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Abstract—A miniaturization method for antennas is developed
based on spoof surface plasmon polaritons (SSPPs). With a large
phase constant on the SSPPs transmission line, the guide
wavelength can be dramatically reduced, with great potential on
the miniaturization application of antennas. By introducing a
miniaturization factor M, the relationship between M and the
phase constant on the SSPPs dipole is studied, providing a
guidance to the design of miniaturized SSPPs dipoles. Then SSPPs
dipoles operating at 2.4 GHz are designed, including both the odd-
and even-resonance dipoles. Simple feeding structures are
developed for the odd- and even-resonance dipoles, respectively,
and particularly for the even-resonance mode to realize a
transition from 50 Q to a very large input impedance of the dipole.
The miniaturized SSPPs dipoles operating at the 1%, 2", 379, and
4" modes are fabricated. The measured reflection coefficients and
radiation patterns show good agreements with the simulated
results. It can be concluded that the dipole lengths for these modes
are reduced by 8%, 11%, 10%, 13%, respectively, compared with
the conventional printed dipoles on the same substrate.

Index Terms— Miniaturization,
polaritons, dipole, resonance modes.

spoof surface plasmon

[. INTRODUCTION

POOF surface plasmon polaritons (SSPPs) has attracted

much interest in the electromagnetics community since the
idea was inspired from the surface plasmon polaritons (SPPs) in
optical band [1] [2]. It is a type of slow-wave transmission line
(TL) with tightly confined waves on it, and has been widely
investigated in microwave and millimeter-wave frequency
bands. In [3]-[6] the SSPPs is employed in the design of a
single-conductor TL without metal ground plane. In [7]-[9]
leaky-wave antennas are developed based on SSPPs TL with
periodic perturbations, and hence frequency-beam scanning
can be realized. SSPPs structures are also employed in the
designs of end-fire antennas and dielectric resonator antennas
as the feeding line [10] [11], and also in the antenna array as the
feeding network [12]. Besides, SSPPs have also been studied
for microwave components, such as power dividers [13], filters

Manuscript received on July 19, 2018. This work was supported by the
Fundamental Research Funds for the Central Universities under grant
2018JBZ102 and 2017YJS015, the National Natural Science Foundation of
China under Grant 61771038 and 61331002, and the Australia Research
Council under Grant DP160102219. (Corresponding Author: Zheng Li)

Y.J. Yang, Z. Li, S. Z. Wang, and J. H. Wang are with the Key Laboratory
of All Optical Network and Advanced Telecommunication Network of
Ministry of Education, and the Institute of Lightwave Technology, Beijing
Jiaotong University, Beijing 100044, China (e-mail: lizheng@bjtu.edu.cn).

X. Y. Chen is with the Beijing NAURA Microelectronics Equipment
Co.,Ltd.

Y. J. Guo is with the Global Big Data Technologies Centre, University of
Technology Sydney, Ultimo, NSW 2007, Australia.

[14], [15], and couplers [16]. Although the SSPPs have been
widely studied in many areas, most of the reported research is
based on the travelling-wave transmission mechanism. In other
words, the application of SSPPs in the standing-wave
resonance structures has not been investigated to the authors’
best knowledge. In addition, the mode propagating on the
SSPPs is slow wave, with large phase constant and very small
wavelength, thus providing great potential in miniaturization
applications. In this paper, therefore, we explore a new
application of SSPPs for the miniaturization of resonant
antennas.

There are many types of standing-wave based antennas, in
which the dipole is the most common one [17]-[21], and has
been extended to many types of antennas such as Yagi-Uda
[22], [23], and folded dipoles [24]. In [18] a compressed dipole
is proposed based on dielectric slab with high permittivity, and
higher order modes are studied for improved boresight
directivity. However, it is not convenient to use substrates with
different permittivity in a practical integrated circuit board. In
this paper, therefore, we develop a new way to realize the
miniaturization of dipole antennas using an SSPPs structure.

The modes of the dipole can be categorized into two types:
odd-resonance modes and even-resonance modes. Among the
odd-resonance modes, only the half-wave dipole has been
widely used due to its simple structure and easy feeding. For
even-resonance modes, however, one faces the main problem
of high input impedance (up to hundreds of Ohms), making the
feeding difficult. Some approaches have been reported for
solving the feeding problem. In [19] offset feeding is proposed
for full-wave dipole, and the feeding point is away from the
center of the dipole, where the current reaches the peak value.
However, the offset feeding has a bad effect that yields splitted
beam. In [20] dual-/triple-feeding is used to improve the
radiation performance of the full-wave dipole, but with higher
complexity and more difficulty for integration. Recently, a
hybrid feeding method is proposed in [21], consisting of a
triple-tuned circuit and impedance transformer to realize
wideband matching for full-wave dipoles. Most of the research
is focused on full-wave dipoles, and dipoles operating at higher
order modes have been rarely studied due to the large length
and difficulties in matching.

In this paper, taking dipole antenna as an example, the
miniaturization of antennas based on SSPPs is studied, which is
a new perspective for the application of SSPPs. A large phase
constant is generated on the SSPPs to achieve miniaturization
ability. High-order-mode SSPPs dipoles are presented, and
simple matching method is developed for the matching of both
of the odd- and even-resonance modes.
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II. PRINCIPLE OF MINIATURIZATION BASED ON SSPPS

The geometry of the miniaturized SSPPs dipole is depicted
in Fig. 1. It is printed on a TLX-8 substrate with dielectric
constant & = 2.55, loss tangent tand = 0.0019, and thickness of
1.575 mm. The operating frequency is chosen to be 2.4 GHz.
For the unit cell of SSPPs structure, p represents the period
length of the serrated stubs, b is the stub width, and /4 is the stub
length. According to [3], [5], [6], the phase constant £ on the
SSPPs is mainly determined by /4, while p and » have much
smaller effects on . In this paper full-wave simulations are
executed to examine their relationships using the commercial
electromagnetic simulation software CST Microwave Studio.
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Fig.1. Configuration of the miniaturized SSPPs dipole.

In order to find the relationship between f and 74, a
travelling-wave SSPPs TL is employed with varied / but fixed
p (3 mm) and b (1 mm). Then the variation of § with 4 at 2.4
GHz is obtained, as shown in Fig. 2. It can be seen that the
value of f increases from 56.7 rad/m to 79.1 rad/m when /4
changes from 0 mm to 11 mm, showing an obvious upward
trend. Thus a smaller guide wavelength along the SSPPs TL can
be produced. It has great potential on the reduction of the
resonance length for the dipole antenna, and hence yields
miniaturization. However, as shown in Fig.2 the increase of f
slows down gradually, especially when #4 is larger than 8 mm,
because there is a physical limit for the increase of /5.
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Fig. 2. Relationship between £ and / at 2.4 GHz.

A minimization factor M, similar to that in [18], is introduced
for the investigation on the miniaturization ability of SSPPs, as
expressed in Eq.(1):

M:Li/LOizﬁO/ﬁ ey
where L; and Lo; represent the resonance length of the ith order
mode of SSPPs dipole and that of conventional printed dipole

on the same substrate, respectively. f is the phase constant on
the arm of the conventional printed dipole without serrated
stubs (2 =0 mm). In fact, M is not exactly equal to the ratio of Sy
to S due to the following reasons: First, the two arms of the
dipole are on different layers with a gap between them for
excitation, as depicted in Fig.1; Second, due to the serrated
stubs, the arms of SSPPs dipole have larger arm width and
stronger distortion on the current distribution, yielding more
obvious distinction from that of the conventional dipole. Based
on the above analysis, the relationship between M and /8 of the
miniaturized SSPPs dipole operating at different resonance
modes are studied, as demonstrated in Fig. 3. From Fig.3, we
can draw the following conclusions: (i) The minimization
factor M decreases when S increases, demonstrating that the
resonance length of SSPPs dipole becomes shorter owing to the
reduced guide wavelength along the SSPPs structure; (ii) There
are differences in the values of M for each mode even though
they have the same . That is why Eq.(1) only shows an
approximate relationship; (iii) The value of M for the
even-resonance mode is smaller than that of the adjacent lower
order odd-resonance mode. For instance, the 2" order mode has
smaller M than the 1% mode, demonstrating stronger
miniaturization ability. Therefore, using Fig.3 we can achieve
desired M by choosing proper f, and furthermore the serrated
stub length 4 can be determined from Fig.2. For example, for
the 1% mode, if we need a length reduction of 21% (M = 0.79)
compared with that of the conventional printed dipole, S should
be 75.6 rad/m according to Fig.3, and the corresponding stub
length 4 should be 7 mm according to Fig.2. However, we
found that if 4 is larger than 8 mm, it will have negative effect
on the radiation performance, yielding a distortion on the
radiation pattern. In this paper, in order to show the
miniaturization method whilst maintaining good radiation
performance of the SSPPs dipole antenna, we choose the value
of / to be 2 mm in the following designs, so the corresponding /8
is 65.4 rad/m. Then the values of M for all the eight modes are
summarized in Table I.
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Fig. 3. Relationships between M and p for the SSPPs dipoles at different
resonance modes at 2.4 GHz.

Table I. The minimization factor M of the SSPPs dipoles with different modes.

Modes I 2nd 31 4t 5t 60 7t gh

M 92% | 89% | 90% | 87% | 90% | 86% | 89% | 87%
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III. MATCHING METHOD AND RESULTS

The input impedances and feeding method of the
miniaturized SSPPs dipoles are studied in this section. The
structural parameters in Fig.1 remain unchanged in this section
(»p =3 mm, b =1 mm, & =2 mm), while the arm lengths L; are
different for different resonance modes.

A. Odd-Resonance-Mode SSPPs Dipoles

The input impedances of the miniaturized SSPPs dipoles for
the odd-resonance modes are shown in Fig.4. It can be seen that
the real parts are around 50 Q, and the imaginary parts are close
to 0 Q at 2.4 GHz for all the resonance modes. However, the
higher-order modes (5", 7%) have more obvious fluctuation in
the observation band. It can be inferred that the same feeding
structure can be used for all the odd-resonance modes at 2.4
GHz owing to similar input impedances. Then a microstrip line
with tapered ground is designed to provide balanced feeding for
the two arms in Fig.5. An isosceles right angle triangle is cut at
the end of the feeding line for better matching with the SSPPs
arms. To verify the proposed designs, the SSPPs dipoles of the
1%t and 3" modes are fabricated, as shown in Fig.5.

Fig.6 depicts the reflection coefficients, demonstrating that
all the dipoles with four different resonance modes have the
same resonance frequency 2.4 GHz. The reflection coefficients
are less than -20 dB for all the modes at 2.4 GHz. The measured
reflection coefficients for the 1% and 3™ modes match well with
the simulated results, which verifies the proposed design.

The simulated and measured radiation patterns of gain at 2.4
GHz are depicted in Fig. 7. The values of simulated gain for the
1%t and 3 modes are 2.0 dBi and 3.9 dBi, respectively, while
the measured results are 1.9 dBi and 3.7 dBi, respectively. The
cross polarization level is less than -14 dBi for both modes.
Good agreement is observed between the simulated and

measured results.
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Fig. 4. Input impedances of the miniaturized SSPPs dipoles (without feeding
line) operating at odd-resonance modes.
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Fig. 5. The miniaturized SSPPs dipoles at odd-resonance modes with the
feeding structure. (a) Configuration of the SSPPs dipole. (b) Prototypes of the
fabricated dipoles. Structure parameters (mm): L,=33.2, w; =3.2, w,=10. The
arm length L; for each mode (mm): L; =45.2, L; = 147.6, Ls = 240.7, L, =332.3.
The length a; for all the odd-resonance mode dipoles (mm): a; =70, a3 =200, as
=280, a; =400. The width b; for all the odd-resonance mode dipoles (mm): b, =
45, b3 =45, bs =45, b; =45.

204

A 15'mode (simulated)
251 — 3%mode (simulated)

230 1 — sthmode (simulated)

— 7mode (simulated)

reflection coefficient (dB)

354wl 15tmode (measured)

3rd

—enegarzzesiil

'mode (measured
-40 T T T T T T ( T )
2.0 2.1 22 23 24 2.5 2.6 27 2.8

frequency (GHz)
Fig. 6. Reflection coefficients of the odd-resonance-mode SSPPs dipoles.

B. Even-Resonance-Mode SSPPs Dipoles

Fig.8 shows the input impedances of the miniaturized SSPPs
dipole for the even-resonance modes. It can be observed that
the SSPPs dipoles operating at different even-resonance modes
have the similar real parts of the input impedance around 590 Q,
much  higher than that of the conventional
even-resonance-mode dipoles, while the imaginary parts are
around 0 Q. This makes it more difficult to design a feeding
structure for the SSPPs dipoles, and the conventional microstrip
TL is almost useless for this case. Therefore, in this paper a
two-step transition is developed, consisting of a tapered
microstrip TL and a tapered SSPPs TL, as shown in Fig.9. In
the section of microstrip TL, the line width is gradually reduced
to generate high characteristic impedance. In the section of
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Fig. 7. Simulated and measured radiation patterns of gain at 2.4 GHz. (a) E- plane of the 1*-resonance-mode dipole. (b) H-plane of the 1*-resonance-mode dipole.
(c) E-plane of the 3™-resonance-mode dipole. (d) H-plane of the 3"-resonance-mode dipole.
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tapered SSPPs TL, the serrated stub length 4, is gradually
increased from 0.5 to 2.4 mm, while b; pr and wy remain
unchanged (by= 1 mm, py = 3mm, wy = 0.2 mm). Thus this
feeding structure can realize high characteristic impedance to
match with the input impedance of the even-resonance modes.
To validate the proposed designs, the SSPPs dipoles of the 2™
and 4" modes are fabricated, as shown in Fig. 9.
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Fig. 8. Input impedances of the miniaturized SSPPs dipoles (without feeding
line) operating at even-resonance modes.
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Fig. 9. The miniaturized SSPPs dipoles at even-resonance modes with feeding
structure. (a) Configuration of the SSPPs dipole. (b) Prototypes of the
fabricated dipoles. Structure parameters (mm): Ly = 6, L, =48, w1 =3.2, w,=10.
The arm length L; for each mode (mm): L, = 77.2, Ly = 168, Ls =251.3, Lsg
=346.1. The length a; for all the even-resonance mode dipoles (mm): a, = 80, a4
=200, as =280, as =400. The width b; for all the odd-resonance mode dipoles
(mm): bz = 70, b4 = 70, bg = 70, bg =170.

The reflection coefficients are depicted in Fig. 10. It can be
observed that the reflection coefficients are less than -20 dB for
all the four even-resonance-mode dipoles (2", 4™, 6™, 8t) at the

operating frequency 2.4 GHz. Therefore, it can be stated that
good matching with the feeding line has been realized for the
four modes by using the same feeding structure shown in
Fig.9(a). The measured results for the 2" and 4"
resonance-mode dipoles exhibit good agreements with the
simulated results, demonstrating the validation of the proposed
feeding structure. Also, it can be inferred that the developed
feeding structure is much simpler than the conventional offset
feeding [19] and dual-/triple-feeding [20] for full-wave dipoles.

The simulated and measured radiation patterns of gain are
given in Fig.11. The values of simulated gain for the 2" and 4"
even-resonance-mode dipoles are 2.9 dBi and 4.8 dBi,
respectively, while the measured results are 2.7 dBi and 4.7 dBi,
respectively. The gain for the 4" mode in H plane is lower than
other modes, and also the cross polarization level is higher,
because the maximum radiation is not in this plane.
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Fig. 10. Reflection coefficients for the even-resonance-mode SSPPs dipoles.

IV. CONCLUSION

In this paper a novel miniaturization method for resonant
dipole antennas is proposed by using an SSPPs structure.
Desired minimization factor M can be realized by choosing
proper serrated stub length. Dipole antennas operating at
high-order-modes are designed with small reflection
coefficients at 2.4 GHz, demonstrating that the proposed two
matching structures are versatile for the odd- and
even-resonance modes, respectively. When the stub length is 2
mm, the dipole lengths at these modes are reduced by 8%, 11%,
10%, 13%, respectively, compared with the conventional
printed dipoles on the same substrate. The antenna can be
further minimized if smaller M is chosen. The antennas are
fabricated, and the experimental results have verified the
performance of the simulated designs.
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Fig. 11. Simulated and measured radiation patterns of gain at 2.4 GHz. (a) E- plane of the 2™-resonance-mode dipole. (b) H-plane of the 2"-resonance-mode dipole.
(c) E-plane of the 4"-resonance-mode dipole. (d) H-plane of the 4"-resonance-mode dipole.
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