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Abstract—In this brief, a self-packaged substrate integrated
suspended line filtering power divider with wideband and high
frequency selectivity by using coupled-line termination added
multi-mode resonator has been developed, and has been demon-
strated by experiment. Three transmission zeros have been
realized due to the coupled-line termination loaded stepped
impedance resonator and multi-mode resonator, which improve
the frequency selectivity and out-of-band suppression impor-
tantly. The wideband filtering power divider has a measured
center frequency of 3.9GHz, a fractional bandwidth of 63.6%,
an insertion loss of 0.74dB, an in-band isolation (S23) of no less
than 18.3dB, and an out-of-band rejection of more than 40dB.

Index Terms—Filtering power divider, multi-mode resonator,
wideband, self-packaging, suspended line.

I. INTRODUCTION

W ILKINSON power dividers have been widely used in
amplifiers, mixers, and antenna feeding networks, et al.

With the development of 5G communication and MIMO
(multi-input and multi-output) technology, more power
dividers would be desired. The traditional Wilkinson power
divider has poor out-of-band rejection, fortunately, filtering
power divider (FPD) [1]–[14] which integrates a bandpass
filter and a power divider overcomes the drawback effectively.

Wideband communication systems which have advantage of
accommodating more information capacity desire wideband
components such as wideband FPDs. A wideband filtering
power divider can be designed by a wideband bandpass filter
cascading a power divider, or inserting a wideband band-
pass filter into a power divider, for example, substituting the
impedance transformer of the Wilkinson power divider by
a wideband bandpass filter. Multi-mode resonator is the most
effective method for implementing a wideband bandpass fil-
ter. Reference [1] proposed a filtering power divider by using
multi-mode resonators, however, the bandwidth is very lim-
ited. In [9], tri-mode resonator is used simultaneous realizing
of wideband power division and port-to-port isolation. Other
methods such as three coupled lines also have been used
for implementing wideband filtering power dividers [7], [12].
In recent years, wideband FPD with equal-ripple level [10],
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Fig. 1. Transmission line circuit model of the multi-mode wideband bandpass
filter.

and dual-wideband FPD [13] also have been developed, and
multiple resistors are used for improving the FPD isolation [8].
It is noted that all of these designs are microstrip circuits.

The traditional suspended line with metal mechani-
cal housing has been successfully used for implementing
filters [15], amplifiers [16], mixers [17], and oscillators [18],
et al. However, the disadvantages of bulky circuit size, heavy
weight and mechanical mounting prevent the development
of this kind of circuit. With the circuit development for
integration and multi-function, three dimensional multi-layer
circuits have been paid more and more attention. Multi-layer
substrate integrated suspended line (SISL) [19] inherits the
advantages of the traditional suspended line, but overcomes
its shortcomings.

This brief aims to develop new self-packaged multi-layer
suspended multi-mode wideband filtering power divider with
bandpass filter response by using SISL technology. The
proposed wideband FPD in this brief has a simple struc-
ture composing of a coupled-line terminal loading quad-mode
resonator and stepped-impedance resonator (SIR). Three trans-
mission zeros (TZs) and adjustable bandwidth is implemented.
The proposed FPD has been fabricated by common PCB tech-
nique layer by layer, and then assembled together by the
rivets. Experiments have been performed and the design has
been demonstrated with center frequency of 3.9GHz, passband
insertion loss of no more than 0.74dB, in-band/out-of-band
isolation of no less than 18.3/36.5dB, out-of-band rejection of
more than 40dB, and multiple TZs.

II. WIDEBAND FILTERING POWER DIVIDER DESIGN

A. Multi-Mode Wideband Bandpass Filter Design

A wideband bandpass filter is designed by using coupled-
line terminal loading multi-mode resonator and a pair of open
circuited SIR, as is shown in Fig. 1. The coupled-line terminal
loading multi-mode resonator is used to realize a wideband
response, while the loading open circuited SIR is used for
introducing additional transmission zeros. The coupled-line
terminal loading multi-mode resonator is shown in Fig. 2,
where the multi-mode resonator and the coupled-line terminal
loading structure are plotted in Figs. 2(a) and (b), respectively.
Where Z0e and Z0o are the characteristic impedances of the
even-mode and odd-mode of the coupled-line, respectively, Zr
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Fig. 2. Coupled-line terminal loading multi-mode resonator. (a) Multi-mode
resonator structure. (b) Coupled-line terminal loading structure.

Fig. 3. Circuit simulation result of the coupled-line terminal loading multi-
mode resonator. Z0e = 176�, Z0o = 79�, θ = 89◦, k = 0.38 (coupling
coefficient of the coupled line), Zr = 42�, and θr = 85◦.

Fig. 4. Simulation result of S21 variations versus Zc and k for the coupled-
line terminal loading multi-mode resonator, Zr = 42�, and θr = 85◦. (a) S21
versus Zc variation, k = 0.38. (b) S21 versus k variation, Zc = 118�.

is the characteristic impedance of the multi-mode resonator,
and ZLi (i = 1, 2, 3, 4) is the terminal load of the coupled-line.

The simulated result of the coupled-line terminal loading
multi-mode resonator by using ADS is shown in Fig. 3, which
indicates that four resonances (four resonant modes) f ev1, f od1,
f ev2, and f od2 compose a wide passband, and each resonant
mode introduces a transmission pole, and the resonator band-
width is determined by f od2–f ev1. Circuit simulation result
of S21 variations versus Zc and k are plotted in Figs. 4(a)
and (b), respectively, here Zc and k are the characteristic
impedance and coupling coefficient of the coupled line, respec-
tively, and Zc = √

Z0eZ0o. It can be seen that resonator
bandwidth increases with Zc decreasing, as shown in Fig. 4(a);
while bandwidth decreases with coupling coefficient k decreas-
ing, as shown in Fig. 4(b), which means that weak coupling
brings decreased bandwidth, and when k=0.38, the even-mode
and odd-mode characteristic impedances of the coupled-line
can be achieved as Z0e = 176�, and Z0o = 79�, respec-
tively; when k = 0.30, it can be obtained that Z0e = 160�,
and Z0o = 86.8�; while when k=0.24, it is achieved that
Z0e = 150�, and Z0o = 92.6�. The circuit substrate
permittivity is 2.2, and thickness is 0.254mm.

Even-mode and odd-mode equivalent circuits of the band-
pass filter are shown in Figs. 5(a) and (b), respectively. The

Fig. 5. Even-mode and odd-mode equivalent circuits of the proposed
bandpass filter. (a) Even-mode equivalent circuit. (b) Odd-mode equivalent
circuit.

input impedance of the even-mode and the odd-mode equiv-
alent circuits can be obtained by the coupled-line terminal
loading theory. The impedance ratio is defined as

K = Z1/Z2 (1)

The input impedance of the Even-mode circuit can be
expressed as

Zine = Zin (2)

with ZL1 = jZ1
K tan θ1−cot θ2
K+cot θ2 tan θ1

, ZL2 = ∞, ZL4 = ∞, and ZL3 =
−jZr cot θr

2 .
While the input impedance of the odd-mode circuit can be

expressed as

Zino = Zin (3)

with ZL1 = jZ1
K tan θ1−cot θ2
K+cot θ2 tan θ1

, ZL2 = ∞, ZL4 = ∞, and ZL3 =
jZrtan θr

2 .
According to the relationship of S-parameter and input

impedance, and the condition of transmission zeros and trans-
mission poles of the bandpass filter, it can be calculated that
in a frequency range of 2f 0, three transmission zeros can be
obtained, which can be formulated respectively as

fTZ1 = 8f0
3π

arctan

√
1

2K + 1
(4)

fTZ2 = 3f0
2π

arctan
√

k1 (5)

fTZ3 = 2f0−8f0
3π

arctan

√
1

2K + 1
(6)

Here f 0 is the filter working frequency. It is noted from (4)-(6)
that the first and the third transmission zeros are controlled by
the open-circuited SIRs, while the second transmission zero
is controlled by the coupled line terminal loading multi-mode
resonator.

The transmission poles can be formulated respectively as

fTP1 = 8f0
π

arctan
√

k1 − 2f0 (7)

fTP2 = 8f0
π

arctan
√

k2 (8)

fTP3 = 2f0 − 8f0
π

arctan
√

k2 (9)

fTP4 = 4f0 − 8f0
π

arctan
√

k1 (10)

with k1 = (3Zc +2Zr +2
√

2Z2
c + 2ZcZr + Z2

r )/(Zc +4Zr), and
k2 = (3Zc + 2Zr − 2

√
2Z2

c + 2ZcZr + Z2
r )/(Zc + 4Zr).
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Fig. 6. Transmission line circuit scheme of the wideband FPD.

Fig. 7. Total circuit structure of the wideband FPD. (a) 3-dimensional view
of each substrate. (b) Cross section view and the circuit electromagnetic field.

B. Filtering Power Divider Implementation

The transmission line circuit model of the wideband FPD
is schemed based on the multi-mode bandpass filter and
a Wilkinson power divider, as is plotted in Fig. 6, where the
multi-mode bandpass filter is used to replace the impedance
transformer, and an isolation resistor R is bridge-connected
between the first stage SIRs. The circuit is symmetrical along
TT’. According to the multi-mode resonator bandpass filter,
the SISL technique, and the transmission line circuit model as
shown in Fig. 6, a self-packaged multi-layer suspended wide-
band FPD has been constructed, as is shown in Fig. 7, where
the 3-dimensional (3D) circuit structure is shown in Fig. 7(a),
and the circuit cross-section view is shown in Fig. 7(b). The
circuit is implemented by five substrates labeled by S1 to
S5 with ten faces labeled by G1 to G10, where S2 and S4
have etched air cavities, and the electromagnetic field con-
centrates in the cavities, S3 is the core circuit layer, and the
circuit is packaged by S1 and S5. The PCB cut air cavities
not only reduce the dielectric loss and implement suspen-
sion, but also make the required tri-dimensional elements such
as resistors set down in the cavity conveniently. The circuit
feeding is conductor-backed coplanar waveguide (CBCPW)
structure, and there is a transition between the CBCPW and
the suspended line. Via holes which are around the air cavities
are used not only for the undesired harmonics suppression,
but also for minimizing the electromagnetic waves leakage.
Via holes cut-through S2, S3 and S4. Each substrate can be
designed and fabricated individually, and then be bounded

Fig. 8. Core circuit and electromagnetic field distributions. (a) Core circuit
structure. (b) Simulated electric/magnetic field distributions.

Fig. 9. Coupling structure of the proposed wideband FPD.

by rivets. S1, S2, S4 and S5 are FR-4 material, which have
a dielectric constant of 4.4, and a thickness of 0.6mm, 1.4mm,
1.4mm and 0.6mm, respectively. S3 is designed on Rogers
RT/duroid 5880 substrate with a dielectric constant of 2.2 and
a thickness of 0.254mm. The using of hybrid substrates is
because that FR-4 is more rigid, which is more suitable for
packaging, while Rogers RT/duroid 5880 has less loss tangent,
which is better for core circuit design.

The core circuit is implemented according to the trans-
mission line circuit scheme, as is shown in Fig. 8(a).
When designed working at 3.8GHz with a fractional band-
width (FBW) of 61.5%, a passband insertion loss of no more
than 0.4dB, a return loss of no less than 18dB, and an isola-
tion of no less than 20dB within 8GHz, the dimensions of the
wideband FPD can be obtained by the transmission line theory
and the circuit specifications as w = 0.8, w0 = 2, w1 = 1.8,
w2 = 0.8, w3 = 0.4, wr = 6.5, l0 = 21.6, l1 = 11.1, l2 = 10.8,
l3 = 9.52, l4 = 4.32, lr = 8.3, l5 = 9.8, l6 = 6.2, l7 = 10.8,
l8 = 13.1, l9 = 3.7, and s=0.5, unit: mm. R = 225�, and
the center distance between neighboring via holes is 3mm.
Simulated electric/magnetic field distributions are plotted in
Fig. 8(b), it is seen that the circuit electromagnetic field
dominantly concentrates on the coupled-line terminal loading
multi-mode resonator and the SIRs neighboring the input port.
Coupling structure of the proposed wideband FPD is plotted
in Fig. 9, where R1, R2, R3 and R4 represent the multi-mode
resonator, while R5 and R6 represent the folded SIRs.

Parameters of the transmission line circuit in Fig. 6 can
be obtained as Z0 = 26.65�, θ0 = 129.55◦, Z1 = 28.98�,
θ1 = 77.02◦, Z2 = 52.36�, θ2 = 153◦, Zr = 9.64�,
θr = 50.93◦, Z3e = 85.55�, Z3o = 73.06�, and θ3 = 95.42◦,
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Fig. 10. Simulated S21 variations versus some physical parameters. (a) S21
variations versus l1. (b) S21 variations versus wr. (c) S21 variations versus
w2. (d) S21 variations with all SIRs and part SIRs.

where Zi is the characteristic impedance corresponding to the
physical parameter wi, i = 0, 1, 2, r. θ0 and θ1 are the elec-
tric lengths corresponding to the physical lengths of l0 and
l1, respectively. θ2 is the electric length corresponding to the
physical length of l5 + l6 + l7. Ze3 and Zo3 are the charac-
teristic impedances of the even/odd-mode of the coupled-line,
respectively, while θ3 is the electric length of the coupled-
line. For the obtained electric parameters, it can be calculated
that three transmission zeros locating at 1.95/2.03/5.65GHz
are achieved according to formulas (4)-(6), while transmis-
sion poles of 3.21/3.69/3.91/4.68GHz are achieved according
to formulas (7)-(10).

Simulated S21 of the proposed FPD versus physical param-
eters l1, wr and w2 are plotted in Figs. 10(a), (b), and (c),
respectively. It can be seen that 1) FPD bandwidth can be
adjusted/controlled by l1, as shown in Fig. 10(a), which is
because that the weak coupling of R5 and R6 can be changed
with l1 increasing, while FPD bandwidth is related with the
electromagnetic coupling. 2) FPD bandwidth increases with
wr decreasing, as is shown in Fig. 10(b), which is because
that wideband performance is dominantly determined by the
multi-mode resonator, and decreased wr makes some of the
resonance distance between f ev1, f od1, f ev2 and f od2 become
wider, namely decreased wr introduces bigger f od2–f ev1. In
the research, we also noted that FPD bandwidth increases
with coupled-line width w3 increasing. 3) FPD transmission
zeros can be adjusted by w2, and TZs are more close to cen-
ter frequency with w2 decreasing, as is seen in Fig. 10(c), of
course, TZs also can be adjusted by w1. 4) FPD transmission
zeros not only can be adjusted by w1/w2, namely impedance
ratio of SIR, but also by the quantity of SIRs, as is shown
in Fig. 10(d), and it indicates that when there are only left-
hand SIRs, the TZs at lower stopband change from two to
one, and this transmission zero keeps away from the center
frequency, while the out-of-band rejection and passband flat-
ness get worse compared with the case of with all SIRs. It can
be concluded that bandwidth and TZs of the proposed FPD
can be adjusted/controlled.

Fig. 11. Simulated circuit phase and phase imbalance in transmission paths
1-2 and 1-3. (a) Circuit phase of S21 and S31. (b) Phase difference between
two transmission paths within the passband.

Fig. 12. Photogragh of the fabricated hardware. (a) Fabricated each substrate.
(b) Assembled whole circuit.

Simulated circuit phase and phase difference in transmis-
sion paths 1-2 and 1-3 within FPD passband are plotted in
Figs. 11(a) and (b), respectively, which indicates that the
proposed FPD has a phase imbalance of no more than 1.4

◦
.

III. EXPERIMENTAL RESULTS

The proposed wideband FPD has been fabricated by using
FR-4 and Rogers RT/duroid 5880 substrates with dielectric
constants of 4.4 and 2.2, respectively, the substrate thick-
ness from S1 to S5 are 0.6mm, 1.4mm, 0.254mm, 1.4mm
and 0.6mm, respectively. The fabrication photographs are
shown in Fig. 12, where the fabricated individual substrate
is shown in Fig. 12(a), and the assembled whole circuit is
shown in Fig. 12(b). The measurement is performed by Agilent
E5071C vector network analyzer, and the measured results
are illustrated in Figs. 13(a), (b), and (c). It is seen from the
measurements that the proposed FPD centers at 3.9GHz with
a fractional bandwidth of 63.6%, an in-band insertion loss of
no more than 0.74dB (the fixed 3dB insertion loss of the power
divider is subtracted), a return loss of no less than 14.6dB, and
a out-of-band rejection of more than 40dB, while three TZs at
2.04GHz, 2.25GHz and 5.64GHz with S21 attenuation of more
than 57dB have been implemented, as shown in Fig. 13(a). The
measured TZs are close to the prediction of 2.1GHz, 2.2GHz
and 5.5GHz. It is also seen that the measured S22/S33 has
an attenuation of no less than 13.6dB, while the measured in-
band isolation (S23) is no less than 18.3dB, and the out-of-band
isolation is more than 36.58dB, as have been demonstrated in
Fig. 13(b). The simulated and measured group delay is plotted
in Fig. 13(c), and it is seen that the measured group delay in
the passband is relative flat, which has a variation of no more
than 0.5ns from 2.8-5.0GHz. The measurement approaches to
the predictions, and the wide passband, high frequency selec-
tivity as well as the high out-of-band rejection have been
demonstrated. The discrepancy between the measurement and
the prediction is due to the fabrication uncertainty, material
error and the system error in test.
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Fig. 13. Measurement and simulation comparison. (a) Comparison of
the measured and simulated S11/S21. (b) Comparison of the measured
and simulated S23/S22/S33. (c) Comparison of the measured and simulated
τ21/τ31.

TABLE I
COMPARISON OF THIS BRIEF AND THE RELATED REPORTS

Experimental results comparison of the proposed FPD and
the related reports is listed in Table I. It can be seen that the
proposed work not only has new suspended and self-packaged
structure, but also has more transmission zeros, more out-
of-band suppression, and fewer isolation resistor. Compared
with some related works, features of wideband, low loss, high
frequency selectivity and high out-of-band rejection have been
demonstrated.

IV. CONCLUSION

A multi-mode wideband filtering power divider which
centers at 3.9GHz with three transmission zeros by using
multi-mode and self-packaged SISL technologies is proposed,
and advantages of high frequency selectivity, low passband
insertion loss and high out-of-band rejection have been demon-
strated by experiment. In our research, it is noted that the
suspended FPD has better passband IL and better out-of-band

rejection compared with the planar FPD. The proposed FPD
brings a feasible case of circuit integration by a suspended
multi-layer structure with common PCB technique, and some
other elements/circuits can be easily added/integrated in the
air cavities, meanwhile, more complicated integration cir-
cuit can be realized by adding more layers with vertical
connection.
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