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Abstract—Radio-frequency source localization becomes a major challenge for many applications such
as beam-steering or MIMO communication. This task is commonly carried out by taking advantage
of the adjustable radiation patterns of phased arrays to scan an area. Nevertheless, it can be difficult
and expensive to implement in some frequency bands of the last generation of communication systems.
Here, we propose an alternative based on a single port compact metamaterial antenna. We use a finite
periodic array of sub-wavelength (λ/6) resonators for the design of this antenna. A microstrip line is
added to excite the resonator array etched on a grounded low-loss substrate and to use it as a planar
antenna. In such an antenna system, the coupling between sub-wavelength resonators is able to induce
a strong dispersion and leads to several complex radiation patterns over a specific narrow frequency
band. We implement numerical methods to estimate the direction of a target antenna by taking benefits
of the complex frequency signatures. We experimentally demonstrate that a single port sub-wavelength
antenna made of a finite array of metamaterial resonators is able to retrieve the direction of a narrow
band (3.6% relative bandwidth) emitting target around 5.5GHz with a maximum precision of 3◦. Such
a compact planar system (λ/3, λ/2 and 2λ/3) can be used to substitute the phased array localization
technique in order to provide the necessary angular information in many applications such as mm-Wave
communication and can be extended to high frequency regimes by using the corresponding resonators.

1. INTRODUCTION

Since the beginning of the 20th century, the localization of radio-sources is a major research domain
for navigation, tracking, or monitoring services for military or civil purposes. Nowadays, for most of
outdoor applications, localization is based on the time-of-flight measurements between a constellation
of satellites and a receiving device (GPS, Galileo, GLONASS and Beidou). However, this solution is
inoperative for indoor localization [1].

Indoor localization systems are principally based on a network of independent, decentralized
antennas. These systems use the signal strength indicator as the basis for an approximate localization
of an RF source [2].

For a better accuracy, one can use an antenna array and perform the beamforming of the signals
received by each antenna. With the introduction of the fifth generation (5G) technology standard for
cellular networks, these devices are now commonly used for massive MIMO (multiple-input-multiple-
output) communications. Indeed MIMO antennas are also able to achieve, indoor and outdoor, high
accuracy localization [3, 4]. For instance, massive MIMO has been employed to locate multiple users
based on a fingerprinting localization in [5]. A massive MIMO-like system has also been proposed for
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simultaneous localization and mapping [3, 6]. Recently, MIMO mm-Wave localization in applications
related to assisted living and location awareness has been considered in Ref. [7].

Angular localization is enough to reach the optimal system capacity in the majority of radio
communication scenarios. For instance, this angular information is sufficient for a base station to
focus energy toward a terminal in a line-of-sight scenario. Actually, this task can be achieved by MIMO
antennas as explained previously. However, arrays imply that every antenna has its own RF chain [1, 8],
and all of them are perfectly synchronized. Such MIMO systems have several disadvantages such as
high cost, high-power consumption, and may require intensive computing algorithms [9]. Besides, the
space limitation in the new generation communication systems makes the fulfillment of a high isolation
between the radiators a tough challenge [10]. Various decoupling methods have been proposed and have
shown the roughness of such task [11–14].

We have recently presented a metamaterial based antenna that is able to retrieve the angular
position of a potential RF emitter [15]. The designed antenna achieves the desired angular localization
thanks to the backfire-to-endfire radiation patterns using a dominant mode leaky-wave antenna proposed
in Ref. [16]. Nevertheless, the proposed single port localizing system is only efficient when targeting wide
band RF sources. Besides, the longitudinal dimension of the designed antenna is about two wavelengths
and can be considered relatively bulky to be inserted in current mobile devices.

It has been shown in the last decades that sub-wavelength metamaterial resonators can intensely
interact with the electric and magnetic fields [17–21]. These artificial electromagnetic structures have
been proposed in various applications related to antenna systems in the last decades. For instance,
it has been shown that specific properties of metallic composite material can modify the emission of
an embedded source [22]. In particular, we have shown that metamaterials can generate a directive
emission of electromagnetic sources [23]. Recently, metamaterials have been used for on-chip antennas
applicable in THz integrated circuits [24] and for for microwave imaging systems to tumor detection [25].

In an array of periodic sub-wavelength resonators, the coupling between cells is able to induce a
strong dispersion of surface waves around the main resonant frequency. We have recently shown that
an array of coupled split ring resonators (SRRs) shows many resonances over a specific frequency band
at which the structure efficiently emits far-field radiation [26, 27]. In particular, even if the array is
small compared to the wavelength, the structure is able to radiate complex patterns such as dipolar and
quadrupolar. We have used such metamaterial arrays to design a multi-band and multi-pattern smart
antenna [28] and to perform sub-wavelength far field magnetic imaging [29, 30]. Here, we propose to
take benefits of the complex radiation patterns of metamaterial arrays in order to achieve the angular
localization of electromagnetic emitters. The idea is to reduce the consuming task of localization, usually
performed by phased arrays, to a straightforward narrow band frequency analysis of a signal received
by a single compact antenna.

2. DESIGN OF UNIT CELL

The geometry of one unit cell that composes our metasurface shown in Fig. 1(a) is chosen because
of its compactness. It is referred as an electric-LC (ELC) resonator and has been first introduced
in [31]. Such metamaterial resonators, also called 2LC or L2C resonators, are suitable for implementing
high impedance walls or specific media with desired positive or negative permittivity in one to three
dimensions [31, 32]. Because of its geometry, it can be modeled as 2 inductors (L) and one capacitor
(C) in parallel (see Fig. 1(b)).

The ELC resonator is simulated using a full-wave commercial software (CST Studio). The resonator
is on the top of a 1.6mm-thick grounded Duroid substrate and is designed to show a fundamental
resonant frequency around 5.2GHz. The band structure of a periodic surface made of ELC resonators
is shown in Fig. 1(c). It is calculated for the transverse electric (TE) configuration where the electric
field is parallel to the resonator. The lowest frequency band linked to the fundamental mode of the
unit-cell lies between 4.9GHz and 5.4GHz. Within this frequency range, the lateral size of one unit cell
is about a sixth of the free space wavelength. The surface current distribution of the fundamental mode
of the unit cell shown in Fig. 1(d) confirms that this last mainly acts as an electrical dipole because the
2 magnetic dipoles are in opposite directions and cancel each other.
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Figure 1. (a) ELC unit-cell geometry with electric and magnetic moments. (b) Equivalent circuit of
the unit cell. (c) Simulated current distribution. (d) Band structure.

3. FINITE PERIODIC ARRAY

In order to obtain a unique angular and frequency signature on the radiated field over a specific frequency
band, we propose to design a planar antenna based on a finite periodic array of ELC resonators. Fig. 2(a)
shows the schematic view of the designed planar antenna. The resonators are arranged in a square lattice
with a 9mm period. To excite the proposed metamaterial array and use it as a planar antenna, we have
etched a 50-Ohm microstrip line placed at 0.8mm height of the dielectric substrate.

This microstrip line ends below the first cell placed at the array corner in order to excite the
maximum modes of the structure through an electromagnetic coupling mechanism. This feeding system
has been optimized in the simulation calculation and in the experimental designs to obtain the best
return losses. As predicted (e.g., [26]) for such a finite array of metamaterial resonators, we obtain a set
of discrete modes. Each mode is characterized by its resonance angular frequency ωn and its dumping
factor ζn. As a consequence, the electric field radiated at position ρ can be expressed as a superposition
of the radiation by each mode

E(ρ) =
∑
q

aq

∑
i p

q
i

←→
G (ρ, ri;ωn)x̂

ω2 − jζnωωq + ω2
q

(1)

where pqi corresponds to the modal amplitude on the i-th resonator (at position ri) of the q-th mode.
The complex number aq depicts the coupling coefficient between the feed and the array of resonators.

The 3 by 3 matrix
←→
G is the far field dyadic Green’s function that is given by

←→
G (ρ, ri;ωn)x̂ =

k2n
ϵ0
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e−jk0∥ρ−ri∥

4π ∥ρ− ri∥
, (2)

where kn = ωn/c0 and ρ̂ = ρ∥ρ∥.
Because the term

∑
i p

q
i

←→
G (ρ, ri;ωn)x̂ is different for different probing directions, i.e., ρ̂, the

frequency signature of E also depends on this direction.
To quantitatively assess the diversity, full-wave simulations are performed using the time-domain

solver of a commercial software (CST Studio). Fig. 2(b) shows the obtained reflection coefficient for
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Figure 2. (a) Schematic view of the single port metamaterial antenna. The inset presents the L2C
resonator unit cell. (b) The calculated reflection coefficient of the antenna. (c) Three-dimensional
radiation patterns of the antenna calculated at the first 4 resonant frequencies.

the designed 3 by 3 finite array of metamaterial resonator based antenna. One can see a cluster of
resonant frequencies between 5.1 and 5.6GHz that corresponds to the first radiation frequency band of
the structure. The radiation patterns of this metamaterial antenna calculated at the different resonant
frequencies are plotted in Fig. 2(c). As predicted by Ref. [26] for such a finite array of metamaterial
resonators, we obtain a notable radiation pattern diversity over the working band. We observe especially
some expected complex radiation patterns such as dipolar and quadrupolar patterns. Finally, it is
interesting to notice that the highest maximum gain of 4 dB is obtained for the first mode, while the
lowest maximum gain of about −2 dB is observed on the highest mode radiation patterns.

4. EXPERIMENTAL CHARACTERIZATION

For the experimental demonstration in the microwave regime, we propose to consider 3 different finite
arrays for the realization of the metamaterial antenna. The first antenna is a 2 by 2 periodic square
array; the second is a 3 by 3 array; and the last antenna is made by a 4 by 4 periodic array. An Agilent
Vector Network Analyzer (VNA) is used to measure the reflection coefficients. Fig. 3 shows these 3
different antennas and their measured reflection coefficient spectra, respectively. Despite the higher level
of loss and the slight frequency shift observed in the experiment, a cluster of resonances is obtained in
the 3 configurations as expected. One can also notice the increase of the number of resonances for the
antenna made with a higher number of resonators. Actually, the number of modes is at maximum equal
to the number of resonators [26].

We measure, with the VNA, the radiated field of the designed metamaterial antennas with respect
to the frequency using the setup shown on Fig. 4(a). We use 3 different antenna receivers to collect the
radiated signals. The first antenna is a WR-159 waveguide horn antenna showing a maximum gain of
15.4 dBi (at 6GHz). A wide-band Vivaldi antenna of a mean average gain of 7 dBi is the second antenna
receiver. The last antenna is a dipole antenna showing a maximum gain of 1.6 dBi. A comparison of the
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Figure 3. The measured reflection coefficients of the considered single port metamaterial antennas.
Insets show pictures of the considered metamaterial arrays used for the realization of the antennas.

(a) (b)

(c) (d)

Figure 4. (a) Schematic view of the angular localization scenario using a single port metamaterial
antenna receiver. The radiated spectra measured by the 3 by 3 metamaterial antenna for 3 different
antennas respectively at −45◦ (b), 0◦ (c) and 45◦ (d).
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spectra obtained with these antennas for 3 different angles of radiation is presented in Fig. 4. One can
notice the effect of the gain on the level of the measured signals. In particular, a high level of noise is
observed on the signal collected with the dipole receiver leading to a poor signal-to-noise ratio (SNR).
We can also notice the unique spectrum signature received by the metamaterial antenna for each angle.

5. ANGULAR LOCALIZATION OF RADIO-FREQUENCY SOURCES

The angular localization we propose is based on the angular and frequency diversities of the metamaterial
radiating structures. Thanks to the unique spectrum in the working band radiated at each angle, we
aim to recognize the direction of the radiation emitted by an antenna placed at the far field of the
metamaterial structure. We use the radiation pattern S0(θ, ν) (modulus of the S12 parameter) measured
between the metamaterial antenna and the waveguide horn antenna as the reference patterns where θ
is the angles between the axes of the two antennas, and ν is the frequency. This collection of radiation
patterns is called dictionary.

In order to find the most similar element of the dictionary and therefore the direction of the emitting
antenna, we compute the normalized correlation coefficients between the dictionary elements and the
response of the antenna of unknown direction. To that end we introduce the normalized dictionary
matrix. One element (Ŝ0)i,j of this matrix is the S-parameter for an incident angle θj and a frequency

νi. The normalization is such that
∑

i(Ŝ0)
2
i,j = 1. The result of the correlation is a vector C given by

C = ŜT
0 St, (3)

where St is the frequency response of the antenna of unknown direction. The index of the maximum
of C is associated with the most probable incidence angle. Correlation based methods are known to be
robust to the presence of noise.

To test the independence of the method to find the direction of other antennas, the Vivaldi and
dipole antennas have been tested with the dictionary constructed with the measurements obtained with
the waveguide horn antenna. For each antenna, 180 incident angles have been tested (between −90◦
and 90◦ with a step of 5◦). A frequency band of 500MHz with a 5MHz frequency step is used for the
correlation procedure. The considered frequency band is between 5.15 and 5.65GHz which corresponds
to 9% of relative frequency band.

The first 6 plots of Fig. 5 show the results obtained for the Vivaldi and dipole emitter antennas
by considering the 500MHz frequency bandwidth. The plots of Fig. 5, from top to bottom, correspond
to the results from the 2 by 2 to the 4-by-4-metamaterial antenna receivers for E-plane radiation. We
first notice that the incident angle of the Vivaldi antenna is globally recovered with the 3 considered
metamaterial configurations. Furthermore, an enhancement of the precision is observed by increasing
the number of resonators in the metamaterial array, especially for the large angles. The best 5%
precision is observed for all the angles with the largest metamaterial receiver made by an array of 4 by
4 sub-wavelength resonators. This result can be explained by the highest radiation diversity generated
by the largest metamaterial array. In such a case, the data carefully fit the dictionary elements. This is
not the case for the dipole antenna for all the 3 configurations. Because of the low gain, the correlation
algorithm fails to recover the incident angles, especially the large ones. This is due to the bad signal
to noise ratio that induces some fluctuations on the measured signals. Nevertheless, the enhancement
of the precision by increasing the number of resonators in the metamaterial array is still observable in
this configuration. A precision of 5% is attained thereby for angles between −60◦ and 60◦ by using the
largest metamaterial array.

In the transition to the new generations of communication systems, 5G and shortly 6G, broad
bandwidths are expected at higher frequencies in order to increase the data rates. Nevertheless, the
future communication systems will be a combination of sub-6GHz, mm-wave bands and THz bands
operating with a diversity of relative frequency bandwidths. While the 9% of a relative frequency band
used here for our localization procedure can be considered realistic for some communication systems,
and smaller relative frequency bandwidths could be appropriate in other scenarios.

Thereafter, we propose to experiment our procedure of localization using a smaller frequency
bandwidth. The implemented correlation algorithm is then limited to a frequency band of 200MHz
which corresponds to a relative frequency band of 3.6% at 5.5GHz. Moreover, in order to take benefits
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of the maximum of complex radiation patterns of the highest efficient modes, we perform the localization
analysis process between 5.4 and 5.6GHz for all the configurations.

The last 6 plots of Fig. 5 present the E-plane results obtained for the Vivaldi and dipole emitter
targets by using a 200MHz frequency bandwidth for the detection process. One can notice clearly
a global loss on the detection precision for all the experimented configurations due to the bandwidth
decrease. Nevertheless, for the Vivaldi target (plots at the left), the localization process still provides
exploitable results with the 3 by 3 metamaterial array and even good results when using the metamaterial
antenna receiver made by the largest array of 4 by 4 resonators. However, for the dipole antenna emitter
(plots at the right), the localization algorithm fails to recover the dipole position for the largest part of
the angles when the metamaterial antenna receiver is 2 by 2 or 3 by 3 resonator arrays. The fluctuations
induced by the low received signal level substantially reduces the probability to recover the target in
these configurations. Nevertheless, a slight enhancement of the results is observed when the largest
metamaterial array is used.

The results presented in Fig. 5 are obtained in the E-plane configuration. Similar results and
conclusions are observed for the H-plane measurements. A summary of all the achieved detection
performances in E-plane is given in Table 1. It shows the standard deviation between the incident
angle and the estimated one. We notice that when a narrow frequency band is considered, the proposed
correlation based method fails to provide a good estimation of the target direction in the case of the
dipole emitter. For this reason we test a second algorithm based on spectral equalization. To that end,
first we perform the singular decomposition of the dictionary matrix, i.e.,

Ŝ0 = USVH . (4)

(a)

(b)

(c)

(d)

(e)

(f)
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(j)
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(l)

Figure 5. Detection angle maps calculated by the correlation algorithm using 500MHz and 200MHz
frequency bandwidth. The vertical axis corresponds to the real angle of incidence (α) and the horizontal
axis to tested angle (θ). The magenta dots show the maximum value (most likely angle). The color
maps (a), (b), (c), (g), (h) and (i) are obtained for the Vivaldi antenna by using different dimension
sizes of the metamaterial antenna receiver. Maps (d), (e), (f), (j), (k) and (l) are for the dipole antenna
with the 3 different receivers.
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Table 1. Standard deviations of the detected angles for the 3 different antennas and for the 2-detection
processing.

2× 2 metamaterial array Vivaldi Dipole

500MHz 5.5◦ 10.1◦

200MHz 7.9◦ 42◦

3× 3 metamaterial array

500MHz 3.4◦ 9.7◦

200MHz 4.4◦ 10.2◦

4× 4 metamaterial array

500MHz 2.7◦ 5.6◦

200MHz 3◦ 8.5◦

We then construct an equalized matrix such as

Ŝeq = UVH . (5)

The matching vector is then given as for the correlation by ŜT
eqSt.

Figures 6(a) and (b) present the results obtained for the estimated direction of the dipole emitter
using the singular value decomposition (SVD) equalization algorithm using respectively the 3 by 3 and
4 by 4 metamaterial antennas. The dictionary elements are limited to a frequency band lying between
5.4 and 5.6GHz measured by the metamaterial receivers. One can notice that globally the maximum
error on the prediction of the detected angles is reduced by using the SVD equalization algorithm. In
the case of the 3 by 3 metamaterial antenna, the standard deviation of the detected angle is reduced
to 10.2◦. The SVD algorithm achieves even a 5.9◦ of standard deviation for the 4-by-4-metamaterial
antenna. Generally, better performances can be obtained by considering enhanced algorithms for the
target detection.

(a) (b)

Figure 6. Detection angle maps calculated by the SVD algorithm using a 200MHz frequency bandwidth
for the dipole emitters using the 3 by 3 (a) and the 4 by 4 (b) metamaterial antenna receivers.
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6. CONCLUSION

We have designed compact (λ/3, λ/2 and 2λ/3) planar antennas that are able to achieve complex
radiation patterns over a narrow frequency band. Finite periodic arrays of sub-wavelength (λ/6)
metamaterial resonators have been used for the realization of these antennas. The full-wave simulation
and experimental characterization have shown that the antennas are able to generate unique angular
signatures at far field over the working frequency band. We have experimentally demonstrated that such
antennas can be used to retrieve the angular position of a potential emitter by taking benefits of the
achieved angular signatures. By using these single port sub-wavelength antennas, we have determined
the direction of a narrow band (3.6% relative bandwidth) emitting target around 5.5GHz with a
maximum precision of 3◦. This approach, based on a single port metamaterial antenna, can be used
to substitute the phased array localization technique and to provide an important angular information
about RF radiating sources. For instance, it can be used to focus energy in many applications such
as mm-Wave communication. The proposed localization technique can be extended to high frequency
regimes by using resonators dedicated to such bands.
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