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Abstract—This paper demonstrates a method for enhancing
the performance of recently introduced compact bandpass filters
for terahertz surface waves on single wire waveguides, the so-
called planar Goubau lines (PGLs). It is firstly shown numerically
and validated experimentally that a gapped PGL loaded with
a pair of split ring resonators (SRRs) acts as a bandpass
filter. The concept and simulation result are validated through
experiment. Furthermore, in order to achieve an improved
frequency response, a third-order filter based on coupled SRRs
is proposed. It is shown that while the size of the proposed
filter is further reduced, it additionally benefits from a higher in-
band transmission, improved selectivity, and a controllable wide
bandwidth.

Index Terms—Metamaterials, terahertz Goubau line, bandpass
filter, surface wave.

I. INTRODUCTION

The terahertz band of the electromagnetic spectrum, which
bridges the gap between millimeter-wave and infrared bands, is
loosely defined between 0.1 THz and 10 THz. Because of the
difficulties involved in the generation of terahertz radiation,
this part of the spectrum has remained less explored than
adjacent bands. However, fostered by the evolution of terahertz
sources, there has been in recent years a considerable interest
in exploiting this band of the spectrum for numerous potential
applications in imaging, medical diagnosis, security screening,
and chemical and biological sensing [1]. Furthermore, applica-
tion for broadband inter-core communications in high data-rate
multi-core systems is an attractive potential perspective for ter-
ahertz guided waves. In such systems, electronic circuits inside
the cores control the transport and storage of electrons, while
communication between the different cores at several hundred
gigahertz is enabled by inter-core interconnections. Generally,
the performance of electronic interconnects is a bottleneck that
can limit the data rates of inter-core communications.

Among the terahertz transmission lines that have been
proposed in the past, terahertz planar Goubau lines (PGLs) [2]
offer wide bandwidth and high data rate, low dispersion, and
low loss, thus can be an efficient solution for future broadband
on-chip communication [3]. In order to exploit the propagation
of surface waves on a PGL in real applications, particularly
for future broadband terahertz communications, functional
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components such as various types of filters, couplers, and
power dividers are required. Realizations of metamaterial-
inspired bandpass filters for terahertz surface waves on PGL
were proposed in [4]. This paper builds on this concept
and demonstrates a compact geometry providing increased
bandwidth for higher-order bandpass filters.

The rest of the paper is organized as follows. A short intro-
duction on the excitation and propagation of surface waves on
PGL is presented in Section II. A first-order bandpass filter
based on SRR/gap-loaded PGL is discussed in Section III.
Section IV proposes a compact third-order bandpass filter
based on coupled SRRs. The section also proposes methods
to increase the bandwidth of the proposed filter up to about
39 GHz which is required for the broadband high data-rate
on-chip communications. Finally, the main conclusions of the
study are highlighted in Section V.

II. TERAHERTZ SURFACE WAVES ON PLANAR
GOUBAU LINES

In 1899, Sommerfeld theoretically investigated the propa-
gation of surface waves along a cylindrical wire of relatively
limited conductivity [5]. Efforts towards the physical realiza-
tion of such line resulted in implementations as wires with
modified surface or coated with a dielectric layer. However,
as mentioned by Goubau [6], these realizations were based
on wires made of good conductors, whereas Sommerfeld’s
wave exists only for a conductor of finite conductivity. Goubau
showed that the required condition for the propagation of
surface wave in the interface of a perfect conductor and its
surrounding medium is that the structure has a phase velocity
which is smaller that the phase velocity of the surrounding
medium. Thus, threading the surface of the wire or coating
it with a dielectric can be used to satisfy the condition of
reduced phase velocity, converting the wire into a surface-
wave guide [6]. From this point of view, in the case of the
Sommerfeld surface-wave guide the reduction in the phase
velocity is achieved by the finite conductivity of the wire.

An important result of using a coated or threaded wire of
perfect conductor in a Goubau line is that, unlike in the case
of Sommerfeld guides, the surface waves propagating along a
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Goubau line are confined to the wire and the magnitude of the
electromagnetic fields exponentially decrease in the transverse
plane. Thus, the guided wave has less interactions with the
line’s environment. Furthermore, the line can be efficiently
excited from a coaxial cable by a cone-shape launching device
that converts the coaxial mode to Goubau mode [6]—[8].

Recently the propagation of terahertz waves on a single
metallic wire with very low attenuation (about 0.03 cm ') was
demonstrated by Wang and Mittleman [9]. This appears as a
promising pathway to respond to the need of low-loss and low-
dispersion waveguides in the terahertz band. In a more recent
work, Akalin et al. [2] have presented a planar version of the
line, the so-called planar Goubau line (PGL). The line has
attracted increasing interest because of its compatibility with
integrated circuit fabrication processes [2], [10]-[14]. The line
can be efficiently excited from a coplanar waveguide (CPW)
by a launching section which is essentially a CPW with a
tapered section that converts the CPW mode to the Goubau
mode.

III. METAMATERIAL-INSPIRED BANDPASS FILTER FOR
PLANAR GOUBAU LINE

In order to exploit the propagation of terahertz waves in real
applications, particularly for broadband high data-rate on-chip
interconnections, functional components such as various types
of filters are required. Different types of terahertz filters based
on frequency-selective surfaces, photonic crystals [15]-[17],
liquid crystals [18] or metamaterials [12], [19]-[22] have been
proposed. However, these filters are exclusively for free-space
terahertz waves. Bandstop filters based on corrugated PGL and
PGLs loaded with electrical LC resonators have been studied
in [23], [24]. In a previous work by the authors it has been
demonstrated that since the transverse magnetic fields of the
PGL are confined around the line and since they exponentially
decay in the transverse plane, a pair of SRRs placed in close
proximity to the PGL produces a notch in the transmission
spectrum of the PGL [4]. This transmission notch corresponds
to the spectrum where the SRR-loaded PGL behaves as a
one dimensional medium with negative effective permeability.
It has been also shown that this bandstop behavior can be
switched to a bandpass behavior by introducing a series
capacitive gap to the SRR-loaded PGL [4], [25]-[27]. Figure 1
depicts a microscope image of a fabricated prototype of such
a structure. The structure is realized on a 250 pm thick
quartz crystal with a relative permittivity e, = 3.78. The
dimensions of the tapered CPW sections , which are used to
excite the gapped PGL, are w 50 pm, wgng = 190 pm,
scpw = b pum and [} = 650 pum [2]. The PGL has a width
wg 5 pum and a total length g 2100 pm including
the 50 pm gap in the middle. The dimensions of the pair of
single split ring resonators are a 160 pm, b = 130 pm,
g = 10 pm and ¢ = 15 pm. Fig. 2, depicts the simulated (by
means of the Agilent Momentum commercial software [28])
and measured transmission coefficients of the structure. The
good agreement between both data sets validate the design
approach. Note that about 2 dB of the insertion loss in the
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Fig. 1. Microscope photographe of a fabricated prototype of the first order
SRR/gap-based bandpass filter for PGL.
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Fig. 2. Comparison between the simulated and measured transmission

coefficients of the first order SRR/gap-based bandpass filter of Fig. 1.

passband corresponds to the loss in the launching structures.
However, even after excluding the effect of the launching
sections, the filter has relatively high insertion loss and poor
selectivity. To address these issues, next section is focused
on the design of compact third-order bandpass filters with a
controllable bandwidth and improved frequency response for
terahertz surface waves on PGLs.

IV. BANDPASS FILTER BASED ON COUPLED SPLIT RING
RESONATORS

Figure 3 illustrates the layout of the proposed third-order
filter, excluding the CPW launching sections. The filter is
composed of three coupled double-ring SRRs that are excited
by the PGL. In this configuration, the fractional bandwidth
(FBW) of the filter is directly proportional to the coupling
between the resonators as well as to the coupling between the
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Fig. 3. Layout of the proposed third-order bandpass filter based on the
coupled SRRs for terahertz surface waves on PGL.
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Fig. 4. A comparison between the simulated transmission coefficients of the
first-order filter of Fig.1 and the proposed third-order filter of Fig. 3.

PGL sections and the first and the last resonator [29], [30].
Thus, in order to achieve a wideband filter with improved
in-band transmission, the coupling between the PGL sections
and the SRRs should be maximized. To this end, in this design
the PGL sections are directly connected to the first and last
SRRs. Furthermore, the strongest coupling between the SRRs
can be achieved through mixed electric and magnetic coupling
of the SRRs. This is achieved by orienting the coupled SRRs
in opposite directions [30]. The dimensions of the SRRs are
as follows: a 140 pm, b 130 pm, d 15 pm,
c 10 pm, g 20 pm, and the space between SRRs is
m = 11 um. The filter is as compact as 0.4\, x0.13\4, where
Ag is the guided wavelength at the filters center frequency.

Figure 4 depicts a comparison between the simulated trans-
mission coefficients of the first-order filter of the previous
section and the proposed third-order filter of Fig. 3. The figure
shows that the proposed third-order filter benefits form a wider
bandwidth, higher in-band transmission and improved out-of-
band response.

The filter’s bandwidth can be further increased by increasing
the SRR-to-SRR couplings through decreasing the space m
between the SRRs. Figure 5 shows the filter’s frequency
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Fig. 5. Simulated transmission coefficient of the third-order filter of Fig. 3
for three different values of the inter-SRR spacing m = 5 pum, 8 pum and
11 pm.

response for three different values of the inter-SRR spacing
m =5 pum,8 pym and 11 pym. The figure shows that while
the filter’s bandwidth is about 30 GHz for m = 11 um,
decreasing the SRR-to-SRR spacing to m = 5 pm results
in a bandwidth increase to 39 GHz, which corresponds to a
30% wider bandwidth.

V. CONCLUSION

Application of SRRs for the realization of bandpass filters
for the terahertz surface waves on PGL has been illustrated in
this paper. It has been first shown numerically and experimen-
tally that an SRR/gap-loaded PGL can be used as a building
block for bandpass filters for terahertz surface waves. On this
basis, a third-order filter based on coupled SRRs has been
then proposed, and it has been shown how compactness and
bandwidth can be enhanced by controlling coupling between
the SRRs. As a result, the designed third-order filter is compact
(0.4)g x 0.13)g4, A4 being the guided wavelength at the filters
center frequency), it offers good in-band transmission, out-of-
band rejection, and a controllable bandwidth.
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