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Spoof surface-plasmon (SP) modes can be excited efficiently and propagate along the surface of
double-layer corrugated metallic strips with anti-symmetry. Here, we propose a spoof SP structure
with diffraction radiation, which is achieved by introducing phase-reversal geometry into the SP
waveguide structure with a 7m-phase shift for adjacently reversed units. At the junction between two
adjacent units, the discontinuity of the periodic structure can be viewed as a perturbation to generate
space harmonics, thereby enabling efficient conversion of SP modes into free-space radiation modes.
We demonstrate experimentally that the resultant radiation is analogous to Cherenkov radiation
wakes, which occurs in the form of a radiation cone. The vast majority of the energy based on the sur-
face wave is emitted into the free space. We expect that the proposed method could be an alternative
to transforming the spoof SP modes into the radiation modes. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4974148]

Charged particles, such as electrons, emit radiations when
passing through a dielectric medium if the velocity of particles
exceeds the phase velocity of light in the dielectric medium.
This effect, known as Cherenkov radiation, was first observed
by Cherenkov and Vavilov and theoretically interpreted by
Tamn and Frank in the 1930s." In plasmonic Cherenkov radia-
tion,z’3 similar to the traditional Cherenkov radiation, the
Cherenkov angle (i.e., the semiangle of the Cherenkov cone)
is determined by the ratio of the two speeds. Recent research
on plasmonic Cherenkov radiations has been mainly focused
on the excitation of a swift electromagnetic (EM) source mov-
ing on the interface of semiconductors* and metals.” In Ref. o,
backward Cherenkov radiation was experimentally observed
in negative-index metamaterials, whereas in Refs. 7 and 8, a
Cherenkov phase-matching scheme was used to generate a
broadband terahertz source, which can effectively improve the
efficiency of the terahertz generation.

Cherenkov radiation is typically described in terms of
particle radiation but essentially is the same phenomenon as
the leaky-wave radiation due to the wave-particle duality. In
both Cherenkov and leaky-wave cases, the radiation wakes
in the form of a cone with half angle are determined by the
ratio of the two speeds. If the electron velocity exceeds the
phase velocity of light in the dielectric medium, the surface
wave will be coupled to radiation modes in the transmission
line. Cherenkov radiation wakes can be attained by the intro-
duction of a periodic structure with a longitudinal period.
For instance, a line-envelope tilted nanoslit array has been
used for tuning the surface-plasmon (SP) excitation charac-
teristics.” When particles traveling near a metallic structure,
particularly metallic grating or an array of nanoslits, the
phase velocity can be altered dramatically by employing a
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periodic medium, and in that case, one can even achieve the
Cherenkov radiation with no minimum particle velocity—a
phenomenon known as the Smith-Purcell effect, which is
treated as the resonant diffraction radiation.'""?

Recent research has indicated that the subwavelength
metal-array structures strongly support the transmission of
surface waves.'*!> The interaction between the conduction
electrons of the metal and surrounding electromagnetic (EM)
field can generate surface-wave modes, known as surface
plasmon polaritons (SPPs), which are two-dimensional (2D)
EM fields. These modes are characterized by a propagating
or localized behavior, leading to a variety of unique physical
phenomena, particularly the advantages of subwavelength-
scale confinements and manipulations of light. The enhanced
and localized fields can be harnessed to increase the sensitiv-
ity and performance of numerous physical phenomena and
applications.

However, SPPs cannot be excited effectively in the
lower frequency band since the metal shows a perfect elec-
tric conductor (PEC) property in microwave and terahertz
frequencies. To overcome this problem, patterning the sur-
face with subwavelength periodic features can be viewed as
surface defects, which modify the surface morphology, mim-
icking the SPP properties in the optical frequency and lead-
ing to “spoof” SPPs with subwavelength confinements at
much lower frequencies. An ultrathin corrugated metallic
strip, as a typical 2D SPP transmission line in the microwave
regime, has recently emerged as a new research branch in
photonics that has attracted substantial research efforts.'®!’
Such a spoof surface plasmonic waveguide can strongly sup-
port SPP-like surface modes along the surface of the metal,
usually referred to as spoof-plasmons, solving the problem
that SPPs cannot be excited efficiently on flat metallic
surfaces.

Published by AIP Publishing.
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Due to the mismatch of momentum between SPPs and
spatial propagating modes, the excited SPPs are confined on
the structured metal surface, which are impossible to be con-
verted to spatial waves directly. Gradient-index metasurfaces
offer a new paradigm for manipulation of SPP traveling in
the vicinity of the surface."®?° For example, Ni er al.
adopted a “V-shaped” plasmonic metasurface,’’ introducing
a constant phase shift between two neighbor units, which dif-
fracts the EM waves to the far field at a specific radiation
angle with a small angular divergence.zz’23 The manipulation
of the phase of the reflection coefficient plays a fundamental
role in generating synthetic scattering diagrams of macro-
scopic 0bjects.24’25 Hence, plasmonic metasurface can also
serve as a radiation source, enhancing and shaping the spec-
tral and spatial distributions of the emitted radiations.

In this letter, we propose a method to efficiently gener-
ate 2D diffraction radiation. We propose a structure based on
the highly localized transmission line, which is composed of
two ultrathin corrugated metallic strips printed on the top
and bottom surfaces of a dielectric substrate with the anti-
symmetry.”®?” The fundamental mode (TM mode) of the
corrugated transmission line does not radiate since the elec-
tric field is strongly bounded between the two metallic lines.
The structure presents an abrupt discontinuity when intro-
ducing the periodic phase-reversal geometry, which can
excite the higher-order modes and lead to leakages.”®*° The
reversed symmetric coupling structure clearly has an effect
to reduce the size of the device. Experiments in the micro-
wave region, including both dispersion and near-field charac-
terizations, are in excellent agreements with the numerical
results. Once the surface waves can be effectively trans-
formed to radiation modes, it would pave the way for the
generation of SP radiation sources.

Figure 1 illustrates the proposed structure and shows the
cross section of the geometry, which can be regarded as a
series-fed array. Two identical patterned metallic strips on
both sides of the substrate are arranged in mirror symmetry
with respect to the reference plane (i.e., the XOZ plane),
resulting in two coupled single-side strips with opposite cor-
rugation orientations. The structure is based on the parallel
coupled line, which is composed of a plurality of parallel
transmission line segments periodically interconnected by
matching stub with width of d. The two types of transmission
line segments are illustrated in Figure 1(a), which are com-
posed of the top and bottom metallic surfaces alternately,
with a strip length //2 and different offset g. The matching
stub is formed with a bridge in connection between the two
pairs. Since the coupling coefficient depends on the horizon-
tal distance (g) between the parallel lines on the upper and
lower layers, the transmission line segments will form differ-
ent characteristic impedances, Z,; and Z,, as shown in Fig.
1(b), which will introduce an impedance discontinuity.
Therefore, the connecting wire is usually with the length of a
quarter wavelength for impedance transformation, which can
effectively suppress local reflections. As a result, this config-
uration can be considered as two half-wavelength-long lines
connected in tandem via a matching transmission line of
quarter-wavelength long.

Without the introduction of periodic phase-reversal geom-
etry, the structure is merely a uniform spoof SP waveguide,
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FIG. 1. (a) Schematic view of the proposed structure for the analogue of
Cherenkov radiation wakes. The structure is composed of a plurality of bal-
anced transmission line segments periodically interconnected by matching
stub with a period of /. The dielectric substrate is Rogers RT5880 with a
dielectric constant of 2.65 and thickness t=0.17mm. Here, the layout
parameters are as follows: a=0.6mm, d =0.45mm, and p=1.5mm. The
inset shows the photograph of the fabricated phase-reversal structure. (b)
The equivalent characteristic impedance of the unit cell (see the dashed box
in (a) for the unit cell). (c) Excitation of Cherenkov radiation wakes in the
spoof SP waveguide. The radiation wakes is the result of the superposition
of the radiation from each point of the trajectory.

which is constructed by arranging mirror duplicated unit cells
periodically along the x-axis. Due to the strong EM coupling
between such double-corrugated metallic strips, the excited SP
mode has been demonstrated with higher confinements and
less crosstalk properties compared with conventional micro-
strip lines.

The spoof SP mode can be highly localized on the struc-
tured metal surface, which exhibits a slow-wave dispersion
behavior and excellent transmission performance, as shown by
the blue dotted line in Fig. 2. It is a purely guiding (nonradia-
tive) slow-wave structure. The phase-reversal geometry trans-
forms the structure into a periodic discontinuous structure.

The coupled corrugated geometry bears some resem-
blance in its topology. In order to understand the physical
mechanism for introducing the phase-reversal structure, we
first compare the dispersion characteristics of the corrugated
strip, as illustrated in Figure 2. We set periodic boundary
conditions for the unit cell to calculate the dispersion relation
by using the Eigenmode Solver in the commercial software,
CST Microwave Studio. The dispersion curves are sensitive
to the offset (g) between the two metal layers along the Y
direction. When increasing the offset (g) along the Y direc-
tion, EM fields are still confined as before, starting from the
origin (kg = ff = 0) of the dispersion diagram, with only a
slight increase in the cutoff frequency. The black line is the
light line, i.e., ko = w/gofty, Where kg is the free-space wave
number. When the offset (g) between the upper and lower
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FIG. 2. The dispersion relations of the corrugated metallic strip unit for dif-
ferent offsets (g), obtained via CST eigenmode simulations. When the offset
(g) between the upper and lower layers ranges from 6 mm to 0, it will result
in the corresponding dispersion curves gradually deviated from the light line
(the black line).

layers ranges from 6 mm to 0, it will result in gradual devia-
tion of the dispersion curves from the light line. We notice
that the dispersion curve of the double-strip structure devi-
ates more than that of the single-strip structure, which
implies that the double strips can confine the EM fields more
tightly and enhance the EM fields more significantly around
the structure simultaneously.

The surface mode is mainly confined at the interface,
and the electric boundaries of localized surface fields would
be destroyed when the phase-reversal geometry is intro-
duced. In this case, the phase-reversal structure generates the
desired periodic modulation of the electric field, and the
space harmonics are excited around the perturbations.
According to the Bloch—Floquet theorem,**>* an infinite
number of space harmonics are generated automatically by
the periodic modulation in which the phase constant f,, of
the nth harmonic is given by:

2nn

B,(w) = {ﬁO(W)iT], n=0,*1,*2.., (1)

where f§, is the phase constant of the n=0 space harmonic
and p is the period of the structure. 3, is simply a repetition of
po with a period of 27, and the physical functions that depend
on the dispersion relation will merely repeat themselves peri-
odically outside the first Brillouin zone. The phase-reversal
structure of adjacent elements introduces a frequency-
independent 180° phase shift per unit cell from the point of
view of the radiation field. The resulting dispersion characteris-
tics are shown to be the 180° phase shift horizontally from the
original dispersion curve. Consequently, the n= —1 spatial
harmonic is located inside the first Brillouin zone. In Figure 3,
the gray region indicates the fast-wave (radiating) region, and
the yellow solid line and the green solid line represent the
n=0 and n=—1 space harmonics, respectively, whereas the
red dashed line represents the 180° phase shift horizontally
(rightward) from the original dispersion curve (n = —1).

The radiation characteristics of the periodic coupling
structure can be analyzed by using the concept of diffraction
radiation. When a charged particle with charge ¢ moves
along the x axis with a constant velocity v, an equivalent cur-
rent density is generated, which is given by

Appl. Phys. Lett. 110, 021118 (2017)
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FIG. 3. The Brillouin diagram (vs. frequency) for the n = —1 space radiating
harmonic obtained for the structure with period /=11.1 mm and g =6 mm.
The shaded area represents the fast-wave region, and the black solid lines
represent the light lines. The dispersion curve for the corresponding unit cell
without phase reversals (orange solid curve (n=0)) is also shown for refer-
ence. The green solid curve (n=—1) for the case of a leftward (180 phase
advance) shift is represented by a red dashed curve, which is almost coinci-
dent to the blue dashed curve extracted by the angle solutions (2) (blue
dashed curve fitted by dots of the triangle).

PSNCIC)
Jp(x,y,2,1) 7xqvﬁé(x7vt), )

where p represents the radial dimension in the y-z plane, J is
the Dirac delta function, and ¢ is the time. Through the use of
Fourier transform, we obtain the expression of this current in
the frequency domain as

T Y 5(p) ikyx
JIp(X,y,%,w) :xq4n2pe .

; 3

where w is the frequency and k, = ¥ is the wave vector along
the x axis. We use a dipole array to model the phase-reversal
geometry. Each dipole has a current with amplitude I, a
period length /, and a phase shift k,/ relative to its adjacent
element. The current density of the dipole array is the sum of
the current densities of all the dipoles

_ 15(p) & -
Jd(x7y7 Z, t) =X 2752) E 5(x — nj)emk.\'l*lwol‘,
Io(w — )
:X-Mé(p)ethx. 4)

2np

The interaction mechanism for radiations can be
obtained by a rigorous dispersion analysis. Cherenkov radia-
tion occurs under the angle

0.(w) = sin'[c/my,)] = sin~'[cBw)/wl, ks = B(w) — ja,
(5)

where v, is the wave velocity in the medium and f(w) is the
corresponding phase constant. Thus, f§ can be predicted by
the measured angle 0.. It can be seen that the beam scans
nearly from the backward to forward (between points A and
C in Fig. 3) as the frequency increases. The blue dashed line

60:95:10 €202 Joquiaidas 6
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identifies the dispersion curve extracted by the angle solution
(2), whereas the red dashed line represents the phase shift «
from the original dispersion curve (n=—1). Both curves
have a similar slope distribution, and the value of f/kq
changes with the frequency.

In order to get more physical insights on the study of
mode conversion during the transition, we simulate the
cross-section electric field distributions. A comparison
between the spoof SP waveguides with (see Fig. 4(a)) and
without the phase-reversal structure (see Fig. 4(b)) is illus-
trated in Figure 4. We notice that the distribution of the E-
field vector is mainly concentrated in the gaps between the
upper and lower layers of the waveguide when without the
phase-reversal structure, as illustrated in Fig. 4(a).

The E-field vector distribution is clearly no longer con-
fined near the groove when introducing the periodic phase-
reversal structure, as demonstrated in Fig. 4(b). The new
structure alters the direction of the E-field vector between
the upper and lower strips, which is mainly along the Y
direction. As a result, the radiation mode is excited by the
transverse E-field E,, which is leaked via the minor imped-
ance discontinuities.

To facilitate the excitation of SP modes by guided
waves, a tapered structure for multistage transition is added
at both ends of the double-layer corrugated strips*® in which
the groove depth /4 progressively increased from 0.4 mm to
1.2mm to achieve a good matching of both momentum and
impedance. The overall 10-cell antenna, including the transi-
tions and connection stripline, is about 190 mm long. The
periodicity adds a degree of freedom in the design of radia-
tion properties. We fabricated samples and measured their
transmission and reflection properties. It is obvious that in a
wide frequency range of 12-16.2 GHz, the reflection coeffi-
cient (S11 or S22) is less than —10 dB, whereas the transmis-
sion coefficient (S21) is less than —30dB. That is to say,

FIG. 4. The cross-section E-field vector distributions at the junction for
spoof SP waveguides with (a) and without (b) the phase-reversal structure.

Appl. Phys. Lett. 110, 021118 (2017)

only few waves are reflected back to the feeding point or
transmitted to the other port. Meanwhile, the open stopband
is effectively suppressed around the broadside (point B,
about 15.1 GHZ).34’35 Furthermore, the distribution of
aperture-field amplitude (or the directivity) is primarily con-
trolled by the attenuation coefficient o, which can be
extracted by the equation: o0 = — W, as illustrated
in Figs. 6(b) and 6(c). ’

Further studies reveal the following radiation character-
istics. To have the direct understanding of the symmetric
Cherenkov radiation wakes, we set an area at the cross sec-
tion (i.e., the XOY plane) parallel to the propagation direc-
tion to observe the electric field. Figure 5 shows the
numerical simulation results of the near-field intensity distri-
butions (the absolute value) at different frequencies (12.0,
12.8, 15.0, and 15.7 GHz, respectively). When the wave-
propagation velocity is faster than the phase velocity in the
dielectric medium, this decay constitutes a Cherenkov radia-
tion effect. It can be observed from the figure that the surface
wave is coupled to the radiation mode and then leaked into
the space. Meanwhile, it is a leaky mode and its beam may
be steered by tuning the frequency. The main beam angle is
primarily determined by the phase constant ;. The measure-
ment results are in excellent agreement with the theoretically
expected angles given by Eq. (2), as illustrated in Fig. 6(a).
In addition, we also note that an analogue to the reversed
Cherenkov radiation wakes occurs at 15.7GHz since the
radiation in the forward or backward direction is relative to
the phase constant f3, as shown in Fig. 5(d), which was previ-
ously observed in the negative-index metamaterials.®

In summary, we proposed a tunable SP radiation source
based on the diffraction radiation mechanism. The phase-
reversal structure causes an extra phase shift between adja-
cent unit cells, which results in a horizontal shifting of the
entire dispersion diagram by an amount of ©. The radiation
mechanism is explained in terms of introducing a harmonic
wave by periodic loading of the phase-reversal structure.
Furthermore, each period generates an independent plasmon
wavefront, and the phenomenon of Cherenkov radiation
wakes was experimentally demonstrated, including the
reversed Cherenkov radiation wakes that were originally
observed in the negative-index metamaterials. In particular,
the structure might be applied effectively for the elimination
of the open stopband at broadside. This technique could be

FIG. 5. (a)—(d) The numerical simulation results of the near-field intensity
distributions (the absolute values) at different frequencies (12.0, 12.8, 15.0,
and 15.7 GHz, respectively).
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FIG. 6. (a) The experimental results of the near-field intensity distributions
(the absolute values) at different frequencies (12.0, 12.8, 15.0, and
15.7 GHz, respectively). (b) The measured reflection and transmission coef-
ficients (S-parameters). (c) The attenuation constant normalized to the free-
space wave number. The numbers marked on the figure correspond to the
frequencies, respectively.

an alternative to transforming the SP waves into radiation
waves.
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