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ABSTRACT: This paper introduces a novel asymmetric design for spoof surface plasmon polariton (SSPP) transmission line-based endfire
antenna. It utilizes the phase reversal condition in an asymmetric SSPP transmission line to achieve high gain endfire radiation. The
antenna design uses mono-planar fabrication using the CPW concept. Achieving asymmetry in the SSPP transmission line involves simply
bending a straight SSPP transmission line containing H-shaped unit cells. Successive upward and downward bending of the transmission
line introduces the phase reversal condition and increases the antenna’s gain. Notably, there are no limitations on the length over which
bending occurs to achieve the phase reversal condition. Simple design principles, a single-layer configuration, and high gain are the
advantages of the antenna. Results from the fabricated prototype closely match simulation results. Within the 7.7-8.3 GHz operating
band, the antenna exhibits a 7.5% bandwidth and a peak gain of 13.6 dBi. It can find applications in various wireless communication

systems requiring high gain and endfire radiations.

1. INTRODUCTION

Planar high gain endfire antennas are attracting attention in
various airborne applications, buried object detection, mi-
crowave imaging, and vehicular communications. Currently,
they mostly include Yagi-Uda [1] and substrate integrated
waveguide (SIW) based planar antennas [2]. However, these
antennas face limitations in achieving high gain at high frequen-
cies. A technique to improve gain and efficiency is the min-
imisation of ohmic losses by reduction/removal of the ground
plane. In the microwave domain, spoof surface plasmon po-
lariton (SSPP) transmission line is a new concept proposed at
the beginning of this century [3]. It consists of sub-wavelength
unilateral or bilateral corrugations on planar transmission lines,
offering advantages such as low loss, large field confinement,
and light weight [4]. As it reduces ohmic loss, researchers are
actively trying to employ it in the design of endfire antennas
with higher gain. These antennas are suitable for microwave,
mmwave, and terahertz frequencies [5—8]. Besides, SSPP also
finds applications in sensor design [9, 10].

SSPP-based endfire antennas, specifically single-layer struc-
tures, offer better accommodation than double-layer structures
in wireless communication systems. Asymmetry is the key re-
quirement to achieve endfire radiation in an SSPP transmis-
sion line. The authors in [11] propose a unilateral corrugated
SSPP single-layer endfire antenna. It gives a maximum gain
of 9.2 dBi within the frequency range of 7.5 to 8.5 GHz. Ge et
al. [12] use the Goubau line concept [13] and Hansan-Wood
condition [14] in a bilateral asymmetrical SSPP transmission
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line to design endfire antenna. The antenna provides an aver-
age gain of 9.9 dBi within the operating band 13—15 GHz. Sim-
ilarly, in [15], the authors use an asymmetric SSPP line with an
elliptical director to achieve near-endfire radiation. This de-
sign exhibits a gain of 10.5 to 12.1 dBi within the operating
frequency 15.75-17.5 GHz.

Recent studies use phase reversal techniques within asym-
metrical structures to generate endfire radiation [16]. Utilizing
this concept, one approach [17] uses sections with sinusoidal
bulged-out unit cells to introduce asymmetry and increase the
gain. Another approach [18] involves producing asymmetry
by altering groove depth inside an H-type unit cell in a sec-
tion. Three such sections are combined to achieve high gain.
The sectional length determination for phase reversal includes
aparametric study [17] and an effective array factor [18]. How-
ever, there is neither a closed-form formula for sectional length
nor an alternative technique.

This paper proposes a novel asymmetric single-layer SSPP
transmission line-based antenna to achieve high gain endfire
radiation. The SSPP transmission line uses H-shaped unit cells.
Bending the transmission line introduces asymmetry naturally,
and subsequent bending in the opposite direction automatically
introduces phase reversal. Therefore, determining the sectional
length where phase reversal occurs is not required.

The remaining parts of this paper follow the following or-
ganization. Section 2 outlines the evolution of the asymmetric
SSPP transmission line, analyzes unit cells, describes the an-
tenna, and explains its operating principle. Section 3 conducts
a parametric study of the antenna. Section 4 presents the results
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and discussion of the fabricated prototype. Finally, Section 5
presents the conclusion derived.

2. ANTENNA DESCRIPTION

2.1. Asymmetric SSPP Transmission Line Evolution

Asymmetry in a corrugated SSPP transmission line is essential
for supporting two different modes, which stops the cancella-
tion of the net transverse electric field in the endfire direction.
Typically, the design of an asymmetric transmission line in-
volves the periodic joining of unit cells with different groove
depths. An asymmetric transmission line supports a dipole mo-
ment wave resulting from the two modes, which is responsible
for endfire radiation in the transmission line segment. The gen-
eration of the two modes stems from the nonuniform charge dis-
tribution in an asymmetric unit cell. When such an asymmetric
section, along with its inverted counterpart, is cascaded, it re-
sults in a high gain endfire antenna. However, the electric field
should undergo a phase reversal at the junction. In an asym-
metric SSPP antenna, the phase difference between the modes
gradually increases from zero to w. As a result, the coupling
between the two modes gradually decreases to zero. Therefore,
a phase reversal at this point is required to start the coupling be-
tween the two modes. In addition, there is a trade-off between
cross-aperture and endfire gain. Phase reversal has been proven
to break this trade-off. Consequently, an SSPP antenna with a
small cross aperture can give a larger gain.
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FIGURE 1. Antenna evolution (a) Symmetric Straight SSPP TL with
uniform H unit cells, (b) Bent asymmetric SSPP TL segment with
asymmetric unit cells, and (c¢) Combined inverted segments.

Figure 1 shows the proposed evolution of the asymmetric
SSPP transmission line. The evolution starts with an SSPP line
comprising uniform H-shaped unit cells (Fig. 1(a)), known for
their ease of design. As the transmission line is bent upward,
H cells have more flaring on the top and less flaring towards
the bottom (Fig. 1(b)). This simple bending makes the SSPP
line asymmetric. Subsequently, the line is bent downward, re-
sulting in a section with unit cells having more flaring towards
the bottom and less flaring towards the top. These two bend-
ings are akin to joining an asymmetric SSPP transmission line
section with its inverted counterpart (Fig. 1(c)). This iterative
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process continues until the gain saturates. The junction of the
sections marks the point where phase reversal occurs.

2.2. Unit Cell Analysis

To analyze the dispersion characteristics of the unit cell with re-
spect to its geometrical parameters, we conduct an eigenmode
analysis of the unit cell using HFSS. Fig. 2 illustrates the geo-
metrical parameters of both unmodified and modified cells in
insets (a) and (b), respectively. We vary the degree of asym-
metry in the cells by adjusting ‘I’ while keeping ‘a’ fixed. The
dispersion curves lie between the curves of the light line and the
unmodified H-shaped unit cell. As the flaring decreases with
decreasing [, the curve approaches the light line. Conversely,
increasing the flaring by increasing [ causes the curve to ap-
proach the curve of the unmodified cell. Fig. 3 displays the
two eigenmodes of the modified unit cell, existing within the
frequencies 7.7 and 8.3 GHz. Due to the difference in charge
distribution, the structure supports two modes. Mode 1 is due
to the wider part of the H-shaped cell and mode 2 due to the
narrow part of the cell. Table 1 provides the values of the con-
sidered unit cell for the antenna design.

TABLE 1. Physical parameters of the unit cell (Unit: mm).

2.3. Proposed Antenna

Figure 4 depicts schematics of the antenna, consisting of a
coplanar waveguide (CPW) feed section, CPW to SSPP tran-
sition section, antenna section, and tapered termination sec-
tion. The antenna section incorporates seven asymmetric bent
sections. To achieve a smooth transition from the CPW to
SSPP mode, we incorporated a tapered section and gradually
increased the height of the H-shaped unit cells. The CPW
transmission line was designed to maintain a 50 2 character-
istic impedance. We employed a flared CPW using the func-
tion y = f(x) = €’ —1 as an impedance transformer, as
the SSPP line operates as a high-impedance transmission line.
Here, v = In(w/2 — h1/2 — h. + 1) / l;. A matched tapered
section terminates the antenna to release the radiative fields.
Table 2 gives the antenna dimensions.

TABLE 2. Physical parameters of the antenna (Unit: mm).

L W I I d
332 70 10 475 28
he gt I l2 h1
0.2 4 12 30 2.3

2.4. Phase Reversal Analysis

Consider p as the dipole moment density resulting from the
asymmetric charge distribution p; and p5 in an asymmetric unit
cell. Let’s assume that p forms an angle o with the x-axis (see
Fig. 4). Consequently, p has two components: p, = pcosa
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FIGURE 2. Dispersion curves. (a) Unmodified unit cell and (b) modified

unit cell.
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FIGURE 3. Dispersion curves of two modes of modified unit cell.

FIGURE 4. Geometry of the proposed antenna showing the front view.

and p, = psina. The equal and opposite p,, components over a
segment cancel each other. As aresult, p, component only con-
tributes to the two travelling modes along the z-axis from the
asymmetric charge distribution on a segment. Let /31 and (5 be
their respective propagation constants. The traveling waves due
to 3 and 35 can be written as p; = p,e??1* and py = p,eIP27.

Therefore, the dipole moment wave p,, due to p; and ps, can
now be written as:

Py = psina o< p1 — pa = —j2po sin(Aﬁx)e‘j(ﬁ_”)dm €))
where AB = (81 — fB2)/2and B = (B1 + B2)/2.

Now,
l
/ pydx
0

Since « is 0 at one end and 180 degrees at the other, the fields
undergo a phase reversal at the ends of a segment. The fields
along the z-axis are depicted in Fig. 5, where peaks [12] are ob-
served at points i, ii, ..., vii (Fig. 4), confirming phase reversals
at the junctions. Therefore, we have the freedom to choose the
length of the segment, which is a distinctive advantage of the
present design method over methods [12] and [18].

2
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FIGURE 5. Normalized field intensity versus length at 8 GHz.

3. PARAMETRIC STUDY OF THE ANTENNA

Figure 5 indicates that the fields do not completely decay to zero
down the segments. To increase the antenna’s gain, it is feasi-
ble to include additional segments. Thus, the number of seg-
ments determines the antenna’s gain. Additionally, the number
of cells per segment regulates the strength of the dipole wave.
In this section, we present the simulation studies of the gain
performance of the antenna based on these two parameters.
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FIGURE 6. Simulated gain vs number of unit cells per segment.
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FIGURE 7. Simulated gain vs number of segments.

TABLE 3. Performance comparison with other reported works.

Ref. f Gain (dBi) BW (%) Length (Ao) Radiating length (Ao) Height (\o) Efficiency (%)
[12] 13-15 8.56-10.7 14 4.67 1.26 0.03 82
[15] 15.75-17.5 10.5-12.1 11 5.8 2 0.055 95
[17] 5.25-7.94 7.2-11.7 40.8 4 1.54 0.011 -
[18] 17-19 12.9-16.2 11 7.8 3.6 0.03 87
Ours 7.7-8.3 12-13.6 7.5 8.85 5.22 0.013 95

3.1. Gain vs Number of Unit Cells Per Segment

Figure 6 depicts the simulated gain versus the number of unit
cells per segment. We conducted simulations while keeping the
number of segments constant at 7. As the cells per segment in-
crease from 2 to 4, the peak gain initially rises rapidly before
reaching saturation. Additionally, the peak gain shifts towards
the lower frequency and stabilizes at 8 GHz. Any further en-
hancement in gain is not achievable due to reaching the phase
reversal condition.

3.2. Gain vs Number of Segments

Figure 7 illustrates the variation in gain with respect to the num-
ber of segments. Initially, as the number of segments increases,
the peak gain increases. However, with further increases in the
number of segments, the peak gain augmentation slows down,
converging at approximately 8 GHz. Any further increase in
peak gain becomes unattainable as all incident energies are ef-
fectively radiated out. Therefore, we consider the antenna with
7 segments as the optimal configuration.

4. RESULTS AND DISCUSSIONS

We selected unit cell dimensions (Table 1) that offer optimal
performance at 8 GHz to design the antenna (Table 2). Addi-
tionally, we chose 4 unit cells per segment and 7 segments. Af-
ter finalizing the dimensions, we employed HFSS to simulate
the antenna. Fig. 9 shows a snapshot of the electric field in the
endfire direction at 8 GHz. It indicates the radiation of fields in
the endfire direction. We fabricated a prototype to validate the
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TABLE 4. Beam width comparison.

[12] 13GHz 14GHz 15GHz
XY Plane ~ 30° ~ 30 ~ 35°
XZ Plane  ~ 30° ~ 20° ~ 30°

[15] 16.5GHz 17GHz 17.5GHz
XY Plane ~ 20° ~ 20° ~ 15°
X Z Plane ~ 60° ~ 60° ~ 50°

[17] 53GHz 7.1GHz 7.9GHz
XY Plane  ~ 30° ~ 20° ~ 15°
XZ Plane  ~ 30° ~ 45° ~ 20°

[18] 17GHz 18GHz 19GHz
XY Plane  ~ 45° ~ 30° ~ 30°
XZ Plane  ~ 30° ~ 30° ~ 35°
Our Work 8.1GHz 82GHz 8.3GHz

XY Plane 50° 30° 15°
X Z Plane 20° 15° 10°

simulation results, using a Pegaclad 300 substrate with a dielec-
tric constant of 3.0 and a loss tangent of 0.002. Fig. 10 depicts
a snapshot of the fabricated prototype. The S1; and gain plots
of the simulated and measured results are presented in Figs. 11
and 12, respectively. Fig. 11 indicates that the magnitude of
S11 remains below —10dB in the operating frequency region,
suggesting good impedance matching. Similarly, Fig. 12 il-
lustrates that the antenna’s gain lies between 12 and 13.6 dBi
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FIGURE 8. Simulated and measured normalized radiation patterns with co-and cross-polarization in zy and zz planes: (a) 8.1 GHz, (b) 8.2 GHz, and

(c) 8.3GHz.

FIGURE 9. Simulated E-field at 8 GHz.

within the desired frequency band. Additionally, the antenna
demonstrates an efficiency around 95%. Radiation patterns of
the antenna at 8.1, 8.2, and 8.3 GHz are given in Fig. 8 showing
endfire radiation. It shows that the simulated patterns closely
follow the measured ones.

To compare our antenna’s performance, we consider recently
reported single-layer SSPP-based endfire antennas. We ana-
lyze the gain, bandwidth, substrate thickness, and radiation ef-
ficiency of the antennas. Table 3 gives the comparisons. An-
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tenna [15] utilizes an additional elliptical director to generate
endfire radiation but lacks generalization in the design pro-
cedure. Conversely, in the case of antenna [17], which em-
ploys asymmetry and phase reversal, minor pattern variations
are observed towards the endfire direction. The comparison
among [12, 18], and our antenna is based on clear design guide-
lines focusing on asymmetry and phase reversal. Our present
antenna exhibits nearly identical performance in terms of gain
and bandwidth compared to antenna [18]. Table 4 compares the
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FIGURE 10. (a) Fabricated prototype. (b) Setup inside anechoic cham-
ber.
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FIGURE 11. Simulated and measured reflection responses.

3-dB beamwidth of the antennas. It can be seen that the pro-
posed antenna shows minimum beamwidth in the X Z plane.
Overall, our antenna is the simplest to design, has low profile,
demonstrates stable high gain, and possesses high radiation ef-
ficiency.

5. CONCLUSION

This paper proposes a new endfire antenna design using
an asymmetric SSPP transmission line. The asymmetry is
achieved by simply bending an SSPP straight transmission
line. To achieve phase reversal, the design incorporates
continuous up and down bends. This approach results in a
high gain endfire antenna with stable radiation patterns. The
proposed antenna offers several advantages: low profile, high
gain, single layer, and simple design procedure. The simulated
results for a prototype antenna show good agreement with
the measured ones. Due to its high gain and low-profile
design, the antenna is well suited for microwave imaging in
lossy media, radar systems, and high-data-rate point-to-point
wireless communication applications.
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