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Abstract— In this article, the guided-wave modes and leaky-
wave characteristic of rectangular metal strips are investigated to
realize endfire radiation. By strategically exciting the high-order
TE1 leaky-wave mode in the metal strip, a transverse in-phase
E-field could be realized to generate an endfire radiation.
An effective scheme is validated to manipulate the phase constant
and leaky rate by altering the width of the TE1 mode metal strip.
Then, to further tailor the phase constant and leaky rate for
achieving an enhanced directivity, periodic grooves are etched
on both edges of the metal strip to slowdown the phase velocity
to a surface-wave mode. To verify this concept, an all-metal
planar prototype of corrugated rectangular metal strip (CRMS)
was fabricated and measured. Both the full-wave simulation
and experimental results show that the CRMS could offer a
high endfire gain of 14.2 dBi within a footprint of 3.0 × 0.5λ2

0.
Moreover, a broad overlapping bandwidth of 27.7% is realized
with S11 < −10 dB, gain variation less than 3 dB, and total
efficiency better than 90%. The proposed design scheme paves
the way for the traveling-wave antenna with simple structure,
wide bandwidth, high gain, and good platform accommodation.

Index Terms— Endfire antenna, high gain, leaky-wave antenna,
metal strip, surface-wave antenna, traveling-wave antenna.

I. INTRODUCTION

METAL surfaces are ubiquitous in almost all the plat-
forms, such as airplanes, ships, vehicles, and the ground

planes of the mobile terminals. By effectively exciting the
metal surface on the platform as a major radiator, the antenna
could be integrated with the platform to realize a dramatically
enlarged radiation aperture and a reduced design complexity.

The theory of characteristic mode (TCM) provides an effec-
tive way to solve the natural eigenmodes of an arbitrary-shaped
radiator or scatter independent of the external exciting
source [1]–[4]. Consequently, TCM is widely employed in
the platform-integrated antenna design by exciting the eigen-
modes of the naval ship [5], unmanned aerial vehicle [6],
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shipboard [7], expeditionary fighting vehicle [8], military
vehicle [9], and airplane [10]. Similarly, in the mobile ter-
minal antennas [11], the characteristic modes of metal chas-
sis and bezels are effectively excited to enhance the band-
width [12]–[14]. However, for an electrical large metal surface
that supports traveling-wave modes, TCM cannot offer an
effective and accurate modal analysis with only resonant mode
considered [4].

The surface-wave mode along an infinitely long single
cylindrical conductor with finite conductivity has already been
discussed by A. Sommerfeld in the early 1900s [15]. Then,
Goubau [16] generalized Sommerfeld’s wave by exploiting the
modified metal conductor in 1950. In 2004, Pendry et al. [17]
proposed a highly localized surface-wave mode in a metal
block by drilling subwavelength holes in the microwave and
terahertz spectrums to mimic the optical surface plasmon
polaritons (SPPs), which is known as spoof SPPs (SSPPs).
Recently, various SSPP transmission lines (TLs) with open
waveguide structures are investigated to realize a low-loss
transmission with a single conductor [18]–[22]. Furthermore,
the SSPP TLs could be readily transformed to antennas by
delocalizing the confined SSPP surface-wave mode into the
leaky-wave mode [23], [24] with a conical [25], [26] or
endfire [27]–[29] beam.

To effectively exploit the metal surfaces in various plat-
forms, the guided-wave modes and leaky-wave characteristic
of a single rectangular metal strip are investigated in this arti-
cle. By strategically exciting the high-order TE1 leaky-wave
mode instead of the dominant quasi-TEM mode of the rec-
tangular metal strip, a transverse in-phase fringe electric field
(E-field) could be excited to achieve endfire radiation. More-
over, the phase constant and leaky rate of the TE1 leaky-wave
mode could be modulated by the width of the metal strip.
Therefore, a moderate-gain endfire beam could be realized
with a tailored phase constant and leaky rate. However, the
fast-wave nature of the TE1 mode, with an oblique array
factor, will limit the enhancement of the antenna directivity.
Therefore, to further shape the beam and enhance the antenna
directivity, periodic shallow grooves are cut in both edges of
the rectangular metal strip to slowdown the phase velocity to
a surface-wave mode. Owing to the approximate satisfaction
of the Hansen–Woodyard conditions [30], [31], an enhanced
endfire gain of 14.8 dBi is realized within a small footprint of
3 × 0.5λ2

0, which indicates an absolutely higher gain per unit
area compared to the SSPP endfire antenna [27]–[29].
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Fig. 1. Rectangular metal strip with a footprint of 3λ0 × 0.5λ0 at 3.5 GHz.

The rest of this article is organized as follows: In Section II,
the operating modes, dispersion analysis, and radiation perfor-
mance of an intact rectangular metal strip with both electric
and magnetic excitations are demonstrated. In Section III,
the operating mechanism and detailed parameter analysis of
a corrugated rectangular metal strip (CRMS) are presented.
In Section IV, the experimental verification is performed with
the S-parameter, antenna gain, and radiation pattern consid-
ered. Finally, Section V draws a conclusion of this article.

II. INTACT RECTANGULAR METAL STRIP

A. Modal Analysis by Electric and Magnetic Excitations

Fig. 1 shows the geometry of a PEC rectangular metal strip
with a footprint of 3.0 λ0 × 0.5 λ0 (257 mm × 43 mm)
at 3.5 GHz. To analyze the mode in the proposed rectan-
gular metal strip, two different exciters, i.e., electric excita-
tion and magnetic excitation, are applied to excite different
guided-wave modes in the proposed rectangular metal strip.

The electric excitation is realized by a small metal sheet
as shown in Fig. 2(a) and the feeding source is supplied
between the metal sheet and the rectangular metal strip.
Fig. 2(b) shows the corresponding vector E-field distribution
in the xy plane. The electromagnetic wave is confined in
the metal strip and propagates along the length with slight
power leakage due to the open structure. The transverse vector
E-field distribution in this manner, as shown in Fig. 2(c),
exhibits a quasi-TEM mode. To have an intuitive insight of the
dispersion characteristic of this mode, the simulated dispersion
diagram is extracted from the full-wave simulation software
HFSS as shown in Fig. 3. A good agreement is achieved
between the proposed quasi-TEM mode and the light line
(β = k0). However, as shown in Fig. 2(c), the fringe E-fields
at two edges of the metal strip are out of phase in this mode,
leading to a radiation null at the endfire direction with a
conical-like radiation beam.

In order to obtain a directional beam at the endfire direction,
another excitation scheme is presented as shown in Fig. 2(d).
By etching an electrical small slot in the metal strip and
supplying feeding source at two sides of the slot, a high-order
TE1 leaky-wave mode with a center E-field null is realized
as shown in Fig. 2(e) and (f). Different from the aforemen-
tioned quasi-TEM mode with out-of-phase E-field distribu-
tion, the fringe E-field is in phase in this manner, with the
help of the transverse resonance, which could eliminate the
radiation null at the propagating direction and generate an
endfire beam. The theoretic phase constant β of the TE1

leaky-wave mode could be approximately derived from the
first high-order mode of the strip lines [32]

βT E1 =
√

k2
0 − (π/W0)

2 (1)

where k0 is the wavenumber in the free space and W0 is the
width of the rectangular metal strip. The simulated dispersion
diagram of the TE1 leaky-wave mode is also in line with the
theoretic result as illustrated in Fig. 3.

B. Radiation Performance of the TE1 Mode Metal Strip

The fast-wave nature of the TE1 mode metal strip, however,
contributes to a rapidly growing leaky rate than the TEM
mode. As shown in Fig. 2(e), the leaky rate of TE1 leaky-wave
mode is so severe that the power has almost been leaked away
when it reaches the end of the metal strip. In order to obtain
a large effective aperture and highly directional beam, it is
crucial to control the leaky rate to an appropriate value. How-
ever, unlike the conventional leaky-wave antenna which could
control the leaky rate by the size and position of the radiation
elements [33], [34], the leaky rate of this open waveguide
structure could only be controlled by manipulating the phase
velocity. As we all know, the fast-wave (β < k0) mode could
effectively radiate the power, whereas the slow-wave (β > k0)
mode is hard to radiate the power even though the structure is
open [23], [24]. As a result, by increasing the phase constant
and slowing down the phase velocity, the leaky rate of the
open waveguide can be decreased.

According to the dispersion equation (1), the phase con-
stant β of the TE1 mode could be easily manipulated by
the transverse wavenumber, i.e., the width W0 of the metal
strip. Therefore, the leaky rate could also be controlled by
altering W0. Fig. 4 shows the simulated normalized phase
constant and leaky rate versus the width W0. As seen, with the
increasing of W0, the phase constant increases and the leaky
rate decreases. Accordingly, with the mitigation of leaky rate,
an enlarged radiation aperture and enhanced directivity could
be achieved.

The beam pointing of the uniform leak-wave antenna could
be approximately derived by

sin θ ∼= β/k0. (2)

Thus, the beam pointing at both radiation edges of the rec-
tangular metal strip is oblique due to the fast-wave (β < k0)
nature of the TE1 leaky-wave mode. Fig. 5(a) shows the
schematic of the beam pointing at both radiation edges with
different widths W0. The oblique angle is gradually mitigated
with the expansion of W0 due to the increase in the phase
constant β. With the superposition of two symmetric oblique
beams, an endfire beam with two large sidelobes is obtained
as shown in Fig. 5(b). To suppress the back radiation, a square
reflector is loaded at the backside as shown in the inset. With
the increasing of W0, the directivity is enhanced due to the
mitigation of the leaky rate and the decline of the beam angle.
The directivity reaches to 10.0 dBi when W0 = λ0. However,
as shown in Fig. 4, the change rate of α and β slowdowns
with the increasing of W0, hence it is hard to further control
the leaky rate and enhance the directivity by altering W0.

It has been validated in theory by Hansen and Wood-
yard [30] and Balanis [31] that the theoretical maximum
directivity could be realized when the phase constant β satisfy

(β − k0)L ≈ π (3)
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Fig. 2. Configurations of the exciter and corresponding E-field distributions for the proposed rectangular metal strip. (a) Configuration of the electric
excitation. (b) Vector E-field distribution in the xy plane by the electric excitation. (c) Vector E-field distribution in the cross section (xz plane) by the electric
excitation. (d) Configuration of the magnetic excitation. (e) Vector E-field distribution in the xy plane by the magnetic excitation. (f) Vector E-field distribution
in the cross section (xz plane) by the magnetic excitation.

Fig. 3. Dispersion diagram of the calculated and simulated TEM and TE1
leaky-wave modes of the proposed rectangular metal strip.

Fig. 4. Simulated normalized phase constant β/k0 and leaky rate α/k0 versus
the width W0.

where L is the length of the array and k0 is the wavenumber in
the free space. According to (3), the phase velocity should be
slightly slower than the speed of light for realizing a maximum
directivity. However, the phase velocity of the TE1 leaky-wave

Fig. 5. (a) Schematic of the beam pointing at both radiation edges with
different widths W0 = 0.5λ0, 0.75λ0, and λ0. (b) Simulated radiation patterns
with W0 = 0.5λ0, 0.75λ0, and λ0, inset is the geometry of the magnetic-excited
metal strip with a square reflector to suppress the backside radiation.

mode is always faster than the speed of light by simply increas-
ing W0. As a result, in order to enhance the endfire directivity
further, some other approaches should be implemented to
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Fig. 6. Geometry of the CRMS. (a) Perspective view. (b) Top view.

TABLE I

DETAILED DIMENSIONS (UNIT: mm)

slowdown the phase velocity from a leaky-wave mode into
a surface-wave mode.

III. CORRUGATED RECTANGULAR METAL STRIP

A. Antenna Structure

As shown in Fig. 6, periodic grooves are etched at both
edges of the rectangular metal strip to further slowdown the
phase velocity of the metal strip. Also, a square reflector
is loaded behind to suppress the backside radiation. The
CRMS is fed through Port1 by the magnetic excitation, while
Port2 is matched by 50 � to absorb the residual power.
Two taper transitions are implemented at both sides of the
CRMS to realize a smooth transition and reduce the power
reflection. The whole dimension of the CRMS still remains
3.0λ0 × 0.5λ0 at 3.5 GHz for comparison. The parameters
are optimized in full-wave simulation software HFSS and the
detailed dimensions are listed in Table I.

B. Modal and Dispersion Analysis

To offer an intuitive insight of the proposed CRMS,
the E-field distribution is illustrated in Fig. 7. As shown
in Fig. 7(a), the E-field distribution in the transverse almost
keeps unchanged with a TE1-like mode due to the little impact
of the subwavelength grooves. On the contrary, the phase
constant and leaky rate in the propagating direction, as shown
in Fig. 7(b), are dramatically changed with the extension
of the traveling-wave current path due to the load of peri-
odic grooves. To quantitatively analyze the impact of the
grooves, the simulated normalized phase and leaky constants
are demonstrated in Fig. 8. The depth H of the grooves

Fig. 7. Simulated E-field distribution of the CRMS at 3.5 GHz. (a) Vector
E-field distribution in the cross section (xz plane). (b) E-field distribution in
the xy plane.

Fig. 8. (a) Simulated normalized phase constant and leaky rate with the
impact of the depth H of the grooves when P = 2a = 10 mm. (b) Simulated
normalized phase constant and leaky rate with the impact of the periodic P
of the grooves when H = 9.5 mm and a = P/2.

performs a tremendous impact on the phase constant and
leaky rate as shown in Fig. 8(a). With the increasing of H ,
the phase constant increases from the fast-wave region into
the slow-wave region; meanwhile, the leaky rate is gradually
reduced with a confined field in the surface. The periodic
P of the grooves, as shown in Fig. 8(b), also affects the
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Fig. 9. Simulated directivity of the CRMS at 3.5 GHz versus the depth H
of the periodic grooves.

Fig. 10. Simulated E-field distribution of the proposed CRMS at 3.5 GHz.
(a) Complex E-field amplitude distribution in the yz plane. (b) E-field
intensity along the reference line shown in the inset.

phase constant and leaky rate because the number of etching
grooves is changed with the variation of periodic P . However,
the impact of the periodic P is not as dramatic as the depth H .

C. Radiation Performance

With a tremendous manipulation of the phase constant
and leaky rate, the depth H is the key factor to improve
the directivity of the metal strip. As illustrated in Fig. 9,
the directivity gradually rises with the increasing of H and
reaches to a maximum value of 15.1 dBi when H = 9.5 mm.
In this point, the normalized phase constant β/k0 = 1.095
rad/m and the normalized leaky rate α/k0 = 0.66 rad/m, which
indicate a slow-wave mode with a suitable power leakage to
approximately satisfy the Hansen–Woodyard conditions.

Different from the conventional traveling-wave antennas
with an exponentially decayed E-field distribution along
the array [23], [24], the proposed CRMS has a uniform
E-field distribution along the length due to the surface-wave

Fig. 11. Simulated normalized Smith chart (S11) with different values of
(a) Ls and (b) Ws.

Fig. 12. Photographs of the proposed CRMS. The antenna is fed through
Port1 and matched at Port2.

Fig. 13. Simulated and measured reflection coefficients and transmission
coefficients of the proposed CRMS.

Fig. 14. Simulated and measured endfire gains and simulated total efficiency
for the proposed CRMS.

transmission as shown in Fig. 10(a). The absolute E-field
intensity along the reference line (shown in the inset) is also
depicted in Fig. 10(b) to quantitatively exhibit the uniformity
of the E-fields.
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Fig. 15. Simulated and measured normalized radiation patterns in the E-plane (xoy plane) and the H-plane (yoz plane). (a) E-plane at 3.0 GHz. (b) E-plane
at 3.45 GHz. (c) E-plane at 3.9 GHz. (d) H-plane at 3.0 GHz. (e) H-plane at 3.45 GHz. (f) H-plane at 3.9 GHz.

D. Impedance Matching

To achieve a good impedance matching, the length Ls and
width W s of the feeding slot are tuned for an optimized
bandwidth response. Fig. 11(a) shows the Smith chart of the
reflection coefficient with different values of Ls. The slot line
could be equivalent to a terminal short-circuit TL, thus the
input impedance could be altered by tuning the length Ls.
Fig. 11(b) shows the Smith chart of the reflection coefficient
with different values of W s. With the increasing of W s,
the capacitance effect of the slot line is decreased with a shift
from the capacitive region to the inductive region in the Smith
chart. The final optimized parameters of the feeding slot are
Ls = 40 mm and W s = 1 mm with a −10 dB impedance
bandwidth of 2.83–4.60 GHz.

IV. EXPERIMENTAL VERIFICATION

To validate the performance of the proposed CRMS, an all-
metal prototype was fabricated as shown in Fig. 12. The
antenna is manufactured by the standard laser cutting process
on a 0.5 mm-thick brass plate (σ = 1.5 × 107 S/m). The
antenna is fed through Port1 by a 50 � semirigid cable with
outer conductor soldered at one side of the feeding slot and
inner conductor soldered at another side. In the end, a 50 �
matched load is connected at Port2 to absorb the residual
power.

A. S-Parameters

The simulated and measured reflection coefficients and
transmission coefficients are presented in Fig. 13. The
simulated and measured results are in a good agreement,

which indicate a wide −10 dB impedance bandwidth from
2.8 to 4.2 GHz (40.0%) and an effective power leakage with
S21 < −11.5 dB across the desired band.

B. Radiation Performance

The simulated and measured gains at the endfire direction
are reported in Fig. 14. The simulated maximum gain is
14.8 dBi at 3.55 GHz, whereas the measured result is 14.2 dBi
at 3.50 GHz. In addition, a good gain stability with the
simulated 3 dB gain bandwidth from 2.97 to 3.91 GHz (26.8%)
and the measured 3 dB gain bandwidth from 2.90 to 3.87 GHz
(27.7%) is realized. Thanks to the all-metal strategy with a
negligible dielectric and metal loss, a high antenna efficiency
of better than 90.0% is realized as exhibited in Fig. 14.

To demonstrate the radiation characteristic of the proposed
CRMS, the simulated and measured normalized radiation
patterns in the E- and H-planes at 3.0, 3.45, and 3.9 GHz
are presented in Fig. 15. A stable radiation pattern with a
highly directional endfire beam is realized. The main beams
are narrowed with the increase in frequency due to the
expansion of the electrical length. The measured half-power
beam widths (HPBWs) at 3.0, 3.45, and 3.9 GHz are 35◦, 25◦,
and 18◦ in the E-plane and 44◦, 31◦, and 26◦ in the H-plane,
respectively. With the planar structure, the cross-polarization
(XP) is low with XP discriminations better than 30 dB in
simulation and 15 dB in measurement. Moreover, due to the
forward traveling-wave mode and the load of the reflector, the
front-to-back ratio levels at 3.0, 3.45, and 3.9 GHz are 31,
26, and 16 dB in the E-plane and 24, 26, and 21 dB in the
H-plane, respectively.
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TABLE II

COMPARISONS WITH THE SSPP ENDFIRE ANTENNAS

V. CONCLUSION

This article offers a new insight of the guided-wave modes
and leaky-wave characteristic of a single rectangular metal
strip. By strategically exciting the high-order TE1 leaky-wave
mode in the metal strip, a high-gain endfire radiation could
be realized with the in-phase E-field in the transverse. From
the intact metal strip to the corrugated metal strip, the phase
constant and leaky rate could be well tailored to achieve a
uniform aperture and an enhanced gain with the approximate
satisfaction of the Hansen–Woodyard conditions.

Both the simulation and measurement results demonstrate
that the proposed corrugated metal strip could offer a high
endfire gain of 14.8 dBi in simulation and 14.2 dBi in mea-
surement. In addition, a wide bandwidth response of 27.7%
is obtained with reflection coefficient less than −10 dB and
gain variation less than 3 dB. Compared to the SSPP endfire
antennas with tapering or fish-bone structures [27]–[29], our
design scheme exhibits a higher gain and aperture efficiency as
clearly shown in Table II. Compared to the up-to-date endfire
antennas [36]–[40], the proposed design scheme not only has
a higher gain within a smaller aperture but also possesses
a simple structure and better platform accommodation with
a single metal strip. We envision that our design scheme
could offer an effective solution for the planar wideband and
high-gain endfire antenna with a simple antenna structure and
promising platform accommodation.
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