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Abstract—The design of a periodic leaky-wave antenna for
angle-of-arrival (AoA) estimation is presented. Thanks to multi-
ple radiating space harmonics, a multibeam operation is achieved
in order to scan a large angular range with a limited fractional
frequency bandwidth. The matching and radiation efficiency
issues raised by the large spatial period involved with multibeam
operation is addressed by using a dedicated unit-cell to control
both the leakage constant and the Bloch impedance. Simulations
confirm that a MUSIC processing enables the system to perform
AoA estimation without ambiguity among the multiple beams.
This allows for AoA estimation over the 180°-angular range with
a bandwidth of only 3.7% at 27 GHz.

Index Terms—Leaky-wave antennas, multibeam, dielectric-
filled rectangular waveguide, angle-of-arrival estimation, MUSIC.

I. INTRODUCTION

Leaky-wave antennas (LWA) are a class of radiating de-
vices that naturally exhibit an angular beam scanning with
frequency. These properties make LWA interesting candidates
to perform angle-of-estimation (AoA) estimation at millimeter-
wave with a lower cost and complexity than classical systems
such as phased arrays [1], [2].

However, to cover a large field of view (FoV), LWA-based
AoA estimation needs to operate with a large bandwidth.

Some attempts to improve the scanning velocity at mm-
wave are proposed in the literature such as loading the leaking
guiding structure with a dense metasurface [3]. However, the
required bandwidth to scan a large FoV remains much larger
than bandwidths typically used in a given wireless communica-
tion standard. To circumvent this issue, authors have proposed
the use of several multiport LWAs [4], [5] or reconfigurable
LWAs [6] at the expense of increased complexity.

It was recently shown in [7] that using a multibeam opera-
tion with periodic LWAs enables to scan a large FoV with a
reduced bandwidth, in the case where the sources are known
and use orthogonal frequency-division multiplexing (OFDM)-
type communication schemes. To achieve such an operation,
the spatial periodicity of the LWA should be large enough
to ensure the presence of multiple fast spatial harmonics
contributing to the far field radiation. However, a large spatial
period is an issue in finite-size antennas. Indeed, the number of
unit-cells becomes limited thereby requiring each of them to
leak a consequent amount of power to reach a satisfactory
radiation efficiency. This necessitates strong discontinuities
within the LWA guiding medium which in turns raises the
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Fig. 1: Unit-cell (w = 3.5 mm and h = 0.762 mm): (a)
rectangular slot; (b) rectangular slot with via hole.

issue of impedance matching. In fact, the small number of
cells employed prevents the tapering of the cells to achieve a
good input matching.

To tackle this problem, the example of a slotted dielectric-
filled rectangular waveguide is considered. Section II first
shows the limitation of simple rectangular slots periodically
etched in the waveguide in large unit cells. A new unit-cell is
therefore proposed that exhibits sufficient degrees of freedom
to control the leakage while maintaining a constant Bloch
impedance over the frequency range of interest. Section III
uses this improved unit-cell in the design of a LWA operating
at 28 GHz and discusses its performance. AoA estimation
using the multibeam LWA is assessed in simulation in Sec-
tion IV using a frequency-domain MUSIC implementation.
Conclusions of this work are drawn in Section V.

II. UNIT-CELL ANALYSIS

The antennas under analysis are dielectric-filled rectangular
waveguides with rectangular slots periodically etched on their
top plate in the transversal E plane (Figs. 1(a)-(b)). Practical
millimeter-wave applications could require the implementa-
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Fig. 2: Dispersive analyses of the rectangular-slot unit cell
(ws = 0.75 mm). (a) Real part of the normalized Bloch
impedance. (b) Normalized attenuation constant.

tion of substrate-integrated waveguides or gap waveguides to
facilitate the fabrication and/or to reduce losses. However in
this work, a perfect metallic waveguide is assumed since the
leakage mechanisms discussed here are largely independent
on the choice of the technology.

Two structures are considered. A first unit cell (Fig. 1(a))
has rectangular slots of length [, along the E plane and width
w, along the H plane, and spatial period p. In the second
structure, a vertical metallic via is added in the middle of each
slot topped with a metallic disc (Fig. 1(b)). In this section
lossless cells are studied, while losses are introduced in the
final design in following sections. The width and the height
of the waveguide are set to w = 3.5 mm and h = 0.762 mm,
respectively, and are fixed throughout this paper.

The complex propagation constant k¥ = [ — ja and the
Bloch impedance Zyjocn Of these structures are computed as
a function of the frequency. On one hand, the propagation
constant describes the phase progression () and the decay
due to radiation (a) of the wave propagating inside the
waveguide. The value of a should allow for a progressive
leakage along the waveguide: an « too large prevents a
uniform illumination of the entire line, while an « too small

is related to an inefficient radiation [8]. On the other hand,
the Bloch impedance [9] should be close to the impedance of
the uniform waveguide in order to optimize the matching in
the absence of an input tapering, not practical here since the
truncated antenna includes few cells due to its large period.
The S parameters of the unit cell are here used to obtain the
complex wavenumber and the Bloch impedance of the leaky
wave propagating in the waveguide [9]. Even if the multicell
coupling is not taken into account [10], the results are expected
to be sufficiently accurate to discuss the differences between
the unit cells proposed.

The structure in Fig. 1(a) is first analysed. In Fig. 2(a) the
real part of the normalized Bloch impedance Zpjocn/Zo Vs.
frequency is shown (Zy being the impedance at the access
ports) with different geometrical parameters of the slot. It
is clear that, being always far from one, the line would be
strongly mismatched unless a suitable tapering is introduced
at both ports. In Figure 2(b) the normalized attenuation
constant a/ko vs. frequency is shown (ko being the vacuum
wavenumber) with the same geometrical parameters as in Fig.
2. Frequency intervals with rather high o can be observed
(where an efficient illumination of the entire structure is not
possible as the wave is in a stop-band regime rather than of
a leaky regime) and frequency intervals with very small «
(where the radiation does not occur since the slots are not
radiating efficiently).

In order to overcome these issues, a vertical metallic via is
added inside each slot (Fig. 1(b)) in order to compensate the
capacitive effect of slots with an inductive element. In Fig. 3(a)
the real part of the normalized Bloch impedance Zgjoch/Zo
can be now tuned much closer to one by acting on the size
of the slot once the via dimension is fixed (dy;, = 0.8 mm
and dg;sc = 1.4mm). This considerably improves the input
matching of the line and consequently its radiation efficiency.
In Figure 3(b), the normalized attenuation constant «/kq has a
more uniform behaviour with values allowing a more uniform
illumination of the structure. Note that the resonances visible
as small ripples in these figures are open stop-bands of the
periodic line and could be suppressed by suitably optimizing
the geometry of the unit cell, but this is not discussed here for
the sake of brevity.

III. ANTENNA DESIGN

Based on the previous discussion, a LWA is designed and
composed of six unit-cells with vias. The design parameters
have been optimized and are given in Table I. Since the
structure is composed of a small number of unit-cells, the
design parameters differ from section II where an infinite
number of unit-cells was assumed. The waveguide is filled
with Rogers RT Duroid 6002 (thickness A = 0.762 mm) and
its overall length is 18.78 cm. The LWA is simulated with
Ansys HFSS.

Fig. 4 shows the magnitude of the S parameters of the
antenna. The magnitude of the Si; confirms that a good
matching is obtained in the entire band 26-29 GHz apart a
small mismatch around 28 GHz. The magnitude of the lossless
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Fig. 3: Dispersive analyses of the rectangular slot unit-cell
with vertical via. Parameters: [, = 2 mm and w, = 2.4 mm
(blue lines), Iy = 2.35 mm and wy, = 1.75 mm (red lines),
ls = 2.7 mm and ws = 1.5 mm (yellow lines). (a) Real part of
the normalized Bloch impedance. (b) Normalized attenuation
constant.

TABLE I: 6-unit-cells LWA Design Parameters
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Fig. 4: S-parameters of the LWA composed of 6 unit-cells as
shown in Fig. 1(b) with dimensions given in Table I.
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Fig. 5: Radiation pattern of the lossless 6-unit-cell LWA .

modulated using a multicarrier scheme such as OFDM. Further
assuming that signals on each subcarrier are identical, it is
then possible, under narrow-band approximation, to construct
a frequency-domain system model similar to spatially-sampled
MUSIC to express the received signal due to D plane waves
impinging on the LWA, here in one angular plane only:

294 | 0.0012 | 31.3mm | 3mm | 2.3mm | 0.8mm | 1.7mm

So1 shows that the power has leaked into free space before
reaching the output port as desired. The presence of losses re-
duced the power reaching the second port by about 5 dB, thus
lowering of the same amount the radiated power. The radiation
pattern is shown in Fig. 5. The expected multiple beams are
consistent with the visible harmonics defined by the period
and the phase constant of the leaky wave (not shown here for
brevity). Each radiating harmonic has a different amplitude,
which leads to radiated beams having different amplitudes.
The typical frequency scanning of LWAs is observable when
varying the frequency 26 to 28 GHz.

IV. AOA ESTIMATION RESULTS
A. MUSIC system model

The AoA estimation of D received signals is performed
using MUSIC algorithm. The D sources are considered to be

x1[n]

aq (91)

ai1(fp)

S1

]
P+

z1[n]

.’I?M[TL} aM(Hl) aM(GD) SD[TL] Z]\/[[n]l
with x € CM*1 the received data vector, A € CM*D,
the LWA response matrix, s € CP*1 the source vector,
z € CM*! a complex Additive White Gaussian Noise
(AWGN) vector with uncorrelated components, and n = 1,
.., N is the OFDM symbol index (i.e., the nth snapshot
among N). M is the number of frequency samples, i.e.,
number of OFDM subcarriers, as opposed to the number of
single antenna elements in a more traditional spatially-sampled
MUSIC approach. Each column of A represents the LWA
response of an incoming plane wave whose AoA is 0,1, p
and is given by the HFSS simulations shown in previous
section.

From the system model in (1), an estimation of the covari-

ance matrix of the received signal x can be calculated, from



which the MUSIC pseudo spectrum is determined. Further-
more, the standard deviation of the MUSIC estimator can be
derived as in [7], [11].

B. Results and performance

Unless stated otherwise, fo = 27 GHz (central frequency),
Ay = 2 GHz (i.e., fractional bandwidth of 7.4%), M = 201
frequency samples, N = 500 snapshots, and SNR = 10 dB.
The antenna used for AoA estimation is the LWA presented
in section III.

The MUSIC pseudo spectrum is first shown in Fig. 6 with
D = 3 uncorrelated sources. Two sets of AoAs are considered:
@AZ {91 = —320, 91 = —200, 93 = 680} and @BI {91 =
—38°, 1 = —37°, 65 = 10°}. It is first observed that in all
cases, the highest peaks correspond accurately to the AoAs.
Some lower spurious peaks exist due to the similarity exhibited
by the LWA multiple beams. With the @ set of AoA (blue
curve), the peak for 63 = 68° is less sharp, which is due
to the wide beamwidth exhibited by the LWA when scanning
towards end-fire directions. In the ®g set of AoA (red curve),
two close sources (A, and 65) are successfully distinguished
in the pseudo spectrum. Their 1°-angular distance is less than
the 4.1°-half-power beamwidth of the LWA in this angular
region. When the operating bandwidth is decreased to 1 GHz
(A f/ fo = 3.7%, black curve), the AoAs are still successfully
identified but the spurious peaks level increases. Increasing
the SNR and/or the number of snapshots decreases the level
of those spurious peaks (not shown here).
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Fig. 6: Normalized MUSIC pseudo-spectrum (SNR = 10 dB,
M =201, N = 500.

The standard deviation is shown in Fig. 7 as a function of
the AoA of a single source. Performance are compared with
A/2-spaced-antenna arrays. It is shown that when M = 201
frequency samples are used, the performance of the LWA
is mostly similar to that of a 4-antenna array. As expected,
when the number of samples increases, the standard devia-
tion decreases. Increasing M with the LWA corresponds to
increasing the number of frequency samples, that is the number
of subcarriers, which comes at practically no additional cost.
However, increasing M with an antenna array translates in

—LWA MUSIC: M = 201
—LWA MUSIC: M = 402
—LWA MUSIC: M = 804
100k oMUSIC 4-antenna array 97
D +MUSIC 20-antenna array &
*MUSIC 36-antenna array o

-90 -60 -30 0 30 60 90

Fig. 7: Standard deviation in [°] (SNR = 10 dB, N = 500,
fo =27 GHz, Ay =2 GHz.

increasing the number of antenna elements. Therefore, it is
shown that an AoA estimation with the proposed scheme using
a single LWA, can exhibit performance in terms of standard
deviation similar to that of a 20-antenna and 36-antenna array
when M = 402 and M = 804 respectively. It is to be noted
that the LWA performance tends to decrease faster than those
of the antenna array as the AoA approaches angles close to
+90°. However, this is related to the fact that the antenna
array simulation considers perfect isotropic antennas as single
elements, and therefore does not take into account the gain
decay typically observed toward end-fire directions.

V. CONCLUSION

This paper introduces the design of a multibeam leaky-wave
antenna (LWA) to perform angle-of-arrival (AoA) estimation
thanks to frequency beam scanning in the 28 GHz band.
Multibeam operation enables scanning a wide angular range
with a limited frequency bandwidth. Multiple radiating beams
are achieved thanks to several fast spatial harmonics in a
dielectric-filled rectangular waveguide etched with periodic
slots. The large spatial period required for multibeam oper-
ation leads to leakage constant values too small to reach a
decent radiation efficiency with finite-size LWA. This issue
is overcome by the introduction of a new unit-cell composed
of a rectangular slot and a vertical metallic via. A 6-unit-cell
multibeam LWA is designed and numerical simulations show
that, combined with a frequency-domain MUSIC processing,
it can estimate AoAs over the entire 180° angular range with
no ambiguity among the multiple beams using a fractional
bandwidth as low as 3.7%. This approach is promising in order
to perform real-time AoA estimation with a low-complexity
system using bandwidths compatible with wireless communi-
cation standards.
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