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Abstract — A dual-band bandpass plasmonic filter based
on quarter-wavelength effective localized surface plas-
mon resonators (ELSPRs) is proposed in this work.
Compared with conventional microstrip resonators, EL-
SPRs have a larger unloaded quality factor and compact
size, which can be flexibly designed. Since the harmon-
ics of quarter-wavelength ELSPRs are located only at
odd times of their dominant mode frequency, we can not
only miniaturize the filter but achieve excellent out-of-
band rejection performance. For demonstration, we de-
sign and fabricate a dual-band bandpass plasmonic fil-
ter, whose size is only 0.0396 102 , the center frequency
is 3.1 GHz and 3.6 GHz, and the relative bandwidth is
10.7% and 7.7% respectively. Measurement results show
excellent agreement with the simulations. Our results
provide a route for realizing ultra-compact and high-
performance functional devices for the fifth generation
(5G) applications.

Index Terms — dual-band bandpass filter, effective local-
ized surface plasmons, harmonic suppression.

L. INTRODUCTION

In recent years, dual-band and multi-band band-
pass filters are in high demand for module miniaturiza-
tion in modern mobile communication systems. Various
dual-band bandpass filter (DBPF) structures have been
proposed and implemented. For instance, a substrate-
integrated waveguide DBPF [1]] with low insertion loss
and flattening features was proposed. However, its size
is still relatively large, and the return loss is not more
than 15 dB. A differential dielectric strip resonator
(DSR) filter with a dual-band bandpass was realized
by loading a pair of ground bars underneath the tra-
ditional half-wavelength DSR with high permittivity
[2]. Although the unloaded quality factor (Q,) of this
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structure reaches 695, it is not flat and compact enough.
Although stepped-impedance resonators (SIRs) are com-
monly used in the DBPF design [3} 4], their application is
limited since the resonance frequencies of different SIRs
modes are interrelated. Although great effort has been
made for multimode resonators [SH11] in the DBPFs de-
sign, improvement in balancing various indicators such
as Q,, insertion loss (IL), and size is still limited.

Recently, a novel effective localized surface plas-
mon resonator (ELSPR) has been proposed in [[12H16].
A simplified half-wavelength (%, Ag denotes the guide
wavelength of the resonator at the center frequency) pla-
nar ELSPR was put forward and used as a building block
in bandpass filter design. The ELSPR is much smaller
compared with the conventional microstrip resonator
thanks to the high dielectric constant ceramic used. Addi-
tionally, the ELSPR has a much higher quality factor than
the conventional microstrip resonator. For conventional
BPFs based on parallelly-placed microstrip resonators,
most energy is transmitted through the lossy substrate
between two adjacent microstrip resonators which would
lead to large IL. However, for the ELSPR-based BPF de-
sign, the medium between two adjacent ELSPRs is the
air, which can greatly decrease the insertion loss. So, in
this work, we go one step further and use the quarter-
wavelength ELSPRs in the BPF design to further de-
crease the filter size and suppress even harmonics.

In this paper, based on our recent work on single-

bandpass filter design using % ELSPRs, we propose a

DBPF based on quarter-wavelength (%) ELSPRs, which
is of compact size, high return loss (RL), low IL, and
large Q.

II. QUARTER-WAVELENGTH ELSPR

As the number of metal wires decreases from 6
to 2 in Figs. [1| (a)-(c), we can observe that hexapolar
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Fig. 1. (a-c) Cross-sectional view and magnetic field distribution of the hexapolar ELSPR, dipolar ELSPR, and planar
dipolar ELSPR respectively. (d) A simplified ELSPR with open circuits at both ends. (e) A simplified ELSPR with
short circuits at both ends. (f) A % planar ELSPR with a short circuit at one end and an open circuit at the other end.
The ‘blue’ region denotes the dielectric substrate and the ‘grey’ part denotes the metal patch.

resonance could not be supported and only dipolar res-
onance survives. Also, the ELSPR with a rectangular
cross-section can be readily fabricated and integrated
with planar circuits. Two % ELSPRs with the same

length 2/ and cross-section dimension are shown in
Figs.(d) and (e). The only difference is that the % EL-
SPR in Fig. [T](d) has two open ends and that in Fig.[T](e)
has two shorted ends. However, they have nearly the
same resonance frequencies. For further miniaturization,
we proposed an % ELSPR in Fig. (1| (f), which is open
at one end and short at the other end. Based on image
theory, this % ELSPR is equivalent to a % ELSPR in
terms of its fundamental mode frequency. According to

[13], the fundamental mode frequency of the proposed
% ELSPR can be calculated as:

2
b= €1\ Re(le,+1) n
a 41 9’

where, c is the speed of light in a vacuum, &, is the rel-
ative permittivity of the medium, and / is the physical
length of the % planar resonator.

Figures |Z| (a) and (b) show the electric field lines of
the % ELSPR at the open and shorted ends, and it can
be seen that the ELSPR mode is only located at the open
end. For comparison between the % and % ELSPRs, we
consider in Fig.2]the evolution of the dipolar mode’s res-
onance frequency and quality factor with the variations
of the resonator’s dimensions. In Fig. |Z| (c), we observe

that the resonance frequencies of both % and % ELSPRs
decrease with increasing length / when the metal width
wp, = 0.5mm is kept constant and is insensitive to the
variations of the side length w. In Fig. 2](d), for both EL-
SPRs, the Q, increases with the increase of w,, when w
is fixed and the length / = 10mm is kept constant. We
also observe in Fig. |Z| (e) that the Q,, of both the two res-
onators decreases with the increase of the length / while
the side length w = 2mm and metal width w,, = 2mm are
kept constant. In contrast, the % ELSPR has a lower Q,

than the % one due to the increasing metallic loss at the
shorted end. In Fig.[2] (), we also compare the mode fre-
quency distributions for both % and % ELSPRs with the
same fundamental mode frequency at 3.3GHz. It is ob-
vious that the ﬁ—g ELSPR has resonances located only at
odd times of its fundamental mode frequency. For clear-
ance, the resonance frequencies and Q, of the first five

modes for the % ELSPR and the first three modes of the

% ELSPR are calculated and listed in Table In the
next section, the ﬁ—g ELSPR is used as a basic unit in the
DBPF design.
III. DUAL-BAND BANDP?SS FILTER BASED
ON PLANAR ~* ELSPR
A. Design of single-band % bandpass filter
In general, to implement a DBPF, one should first

design two third-order single bandpass filters separately
and then combine them by using T-junctions. For the
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Fig. 2. (a) and (b) Electric field line distributions at the open and shorted end respectively. (c) Evolution of the reso-
nance frequencies of ELSPRs with different [ and w. (d) Evolution of Q, with the variation w,,. () Evolution of Q,

with the variation /. (f) Evolution of the resonance frequencies of the % and % planar ELSPRs with mode number.

Table 1: Comparison of the resonance modes and the corresponding Q,, of the % and % planar ELSPRs

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5
fo Qu fo Qu fo Ou fo Qu fo Ou
% 3.46 809 6.47 1152 9.20 1418 11.73 1650 14.85 1222
% 3.26 797 9.09 1353 14.12 1771 / / / /
low 5G band or sub-6GHz (450MHz-6GHz) applica- 4. IL < 1 dB.

tion, two representative center frequencies of 3.1GHz
and 3.6 GHz are employed respectively for the design of
the proposed ELSPRs. For each ELSPRs-based bandpass
filter, the same design framework is shown in Fig. |§| (a),

in which three % ELSPRs are parallelly placed to real-
ize the band-pass filtering function through their mutual
coupling. Hereinafter, to better understand the overall de-
sign process of the ELSPRs-based filter, we take the cen-
tral operating frequency of 3.6 GHz as an example and
list the design steps of the single bandpass plasmonic fil-
ter as follows (we remark that the design in our work can
cope with various design requirements, and the operating
frequencies can be flexibly tuned by changing the EL-
SPRs’ geometry):

Step 1: Given design specifications as:

1. Center frequency: fo = 3.6 GHz ;
2. Relative bandwidth: FBW=7.7% ;
3. RL>20dB;

Step 2: Select a three-pole Chebyshev low-pass filter
prototype with a bandpass ripple of 0.1 dB. With the
normalized low-pass cutoff frequency Q. = 1, the low-
pass prototype parameters are g0 =1, g; = 1.0316, g, =
1.1474, g3 = 1.0316, and g4 = 1, respectively. Thus,
we can determine the coupling coefficients and external
quality factor (Q,) as [17]:

FBW
My =My = =0.071, 2)
/8283
8081
= =13.4. 3
Qe = o 3

Step 3: A Ceramic material with a relative permittivity
of 12.3 and loss tangent of 2.36x 10~ is selected as the
material of the resonator. Silver is deposited on the top
and bottom of the dielectric as well as on the short end.
The substrate is made of Rogers RT5880 with a thick-
ness of 0.508 mm. Thus, the ELSPR’s length is 9.5 mm
according to Eq. (1).
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Fig. 3. A Single BPF based on % planar ELSPR. (a) Schematic diagram of the BPF. (b) Coupling routes. (c) Coupling
coefficient between two adjacent ELSPRs. (d) The calculated Q. of the BPF. (e) and (f) S-parameters of filter I and II
with passband Band 1 and Band 2 respectively.

Table 2: Design parameters of single BPF based on % planar ELSPR

fo l w Wy d W,
3.1 9.5mm 2mm 2.2mm 7.9mm 1.54mm
3.6 8mm 2mm 2.1lmm 7.3mm 1.54mm

CII'SI,
‘l;;;éi:if.r%ﬂﬁélri ==|E;,§1,.’£,+=FE’L
||Cl T l_,d.g: T ||Cg“== I

—— S§11 ECM y
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——— 1 cross coupling : “ Frequency(GHz)

Fig. 4. (a) Layout of the proposed DBPF based on % ELSPR. (b) Coupling routes. (c) and (d) Distributions of the
electric field z-component at the center frequency of 3.1GHz and 3.6GHz respectively. (e) ECM of the proposed DBPF.
(f) S-parameters comparison between the ECM simulation in Advanced Design System and CST simulations.
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Table 3: Design parameters DBPF based on %" planar ELSPRs
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I8 b w Wil W d; d> wp Im
9.5mm 8.0mm 2.0mm 2.1mm 1.8mm 8.0mm 6.5mm 1.54mm |5.0mm
lml lm2 lwl lw2 lnl ln2 lel leZ
8.3mm 8.5mm 9.1mm 9.1lmm 6.0mm 7.0mm 3.5mm 4.7mm
Table 4: ECM elements for the miniaturized DBPF
Ly Ly L Ly L Ls Ly Lys
0.204nH 0.174 nH 0.313 nH 0.215 nH 0.198 nH 0.217 nH 2.6 nH 3.443 nH
Cr Cp Cs Cua Cs Cro Cy3 Cse
9.05pF 9.981 pF 6.8pF 11.71 pF 9.46 pF 8.031 pF 2.119 pF 1.138 pF
R, Ciy Cos Cse Csy, Cp1 Cn
0.01Q 0.385 pF 1.495 pF 1.69 pF 0.025 pF 5.544 pF 11.6 pF

Step 4: Find the evolution curve in Fig. [3|(c) of the cou-
pling coefficient M;; between Resonators i and j (i, j =
1, 2, 3; 4, 5, 6) with the variation of coupling distance s
by using the eigenmode solver in CST, in which M;; can
be extracted from the following relationship [18]]:

22_ 21

P )4

Mij: 2 ) (4’)
p2+ rl

where f),1 and f» indicates the two split resonance fre-
quencies of the two parallelly-coupled ELSPRs. Find the
evolution curve in Fig.[3[(d) of the Q, with the variation
of feeding position d by using the eigenmode solver in
CST, in which Q, can be extracted by [19]:
)
Qe = Ao +90°’ )
where @y is the resonance angular frequency and
Aw £ 90° is determined by the absolute bandwidth cor-
responding to the actual phase variation of 90° at @y.
Determine the initial value of s = 1.7mm by fitting
the value from Eq. (2) in Fig.3](c) and the initial value of
d = 1.7mm by fitting the value from Eq. () in Fig.[3](d).

Step 5: Optimize the S-parameters of the filter by fine-
tuning s and d. Finally, the expected design specifications
are achieved and shown in Fig. 3] (e), in which the center
frequency is 3.1GHz, the relative bandwidth is 10.7%,
and the RL is greater than 23dB. Figure 3| (f) shows the
S-parameter of the other single pass-band filter with the
center frequency at 3.6 GHz and relative bandwidth of
7.7%. The corresponding optimized structural parame-
ters are listed in Table 2l

B. Design of DBPF based on ﬁ—g ELSPR

We then designed a DBPF by introducing two T-
junctions at the input and output ports and combining
the above two third-order single-band bandpass filters.
The electrical length of the two microstrip lines connect-
ing the T-junction and the side resonator in one band-

pass filter is about % corresponding to the passband cen-

tral frequency of the other one. Thus, the coupling be-
tween these two filters can be minimized. Figures E] (a)
and (b) show the layout of our proposed ELSPRs-based
DBPF and its corresponding coupling route, respectively.
Figures [] (c) and (d) show the distributions of the z-
component of the electric fields at the two passband cen-
ter frequencies of 3.1 GHz and 3.6 GHz respectively. It
is seen that the two passbands have very high isolations.
After optimizations in CST, the final structural dimen-
sions in Fig.[4] (a) can be obtained and listed in Table[3]

C. Equivalent circuit model

To facilitate the understanding of the mechanism
of the ELSPs-based DBPF, we give the correspond-
ing model of the equivalent circuit model (ECM) in
Fig. ] (e). A parallel RLC circuit consisting of equiv-
alent inductance L,;, capacitance C,;, and resistance R,
can be used to represent the ELSPR. L;; and C;; represent
the electrical coupling between two adjacent resonators.
Cp indicates port coupling. Cg; indicates the electrical
cross-coupling between the load and source. The ECM
elements in Fig. [ (e) are listed in Table[d]in Fig.[d](f), the
corresponding S-parameters derived from the ECM in
Advanced Design System and the simulations in CST are
compared. Good consistency between these two curves
indicates that ECM can be reasonable to describe the
DBPF.

D. Fabrication and measurement

Figure[5|(a) shows a picture of the fabricated DBPF,
in which the circuit is encapsulated in a height of Smm
aluminum shielding box. Two SMA coaxial connec-
tors are used for the signal input and output. The S-
parameters are measured by using the Agilent N5230C
vector network analyzer. Figure [ (b) shows excel-
lent agreement between the simulated and measured S-
parameters. The two passbands center at 3.1 GHz and
3.6 GHz and the relative bandwidths are about 10.7%
and 7.7%. The insertion losses are less than 0.8 dB
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Table 5: Performance comparison between the proposed ELSPR-based DBPF and other DBPFs in previous works

Reference fo (GHz) IL(dB) RL(dB) FBW Filter Size
3.5/5.24 1.52/1.65 15/15 2.86%/3.81% 1.51292¢°
[31 2.45/5.8 1.8/3.0 10/10 12%/7% 0.0452°
[8] 2.4/5.2 0.6/1.4 12/12 13.7%16.3% 0.1932°
[20] 2.4/5.2 3.6/3.1 15/23 5.8%1/6.4% 0.02402°
[21] 4.32/5.52 2.79/2.92 27.8/25.6 5.76%/4.98% 0.0635°
This work 3.1/3.6 0.53/0.75 20/20 10.7%/7.7 % 0.0396°

0 = = =511 Simulation
10t — = =821 Simulation
%-20 i —sl1 Experimen:l
E 230 =821 Experimen
° ]
E -40
£-50f 1
2
e -60 1
704 !
80 L M M M i M
1 3 4 6  §
Frequency(Gﬁz)

Fig. 5. (a) The fabricated DBPF. (b) Simulated and mea-
sured S-parameters.

and the return losses are higher than 20 dB in both
pass bands. The upper stopband rejection is greater than
20 dB over a wide frequency range from 4 to 6 GHz. The
electrical size of the DBPF is approximately 0.0396 /'1,02.
Compared with published DBPFs in [T} 3] [8] 21]
in Table [5| (Ap denotes the free-space wavelength at the
center frequency). It is seen that the proposed ELSPRs-
based DBPF features an excellent balance among various
indices including IL, RL, size, and bandwidth.

IV. CONCLUSION

. .. A
In this work, we explore the characteristics of f

ELSPR and design a compact DBPF by using }% pla-
nar ELSPR to suppress even-order harmonics. Simula-

tion and measurement results show that the DBPF can
achieve an ultra-compact size, easy integration, low in-
sertion loss, high selectivity, and wide out-of-band rejec-
tions. Our design provides a new route to design compact
DBPFs and has potential applications in 5G communica-
tion systems.
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