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Abstract

This paper addresses the problem of angle-of-arrival (AoA)
estimation with leaky-wave antennas (LWA), specifically,
the necessity to operate over large bandwidth to cover a
large field of view. By designing the LWA so that multiple
space harmonics contribute to the radiation, a multi-beam
operation is achieved that allows covering a large angular
range using a limited fractional bandwidth. The MUSIC
algorithm is then used in order to estimate AoA without
ambiguity among the multiple beams. As an example, sim-
ulation results show it is possible to estimate AoA over a
180◦ angular range with a 1.92% bandwidth.

1 Introduction

Angle-of-arrival (AoA) estimation is a key feature in lo-
calization systems and channel modeling. Typically, AoA
can be estimated using an antenna array and signal pro-
cessing such as MUSIC algorithm. At the same time,
there is a growing interest in the millimeter-wave band for
wireless communications. However, at such frequencies,
the free space attenuation being severe, an array gain is
often required before analog-to-digital conversion, which
full-digital array architectures do not benefit from. This
can be achieved by sequentially rotating a directional an-
tenna, from which a beamspace MUSIC model can be con-
structed [1]. The issue with this approach is the scanning
duration. Phased arrays offer a much faster electronic beam
scanning, at the expense of cost and complexity [2]. An al-
ternative is to use leaky-wave antennas (LWA) that naturally
exhibit directional properties while having a main beam that
scans the angular space with frequency. This enables hav-
ing a single-port antenna while benefiting from a large gain,
similarly to analog phased arrays except at reduced cost and
complexity.

LWAs typically require a large bandwidth to scan a large
angular range, i.e., field of view (FoV). Some ways around
have been proposed such as using several LWAs [3] [4] or
reconfigurable LWA [5], thereby increasing the cost and
complexity of the system. This paper proposes to use the
radiation of multiple space harmonics in order to scan the
FoV with a reduced bandwidth. It is found that MUSIC

algorithm can efficiently distinguish sources with different
AoA without ambiguity even though the LWA exhibits mul-
tiple beams at the same frequency. A system analysis is
conducted in order to highlight the benefits of LWA-based
AoA estimation and guidelines are given for optimal an-
tenna design. Section 2 discusses the LWA while section
3 introduces the MUSIC system model. Simulation results
are shown in section 4 and the conclusion is drawn in sec-
tion 5.

2 Antenna model

2.1 Background

LWA supports the propagation of a complex guided wave
that leaks out of a waveguide into free space. Let us assume
a 1D unidirectional periodically modulated LWA leaking
through its upper face as depicted in Figure 1. Considering
a Floquet mode expansion, the longitudinal wavenumber
inside the guiding structure associated with the nth space
harmonic is given by:

kn
z = β

n− jα (1)

where α is the attenuation constant accounting for the leak-
age as well as the losses and β n = β 0 +2πn/p with β 0 the
phase constant of the fundamental guided mode and p the
spatial period of the modulation. A leaky radiation occurs
whenever −k0 < β n < k0 at a direction given by:

θ
n
0 = sin−1 β n

k0
(2)

when β � α and k0 = 2π f/c is the free space wavenum-
ber with c the light velocity. The fact that θ n

0 typically de-
pends on the frequency is used in this paper for AoA esti-
mation. However, to scan the entire FoV θ ∈ [−π/2 : π/2],
β n should span values ranging from [−k0 : k0], which typ-
ically requires large bandwidth, depending on how fast β n

varies with frequency. Among the fastest scanning LWA to
author’s bestknowledge, one can cite the work in [6] where
a scanning range from −78◦ to 46.5◦ with a 24% band-
width (12.25-15.6 GHz) and 30 to 40% total efficiency has
been achieved using the n = −1 space harmonic radiation.
In order to scan the entire FoV with a narrower bandwidth,
this paper investigates the use of multiple radiating space
harmonics, thereby leading to multi-beam LWA.



Figure 1. Leaky-wave antenna (input port on the left,
matched-load on the right).

2.2 Dispersion analysis and antenna design

Considering a LWA based on a partially open dielectric-
filled rectangular waveguide with a periodic modulation
small enough not to disturb its operating fundamental
mode:

β
0 = k0

√
εr

√
1− ( fc/ f )2 (3)

fc =
c

2a
√

εr
(4)

with εr and a the relative permittivity and the width of the
waveguide respectively. The waveguide width is chosen
such that the minimum operating frequency is fmin = fc+δ ,
where δ ensures working far enough from the cutoff fre-
quency fc to avoid severe attenuation in the waveguide. The
spatial period p is chosen to ensure angular scanning conti-
nuity between the radiation due to each space harmonic:

θ = sin−1 β n( fmax)

k0( fmax)
≥ sin−1 β n+1( fmin)

k0( fmin)
(5)

where fmax is the maximum operating frequency. To meet
the condition in equation 5, the period p should satisfy:

p≥ c [1+ncont(1− fmin/ fmax)]

fmin
√

εr

[√
1− ( fc/ fmax)2−

√
1− ( fc/ fmin)2

] (6)

where ncont is the order at which the angular continuity is set
between beams due to n and n+1 harmonics. Its choice is
discussed in section 4. The order of the harmonic radiating
at backward end-fire is given by:

nback =−
⌊

p fmax/c
(

1+
√

εr

√
1+( fc/ fmax)2

)⌋
(7)

where b·c is the floor function. The order of the harmonic
radiating at forward end-fire is given by:

n f orw =

⌊
p fmin/c

(
1−
√

εr

√
1+( fc/ fmin)2

)⌋
(8)

2.3 Antenna radiation model

In this paper, the radiation of the LWA is approximated
with the array factor of a magnetic current line source in

free space whose distribution is in the form of a travel-
ing wave [7], here extended to Floquet waves, assuming
a periodicity along the line. Assuming all harmonics to be
equally excited, an antenna response vector is therefore ob-
tained for the MUSIC system model of the next section as:1

a(θ)= l
n f orw

∑
n=nback

{
e− j(kn

z−k0 sinθ)l/2sinc
[
(kn

z −k0 sinθ)l/2
]}
(9)

with l the LWA length, a(θ), kn
z , and k0 ∈ CM×1, and M is

the number of frequency samples between fmin and fmax.

3 System Model

The problem considered is the AoA estimation of D re-
ceived signals that are supposed to be modulated using a
multicarrier scheme such as orthogonal frequency-division
multiplexing (OFDM). Further assuming that signals on
each subcarrier are identical, it is then possible, under
narrow-band approximation, to construct a system model
similar to spatially-sampled MUSIC to express the received
signal due to D plane waves impinging on a LWA in a one-
dimensional space as: x1[n]

...
xM[n]

=

a1(θ1) . . . a1(θD)
...

. . .
...

aM(θ1) . . . aM(θD)

 .
s1[n]

...
sD[n]

+
 z1[n]

...
zM[n]


(10)

with x ∈ CM×1, the received data vector, A ∈ CM×D, the
LWA response matrix, s ∈ CD×1, the source vector, z ∈
CM×1, a complex Additive White Gaussian Noise (AWGN)
vector with uncorrelated components, and n = 1, . . . , N is
the symbol index (i.e., the nth snapshot among N). Here,
equation 10 is a frequency model where M is the number
of frequency samples, i.e., number of OFDM subcarriers.
Each column of A represents the LWA response of an in-
coming plane wave whose AoA is θi=1,...,D and is given by
equation 9.

Assuming M > D, N large and always greater than M, and
the incoming planes wave not fully correlated, the variance
of the ith source AoA estimation can be written as [8]:

Var(θ̂i) =
σ2

2N.h(θi)

{
[P−1]ii +σ

2 [P−1(A∗A)−1P−1]
ii

}
(11)

where

h(θi) = d∗(θi)
[
I−A(A∗A)−1A∗

]
d(θi) (12)

P = E [x[n]x∗[n]] (13)

and (·)∗ denotes the conjugate transpose, [·]ii the ith diago-
nal element of the related matrix, E [·] the expectation op-
erator, d(θi) = ∂a(θ)/∂θ |θi , σ2 is the average noise power
per frequency sample.

1the actual LWA pattern depends on the antenna geometry and polar-
ization, and typically exhibits a gain that vanishes towards end-fire.



4 Simulation results

Unless stated otherwise, εr = 2.9, l = 20 cm, f0 = 26 GHz
(central frequency), ∆ f = 2 GHz (bandwidth), δ = 0.2 GHz
which sets a = 3.6 mm. The attenuation constant is chosen
as α/k0 = 0.01.

4.1 Dispersion and radiation pattern of LWA

As a first example, ncont in equation 6 is equal to n f orw−1
to satisfy equation 5 for all radiating n. Since n f orw in turns
depends on p, an iterative approach is conducted to find
n f orw = 1 and p = 2.62 cm, which sets nback = −3. The
obtained dispersion diagram is shown in Figure 2 and the
corresponding normalised radiation pattern for a few se-
lected frequencies in Figure 3. In the 25-27 GHz frequency
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Figure 2. Dispersion diagram.

-90 -60 -30 0 30 60 90

 [°]

-25

-20

-15

-10

-5

0

R
a

d
ia

ti
o

n
 p

a
tt
e

rn
 [

d
B

]

f
min     

 = 25GHz

f
 back.

endfire
 = 25.36GHz

f
 forw.

endfire
 = 26.29GHz

f
max     

 = 27GHz

42.2°

Figure 3. Normalised radiation patterns.

range, it can be observed that a total of n f orw−nback+1= 5
space harmonics (including fundamental mode) lie in the
light cone and are therefore responsible for far field radi-
ation. The beam scanning angular continuity can be seen
in Figure 3 where the beam due to the fundamental mode
(n = 0) at 27 GHz is in the same direction (θ = 42.2◦) than
the beam of the n = 1 space harmonic at 25 GHz. Regard-
ing the other beams due to lower-order harmonics, there is
an angular overlapping in the scanning: the nth harmonic
radiates further (towards positive θ ) at 27 GHz than the
n + 1th at 25 GHz. In other words, some directions are
covered by more than just one frequency. While this effect
is analysed in the next section in terms of AoA estimation,
it is also important to note that this has an influence on the

antenna design. If ncont in equation 6 is chosen such as
ncont < n f orw−1, beams due to lower order harmonics will
overlap but not those due to higher ones. So on one hand,
there might be some angular ranges with less visibility (de-
pending on the beamwidth) but on the other hand, choos-
ing lower value of n in equation 6 decreases the value of
the spatial period p, which can ease the practical antenna
design. Indeed, having large p value, thereby a fewer num-
ber of periods along the antenna length, is not desirable.
Radiating a sufficient amount of the traveling wave power
will imply a larger modulation index, which in turn typi-
cally complicates the impedance matching of the structure.
Another solution is to increase the antenna length at the ex-
pense of a reduced radiation efficiency due to dielectric and
ohmic losses potentially large at millimeter-waves.

To investigate parameters that influence the value of p, Fig-
ure 4 shows its variation as a function of fractional band-
width for two different dielectric constants. Furthermore,
the continuity condition in equation 5 is satisfied in one case
for all space harmonics by choosing ncont = n f orw−1 (like
in Figures 2 and 3) and in the other case, for ncont = nback.
This latter condition means that there is an angular continu-
ity between beams due to nback and nback +1 harmonics but
there is no overlapping between beams due to higher ones.
It is seen that the larger the bandwidth and/or the greater
the permittivity, the smaller the required p value. Further-
more, choosing ncont = nback allows for lower p value, espe-
cially when the the permittivity is low. Results in Figure 4
also show that a few-percent fractional bandwidth is suffi-
cient for a multibeam LWA to cover the entire [−π/2 : π/2]
FoV. However, it is to be noted that the LWA should be long
enough to allow a modulation over enough spatial periods,
which might not be practical for very narrow bandwidth and
low permittivity.
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Figure 4. Required spatial period p to cover the [−π/2 :
π/2] FoV as a function of system and antenna parameters.

4.2 MUSIC performance

The MUSIC performance analysis conducted in this section
considers M = 100, N = 200, ∆ f = 1 GHz (3.85%). The
signal-to-noise ratio (SNR) is defined as [P]ii/σ2 = 0 dB.
The standard deviation obtained with equation 11 is shown
in Figure 5 when D = 1 (single source). LWA-based re-
sults are compared with those obtained from conventional
space MUSIC using a λ/2-spaced-antenna array. It can be
observed with the red curves, that a LWA with εr = 2.9



and ncont = n f orw − 1 achieves roughly the same perfor-
mance than a 26-element array. While ncont = nback may
ease the actual design of the LWA (blue curve), it increases
the standard deviation, especially where there is no angular
continuity. When εr gets larger (black curve), the perfor-
mance gets lower. This is due to the fact that the number
of beams to cover the FoV is lower (n f orw− nback + 1 = 7
when εr = 2.9 and n f orw− nback + 1 = 5 when εr = 9.8),
each of them scanning more rapidly with the frequency.
When M increases to 150 frequency samples (dotted purple
curve), the LWA performs like a 30-antenna array (purple
curve). It is to be noted that M can be more easily large with
LWA (e.g., by decreasing subcarrier spacing in an OFDM
scheme) than with conventional array-based MUSIC (i.e.,
increasing the number of antennas).
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4.3 MUSIC Pseudo-spectrum

An example of MUSIC pseudo-spectrum is shown in Fig-
ure 6 for SNR = 15 dB and ∆ f = 0.5 GHz. D = 3 sources
are considered at AoA = [−20◦, 24◦, 25◦]. It can be ob-
served that the three sources AoA are well estimated and
that the system is able to resolve the two close sources at
24◦ and 25◦ (the LWA -3-dB-beamwidth is about 3◦ at these
angles). A gap of 10 dB is observed between the spurious
peaks and the highest one. It has been empirically observed
that this gap level increases with ∆ f . It does also increase
with εr at the expense of resolvability (larger N values are
then necessary to distinguish 24◦ from 25◦ AoA).
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Figure 6. Normalized MUSIC pseudo-spectrum (SNR =
15 dB, M = 100, N = 200, ∆ f = 0.5 GHz (1.92%).

5 Conclusion

The use of multiple space harmonics in LWA to provide a
fast angular scanning is assessed. It is shown that AoA esti-
mation over a large angular range using MUSIC algorithm
can be done with a fractional bandwidth as low as a few per-
cents, depending on the antenna technological constraints.
This approach reduces system complexity and cost, espe-
cially at millimeter-wave, as only one RF chain is required
to perform a fast scanning.
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