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Abstract— A low-profile endfire leaky-wave antenna is pro-
posed in this paper. The proposed low profile antenna utilizes
microstrip line to excite planar inverted-L antenna (PILA)
elements. Air media is utilized in the proposed array to realize
the endfire property. By using air media, the proposed leaky-
wave array maintains phase constant slightly larger than the
wavenumber in free space and achieves endfire radiation. PILA
elements are periodically spaced to radiate and the spacing
period is designed as λ0/4 (λ0 is the wavelength in free space)
to achieve a relatively wide impedance bandwidth. A prototype
of the proposed endfire antenna is fabricated and tested. The
measured results are consistent with full-wave simulation results.
The length of the whole leaky-wave array is about 6λ0, and the
measured gain in the endfire direction is 11.5 dBi at 5.1 GHz.

Index Terms— Air media, endfire array, leaky wave, planar
inverted-L antenna (PILA).

I. INTRODUCTION

IN THE past decades, endfire antennas have been exten-
sively investigated. Different types of endfire antennas are

proposed, such as Yagi–Uda antennas [1], Vivaldi antennas [2],
substrate integrated waveguide leaky-wave antenna [3], mag-
netic dipole antenna array [4], [5], and beam-scanning
antenna [6], [7]. Recently, for space-limited communication
system in aircrafts and vehicles, low-profile endfire antennas
have drawn a lot attention [8]–[10]. The low profile property
requires the antenna consists with an unbroken metal ground
to mount on the surfaces of vehicles and avoid the effect
of mounting platforms on the antenna performance. In [8]
and [9], top-hat monopole antennas are utilized to design low-
profile endfire Yagi–Uda array and log-periodic array. Surface
wave antenna is another candidate to design wideband endfire
antenna with very low profile [10].

A leaky-wave antenna is a simple and elegant can-
didate to achieve low profile and frequency-scanned
property [11]. Leaky-wave antennas utilize periodic radiation
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elements or continuous radiation aperture to radiate [12].
In [13], continuous transverse stub elements are periodi-
cally integrated with coplanar waveguide transmission line to
achieve beam steering leaky-wave antenna. In [14] and [15],
microstrip leaky-wave antennas (MLWAs) are proposed to
radiate in a continuous aperture with higher order mode.
In [16], periodic half-width MLWA is proposed to achieve
scanning capability. However, radiation magnetic currents in
MLWA are along endfire direction which means that radiation
pattern is null at endfire direction and MLWA cannot achieve
endfire property.

Recently, several air-filled strategies have proposed to
design leaky-wave antennas. Microelectromechanical system
bulk micromachining technology is utilized in [17] and [18]
to design leaky-wave antenna with air media, which has advan-
tages for reducing dielectric loss in millimeter-waveband.
In [19], an air-filled MLWA is proposed for 2-D bearing
tracking.

In this paper, a low-profile endfire antenna is proposed
by using leaky-wave structures with air-filled structure. The
proposed endfire antenna is composed of a microstrip line
and several planar inverted-L antennas (PILAs), which can be
fabricated by air media [20]. By utilizing air media, the array
factor of the proposed antenna intrinsically points at endfire
direction and the period of PILAs can be utilized as a freedom
of antenna design. To verify the design strategy, a prototype of
the proposed antenna is fabricated. The measured results match
well with the simulation. The whole length of the proposed
antenna is about 6λ0. In the endfire direction, the mea-
sured gain of the proposed low-profile leaky-wave antenna is
11.5 dBi at 5.1 GHz. It is worth mentioning that the proposed
low-profile endfire antenna can be fabricated in all-metal
structure. So in practical applications, the fabrication cost of
the proposed antenna would be much lower than the previous
antennas, which use high-frequency low-loss substrate.

II. ANTENNA DESIGN

In the proposed leaky-wave antenna, a microstrip line is
loaded with PILA elements to achieve the low profile and
endfire property. Fig. 1 illustrates the geometry configuration
of the proposed leaky-wave antenna. The microstrip line and
PILA elements are filled with air media. Fig. 1(a) shows the
perspective view of the proposed antenna, Fig. 1(b) depicts
the top view, and the detailed dimensions are shown in Fig. 1.
The shorting walls, as shown in Fig. 1(a), are used to form the
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Fig. 1. Configuration of the low-profile leaky-wave antenna. (a) Perspective
view. (b) Top view. Detailed dimensions: h = 1.1 mm, L = 358.5 mm,
w1 = 5 mm, w2 = 9 mm, w3 = 13.5 mm, w4 = 8 mm, and p = 15 mm.
The microstrip line impedance is ∼50 �.

Fig. 2. Geometry sketch of the PILA element. (a) Perspective view.
(b) Top view. (c) Side view. Detailed dimensions: d = 12.5 mm, w3 = 13 mm,
w4 = 8 mm, w5 = 1 mm, and h = 1.1 mm. (All dimensions are in
millimeters.)

PILA element [23]. Moreover, the shorting walls also support
the top surface of the microstrip line and PILA elements.

A. PILA Element Design

Fig. 2 shows the geometry of the PILA element. Fig. 2(a)
shows the perspective view of the PILA element. A metal
stub works as the feeding point of the PILA element,
which connects the PILA element with the microstrip line.
Fig. 2(b) and (c) shows side view and top view of the PILA
element, respectively.

Fig. 3. Smith chart for the PILA element with different feeding positions.

Fig. 4. Magnitude electric field distribution of the PILA element at 5 GHz.

To design the PILA element, two important parameters
should be taken into consideration. The first parameter is
w3, which represents the length of the PILA element as
shown in Fig. 2(b). According to the microstrip antenna
theory, the length of the PILA element determines the resonant
frequency. So the value of w3 should be approximately a
quarter-wavelength. Moreover, this parameter also has effect
on the array design, and it would be discussed latter.

Another important parameter is d , which represents the
position of the feeding point. Fig. 3 shows the Smith chart
of the PILA element with different values of d . It is obvious
that the input impedance would increase as d increases. For the
conventional antenna design, the input impedance should be
tuned to about 50 �. But for the proposed leaky-wave antenna
design, the input impedance of the PILA element should be
very high impedance so that the microstrip line could transmit
a stable traveling wave mode and excite every PILA element
uniformly. So the optimum value of d is 12.5 mm.

Fig. 4 depicts the magnitude electric field distribution of
the PILA element at 5 GHz. It proves that the proposed PILA
element operates the quarter-wave mode.

B. Endfire Array Design

For the proposed leaky-wave antenna, the main novelty
is using air media to achieve the endfire property. There
are some physical motivations behind the idea. According to
See et al. [20], the maximum radiation angle of a leaky-wave
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Fig. 5. Geometry sketch for the design strategy of spacing period.

antenna θm can be approximately determined by

θm ∼= arcsin

(
β

k0

)
(1)

where β is the phase constant in leaky-wave antenna and k0 is
the propagation constant in free space. Because the microstrip
line leads to a quasi-TEM type of mode as the fundamental
mode [24], using air media means the phase constant β of
the microstrip line approximately equal to k0. Applying this
condition to (1), the maximum radiation angle of the leaky-
wave antenna would nearly equal to endfire direction. As a
result, when the air-filled microstrip line is periodically loaded
with radiation elements, the array factor of the array would
point at endfire direction even when the spacing period varies.
So the period between radiation elements could be a degree
of freedom for designing the endfire property in the proposed
antenna.

The design strategy of spacing period is shown in Fig. 5.
The period is λ0/4 (λ0 is the wavelength in free space), which
means that the dimension p is 15 mm at 5 GHz. As shown
in Fig. 5, two reflected waves, i.e., Ref 1 and Ref 2, occur at
the feeding points of two periodically spacing PILA elements.
When the period, i.e.,p equal to λ0/4, the two reflected waves
would be out of phase in the input port and cancel each
other, which could improve the port match and contribute to
a relatively wide impedance bandwidth.

The normalized phase constant of the proposed low-profile
endfire leaky-wave antenna is shown in Fig. 6. ANSYS high
frequency structure simulator version 14 is used to obtain the
phase constant of the proposed antenna. By assigning two
ports in both ends of the proposed endfire array, the phase of
S21 parameter can be simulated. Based on the phase and the
length of the proposed array, the phase constant β can be
obtained. The phase constant is normalized to the vacuum
wavenumber k0, and the phase constants of TEM mode is
also depicted in Fig. 6 as a comparison to estimate the endfire
property of the proposed antenna. Because the TEM mode is
nondispersive, its phase constant appears as a horizontal line
with respect to the frequency. As shown in Fig. 6, the phase
constant β of the proposed leaky-wave antenna is slightly
larger than the vacuum wavenumber k0, which means that
the traveling wave in the proposed antenna is a slow wave.
Moreover, we can obvious that the phase constant β increases
with operating frequency instead of being a constant with

Fig. 6. Normalized phase constants for TEM wave, Hansen–Woodyard
condition and the proposed antenna with parameters of d = 12.5 mm,
p = 15 mm, w3 = 13 mm, and and w4 = 8 mm.

Fig. 7. Normalized electric field intensity in every PILA element along the
microstrip line at 5 GHz.

respect to the frequency. The reason of this phenomenon is due
to the loaded PILA elements. The PILA element is designed
to resonant at about 5 GHz, and it works as a dispersive
equivalent load to the microstrip line. When the operating
frequency varies, the equivalent load of the PILA element
would perturb the phase constant of the microstrip line, and
the phase constant shows the slow wave property.

According to the Hansen–Woodyard condition, in order
to obtain the maximum directivity in the endfire direction,
the phase constant β needs to satisfy the following equation:

β =
(

k0 + 2.94

L

)
(2)

where L is the length of the antenna array [21], [22].
According to (2), normalized phase constant of the Hansen–
Woodyard condition is also depicted in Fig. 6, which shows
phase constant of the Hansen–Woodyard condition is slightly
larger than the vacuum wavenumber k0. An acceptable endfire
frequency range in the proposed antenna is achieved when
phase constant of the proposed antenna lies between TEM
wave and the Hansen–Woodyard condition.

In Fig. 7, the normalized electric field intensity distribution
in the proposed leaky-wave antenna is plotted at 5 GHz.
As shown in Fig. 7, the PILA elements present mirror relation
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Fig. 8. Simulated radiation patterns of the proposed low-profile endfire
leaky-wave antenna with different frequencies.

along z-axis, so only a half of the elements are researched
and marked from element 1 to element 24 for simplicity.
The electric field intensity is sampled in every marked PILA
elements, and the sampling point is at the center of the
radiation aperture. It is obvious that from element 1, which
is the first excited PILA element, the electric field magnitude
decreases along the leaky-wave antenna because every PILA
element radiates slightly. To make the whole leaky-wave
antenna radiate efficiently, the length of the proposed antenna
is optimized as about 6λ0 (λ0 is the wavelength in free space)
with 48 PILA elements. It is worth mentioning that the nonuni-
form amplitude distribution makes the proposed antenna does
not satisfy the amplitude condition of the Hansen–Woodyard
condition. A further study shows by using nonuniform PILAs,
i.e., different values of w4, endfire gain could increase.

The full-wave simulated radiation patterns of the proposed
low-profile endfire leaky-wave antenna are depicted in Fig. 8.
Over the endfire operating frequency, the radiation patterns
of the proposed antenna are stable, and the realized gain in
the endfire direction is larger than 10 dBi, which verifies
the proposed design strategy for achieving low-profile endfire
antenna with air media.

C. Effect of PILA Elements on the Leaky-Wave Array

As abovementioned analysis, the length of PILA elements
has effect on their resonant frequency. For the leaky-wave
array design, this parameter also has a remarkable effect on the
antenna performance. The parameter study of w3, i.e., length
of PILA elements, is illustrated in Fig. 9. The parameter study
shows that tuning length of the PILA element could change
the phase constant of the leaky-wave antenna. When the length
of PILA elements increases, the equivalent load of PILA
elements changes. As a result, the slope of the phase constant
curves increases with the value of w3, and when w3 decreases
from 14.5 to 13.5 mm, the endfire operating bandwidth would
be broader. In Fig. 9, it seems as w3 decreases to 12.5 mm,
the endfire operating band would be even broader. However,
when w3 = 12.5 mm, the PILA elements do not resonate at

Fig. 9. Normalized phase constants with different values of w3.

Fig. 10. Simulated results of radiation patterns at 5 GHz with different
dimensions of ground plane.

the operating frequency, so the phase constant of the proposed
antenna is similar with the nondispersive microstrip line mode,
and seems to be the broadest endfire operating bandwidth. The
full-wave simulation shows when w3 = 12.5 mm, the leaky-
wave antenna cannot radiate effectively in the desired fre-
quency band.

D. Effect of Ground Plane

For low-profile endfire antenna, the size of ground plane
would have effect on the endfire gain. Fig. 10 illustrates
the simulated radiation patterns at 5 GHz with different
dimensions of ground plane. When the size of ground plane
increases from 370 × 35 mm2, which is the minimum size to
support the antenna structure, to 480 × 105 mm2, the endfire
gain increases about 6 dB due to the effect of edge currents in
the ground plane. Furthermore, when the size of ground plane
increases to 560 × 150 mm2, the radiation pattern is almost
invariable. So the ground plane dimension of the proposed
antenna is designed as 480 × 105 mm2. From the radiation
patterns, one can find the maximum radiation direction tilts
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Fig. 11. Photographs of the proposed low-profile endfire leaky-wave antenna.

upward instead of in the endfire direction. This phenomenon
is due to the effect of finite ground plane, and the truly
endfire radiation can be obtained only when the ground plane
is infinite [9]. As shown in Fig. 10, when the ground size
increases to an infinite ground, the radiation pattern achieves
a perfect endfire property.

III. EXPERIMENTAL RESULTS

To verify the design strategy, a prototype of the proposed
low-profile endfire leaky-wave antenna is fabricated and tested.
In practical applications, the proposed antenna can be fabri-
cated by the metal stamping technology to obtain the low cost
all-metal structure. However, metal stamping process needs
metal stamping dies, and it is not suitable for experimental
verification. For fabricating simplicity, the proposed antenna
is fabricated by utilizing an FR4 substrate (εr = 4.4 and
tanδ = 0.02) and several copper blocks to realize the air-filled
structure. The FR4 substrate is 1 mm thick with metal surface
printed at bottom of it. The copper blocks, whose dimension
is 1.1 × 1.1 mm2 in cross section, are used to support the FR4
substrate to realize the air-filled structure. The final simulated
model is designed with FR4 substrate and copper blocks. The
simulated results shows the FR4 substrate would make the
working frequency slightly moves toward higher band due to
the reactive load effect. However, the FR4 substrate would not
affect the working principle of the proposed antenna, because
the electromagnetic wave mainly transmits in the air medium
instead of the FR4 substrate.

Fig. 11 shows the photograph of the proposed antenna.
As abovementioned analysis, the copper blocks are soldered
between the FR4 substrate and ground plane to support the air-
filled structures and work as shorting walls of the PILA ele-
ments. The whole length of the proposed leaky-wave antenna
is about 6λ0 (λ0 is the wavelength in free space). Because the
spacing period of PILA elements is λ0/4, 48 PILA elements
are periodically placed along the air-filled microstrip line to
make the proposed leaky-wave antenna radiate effectively.

The S-parameters of the proposed low-profile endfire leaky-
wave antenna are measured and shown in Fig. 12. Due to
the λ0/4 spacing period, the input impedance bandwidth is
relatively wide, and the measured reflection coefficient (S11)
is lower than −10 dB from 4.5 to 5.5 GHz. Compared

Fig. 12. Simulated and measured S-parameters of the proposed antenna.

Fig. 13. Radiation patterns in E-plane (xz plane) at 5 GHz.

with the simulated results, the measured S-parameters shift
toward higher frequency, so measured forward transmission
coefficient seems to be lower than the simulated results. The
fabrication tolerance might be the reason of the discrepancy
between simulation and measurement. Because the proposed
antenna is fabricated manually, it is difficult to accurately
locate the copper blocks, which would affect the operating
frequency of the PILA elements and the proposed antenna.
However, in practical applications, the influence of fabrication
error can be avoided by using metal stamping.

Fig. 13 shows the simulated and measured results of the
radiation patterns in E-plane (xz plane) at 5 GHz. The sim-
ulated and measured co-polarization (Eθ ) patterns agree well
with each other. The simulated and measured gains in endfire
direction are 11.7 and 10.8 dBi, respectively. The simulated
cross-polarization is less than −25 dBi, and it is too small to
shown in Fig. 13. As shown in Fig. 13, the maximum gain
direction slightly tilts upwards, which is due to the effect of
the finite ground plane.

The endfire gain and radiation efficiency results are shown
in Fig. 14. Over the operating frequency, the measured radi-
ation efficiency matches well with simulation. Because S21
parameter, as shown in Fig. 12, increases with frequency,
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Fig. 14. Endfire gain and radiation efficiency of the proposed antenna.

TABLE I

QUALITY COMPARISONS

the radiation efficiency decreases as operating frequency
increases. In the endfire operating frequency of 4.8–5.1 GHz,
the measured radiation efficiency varies from 0.8 to 0.6.
The maximum endfire gain is 11.5 dBi at 5.1 GHz. At the
edge of the endfire operating frequency, the endfire gain is
8.9 and 10.4 dBi, at 4.9 and 5.2 GHz, respectively. Because of
the fabrication error, the measured endfire operating frequency
band shifts toward higher frequency.

Table I shows a comparison between the proposed antenna
and several low-profile endfire antenna arrays which are pub-
lished recently. In [8] and [9], monopole Yagi–Uda array is
utilized to design low-profile endfire antenna array. These
arrays could achieve wide bandwidth, but the endfire gain is
relatively low. In [4], endfire radiation is realized by using
magnetic dipoles. In this case, the profile is relatively low and
endfire gain is high. However, the magnetic dipole array is
design based on Yagi–Uda array theory, the endfire gain would
not increase further as the number of director increases [4].
Compared with those antennas, the proposed antenna has the
lowest profile with an acceptable bandwidth. And the proposed
antenna achieves a relative high endfire gain by using a large
radiation aperture. A further study shows that the endfire gain
could increase higher as the length increases.

IV. CONCLUSION

In this paper, a novel leaky-wave antenna is proposed to
achieve endfire property with low profile structure. Compared

with conventional endfire leaky-wave antennas, the proposed
antenna utilizes air-filled microstrip line to excite PILA ele-
ments, so the phase constant is slightly larger than the vacuum
wavenumber, which makes the array factor points at endfire
direction. A prototype of the proposed antenna is fabricated
and tested. The measured results verify the endfire property,
and the maximum endfire gain is 11.5 dBi at 5.1 GHz.
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