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Abstract – In this paper, an ultra-wideband balanced fil-
tering power divider (B-FPD) with high common mode
(CM) suppression level is proposed. The B-FPD is
designed based on the odd mode spoof surface plas-
mon polaritons (SSPPs), which are constructed by the
hybrid folded microstrip and slotline (HFMS) structure.
Firstly, the dispersion characteristic and electric field dis-
tribution of the HFMS SSPP unit cell are investigated,
which can decrease the upper cut-off frequency for size
reduction of nearly 50%. Next, an equal balanced power
divider with low cut-off frequency is proposed based on
the microstrip-to-slotline transition structure and slotline
Y-junction. Then, the balanced power divider is used
to excite the odd mode of HFMS SSPP structure. An
equal B-FPD with center frequency of 4.0 GHz is imple-
mented, and the 3-dB bandwidth covers 0.9 to 7.0 GHz.
Finally, the B-FPD with advantages of high CM suppres-
sion level and compact size is fabricated and measured.

Index Terms – balanced filtering power divider, common
mode suppression, spoof surface plasmon polariton.

I. INTRODUCTION
With the developments of modern mobile commu-

nication, radio frequency (RF) communication systems
have attracted extensive attention. Hence, researchers
have paid much efforts in implementing excellent RF
devices, such as antennas, power dividers, bandpass fil-
ters, and phase shifters. Power dividers and filtering
power dividers, as the crucial components of RF circuit
system, can realize functions of power distribution and
frequency selection, respectively [1–5].

Spoof surface plasmon polariton (SSPP) structure
can support the surface wave alike surface plasmon
polaritons (SPPs) at microwave frequency, and the
SSPPs show the similar characteristics of electromag-
netic field confinement, upper cut-off frequency with the
SPP at optical frequency band [6, 7]. Hence, in recent
years, the SSPP transmission lines have been widely
adopted for designing microwave filters [8, 9], diplex-
ers [10], phase shifters [11, 12], antennas [13], splitters
[14–17], etc.

In particular, some well-designed power dividers
are reported based on SSPP structure fed by the copla-
nar waveguide (CPW) [14–16], and double-sided par-
allel spoof surface plasmon polariton transmission line
(DSP-SSPP-TL) [17]. In [15], a four-way SSPP splitter
is designed by the SSPP transmission line. The transi-
tion structure constructed by the long axis of a half oval
ring is used to match the wave vector between the CPW
mode and the SSPP mode. Furthermore, a beam split-
ter with multi-band rejection is implemented based on
SSPP structure with T-shaped decoration [16]. In addi-
tion, the DSP-SSPP-TL is also adopted for designing bal-
anced dividers with ultra-wideband isolation by loading
the lumped resistors [17].

Recently, the multifunctional integrated devices,
such as filtering power dividers (FPDs) have been widely
reported, which can not only achieve power distribu-
tion and frequency selection functions simultaneously
but also avoid the additional power loss and size increase
caused by the devices cascade [18–23]. Hence, sev-
eral FPDs are proposed based on SSPP structure fed
by CPW [18], slotline SSPP unit cells [19, 20], and
hybrid SSPP and substrate integrated waveguide (SIW)
structures [21–23]. In [19], an ultra-wideband FPD is
designed based on the quasi Y-junction slotline SSPP
transmission line constructed by the corrugated grooves.
The odd SSPP mode is excited by the microstrip-to-
slotline convertor. Besides, the compact FPD imple-
mented by the hybrid SSPP and SIW achieves indepen-
dent control of the upper and lower stopbands [23].

Balanced microwave components, such as balanced
filters [24] and balanced filtering dividers [25] base on
the microstrip resonator, have drawn extensive attention
due to the excellent advantages of common mode (CM)
noise rejection. It is essential to achieve compact size,
good filtering function, and high CM suppression level.

In this paper, a hybrid folded microstrip and slot-
line (HFMS) SSPP unit cell is proposed, whose fun-
damental mode is odd mode. The dispersion curves
show that the HFMS unit cell can lower the upper cut-
off frequency for size miniaturization of nearly 50%.
And a highpass balanced power divider is designed
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by microstrip-to-slotline transition feeding structure and
slotline Y-junction. Then, the balanced power divider is
adopted to excite the odd mode of the HFMS SSPP struc-
ture. Finally, an equal balanced FPD with high CM sup-
pression level is implemented by the Rogers 5880 sub-
strate with the relative dielectric constant of 2.2, thick-
ness of 0.5 mm, and loss tangent of 0.0009. And the in-
band minimum insertion loss is 1.5 dB.

II. CHARACTERISTIC OF THE SSPP UNIT
Figure 1 shows configurations of three types of

SSPP unit cells. In Fig. 1 (a), the traditional slotline SSPP
unit cell is presented. The orange metal and white strips
represent the ground plane at bottom layer and slotline,
respectively. Figure 1 (b) shows the hybrid microstrip
and slotline (HMS) SSPP unit cell, and the yellow strip
represent the metal microstrip on the top layer. To further
reduce the physical dimension, the top metal microstrip
is folded and the HFMS SSPP unit cell is shown in
Fig. 1 (c).
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Fig. 1. Configuration of the SSPP unit cells: (a) Type A:
traditional slotline, (b) Type B: Hybrid microstrip and
slotline, and (c) Type C: Hybrid folded microstrip and
slotline.

The comparisons of simulated dispersion curves of
the fundamental mode of three types of SSPP unit cells
are shown in Fig. 2. The physical dimensions of SSPP
unit cells are as follows: Wz = 0.3, W0 = 0.3, Ws = 0.8,
Lz = 7, Lp = 3.8, L1 = 0.9, L2 = 0.6, L3 = 2.7, L4 = 0.6,
L5 = 0.6 (unit: mm). The upper cut-off frequencies of
traditional slotline SSPP unit cell and HMS SSPP unit
cell are 15.7 GHz and 12.9 GHz, respectively. Further-
more, the upper cut-off frequency can be further reduced
to 7.8 GHz by the HFMS SSPP unit cell. Hence, a size
reduction of nearly 50.0% can be achieved.

The upper cut-off frequency of the HFMS SSPP
unit cell can be adjusted by the physical dimensions.
The effects of parameters LT , Wz, and Ws are investi-
gated, and four groups of physical dimensions are listed

Fig. 2. Simulated dispersion curves of the fundamental
mode of three types of SSPP unit cells.

Table 1: Dimensions of HFMS SSPP cells (unit: mm)
Combination LT Wz Ws Lp Lz W0

I 4.0 0.3 0.8 3.8 7.2 0.3
II 5.4 0.5 0.8 3.8 7.2 0.3
III 5.4 0.3 0.8 3.8 7.2 0.3
IV 5.4 0.3 1.0 3.8 7.2 0.3

in Table 1, where LT = L1 + L2 + L3 + L4 + L5. Figure 3
shows the simulated dispersion curves with different
dimensions. It can be concluded from Fig. 3 that (1) the
upper cut-off frequency can be reduced by increasing the
length LT of microstrip transmission line; (2) the upper
cut-off frequency can be reduced by decreasing the width
Wz of the microstrip; and (3) the increase of width Ws
of the slotline can allow upper cut-off frequency shift
slightly toward lower frequency. Hence, the upper cut-
off frequency can be easily designed.

Fig. 3. Comparison of simulated dispersion curves of the
HFMS SSPP unit cell with different dimensions.
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The differential mode (DM) filtering function can
be achieved by the odd mode of the SSPP transmission
line. Hence, the electric field distribution of the funda-
mental mode of HFMS SSPP unit cell is investigated,
and its cross-section view is shown in Fig. 4. It can be
observed that the electric fields on two sides of the slot-
line are out-of-phase. Hence, the odd fundamental mode
can be used to achieve a DM filtering function with upper
cut-off frequency. In particular, the symmetric plane AA′
is equivalent to an electric wall, and electric field distri-
bution within the slotline is in phase.

Fig. 4. Cross-section view (AA′) of the simulated electric
field distribution of the fundamental mode of the HFMS
SSPP unit cell.

III. SLOTLINE BALANCED POWER
DIVIDER

In this section, a slotline balanced highpass fil-
ter is designed based on microstrip-to-slotline transition
feeding structure and slotline transmission line. Then,
a slotline balanced power divider with highpass char-
acteristic is designed by using the slotline Y-junction,
which can separate the common input port into two out-
put ports.

Figure 5 shows the configuration of the slotline bal-
anced highpass filter. The microstrip-to-slotline transi-
tion feeding structure is adopted for exciting the slot-
line stepped impedance transmission line. The corner cut
is introduced to reduce the impedance discontinuity and
signal reflection. The slotline stepped impedance struc-
ture can increase the freedom in adjusting the matching
and without affecting the upper cut-off frequency of the
SSPP unit cell. The matching of the feeding structure can
be controlled by adjusting the length Lin/out of slotline,
width Win/out of slotline, distance dkin/out between feed-
ing line and circular slotline, and the radius Rs of the
circular slotline. Since a balanced FPD with three gradi-
ent HFMS SSPP unit cells and three identical SSPP unit
cells will be designed in the next section, the lengths of
slotline L1 p, L2 p, and L3 p are all set as 3 × Lp mm.

Figure 6 shows a cross-section view of electric field
distributions of the feeding structure under DM and CM
excitation. As shown in Fig. 6 (a), the electric field distri-
bution under DM excitation is identical to that of the fun-
damental mode. Hence, the odd mode of the SSPP unit

Fig. 5. Configuration of the slotline balanced highpass
filter. (All dimensions are in mm: Lk1 = 23.5, Lk2 = 14,
Lin/out = 3, L = 34.8, Wk = 1.5, Win/out = 0.6, Wp = 0.8,
Rs = 7, dkin/out = 1.5).
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filter. (All dimensions are in mm: Lk1 = 23.5, Lk2 = 14,
Lin/out = 3, L = 34.8, Wk = 1.5, Win/out = 0.6, Wp = 0.8,
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Fig. 6. Cross-section view (BB′) of electric field distri-
bution of the transition feeding structure. (a) DM excita-
tion; (b) CM excitation.

cell can be excited. Under CM excitation, the symmetric
plane BB′ corresponds to a magnetic wall. The electric
field distribution within the slotline is out of phase, as
shown in Fig. 6 (b). Hence, the CM signals will cancel
out and the feeding structure exhibits intrinsic CM sup-
pression ability [24].

Figure 7 presents the simulated transmission and
reflection characteristics of the slotline balanced filter.

Fig. 7. Simulated results of transmission and reflection
characteristics of the slotline balanced highpass filter.

(a)
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Under DM excitation, a highpass filtering function with
low cut-off frequency of 1.0 GHz is achieved duo to
the microstrip-to-slotline feeding structure with a high-
pass characteristic. And the in-band return loss is above
11.5 dB within 7.0 GHz. The in-band minimum inser-
tion loss is 2.5 dB, and the relatively large insertion
loss is caused by the radiation loss of the slotline struc-
ture. In addition, the low cut-off frequency of the bal-
anced highpass filter can be adjusted by the radius Rs,
and it will move toward lower frequency as the value
of Rs increases. Under CM excitation, the in-band CM
suppression level is above 50.0 dB, the 40.0 dB CM sup-
pression level can be up to 12.0 GHz.

Based on the slotline balanced filter, an equal bal-
anced power divider with low cut-off frequency is imple-
mented, as shown in Fig. 8. The slotline Y-junction is
adopted to replace the slotline transmission line Lp2. The
horizontal length of the slotline Y-junction is equal to
Lp2. The signals from input port 1/1’ will be allocated
to ports 2/2′ and 3/3′ with equal power ratio. And the
matching between input port 1/1′ and 2/2′, 3/3′ can be
adjusted by parameters H0 and H. The final physical
dimensions of balanced power divider are listed in the
annotation of Fig. 8.

Figure 9 shows the DM and CM simulated transmis-
sion and reflection characteristics of the balanced divider.
Under DM excitation, a balanced power divider with low
cut-off frequency of 1.5 GHz is achieved. The in-band
minimum insertion loss of the balanced power divider
is 2.36 dB, with 3-dB power division loss excluded.
And the return loss is above 11.2 dB within 7.0 GHz.

Fig. 8. Configuration of the slotline balanced high-
pass divider. (All dimensions are in mm: Lk1 = 23.5,
Lk2 = 14.0, Lin/out = 3.0, Lp1 = Lp2 = Lp3 = 11.4,
Wk = 1.5, Win/out = 0.6, Wp = 0.8, Rs = 7.0, dkin/out =
1.5, H0 = 0.8, H = 13.5).

Fig. 9. Simulated results of the slotline balanced high-
pass divider.

Under CM excitation, the CM suppression level is above
44.0 dB.

IV. BALANCED FILTERING DIVIDER
BASED ON SSPP

On this basis, the balanced filtering power divider
(FPD) is implemented, as shown in Fig. 10. Part I
is the feeding structure constructed by microstrip-to-
slotline transition structure. Part II is momentum match-
ing conversion structure constructed by three gradient
HFMS SSPP unit cells, which can match the wave vector
between TE mode and SSPP mode. The TE mode trans-
mitted from the feeding structure will be converted to
SSPP mode. The matching can be adjusted by the length
difference between adjacent SSPP unit cells. Part III is
a SSPP transmission line, which consists of three iden-
tical HFMS unit cells. The SSPP transmission line can

Fig. 10. Configuration of the SSPP-based balanced fil-
tering divider. (All dimensions are in mm: H1 = 3.4,
H2 = 4.2, H3 = 5.0).
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(a)

(b)

(c)

Fig. 11. Transmission and reflection characteristics of
the balanced filtering divider: (a) Sdd21/Sdd31/phase, (b)
Sdd11, (c) Scc21/Sdd23.

support the transmission of SSPP waves and provide the
upper cut-off frequency for achieving filtering function.

Figure 11 presents the simulated results of the bal-
anced FPD under DM and CM excitation. Under DM
excitation, a balanced FPD with center frequency of
4.0 GHz and 3-dB fractional bandwidth of 152.0% is

achieved. The in-band insertion loss is 1.7 dB, with 3
dB power division loss excluded, and the in-band return
loss is above 9.2 dB. Benefiting from the field confine-
ment ability of the SSPP structure, the insertion loss is
reduced by nearly 0.7 dB. The isolation between two out-
put ports is above 6 dB, which is poor due to the lack of
an isolation resistor. Under CM excitation, the in-band
CM suppression is above 40.0 dB.

Figure 12 presents the electric field distributions of
the balanced FPD under DM and CM operation. Under
DM excitation, it can be observed from Fig. 12 (a) that
the DM signals can transfer from input port 1/1′ to out-
put ports 2/2′ and 3/3′ within the passband, for example
at 1.5 GHz. On the contrary, the DM signals out of the
passband cannot transmit to the output ports, as shown
in Fig. 12 (b). Under CM excitation, the CM signals
are rejected by microstrip-to-slotline transition feeding
structure, as shown in Fig. 12 (c).

Fig. 12. Simulated E-field distribution of the balanced
filtering divider at (a) 1.5 GHz, (b) 8.0 GHz under DM
excitation, and (c) 4.0 GHz under CM excitation.

V. IMPLEMENTATION AND
MEASUREMENT

In order to verify the methodology, the balanced
FPD is fabricated on the Rogers 5880 substrate. The
photographs of top and bottom view of the fabricated
B-FPD are shown in Fig. 13. The total circuit size is
80.0 mm × 70.0 mm × 0.5 mm, which amounts to
1.45λ g × 1.27λ g × 0.006λ g, where λ g is the guided
wavelength at the center frequency of 4.0 GHz.

The fabricated balanced B-FPD is measured by a
four-port vector network analyzer, and the measured
results are shown in Fig. 11. Under the DM operation, the
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Table 2: Comparisons with previous SSPP-based filtering dividers
Ref. Circuit Size (λg

2) f0 (GHz) FBW (%) IL (dB) Structure Type Operation CMRR/dB
[18] / 5.3 105.0% 1.8 CPW Single-ended No
[20] 0.22 3.6 99.0% 1.4 Slot Single-ended No
[22] / 6.0 66.0% 1.0 SIW Single-ended No
[23] 1.5 × 0.67 10.0 40.0% 0.8 SIW Single-ended No

This work 1.45 × 1.27 4.0 152.0% 1.7 Microstrip + Slot Balanced 50
λ g: wavelength of the guided wave, f 0: center frequency, FBW3dB: 3-dB fractional bandwidth, IL: insertion loss,
CMRR: common mode rejection ratio.
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Fig. 13. Photographs of the (a) top and (b) bottom views
of the fabricated balanced filtering divider.

measured minimum insertion loss is 1.6 dB, and in-band
return loss is above 5.2 dB. Under the CM operation, the
in-band CM suppression level is above 35.0 dB. The dif-
ferences between measured and simulated results may
result from fabrication tolerances, deformations caused
by fabrication and test.

Table 2 shows comparisons with the published
SSPP-based filtering power divider. The proposed bal-
anced FPD shows the advantages of relatively compact
size and good CM suppression level. In addition, the bal-
anced FPD based on SSPP is easier to fabricate.

VI. CONCLUSION
In this paper, an odd-mode SSPP structure con-

structed by a HFMS structure is investigated. Then,
the microstrip-to-slotline transition feeding structure and
slotline Y-junction are adopted for designing the bal-
anced power divider, which can achieve controllable low
cut-off frequency, equal power distribution ratio, and
intrinsic CM suppression ability. Finally, the balanced
FPD is designed by adopting the balanced power divider
to feed the HFMS SSPP structure. The upper cut-off fre-
quency can be controlled by the physical dimensions of
the SSPP unit cell. The balanced FPD shows the advan-
tages of relatively compact size and high CM suppres-
sion level.
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