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Abstract—Open area test sites (OATS) have been traditionally
employed for aircraft electromagnetic compatibility certification
tests because of the large size of these items. In this regard, un-
manned aerial vehicles (UAVs) have emerged in the last years and,
albeit being sometimes notably smaller, yet they have to accomplish
for the same certification process. This paper investigates into the
possibility of using a reverberation chamber for performing two
aircraft low-level coupling tests, namely, low-level direct drive and
low-level swept fields, and compares the results with those obtained
in an OATS, in both cases using a representative part of a UAV.

Index Terms—Aircraft electromagnetic compatibility (EMC)
certification, low-level direct drive (LLDD), low-level swept fields
(LLSF), open area test sites (OATS), reverberation chambers.

I. INTRODUCTION

THE impact of the electromagnetic environment upon the
operational capability of aeronautic equipment is becom-

ing bigger in modern air vehicles due to the increase of fly-by-
wire systems in substitution of traditional mechanical options.
Electromagnetic compatibility (EMC) certification, aimed to
ensure air vehicles safety, imposes the fulfillment of a num-
ber of requirements prior to flying in the airspace, in terms of
usual electromagnetic interference threats. Among them, and in
relation to this study: the high-intensity radiated field (HIRF)
effects. Every air vehicle must undergo a rigorous safety assess-
ment in order to determine the criticality of every system and,
thus, their appropriate HIRF certification levels. The certifica-
tion applicant must demonstrate that the systems that perform
or contribute to functions whose failure would result in a catas-
trophic, hazardous, or major failure conditions (Levels A, B,
and C, respectively) comply to the HIRF regulation and are
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not adversely affected when the aircraft is exposed to an HIRF
environment [1]–[3]. On this subject, unmanned aerial vehi-
cles (UAVs) have attracted the attention of manufacturers in the
last two decades and have experienced a notorious development
since. Nowadays, UAV regulations are being developed by sev-
eral countries taking into account different safety requirements,
proportionate to the risks. For example, the European Aviation
Safety Agency proposes a categorization of UAV operations in
three categories, namely, open, specific, and certified, based on
the risk of the operation [4]. Particularly, those operations clas-
sified as certified are intended to require the certification of the
UAV, as well as a licensed remote pilot and an operator approved
by the competent authority, in order to ensure an appropriate
level of safety. The list of operations proposed to be classified
as certified-category operations is still under development [5].
The certification requirements for the UAV in those cases will be
similar to those for manned aircraft. International standards pro-
vide technical guidance to demonstrate that air vehicles comply
with HIRF regulations from 10 kHz to 18 GHz [6], [7].

In this regard, there are two methods of evaluating the HIRF
performance of a whole aircraft: traditional aircraft high-level
tests or alternative aircraft low-level coupling tests. The for-
mer involves illuminating the aircraft with high-amplitude radio
frequency (RF) fields to assess the effects on aircraft systems
whereas the latter uses low-amplitude RF fields to determine the
internal aircraft environment. The internal environment is then
compared to the RF levels used during bench or high-level tests
of Level A systems. The low-level coupling tests are mainly
preferred now [6].

In any case, these kinds of tests need to be performed in ded-
icated test sites. Due to the size of aircraft, calibrated open area
test sites (OATS) [8] have been routinely used for these pur-
poses. But they are outdoor facilities and suffer from intrinsic
disadvantages, probably the most important one being the neces-
sity of dealing with the vagaries of weather. In addition, OATS
are also exposed to electromagnetic environmental interference
and, even, to overhead observation by aircraft or satellites, a sig-
nificant problem with certain aircraft. As a result, alternatives
to deal with EMC tests of such large items have been occasion-
ally sought. Some authors have researched in situ approaches
instead, either using a mobile laboratory and part of a hangar
just as a shelter [9] or the hangar itself as the structure to form a
reverberation chamber (RC) [10], [11]. This interesting on-site
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concept continues to be explored in the EMC community [12].
On the other hand, comparisons of results obtained in different
tests sites, no matter the application, are not that common and,
despite notable efforts [13]–[15], they are specially scarce when
dealing with aircraft [16] or with the particular case of OATS
and RC [17].

In this context, the Spanish-funded project UAVEMI focuses
on the numerical and experimental EM immunity assessment of
UAVs for HIRF and lightning indirect effects [18]. This paper
takes advantage of an opportunity arisen within that project and
aims at comparing the results obtained when measuring part of
a UAV in two test sites, an OATS and an RC. Two aircraft low-
level coupling tests are studied in depth, namely, low-level direct
drive (LLDD), and low-level swept fields (LLSF). In the case
of LLDD, the coaxial return technique was employed instead of
the classical ground return technique [19], [20] both in OATS
and RC, but the RC was used only as a mere shelter, without
moving the paddles. Thus, in this case, the aim was to confirm
that the RC structure does not affect the results and that good
agreement with OATS could be obtained. On the other hand,
the LLSF tests were conducted in the RC with the paddles in
stirrer mode and compared with the worst case result obtained
for several illuminations in OATS. Although the object under
test considered in this work is not as large as a full aircraft, the
procedures applied are the same, and the conclusions can be
extrapolated.

The paper is organized as follows: Section II sequentially
includes the test object and the test measurement descriptions,
Section III is devoted to the presentation of the results and the
accompanying discussions, and finally, Section IV draws the
conclusions.

II. TEST SETUP

A. Test Object Description

MILANO is a medium-altitude long-endurance remote-
piloted aircraft system developed by the National Institute for
Aerospace Technology (INTA), formed by a UAV and a ground-
control station [21]. The MILANO UAV, made mostly in carbon-
fiber composite, has a wingspan of 12.5 m, a length of 8.52 m,
and a height of 1.43 m. The UAV structure consists of inde-
pendent composite modules with metallic fittings in order to
assemble and disassemble the aircraft for transport. Only the
central fuselage was used for the work described in this paper,
in dark blue in Fig. 1. The central fuselage has a length of 3.5 m
and it has a top fairing that can be removed, exposing then three
different bays or compartments. Four copper wires, with several
lengths and routes simulating UAV bundles between different
equipment, (in red in Fig. 2) were installed inside the central
fuselage and were connected to different metallic parts. The big
apertures of the central fuselage located at the bottom, left-hand
side and right-hand side (see Fig. 3) were covered with metallic
plates. It was decided not to install any UAV equipment during
the tests. The reason is twofold. On one hand, the aim of this
study was to focus on the comparison of the results obtained
in two different test sites. In order to enable valid comparisons,
easy access to the bays as well as easy manipulation of the mea-

Fig. 1. MILANO UAV general view (CAD model). The central part of the
fuselage employed in this work is highlighted in blue.

Fig. 2. LLDD RC test setup. The cables are depicted in red and the points
where the induced current was measured are marked in white (CP1 to CP8).
Note that the top fairing was removed for the photograph but was present during
the test.

Fig. 3. Location of the points where the surface current was measured under
the LLDD tests (both for RC and OATS). The openings at the bottom and in the
nose were covered with metallic plates during the tests.
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Fig. 4. LLDD OATS test setup. The setup is exactly the same as in Fig. 2
(location of the injection points, separation of the lines forming the coaxial lines,
separation from the ground, location of the points where the induced current is
measured.). The visible points where the surface current was measured (P1, P4,
and P7) are also marked in the figure.

suring probes in several points should be granted. On the other
hand, under the scope of the UAVEMI project, the experimental
results would also be used for validation of numerical simula-
tions based on finite difference time domain (FDTD) solvers
that are trying to include the behaviour of composite materials
in their calculations [22]. For this kind of validation exercise, a
simplified test object model is preferred.

B. Test Measurement Description

The INTA EMC Area has different test facilities for EMC
testing and in this work the OATS and one of the RC were used.
The INTA OATS facility is a concrete built platform and its
dimensions are 50 m × 50 m, whereas the INTA RC employed in
these tests is a galvanized steel chamber sized 7.5 m × 5.6 m ×
4.6 m with two stirrers or paddles.

1) LLDD Tests: The objective of the LLDD tests is to obtain
the transfer function relating the aircraft skin current to the
current induced on the cable bundles. This technique is used in
the EMC certification process from 10 kHz to the first resonance
frequency of the aircraft. For LLDD tests, the guides [6], [7]
recommend the design of a coaxial return wire network where
the aircraft is considered the main conductor. In our case, the
injected current and the surface currents in several positions
of the fuselage were measured, as well as the current induced,
from 10 kHz to 400 MHz, on the different copper wires installed
inside the bays (the guides recommend to measure up to the
first resonance but in this work, for the sake of comparison,
this limit was increased). The coaxial return wire network was
implemented through five copper wires and the conductive floor.
The MILANO central fuselage was raised 30 cm from the RC or
OATS floor using insulation panels made of polystyrene blocks
or foam stands, as shown in Figs. 2 and 4. The RF power was
injected to the MILANO central fuselage through two wires
connected to two screws of the fuselage metallic fittings, marked
in Fig. 2 with two red circles, in configuration nose to tail. The
power was dissipated at an RF load located between the end of
the fuselage and the coaxial return wire network.

According to [6] and [7], a complete set of measurements
was carried out using this setup in the RC and it was repeated

in the OATS. Prior to the LLDD test, the reflection coefficient
S11 was measured in order to determine the mismatch between
the amplifier output and the UAV/coaxial return wire network.
After that, the current injected into the central fuselage to the
50Ω load was measured and recorded in order to normalize the
surface currents and the currents induced on the internal cables.
The signal to current injection fixture was driven from the port
1 of a vector network analyzer (VNA) with a constant power
and amplified by means of a power amplifier always working
in the linear region. The amplifier output power was recorded
using a directional coupler and monitored during the test
runs.

Multigap loop B-dot ground plane sensors were used for the
surface current measurement at nine locations (called P1–P9,
see Figs. 3 and 4). These sensors were connected to the port 2
of the VNA through a fiber optic link (FOL) and were placed
in two orthogonal orientations. The first one, the so-called com-
ponent y, goes along the fuselage, i.e., nose to tail, whereas
the other one, the so-called component x, is perpendicular to it,
i.e., encircling the fuselage. The vectorial magnitude of the total
surface current (both components) was used for comparisons.
Furthermore, the current induced on the internal wires was mea-
sured with calibrated current probes at eight different locations
(called CP1–CP8, see Fig. 2), and, also, they were connected to
the port 2 of the VNA through an FOL.

2) LLSF Tests: The objective of the LLSF tests is to measure
the transfer function relating external RF fields to internal fields
from 100 MHz to 18 GHz. Thus, the test consists of two phases
according to [6] and [7] (for OATS) and [23] (for RC). First,
the field from the transmitting (Tx) antenna is measured at the
required location and the forward power fed to the antenna is
recorded. This measurement is called the reference. After that,
the aircraft is placed inside the test volume, the same forward
power is fed to the radiating antenna and the fields inside dif-
ferent bays or cavities are measured. The outcome of the LLSF
tests is the fuselage attenuation or shielding effectiveness (SE),
defined as the ratio between the reference measurement and the
measurements made inside the aircraft.

In our work, the internal RF E-field was measured at a fixed
point inside each of the three bays from 200 to 18 000 MHz, and
LLSF tests were carried out both in RC and OATS. The signal
to the Tx antenna was driven from the port 1 of a VNA with
constant power and it was amplified by means of four power
amplifiers working from 200 MHz to 1 GHz, 1–4 GHz, 4–8
GHz, and 8–18 GHz, respectively. Two different Tx antennas
were used, a log-periodic antenna from 200 MHz to 1 GHz and
a broadband horn antenna from 1 to 18 GHz. The receiving (Rx)
antenna should be small enough to be located inside the bays,
so a small biconical antenna (top hat) was selected due to its
reduced dimensions. This antenna is just 6 cm long by 3 cm of
diameter and was designed for a frequency band from 1 to 18
GHz. However, in this trial, it was used for the whole frequency
range (starting in 200 MHz) in spite of the expected worse
performance in the lower band. The rationale is that the SE is
a relative parameter and, then, receiving more than 6 dB over
the noise floor is enough to obtain good measurement results,
as shown in [24].
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Fig. 5. LLSF RC test setup. The top-hat antenna used for measuring the
reference appears in the foreground.

The RC tests were conducted with the paddle in stirrer mode
and a mean E-field was collected, according to [23]. The fields
distribution inside an RC can notably change in the presence of
the object under test, so it is recommended to measure the refer-
ence external field in the presence of the object. This is the case
shown in Fig. 5. The receiving antenna was connected to port 2
of the VNA through an FOL. After measuring the reference, it
was placed at the center of each compartment keeping the same
positions for all the measurement repetitions.

On the other hand, the LLSF tests carried out in the OATS
were conducted for four illumination angles, spaced 90 degrees
(nose-on, tail-on, and both side-on) and for both horizontal and
vertical polarizations. Additionally, the test was repeated plac-
ing the Tx antenna at two height positions with the fuselage
placed 0.8 m over the platform floor. The worst case attenuation
of these 16 situations was obtained. As the guides recommend
[6], [7], it is important to ensure that all leakage points of the
fuselage are illuminated with the field, that means the Tx an-
tennas should be located far enough to ensure that all these
leakage points are included in the antenna beamwidth. Given
the size of the object and the beamwidth of the antennas used in
this work, the log-periodic one was always located at 6 m from
the UAV and the horn antenna at 7 m. Fig. 6 shows the LLSF
measurement setup in the OATS. Regarding the reference, it
was measured in the center of the platform without the UAV
present for each transmitting antenna and polarization but only
for one illumination angle and height. According to the guides,
a single reference point suffices for all the illumination angles
if the distance of the transmitting antennas complies with the
aforementioned requirements.

III. RESULTS AND DISCUSSION

A. LLDD

First of all, the coaxial return installation described in
Section II-B1 was deployed in the RC. After the LLDD tests
were concluded, the setup was disassembled and it was assem-
bled again in the OATS. In both cases, the S11 was measured

Fig. 6. LLSF OATS test setup. The figure shows a vertically polarized illumi-
nation from the starboard of the target.

Fig. 7. Reflection coefficient comparison.

prior to the injection of the current and, later, this injected current
was also recorded. The latter would then be used to normalize
the measured surface currents and induced currents.

Fig. 7 shows the return losses whereas Figs. 8–11 present the
surface current measured in points P1 and P4 (recall Figs. 3
and 4) and the current induced in points CP2 and CP7 (recall
Fig. 2), respectively. The remaining measurement points yield
similar comparisons. In general, the agreement is excellent in
almost the whole frequency band except for small discrepancies
at very low and very high frequencies. Remember that the guides
recommend to measure up to the first resonance (here, as can be
appreciated in Figs. 8–11, around 30 MHz) but the tests were
conducted beyond this limit for the sake of comparison between
sites. Even having increased the upper limit, the comparisons
yield a notable agreement.

From these results, it can be concluded that the reproducibility
of the test setup in both sites is very good from 10 kHz to
hundreds of MHz. Here, the paddles were not moving and the
RC is used as a mere shelter, but it has been confirmed that the
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Fig. 8. P1 surface current comparison.

Fig. 9. P4 surface current comparison.

Fig. 10. CP2 induced current comparison.

Fig. 11. CP7 induced current comparison.

coaxial line implies a good field concentration, independent of
the environment, and the walls of the RC do not affect negatively
to the results.

This characteristic is very important because of the inherent
advantages of testing in a closed facility (i.e., an RC or a hangar)
rather than in a open one (i.e., an OATS), in terms of weather
and external RF interference protection, for instance.

B. LLSF

The LLSF tests were first conducted in the RC. The final
SE results were calculated as the mean of 100 measurements
stirring the chamber paddles. Also, an averaging filter of 5%
of frequency was used, as recommended in [6] and [7]. The
selection of the width of this filter depends on several factors
including the number of modes and the quality factor of the
chamber, among others [23], [25]. INTA has checked that a 5%
is well suited for this test in this chamber [26]. Later, the LLSF
tests were repeated in the INTA OATS. There, the final SE results
were calculated as the worst case obtained from the 16 different
measurements and the same averaging filter was used. Take into
account that the worst case refers to the less attenuation, i.e., the
lower SE. Note also that the number of different measurements
in OATS is limited and, as a consequence, a reverberant environ-
ment is not granted. Under these circumstances, the mean of the
different measurements tends to overestimate the SE and that is
why the worst case option is commonly preferred. Figs. 12, 13,
and 14 show the comparison of the SE results for the MILANO
fuselage bays 1, 2, and 3, respectively.

Resonances can be observed in the three bays below 1 GHz
(marked with a circle in the figures), where the number of modes
present inside the cavities is very low due to their dimensions. On
the other hand, the SE results are steadier above 1 GHz, where
the electromagnetic environment is more reverberant. More in
detail, if we analyze the RC data in the high frequency range,
the compartments 1 and 3 show a slightly growing trend from 5
to 10 dB while the second bay shows averaged values around 5
dB. The measurement results in the OATS present similar trends
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Fig. 12. Bay 1 SE comparison.

Fig. 13. Bay 2 SE comparison.

Fig. 14. Bay 3 SE comparison.

TABLE I
MINIMUM USABLE FREQUENCY FOR RC METHOD

Volume Minimum frequency
(m3 ) (MHz)

Fuselage 1.216 541.8
Bay 1 0.375 801.9
Bay 2 0.144 1103.3
Bay 3 0.697 652.2

and values. In the low frequency range, however, the comparison
of the results is more difficult due to the different resonances
measured with the two methods (RC and OATS).

In this regard, the two methods applied for the SE measure-
ment have different advantages, drawbacks, and limitations. The
most important limitation concerns the aircraft compartment
sizes. The EM environment inside a cavity can be divided into
three ranges. At very low frequency, when the cavity is small
related to the signal wavelength, no transmission modes can
exist inside. In the resonant frequency range, when the signal
wavelength is similar to the cavity dimensions, there may be sig-
nificant amplitude variations due to resonances or reflections.
Finally, the high frequency range is considered when more than
60 modes are present and a reverberant EM environment is cre-
ated inside the cavity. In order for a frequency stirring technique
to be valid, the aircraft compartment shall be able to support
at least 60 transmission modes for a given enclosure size and
frequency. Then, the lowest usable frequency is given by the
following formula [23]:

fmin = c

(
90

4πV

)1/3

(1)

where V is the volume of the small enclosure and c the speed of
light in free space. Table I shows the lowest usable frequency of
the RC method using (1) for this case dimensions. However, this
limit is not clearly defined for complex objects. For instance,
the three compartments of the MILANO central fuselage are
not completely independent because the RF energy can couple
through different existing small apertures and, also, there is a
copper wire connecting bay 1 and bay 3.

On the other hand, as it has been mentioned before, for the
SE measurements in OATS, the distance from the transmitting
antennas to the aircraft should be far enough to ensure that all
leakage points are included in the antenna beamwidth. When
the aircraft is huge, it is hard to meet with this illumination area
requirement but easier to find a receiving antenna for the whole
frequency range because the antenna size poses no problem. In
contrast, when the aircraft is small, as is the case of this paper,
it is easier to meet the illumination area requirement but harder
to find a receiving antenna small enough for the aircraft cavities
(the use of low-gain antennas is a possible solution and the one
chosen in this work). An additional drawback of this method
is that the number of illumination angles and polarizations are
limited and the data can only be postprocessed in order to obtain
the SE of the worst case. For these reasons, the SE calculated
in OATS fluctuates more and, in the resonant frequency range,
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even unrealistic results (SE < 0) can be easily obtained with
this method, as shown in Figs. 12, 13, and 14. Consequently, the
RC approach for determining the SE of a UAV is considered by
the authors more reliable.

IV. CONCLUSION

This paper has presented a comparison between the results
obtained in two different test sites, namely an RC and an OATS,
for LLDD and LLSF measurements on a representative part of
a UAV.

For the LLDD tests, a coaxial return was utilized as opposed
to the classical ground return. The main advantages of an LLDD
test using the coaxial return technique are a better surface cur-
rent homogeneity, a better reflection coefficient and good field
concentration, independent of the test site, which implies good
reproducibility. In the case of the RC, the paddles were not
moving and, thus, the RC was indeed employed as a shelter.
The tests have shown that under these circumstances the results
obtained both inside (RC) and outside (OATS) a chamber are
quite comparable. This is indeed a good point because, overall,
it is better to carry out a long test campaign in a closed facil-
ity (e.g., a hangar) due to its inherent independence from bad
weather conditions or the protection from an RF interference
environment or even, in some cases, indiscreet eyes. And it is
not that difficult to find an RC or similar closed facility where
these tests can be carried out due to the reduced dimensions of
a UAV.

As for the LLSF tests, the aim of the paper was to deepen
the knowledge of the guides and standards and to check the
advantages and drawbacks related to two different methods (RC
and OATS) of measuring the same parameter (SE of a UAV).
Regulations permit to perform the test either following RC or
OATS procedures but in both cases a statistical approach is
recommended. In general, no matter the method, the figures have
shown a noticeable different behavior at low and high frequency.
When the frequency rises (above around 1 GHz), the cavities of
the object support a bigger number of transmission modes and
the response is smoother. In contrast, at lower frequencies, the
response is more erratic.

However, there are discrepancies between the results obtained
with OATS and RC. Below the lowest usable frequency, the RC
method is not really valid according to the standards whereas the
guides for OATS are not that clear regarding low frequencies.
Albeit this, it is worth noting that the results obtained in RC
in this band are more reasonable than those obtained in OATS
(values of SE < 0 appear more frequently in OATS). In any
case, below 1 GHz, the authors reckon that is it difficult to
extract conclusions given the limitations of both procedures.
On the other hand, at high frequency, although there are also
differences between both methods, the results obtained in RC
are smoother and are the consequence of a true reverberant
environment that is not produced in OATS, given the limited
number of scenarios. The RC method easily enables a sufficient
number of different incident angles and polarizations and, thus,
a better statistical environment with less effort. In fact, the main
advantages of the RC method for LLSF tests are significant
time savings and a better test rigor subjecting the object to a

multipath environment, yielding statistical results, rather than
deterministic results that need to be mixed afterwards.

Finally, regarding the extrapolation to bigger test objects, e.g.,
an aircraft, the following initial remarks can be done, depending
on the test. In LLDD, our results indicate that a chamber big
enough to accommodate the object under test and the associated
coaxial return setup would apparently suffice.

Concerning the LLSF tests, first, the size of the RC should
be big enough to accommodate the object inside the working
volume of the chamber. Then, it has to be taken into account
that the lowest usable frequency would depend on the size of
the bays or compartments to be tested. But no other limitations
are currently foreseen.
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calá, Madrid, Spain, in 2002 and 2012, respectively.

From 2002 to 2003, he was a Junior Researcher
with Telecom Bretagne, Brest, France.

In 2004, he joined INTA, Spain, first as a Re-
searcher and is currently a Scientist with the Ra-
diofrequency Area. He has authored or coauthored
numerous refereed journal articles and has been prin-
cipal investigator in serveral national and interna-

tional research projects. His research interests are related to radar cross section,
computational electromagnetics, materials characterization, and EMC simula-
tions.

David Poyatos Martı́nez was born in Madrid, Spain.
He received the M.Sc. degree from the Universidad
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