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Abstract— A periodic leaky-wave antenna with backward to
forward scanning capability is presented. Two versions of the
antenna, one with bi-directional radiation and the other with
unidirectional radiation are introduced. The proposed structure,
composed of 30 unit-cells (UC), is based on a meandered
rectangular waveguide loaded with transverse radiating slots.
Effective suppression of the open stopband is achieved allowing for
efficient broadside radiation at 5 GHz. Measured and simulated S-
parameters, radiation pattern, and gain are reported. The
experimental results demonstrate a backward to forward scanning
capability from —35° to 42° for both the unidirectional and
bidirectional versions, with a maximum measured gain of 15.5 dB
and 16.5 dB, respectively.

Index Terms—Leaky-wave antenna (LWA), waveguide, bi-
directional radiation pattern, frequency scan antenna (FSA).

I. INTRODUCTION

LEAKY-WAVE ANTENNAS (LWAS) have been one of the most
active areas of research in microwave engineering since the
40’s due to their ability to achieve high directivity, narrow
beamwidth over a wide frequency band and beam scanning
capability [1]. These devices are based on a wave propagating
along a guiding structure and gradually leaking its energy out
to free space. Leaky-wave antennas are generally divided into
two categories depending on the geometry: uniform (or quasi-
uniform) and periodic. In uniform LWAs the guiding structure
is homogeneous along its length and supports a fast wave with
respect to free space. Quasi-uniform LWAS operate in a similar
way as uniform LWAs, except that a periodic guiding structure
is used. In periodic LWAs the guiding structure exhibits a
periodic perturbation and supports a slow wave. In this case, the
periodic perturbation generates infinite space harmonics, some
of which are fast and can radiate. Periodic LWASs are normally
designed to radiate with the n =—1 space harmonic. Whereas
uniform LWAS can only radiate in the forward quadrant, quasi-
uniform (based on composite right/left-handed transmission
lines) and periodic LWAS have beam-scanning capability from
the backward to the forward quadrant, effectively radiating
through broadside [2].

The main common problems to deal with in the design of
periodic LWAs are the appearance of the open stopband (OSB),
that degrades the radiated beam around broadside, and the
emergence of grating lobes in the radiation pattern. Commonly
used techniques to eliminate the grating lobes are reducing the
interelement spacing [2] or using spatial filters [3]-[4].
Regarding the open stopband phenomenon, different
approaches have been proposed to mitigate or eliminate its

presence. One of the common techniques is to load the unit cell
with an extra radiating element per unit cell distanced /4/4 (44
being the guided wavelength at the broadside frequency) from
the original radiation element [1], however this technique
usually tends to mitigate its effects, but not eliminate them
completely. Recently, more innovative methods have been
proposed to deal with OSB phenomenon [5]-[11]. In [5], two
non-identical slots are used in each unit cell, achieving OSB
mitigation. In [6] a combination of dispersion enhancement and
meandered unit cells is proposed to realize leaky-wave antennas
with very high scan rates, yielding good results in OSB
mitigation. However, these works focus on traveling-wave
frequency scanning antenna arrays based on dielectric-filled
structures.

In a traveling-wave frequency scanning antenna array,
generally there are two basic approaches [3],[12]: designs
loaded with dielectric materials, resulting in slow wave
radiation, and designs based on hollow or air-filled structures,
which result in fast wave radiation. Dielectric structures allow
for compact designs, and easy integration into PCB when they
are based on planar technologies. However, dielectric-filled
structures are limited in the amount of power they can handle
and are highly sensitive to environmental conditions such as
temperature or humidity [2], [13], [14]. Air-filled waveguide
based periodic LWAs are a good option for scanning
applications where high-power handling capability, low loss,
good stability, and reliability is required [13]-[15]. The
serpentine arrangement in rectangular waveguide technology is
a good candidate for backward to forward radiation capability,
to avoid grating lobes and to eliminate the OSB [12]. In these
configurations, a waveguide is typically loaded with
longitudinal radiating slots placed in the narrow wall of the
waveguide. However, this results in a LWA with large lateral
profile that hinders the possibility to place several of them side-
by-side for the implementation of an array antenna. A ridge
serpentine waveguide-based antenna without grating lobes and
suitable for array implementation was presented in [15]. In this
work, the waveguide was loaded with inclined radiating slots in
its narrow wall. However, this structure is affected by the open
stopband phenomenon. In addition, the presence of the ridge
reduces the power-handling capacity of the waveguide [13]. A
serpentine waveguide structure loaded with slots along the
broad wall was used to feed an array of patch antennas in [3].
The open stopband was suppressed introducing reflection
cancellation pillars with optimized size and distance from the
slot. However, the appearance of grating lobes was unavoidable



due to the limitation on the width of the serpentine waveguide’s
broad wall. A waveguide antenna design that allows placing
several of them side-by-side, due to its smaller width compared
to serpentine waveguides, was presented in [16]. Using
cylindrical posts located in the center of the waveguide, a
moderate reduction of the open stopband was achieved. Also,
no grating lobes were shown, except for a low-level back-lobe
formed because of operating close to the cut-off frequency.
Nevertheless, due to the presence of the posts, a significant part
of the power is dissipated in the form of Ohmic loss, which
decreases the radiation efficiency.

In this paper, a serpentine slot-waveguide LWA able to
produce backward to forward radiation with open stopband
suppression and without grating lobes is presented. Both
unidirectional and bidirectional versions are introduced.

Il. SERPENTINE WAVEGUIDE-BASED ANTENNA

A. Principle of Operation

The sketch of a LWA based on a serpentine rectangular
waveguide loaded with transverse, non-resonant, radiating slots
in the wide wall is shown in Fig. 1 (a). The distance between
two consecutive slots corresponds to the length of the unit cell
d. According to the Floquet's theorem, the propagating mode
inside the proposed periodic structure can be decomposed into
an infinite number of space harmonics. The phase constant of
each of the nth space harmonics in the radiating aperture of a
serpentine arrangement can be written as [12]

gt == (6 +20) &

Where £ is the phase constant of the fundamental (n = 0) space
harmonic that approaches the phase constant of the closed
waveguide (i.e., when the loading tends to zero) and L is the
meandered length of a unit cell. The phase constant of the
aperture fields is increased by a factor of L/d with respect to the
fields inside the waveguide.

As it is known, the illumination of the near fields determines
the far field radiation pattern [2]. The angle 6 (measured from
the z-axis, within the x-z plane, according to Fig. 1) of the main
radiated beam due to the n = —1 space harmonic can be obtained
from [1]

a
sin(9) = '8 2
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To have single-beam scanning over the entire range (i.e.,
only the n=-1 space harmonic radiates), the presence of
unwanted space harmonics within the radiation region that
would produce grating lobes must be avoided. This condition
implies that d < Xo/2 (Ao being the free-space wavelength) at the
highest frequency [17]. An examination of (2) reveals that the
scan rate, computed as the frequency derivative of the beam
angle radiation, has a trade-off with the scanning linearity,
deduced as the second frequency derivative of the beam angle.
These quantities evaluated at the broadside frequency exhibit
inverse and direct proportionality relationships with the period

d, respectively. By controlling this parameter, it is possible to
adjust the scan rate and the scan linearity of the structure.

B. Open Stopband Suppression

The appearance of the open stopband in periodic structures is
associated with a significant amount of power from the wave
travelling along the structure being reflected back to the source,
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Fig. 1. (a) Sketch of the proposed leaky-wave antenna design. (b) Equivalent
circuit of the unit cell.

rather than radiated, producing large mismatch. As the number
of unit cells increase, the mismatch produced by the stopband
becomes more visible [1]. This occurs when the broadside point
is reached. To prevent the open stopband for the n = —1 space
harmonic, each unit cell will be loaded with two identical slots,
one of them placed in the top wall of the waveguide (Slota) and
the other in the bottom wall (Slotg), as shown in Fig. 1. Non-
resonant transversal radiating slots can be modelled using the
single-element impedance representation by a resistance in
series with a reactance provided that the slots width is small
compared with the slots length and slot lengths are less than half
wavelength [14]. The resistance accounts for the radiated power
through the slot (P;) and the reactance corresponds to the
reactive power. In order to avoid the wave being reflected to the
source, the bottom slots must be located at a specific distance,
d2 (see Fig. 1) from the top slot so that at the beginning of the
unit cell reflection from the top and bottom slots are 180° out-
of-phase. Considering that only the fundamental TEio mode
(slightly perturbed by the presence of the slots) propagates
inside the waveguide with a phase constant S, and assuming that
the reflection coefficient at the top and bottom slots are equal
each other, the difference in phase delay at the beginning of the
unit cell for the waves reflected at both slots will differ in two
times the round-trip phase delay between the two elements, i.e.,
—2f0d2, plus two times the additional phase, ¢, due to the wave
going through the top slot. These considerations lead to

Ay 2¢
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The phase ¢ introduced by a single slot can be obtained from
electromagnetic simulation, by comparing the phase of the Sz
parameter of the unit cell in the case of considering only one
slot and without slots, under perfect matching condition.



I1l. DESIGN OF THE UNIT CELL

A specific example is considered for an emerging broadside
beam at 5 GHz from the n = —1 space harmonic. The material
chosen for the waveguide was aluminum due to its low
manufacturing cost, robustness, and good electrical
conductivity. The layout of the unit cell for the proposed LWA
is shown in Fig. 2. The width of the waveguide, a, was set to
ensure the propagation of the fundamental TEip mode at the
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Fig. 2. (a) Unit cell cross section layout. (b) Schematic of the unidirectional
version. Metallization is highlighted in light gray and the absence of
metallization in dark gray. Dimensions are: a = 60 mm, b = 3.1 mm,
d=19.42 mm, h=20.2 mm, I; =11 mm, |, = 10, s; = 2.01mm, s, = 1 mm,
s3=20.35 mm, g =2 mm, t =0.1 mm, W, = 27 mm, h, =20 mm.
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Fig. 3. (a) Phase of the transmission coefficient of a unit cell under perfect
matching, load with 1 slot (black line), and without slot (grey line). (b)
Comparison of 30-UC under perfect match simulation S-parameters with the
slots separated by Ag/4 (dark grey line), applying equation 3 (black line) and
with OSB (black dotted line). Light grey indicates the open stopband region.

operating frequency range (the cut-off wavenumber was set to
be well below 5 GHz). Notice that non-standard dimensions
have been used for the waveguide; the parameter b has been
chosen to be nearly 20 times smaller than a to soften the
limitation on the lower distance between adjacent slots and
avoid the appearance of grating lobes. The dimensions of the
rectangular slots (ws =20 mm and |s= 0.7 mm) were chosen
small enough to minimize the perturbation of the propagating
TE10 mode. Once the slot dimensions were chosen, the amount
of power radiated per unit cell can be controlled with the slot
thickness, t. Making it lower increases the leakage rate with a
minimum change in the phase constant of the guided wave. A
dimensioned ramp hole (related to the parameter sz in Fig. 2)
was used to set the slot thickness to 0.1 mm, as the
manufacturer's specifications required a minimum wall width
of 2 mm. To obtain the meandered length of a unit cell, L, and
the distance between two (top and bottom) consecutive slots,
dy, the following steps were taken. First, the meandered length
L was set to 1g=6.92 cm, which corresponds to the guide
wavelength evaluated at the broadside frequency of 5 GHz.
Next, as is shown in Fig.3 (a) the phase ¢ = —0.19 rad (—11°)
was obtained from electromagnetic simulation of the unit cell
under perfect matching condition (using waveguide ports in the

CST Microwave Studio software), by subtracting the phase of
the Sp1 parameter without slot to the S2; parameter with one slot
at 5 GHz [see Fig.3(a)]. Finally, the bottom slot was placed at a
distance d> = 15.2 mm, calculated using (3), from the top slot
and the meandered length L was modified to ensure that the
phase of the Sy parameter equals —2m at the broadside
frequency. As can be observed in Figure 3(b), by applying the
proposed correction, the OSB is successfully eliminated,
reducing the reflected power by over 15 dB compared to the

Fig. 4. Fabricated prototype. (a) Cross-sectional zoom view of the serpentine in
the xz-plane according to Fig. 1. (b) Cross-sectional view of the total serpentine
length in the xz-plane. (c) Full view of the device in the xy-plane.

Fig. 5. (a) Layout of the matching network. Metallization is highlighted in light
gray and the absence of metallization in dark gray. Dimensions are: a = 60 mm,
b =3.1mm, h, =19 mm, h, = 13 mm, hs = 13 mm, h; = 11 mm, hs=9 mm,
lr=89 mm, |, =55.4 mm, |f3 38.5mm, Iy =31 mm, Is = 16 mm, l,= 10.5 mm.
(b) Fabricated prototype.

non-corrected method. With the proposed geometrical
arrangement, a bi-directional radiation pattern will be obtained,
which may be desirable in specific applications where areas
with limited space need to offer a wide coverage in wireless
communications such as tunnels, long streets, or coal mines
[18]-[20]. A unidirectional version of the proposed LWA is
discussed in Section 1V, to provide maximum design flexibility.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The proposed structure is composed by 30-unit cells. The
fabricated prototype is shown in Fig. 4. To feed the LWA, a
coaxial-to-waveguide transition matching network based on
stepped impedance and tapered transition was designed, as
illustrated in Fig. 5 [21]-[22]. Very good agreement between
simulated and measured S-parameters is achieved, as shown in
Fig. 6. As can be seen, the open stop band is eliminated, and the
matching level is reduced below —20 dB at the broadside
frequency. The unidirectional design [see Fig.2 (b)]is based on
the same structure, with a backing trough placed on the bottom
surface along the x-axis, in a similar way as it was done in [23].
It consists of a long metallic cavity that can be thought as a
waveguide operating well below the cutoff frequency of the
first dominant mode. It can be appreciated that there are no
significant changes due to the presence of the backing trough,
and the open stop band is also eliminated showing a matching
level below —20 dB at the broadside frequency. A comparison
between the measured and analytical scanning angle is shown
in Fig. 7. The analytical angle was computed from (2), where
Po was obtained from an electromagnetic simulation of the unit



cell. It can be appreciated that very good matching is achieved
showing a linear dependence of the radiation angle and the
frequency, which is useful for frequency-scanned frequency-
modulated continuous wave (FMCW) radars [16] and other
scanning systems [24]. The simulated and measured (in an
anechoic chamber environment) normalized radiation pattern in
the E plane show

top and bottom gains. This is mainly attributed to differences in
the dimensions of the top and bottom slots due to manufacturing
tolerances. An increase on the gain (of 2 dB average) was
observed for the unidirectional antenna compared to the
bidirectional one, which shows that most of the back radiation
is recovered by the backing trough. The simulated radiation
efficiency ranges from 83% to 97% for the bidirectional
structure and from 72% to 93% for the unidirectional version.

e
[22] Corrugated PPW 28~40 >80 -42.5~5.5 9.1~14.1 No Mitigated 9.4

[3] Array antenna 230~245 60 -24~24.5 29~30 Yes Eliminated 34
[16] Waveguide LWA 27~34.7 54~90 -38~27 11.5~19 No Mitigated 27.6
[15] SSDA 9.7~10.3 <60 -23~16 12~20 No Yes 22.8
[25] Waveguide LWA 30.5-40 40~75 -29~31 16~19.5 No Mitigated 31
This SSAA (Bidirectional 30UC) 43~5.7 83~97 (sim) -42~34 10~15.5 No Eliminated 9.7
work  sSAA (Unidirectional 30UC) 43~5.7 72~93 (sim) -43~36 11.2-16.4 No Eliminated 9.7

TABLE | Performance comparison with other air-filled FSAs
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Fig. 7. Measured and simulated gain and scan angle for the proposed
bidirectional and unidirectional LWAs.

good agreement in both versions (see Fig. 8). As can be
appreciated, the unidirectional LWA works well, suppressing
the back radiation below —18 dB. As the frequency sweeps from
4.3 to 5.7 GHz, the main beam steers from —35° to 42° in both
structures, with the beam directed to broadside at 5 GHz. The
measured gains for both unidirectional and bidirectional
versions are depicted in Fig. 7 showing a maximum value of
16.5dB and 15.5dB, respectively. The structure with a
bidirectional pattern exhibits a significant difference between

The proposed design results in a low lateral profile LWA that
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Fig. 8. Normalized measured (solid lines) and simulated (dotted lines) radiation
pattern in the E plane for (a) the bidirectional LWA and (b) the unidirectional
version. The considered frequencies are 4.3 GHz (red), 4.5 GHz (light green),
4.7 GHz (dark blue), 5 GHz (black), 5.3 GHz (magenta), 5.5 GHz (cyan), and
5.7 GHz (dark green).

allows to place several of them side-by-side for the
implementation of an array antenna. In Table 1 a frequency scan
antenna features comparison is shown. In this table, the open
stopband is considered as rejected and mitigated when the
reflection coefficient is below — 15 dB and — 8 dB at broadside
radiation frequency respectively. Compared to other designs,
the proposed prototype antenna offers a high scanning range,
high radiation efficiency, and eliminates both grating lobes and
OSB.

V. CONCLUSIONS

In this paper, a novel LWA design based on a meandered
rectangular waveguide loaded with transversal slots has been
proposed. Both unidirectional and bidirectional versions of the
antenna have been presented. This structure is a periodic leaky-
wave antenna able to produce backward, broadside and forward
radiation from its fundamental TEi; mode. The introduced
prototypes have been successfully tested, exhibiting a
backward-to-forward scanning range from —35° to 42° in both
structures, with the beam directed to broadside at 5 GHz.
Effective open stop band suppression has been demonstrated
showing a matching level below —20 dB at the broadside



frequency. The maximum measured gains are 15.5dB and
16.5dB for the bidirectional and unidirectional LWAsS,
respectively. The antenna simulated radiation efficiency
changes from 83% to 97% for the bidirectional structure and
from 72% to 93% for the unidirectional version. Both LWAs
have a narrow lateral profile that allows for the implementation
of an array antenna making them suitable for 2D scanning (e.g.,
frequency scanning along the longitudinal direction and
electronic scanning along the transverse direction).
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