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Using a 3D Metamaterial to Enhance the Surface Wave Propagation
for High Frequency Over-the-Horizon Radars: From Simulation
to Outdoor Measurements
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Abstract—This article is about the characterization of a 3D metamaterial structure arranged to
reinforce the surface wave radiation of antennas relevant to High Frequency (HF) surface wave radars.
The use of a corrugated surface with a negative equivalent permittivity placed in the vicinity of the
antenna increases the surface wave component of the radiated field. In order to confirm the anticipated
performance of that metamaterial antenna, near-field measurements have been realized. Also, an original
near far-field transformation technique, taking the surface wave into account, is applied to derive the
radiation pattern of the antenna. Measurements were first achieved at reduced scale in UHF band and
at full scale in HF band. At 1.1 GHz, they were operated on a small scale mock-up in a semi-anechoic
chamber. An electric field acquisition setup installed in an Unmanned Aerial Vehicle (UAV) is used to
characterize this antenna under outdoor conditions. This measuring system was especially designed for
this application. The obtained results are discussed and enable us to validate the expected behavior of
the antenna.

1. INTRODUCTION

Surface wave radars, which work in the HF band (between 3 and 30 MHz), have been used by ONERA
since 2007. Such radars provide an economical and attractive alternative for the early detection of
beyond-the-horizon targets. High Frequency Surface Wave Radar (HFSWR) is of particular interest for
monitoring the Exclusive Economic Zone (EEZ). These radars are based on the ability of electromagnetic
waves to propagate at the surface of the sea, allowing detections up to 215 nautical miles (400 km) [1, 2].
HFSWRs were previously integrated in the European Union research framework on Integrated Maritime
Surveillance Systems (IMSS).

Antennas that are analogous to skywave radars are used for HFSWR, but the surface wave radiation
of such antennas is limited [3]. Consequently, a study to enhance the surface wave radiation of these
antennas has been started. The research began by investigating the requirements for launching a large
surface wave. It has been demonstrated that a metamaterial with a negative permittivity would satisfy
the required condition [4]. Original simulations and measurements at 1.1 GHz have been performed and
indicate that a corrugated surface with a negative equivalent permittivity allows the presence of a larger
surface wave. A real scale HF metamaterial was then manufactured. This structure is represented in
Figure 1, and its size is: 21 x 5 x 2.5m3. It was fabricated in stainless steel. The structure is placed on
and connected to a wire mesh ground plane.
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Figure 1. 3D metamaterial designed for the HF band.

In the HF band as it will be explained later, far field measurements are difficult to perform. So,
in order to characterize the field radiated by the structure in HF band, a near electric field measuring
system embedded aboard a UAV has been developed. This original system allows to measure the near
electric field in amplitude and phase [5]. A short preview of some results presented in this paper was
previously released at the EuCAP 2021 conference in Diisseldorf [6]. A near to far-field transformation
taking into account the ground electrical parameters and the surface wave propagation is applied here [7].

In Section 2, the concept of the proposed metamaterial is detailed. In Section 3, the UHF
measuring system is depicted, and the data acquired at 1.1 GHz are displayed. In Section 4, the
full-scale experimental results on the HF metamaterial are reported and commented. Last, a conclusion
is drawn.

2. DESIGN OF THE METAMATERIAL AND FIRST VALIDATION

Figure 2 depicts the interface between two media, with the upper being air (permittivity ey and
permeability 1) and the lower being a lossy dielectric of electric conductivity ¢ and relative dielectric
permittivity e,,. With w being the angular frequency, the complex permittivity e, of medium 2 is
written as follows:

. O
8_r:6rr +J_ (1)
WeQ
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Figure 2. Interface between air (medium 1) and a lossy dielectric (medium 2).

It has been known since 2011 that an interface with negative permittivity can propagate and focus
a lone surface wave. This demonstration has been performed with a field decomposition suggested by
Kistovich [8]. To comply with the propagation requirements, it is needed to keep the relative permittivity
below ¢, = —1 and the conductivity as low as practically possible [9]. A periodic structure is employed
to construct a metamaterial with such characteristics. That type of periodic structure is used in several
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fields of operation, and their behavior has been extensively discussed in the scientific literature. The
most common designs are corrugated surfaces, mushroom-shaped surfaces, and uniplanar surfaces.

These metamaterials have a frequency band gap in which the surface wave cannot propagate. In
the bandwidth of the metamaterial, according to its geometry, the surface wave can be more or less
strong and contained at the interface [10, 11].

During a preliminary study, with the intention of investigating the viability of such a metamaterial,
the structure shown in figure (Figure 3(b)) has been fabricated. The chosen periodic structure is a
corrugated surface which is able to guide an evanescent confined wave at ground level. It is made
of a grounded dielectric slab supporting vertical parallel metallic walls [12]. The resulting periodical
structure shows a regular arrangement of unit cells whose parameters are: d the length of a pattern
which includes the thickness e of a plate, a the width of a groove between two nearby plates, and h the
height of the walls. Such a structure can be seen in Figure 3 for which the excitation source is provided
by a monopole antenna.

(a) (b)

Figure 3. (a) Geometry of the corrugated surface. (b) First metamaterial structure designed at
1.1 GHz.

It is necessary to optimize the geometrical parameters of the metamaterial to reach the desired
performances. In order to determine those parameters, the dispersion relation for Transverse Magnetic
(TM) confined waves is used under the assumption that a < d < A¢ (the freespace wavelength) and
that the length of the structure is infinite along the y-direction. It is given by [13]:

k2 — k2 = gko tan koh 2)

ko is the freespace wavenumber, and k, is the wavenumber along the z-axis. Equation (2) tends
to infinity for kg = g, (or h = A/4). As a consequence, since k., = jy = jy/k2 — k3, with k. the
wavenumber along the z-axis, an extremely confined wave can be excited. The ratio § must be as close
to 1 as possible in order to have a panel thickness e as small as possible. This condition is necessary
for the construction of the metamaterial structure. It is therefore required to modify the height A of
the panels to maximize the magnitude of «. In Figure 4, the propagation constant v is plotted as a
function of frequency for different values of h using Equation (2) and § = 1.001.

In the case of an evanescent confined wave, it has been shown that the wave number k, can also
be calculated from Equation (3) [9]:

ETT
k;:r kO 1+e, (3)
The two full lines drawn in Figure 4 correspond to the derivation of v using Equation (3) for different
values of €,,. The intersection between these lines and the three curves drawn with Equation (2) gives
the values of v according to the expected operating frequency and &;,.
In order to validate the proper functioning of the structure and the existence of an actual wave
confinement at the surface, the first validation was performed with an infrared thermography system
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Figure 4. Application of Equation (2) for different values of h and Equation (3) for different values of
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Figure 5. Measurement results obtained with EMIR technique at 1.1 GHz. (a) The monopole radiates
alone above a PEC ground plane. (b) The monopole is associated with the corrugated structure.

developed by Onera and called the EMIR field imaging [14]. The results are presented in Figure 5.
The first one corresponds to the magnitude of the vertical electric field radiated by the monopole alone
(Figure 4(a)) and the second one to the amplitude of the field radiated by the monopole associated with
the metamaterial (Figure 4(b)). We can notice that the amplitude of the electric field is greater at the
interface with the ground plane when inserting the metamaterial, and the wave is focused.

3. SMALL-SCALE MEASUREMENTS

In order to directly measure the confinement of the wave at the interface, a semi-anechoic measurement
bench operating in UHF band has been developed (Figure 6) [15]. This bench uses an electro-optic near-
field probe, EFS-105 designed by enprobe [16], mounted on motorized rails which allow the displacement
of the probe along 3 axes. Thanks to a two-port vector network analyzer, the complex transmission
coefficient Sy; is acquired. Port 1 feeds the Antenna Under Test (AUT), and port 2 is connected to the
RF output of the probe base unit.

The magnitude of the measured electric field E,, is linked to the voltage V,, at port 2 with the
probe antenna factor AF":
Bl = AF - [V, (4)

Using the antenna input power P;, and the impedance Zs of port 2, the power of the signal received
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Figure 6. UHF semi-anechoic chamber and near-field bench.

at port 2 can be determined:
Vin|?
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85

(5)

Finally taking into account the delay § brought by the optical fiber connecting the probe and the
base unit, it is possible, using Equation (6), with f the working frequency, to determine the complex

electric field E,,:

Em - AF . |521|2 PanZ . e‘](ZSQI‘f'Zﬂ'f(S)

(6)

By anticipating the necessity to reduce the load and the manufacturing costs of the HF structure,
it has been decided to lighten the structure described in Section 2. For this purpose, the panels were
opened up. The new structure, also called “open” structure and composed of three rows of 18 tabs, can

be seen in Figure 7.

Figure 7. Lighter metamaterial structure designed at 1.1 GHz.
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By measuring the field above the structure, the k, wavenumber can be determined. Using
Equation (3), the equivalent relative permittivity e, of the structure can be derived at the frequency
of 1.1 GHz. The value of the obtained permittivity is €., = —1.25, which is in agreement with the
expected value for a good confinement of the wave at the interface. As a performance indicator, the
gain in electric field amplitude is measured at a distance of 745 mm (= 2.5\) from the source. It is
calculated using Equation (7). Emetay is the electric field radiated by the monopole combined with
the structure, and F is the electric field radiated by the monopole only:

(7)

At the end of the metamaterial, a gain about 10dB is expected. In Figure 8 we can observe, from
measurement in the longitudinal direction, the gain of the structure described in Section 2 (Figure 3(b))
compared to the lighter one (Figure 7). It is plotted according to height Z in millimeter which starts
at zero at ground level. In the range of interest, i.e., at small heights, the difference between the two
structures is small enough to favor using the lighter “open” structure.
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Figure 8. Gain obtained from measurement, for full and open structures at 1.1 GHz.

4. HF BAND MEASUREMENT

4.1. Near to Far Field Transformation

The main challenge of this work is to determine the radiation pattern of antennas in HF band. There
are two major constraints in characterizing these antennas correctly. The first one is their huge size, and
the second one is the impact of their close environment on the radiated field. Both issues prevent the
use of classical characterization systems in an anechoic chamber. Also, due to the difficulty to fulfill the
Fraunhofer distance condition for antenna arrays, far field measurements are impractical. A possible
solution is therefore to perform a near field measurement and carry out a near to far-field transformation
taking into account the surface wave propagation.

A source identification technique is used here for the near to far field transformation [7]. In order
to carry out the transformation process, the three electric and three magnetic field components are
required in amplitude and phase. To take into account all contributions of the field, i.e., the space
wave, composed of the direct and reflected fields, and the surface wave, the radiation of the equivalent
dipoles is analytically computed by means of Bannister’s expressions [17]. The Bannister equations are
based on Norton’s work [18] and describe the radiation of a dipole placed above an infinite conducting
plane. These formulas have the advantage of being applicable closer to the dipole. Using a plane wave
approximation, the magnetic field can be determined from the electric field [7] which is therefore the
only one evaluated. It is measured, in the near-field zone, on a surface Sj; enclosing and centered on
the antenna under test, as illustrated in Figure 9. The surface considered here is a cylinder of radius
rsy and height hgas. At each surface measurement point, the electromagnetic field is the sum of all
contributions from the dipoles. The equivalent sources are also placed on a virtual cylindrical surface,
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Figure 9. Near to far field transformation surfaces and antenna under test (AUT).

denoted as Sp, of radius rgp and height hgp. At each chosen point on Sp, three elementary electrical
dipoles are orthogonally arranged.

4.2. Near Field Measuring System

The test measurements carried out at 1.1 GHz have shown the expected behaviour of the metamaterial.
Therefore, a structure with the dimensions suited to the HF band has been developed (Figure 1). For its
making, the difficulties encountered were the high cost of the raw material as well as the overall weight
of the structure. It was therefore decided to reduce the number of panels from 18 to 13, resulting in a
weight of the structure only about 8 metric tons and an expected gain G, about 7dB. To determine the
correct operation of the latter at 15 MHz, it was necessary to design a near-field measurement system
suited to outdoor tests. For this purpose, a dedicated measuring device embedded aboard a UAV has
been developed and assembled to measure the electric field radiated by the full scale metamaterial
antenna. This system is based on the same near electric field probe used in laboratory. The sensitivity
of the near electric field probe EFS-105 is about 30 1V /(mv/Hz).

In order to perform the near to far-field transformation, it is necessary to sample the complex electric
field. The phase measurement is a hard task because a time synchronization between the transmission
and the reception signals is required. For a frequency f = 15MHz (i.e., a period T' = 66.66 ns),
accuracy on the phase shift of 10° is equivalent to the accuracy of less than 2ns on the temporal shift.
This challenge is the major restriction in the development of the measurement system.

The synchronization issue has been addressed by installing an optical fiber in the measuring system.
With it, the information gathered by the near electric field probe is collected at ground level. In such a
situation, a single clock can be used to digitize the transmitted and received signals. Other scientists,
interested in using a UAV to analyze the radiation patterns of antennas, are implementing comparable
solutions. The low weight of the optical fiber means that it has minimal impact on the payload. In
addition, the optical fiber is insensitive to radio frequencies, making it resilient to any perturbation of
the electric field information. A GNSS RTK positioning system has been incorporated into the drone.
With this system, the accuracy on the drone positioning is less than 10cm. Finally, it is required to
move the probe away from the UAV to reduce the coupling effects between the characterized antenna
and the drone. The distance to space the sensor and the drone was established using an electromagnetic
simulation software. As the UAV manufacturer failed to provide the material physical properties of the
drone, the simulation was carried out under the assumption of the worst case scenario, corresponding
to a perfect electrical conductor (PEC) structure. To reduce the coupling in the HF band, the sensor
must be placed at least 70cm away from the drone, which is achieved using a fiberglass tube. The
measurement system designed and installed on the drone is visible in Figure 10.

Figure 11 shows a block diagram explaining the measurement process. The local oscillator signal
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Figure 10. Measurement system aboard the UAV.
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Figure 11. Block diagram of the antenna measurement set-up.

propagates through a coupler and part of it feeds the antenna under test. In this example, the
excitation source was a monopole antenna. The data on the near electric field, provided by the probe,
is transformed into a light signal by means of an onboard electro-optical converter. The signal is then
converted back to an electrical signal at ground level using a long optical fiber and an optoelectronic
converter. The signals, received and transmitted, are digitized, using the same clock, by a National
Instruments digitizing system. The transmitted signal is used for the phase reference.

To characterize the metamaterial antenna, three kinds of measurement tracks were flown by the
UAV. Figure 12(a) represents a set of horizontal flights over the structure to check the repeatability of the
measurements, which are called “Test measurements”. They are considered as reference measurements.
The second type of measurement is illustrated in Figure 12(b), and it is made of horizontal measurements
performed to map the field above the metamaterial allowing to display the wave confined at the interface.
Lastly, to carry out the near to far field transformation, it is necessary to determine the field on the
closed virtual surface Sjs centred on the monopole. Figure 12(c) shows the vertical and radial lines
that the UAV flies to define a corresponding closed cylindrical surface.
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Figure 12. The three types of measurement paths.

4.3. Results Obtained in HF Band

To further confirm the experimental data, the operating environment was numerically modeled in a
CST MWS electromagnetic simulation. In addition, because the ground on which the metamaterial
antenna is located is heterogeneous, it has been modeled based on dielectric properties of concrete and
soil [19,20]. Using these simulations and test measurements, we were able to rapidly verify that the
transmission system behaves as predicted. The blue path (AB) in Figure 12(a) is the UAV trajectory.
The drone trajectory was accurately modeled in simulation in order to make comparisons with the
actual measurements (point A corresponds to a curvilinear abscissa s = 0 m and point B to s = 115m).
As shown in Figure 13, there is a strong match between measurements and simulations on the vertical
component of the electric field, both in magnitude and phase. For an equal distance away from the
monopole, the field radiated by the structure is found to be greater at the extremity of the metamaterial.
Comparable conclusions could be drawn for the radial component of the electric field. It was confirmed
that the electric field’s azimuthal component was insignificant, as anticipated. It was therefore not
captured for the remaining measurements.
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Figure 13. Test measurements — Amplitude and phase of the vertical electric field: comparison
between measurements and simulations.

The next group of results are derived from the measurements along the horizontal paths. To
evaluate the bandwidth of the metamaterial structure, 8 measurements at different frequencies were
performed. Figure 14(a) displays the data for three of the measurements. The simulations results for
a similar environment are shown in Figure 14(b). One can observe that the vertical distributions of
the electric field for the measurement and simulation are similar for all the three frequencies. The
interpolation algorithm employed to produce field maps from the lines leads to some variations in the
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Figure 14. Horizontal lines — Amplitude of E, component: (a) measurements at 12.7 MHz, 15 MHz
and 18.8 MHz, (b) simulations at 12.7 MHz, 15 MHz and 18.8 MHz.

Table 1. Root mean squared errors for the three frequencies.

Frequency (MHz) | RMSE (dBV/m)
12.7 —38.4
15 —36.7
18.8 —30.6

density plots. The root mean squared errors for the three frequencies have been evaluated and are
presented in Table 1. These error levels are about 10dB lower than the average amplitude of the
observed fields.

The good confinement of the wave at ground level can be noted. By observing the figures, it might
appear that the structure, dimensioned for 15 MHz, shows better performances at 18.8 MHz. However,
the target application is the radar one, with an azimuthal main lobe opening of about 30° and a strong
reduction of the field radiated towards the ionosphere. These different features are missing at the
frequency of 18.8 MHz. In addition, from these measurements it was possible to derive the wavelength
Az in the propagation direction and, using Equation (3), to determine the equivalent permittivity of the
metamaterial for the different frequencies (Table 2). Those results are close to €, = —1 which fulfils
the condition to radiate a strong surface wave.

The last results are obtained using the cylindrical paths and allow to carry out the near to far-field
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Table 2. Measured wavelength above the metamaterial and equivalent permittivity.

Frequency (MHz) | Ay (m) | &
12.7 10.5 —1.25
15 9.2 —1.26
18.8 8.5 —1.39

transformation. Two measurements, one per component (radial £, and vertical E,), were performed

with the following parameters: hgyr = rsy = 2A = 40m. The azimuthal A¢ step for each vertical
generatrix was 15°. A total duration of 40 minutes per component were needed to scan the cylinder.

The points described by the drone during the measurement of the radial and vertical components of the
electric field are plotted in Figure 15. The reproducibility of the paths, even for complex geometry, is

noticeable.

Figure 15. Measurement cylinders chosen for (a) E,, (b) E..

The measurements are carried out in a continuous way which leads to a large number of samples
to process. To perform the near to far-field transformation, only 24 equispaced points at A/6 were
selected for each vertical generatrix. This decimation was suitable to generate a cylinder of equivalent
sources applying the method presented in Section 3. The dimensions of the dipoles cylinder are
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Figure 16. Far-field evaluated at 300 m from the antenna for measurement and simulation.
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hsp = rsp = 30 m. The dipoles are arranged every 3A/16, and the A¢ step for each generatrix is
22.5°. The transformation algorithm allows to calculate the field radiated by the antenna at 300 m
on a ground considered as soil. In the light of the difficulty of measuring the field radiated by the
antenna at large distance, the validation is carried out with respect to the simulation illustrated in
Figure 12(a). The far field results, from measurement and simulation, are plotted in Figure 16 and are
in good agreement. The far field magnitude determined from the measurements has a similar shape to
the one determined from simulation. The main differences seem to be due to errors on the measured
phase at some critical points for the near to far-field transformation algorithm.

5. CONCLUSION

Firstly, a reduced scale mock-up of a metamaterial antenna, transmitting around 1.1 GHz, has been
fabricated. The comparison performed between the measured near electric field and the simulated one
shows a good agreement between them. Then, the HF full scale metamaterial antenna has been built,
and its near electric field is characterized by means of a UAV specially instrumented for that purpose.
Again, the measured results are in good agreement with the simulated ones. This has resulted in the
deployment of the metamaterial antenna inside an actual operating radar system temporarily installed
on the French coast of the Mediterranean Sea whose first results will be soon analyzed.
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