rejections
are more than 18 dB.

3. IMPLEMENTATION AND RESULTS

In this section, a prototype is designed at the center frequency of
2 GHz for validation. Based on the calculated parameters, the
prototype is modeled on an F4B substrate (¢, = 3.5, tand =
0.003, h = 1 mm) and optimized using the Ansoft HFSS. Fig. 6
shows the layout and photograph of the fabricated prototype,
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FIGURE 6. (a) Layout and (b) photograph of the fabricated FPD.

TABLE 1. The optimized dimensions of the prototype (Unit: mm).

Wo | Wi Wa W3 Wy Ws Wi W S Ry R, Lo

1.7 | 0.56 | 0.3 27 1044 | 14 1.8 | 036 | 0.12 | 140Q | 12002 | 5.44
Ly L Ls Ly Ls Ls Ly Lg Lo /1 2 Z3

3 244 | 225 | 248 | 25 | 228 | 234 12 11.7 45° 45° 45°

where the final dimensions are listed in Table 1. The overall
size is 51 mm x 37 mm, yielding 0.62A, x 0.46,.

Figure 7 shows the measured and simulated results. As seen
from Fig. 7(a), the measured | S| is greater than 10 dB from 0
to 4 GHz (200%). Due to the limited accuracy of welding in-
struments, there are some shifts of the good matching frequency
for the measured results. However, it still maintains the ab-
sorptive bandwidth. Besides, the 3-dB FBW for ports 2 and 5
is 78.1% (1.14 ~ 2.60 GHz) with a minimum IL of 0.65dB
at the center frequency. The 3-dB FBW for ports 3 and 4 is
79.4% (1.13 ~ 2.62 GHz) with a minimum IL of 0.67 dB. The
amplitudes for ports 2 and 5 (]Sy;| and |Ss;|) are 5.42 dB, and

42

the corresponding values for ports 3 and 4 (|S51| and |Sa|) are
8.45dB, yielding a PDR of 2 : 1 : 1 : 2. Besides, the out-of-
band rejections are larger than 14 dB at both upper and lower
stopbands.

According to Fig. 7(b), the output ports 2 and 5 impedance
matching characteristics are greater than 10dB from 1.1 GHz
to 2.68 GHz (83.6%). The output ports 3 and 4 impedance
matching characteristics are greater than 10 dB from 1.1 GHz
to 2.85GHz (88.6%). Besides, the measured isolation be-
tween adjacent ports (|S»3| and | S4s]) is greater than 15 dB from
1.4 GHz to 2.65 GHz (61.7%). Fig. 7(c) indicates that the mea-
sured isolations between non-adjacent ports are both greater

Www.jpier.org
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FIGURE 7. Simulated and measured results of fabricated prototype. (a) |Si1], |S21], |:S31], | Sa1| and | Ss1|. (b) |S22], |S33], |Saal, |Sss|, |S23] and | Sas|.
() |Sa4l, |S25], | S34] and | S3s|. (d) Phase difference (dash line: simulated results, line with symbol: measured results).

TABLE 2. Comparisons between the proposed rat-race coupler with related literatures.

Ref. This work [3] [11] [13] [17]
Type Unequal equal unequal equal equal
outputs 4 4 2 2 2
|Si] < —10dB 200 106 250 250 250
FBW(%) | 3-dB Passband > 78.1 108" > 82.5 52.8 55*
10-dB ORFBW* > 83.6 106 > 80 55 62.3
Isolation® (dB) 15 20 18 16 14.3
Stopbands (dB) 14 14 18 27 20
IL® (dB) 0.67 0.5 0.2 0.32 0.9
Absorption Yes No Yes Yes Yes
Size (Ag X Ag) 0.62 x 0.46 | 0.48 x0.97 | 0.62x0.31 | 0.31 x0.15 | 0.4 x 0.3

& Qutput reflection FBW. ® Isolation of adjacent ports.
¢ Minimum passband IL at the center frequency. ** Estimated from the results.

than 20 dB. It can also be seen from Fig. 7(d) that the measured
phase differences between adjacent ports are 0° £ 5°.

Table 2 illustrates the performance comparisons between the
proposed and representative related works. Although the FPD
in [3] exhibits good performance, it can only realize equal
power division, and does not have absorptive feature. Besides,
the size of the circuit is large. The FPDs in [13] and [17] show
small size, but they are two-way FPDs with equal power divi-
sion. In [11], one unequal FPD with good absorptive feature
is presented which shows similar dimension to the proposed
structure. However, it has only two outputs, and the exten-
sion of four outputs will enlarge the size. Compared with [11],

43

the proposed FPD can realize unequal power division under the
premise of wideband filtering response, four-way outputs, input
absorptive function, and small size.

4. CONCLUSION

The paper presents a wideband unequal four-way FPD with ar-
bitrary power division ratio and input absorptive feature. Mea-
surement and comparison results show that the proposed struc-
ture has the advantages of unequal power division, wideband,
four-way output, input absorptive feature, and preferably fre-
quency selectivity. It fills the gap of wideband unequal multi-
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way absorptive FPD, which has potential applications in high-
integrated modern wireless communication systems. In the fu-
ture work, unequal FPDs (AFPDs) with small size, high fre-
quency selectivity, and all-port absorptive feature will be fo-
cused on research.
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