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ABSTRACT In this work, we study the current coupled to a simplified Unmanned Aerial Vehicle (UAV)
model using a dual computational and experimental approach. The simplified surrogate structure reduced the
computational burden and facilitated the experimental measurement of the coupled currents. For a practical
system, a wide range of simulations and measurements must be performed to analyze the induced current
variations with respect to properties of the incident excitation waveform, such as the frequency, angle of
incidence, and polarization. To simplify this analysis, Characteristic Mode Analysis (CMA) was used to
compute the eigen-currents of the UAV model and predict where and under which RF excitation conditions
the coupled current is maximized. We verified these predictions using direct experimental measurement of
the coupled currents. The presented simulations and measurements show the usefulness of CMA for studying
electromagnetic coupling to practical systems.

INDEX TERMS Electromagnetic coupling, characteristic mode analysis (CMA), electromagnetic

interference, current measurement, unmanned aerial vehicles (UAVs).

I. INTRODUCTION
Unmanned aerial vehicles (UAVs) have a wide range of
applications and typically operate in congested wireless
environments that may cause unwanted interference [1]-[5].
In addition, the commercial UAV industries have recently
expressed interest in using UAVs as mobile base sta-
tions [6]-[9] and as backhaul infrastructure [6]-[9], which
further exacerbate their intra- and inter-induced electromag-
netic compatibility (EMC) and electromagnetic interference
(EMI) protection and/or shielding requirements.

Currently, it is challenging to model and predict the
induced currents in UAV wires and electronics due to elec-
tromagnetic interference [10], [11]. Numerous simulations
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and measurements must be performed for a specific UAV
to exhaustively quantify the variations in the coupled
currents due to the various flying conditions and possible
environments. That is, predicting the coupled current to a
UAV is complicated by the variation of its orientation relative
to the direction, polarization, and frequency of the incident
field. Electromagnetic coupling to practical Devices Under
Test (DUTs) shows significant variations, ~ 50 dB or more,
with changes in frequency, angle of incidence, polarization,
and/or DUT orientation [12]-[15]. Therefore, hundreds and
sometimes thousands of measurements are needed to detect
the frequency and orientation that causes the maximum
electromagnetic coupling to a DUT [12]-[15].

Furthermore, as the DUT gets electrically larger, its radi-
ation characteristics become even more complex, requiring
more measurements to detect the frequency and orientation

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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TABLE 1. Comparison between this work and previously reported CMA
electromagnetic coupling research.

Scatterer No. Of Orientation Experimental
Reference Complexity Modes Sensitivity Verifications
[27] Simple 4 NO YES
(rectangular box)
[28] Simple 10 NO NO
(rectangular box
with slot)
[29] Medium 3 NO YES
(PCB connected
to cable)
[30] Simple 4 NO NO
(flat circuit loop)
Simple 6 NO NO
(bent PCB)
Simple 6 NO NO
(Heatsink model as
metallic box)
[31] Simple 10 NO NO
(High speed
connector)
[32] Heatsink 5 NO YES
[33] Complex 10 YES NO
(Car excited by
monopole)
[34] Complex 6 YES YES
(Airplane)
[35] Complex 4 YES YES
(Airplane)
This Complex 11 YES YES
work (UAV model)

for maximum coupling [14]. Current EMC measurements
risk under-testing, where only a limited number of frequen-
cies and orientations are tested, and therefore, the immunity
of practical DUTs may be underestimated. On the other hand,
measuring an extremely large number of frequencies and
orientations, i.e., overtesting, can be unnecessarily expensive
and sometimes is practically unrealistic [12]-[15]. To avoid
undertesting and overtesting in EMC measurements, there
is a strong need for a computational tool that can guide
experimental measurements by predicting and quantifying
the frequency and the orientation that causes the maximum
electromagnetic coupling to a complex DUT.

To meet this need, we adapt the Characteristic Mode
Analysis (CMA) to guide experimental measurements by
predicting the frequencies and angles of incidence where the
electromagnetic coupling is maximum. CMA decomposes
the currents induced on a DUT in terms of a set of fundamen-
tal independent modes and provides the relative significance
of each mode at the frequency of interest [16]. CMA has been
extensively employed in the design of antennas and in the
analysis of the electromagnetic scattering characteristics of
various nanostructures [17]-[20]. Moreover, CMA has been
previously employed for studying the use of the frame of a
UAV as an antenna [21], [22]. We recently used CMA to
study coupling and interference to wires and other simple
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FIGURE 1. (a) A sketch of the quadcopter UAV model showing the general
dimensions of the structure, (b) A sketch of the model showing the UAV
model orientation with respect to the angles 0, ¢, and 7.

structures [23]-[25]. A preliminary version of this work was
presented in [26]. To the best of our knowledge, this is the first
experimentally verified analysis of coupling and interference
to a UAV using CMA. Relevant previously reported CMA
studies are summarized in Table 1 and compared to this work.

Most of the papers in Table 1 studied the total radiated
power by the DUT. The DUT, therefore, has to be connected
to an external source, which is not the goal of this
analysis where coupling due to an incident plane wave is
the main focus. Ma et al. evoked the CMA approach to
utilize the characteristic modes of an airplane model to
design a direction-finding antenna array operating at the HF
band [34]. Wang et al. also employed CMA to design a VHF
aircraft-integrated antenna array with switchable beams [35].
However, utilizing the aircraft frame as an antenna is not
the goal of this analysis. The main goal is to avoid under-
testing and over-testing by developing a predictive tool that
can guide experimental measurements by predicting the
Jfrequencies and the angles of incidence that maximize
coupling to a UAV. In summary, the novel aspects of this
work in comparison to the previous studies in Table 1 are:
(i) A detailed analysis of how CMA can be adapted to
guide EMC experiments is presented; (i) a novel UAV
quadcopter model is studied; (iii) a new experimental setup
to verify CMA predictions using a broadband current probe
and a Gigahertz Transverse Electromagnetic Cell (GTEM) is
developed.

In this paper, a quadcopter UAV and its subsystems are
represented by a simplified model that consists of 4 wires
attached to a square metallic patch, as shown in Fig. 1.
The model was designed to represent the metallic parts
typically found in a UAV since the metallic parts dominate
the electromagnetic response [36]. Each of the four wires
represents the fusion of all the cables commonly found in
the arms of a quadcopter, whereas the square metallic patch
represents the ground plane of the quadcopter controller. The
fusion of the wires with the square metallic patch generates a
modal behavior that is significantly different from that of wire
or a patch by itself. The UAV model is simple enough to allow
the quantitative assessment of the coupled current using both
full-wave simulations and experimental measurements. Yet,
the model is complex enough to generate conclusions that
can be applied to a wide range of quadcopters with similar
symmetries in shape.
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CMA was applied to calculate the fundamental modes of
the proposed UAV model and the characteristics of these
modes. Then, we use these modes to predict and explain the
coupled current calculated at different locations on the UAV
model due to plane wave excitations at different frequencies
and incident directions.

This paper is organized as follows. Section II describes the
simplified UAV model. Section III summarizes the CMA for
the analysis of coupling and interference. Section IV presents
the CMA predictions of the currents coupled to the UAV
model. Section V presents the sensitivity of the CMA modes
to the UAV model dimensions. Section VI describes the
developed experimental setup and the validation of the CMA
predictions. Finally, Section VII summarizes the conclusions
and future work.

Il. SIMPLIFIED UAV MODEL

The simplified UAV model is shown in Fig. 1a. The proposed
model consists of a square patch with a 220 mm edge length
and four wires attached at the patch’s corners. The four wires
of the model make an angle of 45° with the edge of the square
patch. The four identical wires represent the wire connections
between the controller and the motors of a quadcopter UAV.
The wires’ lengths and radii are 380 mm and 0.5 mm,
respectively. In UAVs, the wires might have larger radii. Still,
we found that the radius of the wire has a negligible effect
on the following results as long as the aspect ratio for the
wire is high enough to maintain the thin wire configuration.
The dimensions of the studied model were chosen to match
the frequency range of the current probe used in the
measurement setup that will be presented in the next section.
But the aspect ratios between the patch and wire lengths
match common quadcopters. A perfect electric conductor
boundary condition is assigned to all model components in
Fig. 1a.

The proposed UAV model was excited by a 150 mV/m
incident plane wave at multiple angles of incidence, 8, and ¢,
as defined in Fig. 1b. The polarization angle () was fixed at
zero in this work due to a limitation in the UAV holder in the
experimental setup. However, the effect of the polarization
angle will be studied in future work. The magnitude of
the excitation signal was chosen to match the value in the
experimental setup that will be presented in the next section.
The coupling problem studied in this work is linear, so the
magnitude of the excitation signal should not affect the CMA
predictions.

The coupled current varies with the observation location on
the UAV model. To highlight these variations, current moni-
tors were placed at two locations on the UAV model: (i) the
edges of one of the four wires, where it meets the corner of
the square patch, and (ii) the middle of the wire as shown in
Fig. 1b. The two observation locations will be termed corner
and middle, respectively, for the remainder of the manuscript.

The UAV model was simulated using the full-wave Method
of Moments (MOM) solver FEKO [37]. The simulated
coupled currents versus frequency are shown in Fig. 2 for
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FIGURE 2. The FEKO simulated coupled current to the UAV model at
2701 different angles of incidence 6 and ¢ measured at (a) the edge of
the wire, and (b) the middle of the wire. (c) The average coupled current
over all incidence orientations.

2701 different angles of incidence, 8, and ¢, where 8 varies
from 0° to 180° in a 5° step, and ¢ varies from 0° to 360°
in a 5° step to cover the entire sphere covering the UAV
model. Figure 2a shows the coupled current where the corner
of the board meets the wire, and Fig. 2b shows the current
at the middle of the same wire. Each colored curve in
Fig. 2 represents a different incident direction, i.e., a different
{6, ¢} value. The black curves in Fig. 2a and Fig. 2b
represent the average magnitude of the coupled current at
each location versus frequency. The coupled current exhibits
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significant variations of more than 70 dB depending on the
frequency and angle of incidence. The coupled current can
even approach zero at some incidence angles, which is not
shown in the log-scale curve in Fig. 2a and Fig. 2b. Figure 2¢
shows the coupled current averaged over all incidence angles
at the two observation locations. That is, Fig. 2c shows
the black curves in Fig. 2a and Fig. 2b except in linear
scale. Clearly, the coupled current differs with respect to the
observation location.

From Figure 2, it is difficult to predict the incidence
angles that maximize the coupling current or the frequency
range where the coupled current is maximum on average.
Therefore, the CMA theory is briefly summarized in the
following section to show how it can facilitate predicting the
coupled current at arbitrary frequencies and incidence angles.

IIl. CHARACTERISTIC MODE ANALYSIS THEORY

CMA is a full-wave electromagnetic technique that decom-
poses the total surface current coupled to a DUT into a set
of fundamental modes, called eigen-currents, and calculates
the relative importance of each mode at any frequency [38].
The modes can be calculated using the following eigenvalue
equation [16]:

XJn = )\nRJn (1)

where X and R are the imaginary and real parts of the
MOM impedance matrix of the UAV model, respectively;
Jn is the eigen-current, and A, is the eigenvalue of mode n.
Equation (1) above is solved at every frequency to generate
the corresponding J, and A, values. At any frequency, the
total current coupled to a DUT due to an incident field can be
expressed as [39]:

VoJn
I= Z,, (1 + jAn) @

where V, is the modal excitation coefficient that represents
the coupling between the incident fields and mode n. The
modal excitation coefficient V;, can be calculated using the
following integral over the outer surface of the DUT [39]:

V, = / / JnElds 3)

where E! is the incident electric field.

To predict the coupling to any system using CMA, the
following parameters should be studied in the following
order:

1. Modal significance (MS,): is independent of the exci-
tation, and it identifies the relative weight of mode n,
i.e., it describes the significance of its contribution to
the DUT’s total coupled current. It can be calculated as:
MS, = H-I—lm The MS, has a maximum value of 1,
which occurs when the eigenvalue A, has a value of
zero, and the mode is resonating. At any frequency of
interest, the ratio of the values of MS, among different
modes allows one to identify the modes that dominate
the coupled current.
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2. Eigen-currents or modal currents Jy: identify the current
distribution of each mode n. The modal currents will
illustrate the maximum and minimum current locations
of each mode.

3. Modal excitation coefficient V,,: represents the coupling
between the incident field and mode n of the DUT.
The modal excitation coefficient V,, shows which angles
of incidence maximize coupling to mode n and which
angles of incidence will cause mode 7 to not be expressed
in the total current I.

It is important to re-emphasize that the CMA parameters
MS,, and J, are independent of the incident field. The
dependency on the excitation is entirely encapsulated in the
modal excitation coefficient V,,. As a result, CMA will give
insight into the supported modes of the structure and how to
excite each mode without the need to test all possible angles
of incidence. Once the MS,, and J,, parameters are calculated,
CMA can help guide experimental measurements even if the
incident excitation is unknown by identifying the frequencies
where the coupling current is maximum. Moreover, CMA
will provide the optimum angles of incidence for these modes
to be excited, which can reduce the number of frequencies and
angles that need to be experimentally measured to accurately
quantify the coupling to the UAYV, as will be highlighted in the
following section.

IV. CMA OF SIMPLIFIED UAV MODEL

Using the full-wave solver FEKO, we performed the CMA
of the UAV model in Fig. 1 over the frequency range from
0.1 GHz to 1 GHz. To predict the coupling to the UAV
model in Fig. 1 using CMA, the three aforementioned CMA
parameters were studied as follows.

A. MODAL SIGNIFICANCE FOR SIMPLIFIED UAV MODEL
The modal significances, MS,,, of the UAV model are shown
in Fig. 3. The modal significance spectrum in Fig. 3 shows
all the possible coupling pathways to the UAV model. The
peaks or the resonance frequencies of the modes represent the
frequencies where the coupled current can reach maximum
values. For example, Modes 1 and 2 resonate at 0.17 GHz,
Mode 3 resonates at 0.19 GHz, and Mode 4 resonates at
0.24 GHz. These are the critical frequencies for the UAV
model in Fig. 1 for the frequency range up to 0.4 GHz. The
first advantage of the CMA, therefore, is that it identifies
the critical coupling frequencies for the DUT. As a result,
one can only focus on a few frequencies around where the
modes resonate instead of testing the structure at hundreds
of frequencies. Table 2 lists the resonance frequencies of the
11 modes in Fig. 3, which determine the frequency regions at
which to characterize the UAV.

It is important to emphasize that the coupled current, for a
specific excitation at a particular angle of incidence, will not
show all the peaks in the MS, spectrum in Fig. 3. Different
modes are excited at different angles of incidence, as will
be described in the following paragraph. However, the MS,
spectrum identifies quantitatively, with no trial and error, the
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FIGURE 3. Modal significance of the first 11 modes of the proposed UAV
model in Fig. 1.

TABLE 2. Resonance frequencies and the optimum incident angles (¢) for
the UAV modes.

Resonance Frequency Optimum Angle of

Mode (GHz) Incidence (6°)
1 0.17 0
2 0.17 0
3 0.19 90
4 0.24 45
5 0.52 45
6 0.52 60
7 0.55 90
8 0.59 20
9 0.77 0
10 0.77 0
11 0.83 90

critical frequencies, where we need to focus our full-wave
simulations and experimental measurements. Moreover, the
frequency range where the modes’ density is low or where
the MS, does not reach high values is the frequency range
where the coupled current will be lower on average than
other frequency ranges of the same bandwidth. For example,
the frequency range between 0.26 GHz and 0.39 GHz does
not have any modes with large modal significance. The
average coupled current in this frequency range should
therefore be lower than that at slightly lower or slightly
higher frequencies. This assertion is confirmed in Fig. 2 at
all observation locations. In this sense, the observation of
MS,, is more useful for identifying where the coupling is
unlikely to occur rather than where the coupling is likely
to occur. All the previous conclusions are achieved directly
from Fig. 3 without testing hundreds of different angles of
incidence.

B. MODAL CURRENTS FOR SIMPLIFIED UAV MODEL

The eigen-current distributions J, of the UAV model are
shown in Fig. 4. Each eigen-current distribution in Fig. 4
is plotted at the resonance frequency of its mode. The
eigen-current distribution in Fig. 4 is normalized with
respect to the maximum current value of each mode.
The red arrows in Fig. 4 represent the general trend of
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FIGURE 4. Normalized eigen-current distribution of the first 11 modes of
the UAV structure. Each eigen-current distribution is plotted at the
resonance frequency of its mode.

the current of each mode or eigen-current, whereas the
colors show the exact distribution. The hotspots of the
modal currents, i.e., the locations where the modal currents
are maximum, are shown in red, whereas the locations
where the modal currents are zero are shown in blue. For
example, Mode | has a hotspot at the corner observation
location, whereas Mode 9 has a minimum at both the
corner and middle observation locations. In general, the
modal current is much more important at the corner, as
this is generally where the wire connects to the electronic
circuitry on-board and where it would be perceived as a noise
voltage.

The UAV model in Fig. 1, and many quadcopters, has
4-fold symmetry. This symmetry is reflected in the current
distribution of the eigen-currents or modes shown in Fig. 4.
For example, Mode 2 is identical to Mode 1 if it is rotated
by 90°. Similarly, Mode 5 is identical to Mode 6, and
Mode 9 is identical to Mode 10, except for a 90° rotation,
as shown in Fig. 4. Due to this symmetry, the three previously
mentioned mode pairs have identical MS,, as shown in Fig. 3.
That is, MS; = MS,, MSs = MSg, and MSy9 = MSg.
This means that Mode 1 and Mode 2 will resonate at the
same frequency. If the symmetry is broken, then the previous
mode pairs will have different modal significance. On the
other hand, the current distribution of Mode 3 is a merge of
Mode 1 and Mode 2, as shown in Fig. 4, and it resonates at
a slightly higher frequency as shown in Fig. 3. This behavior
was previously reported in similar but simpler structures that
had 4-fold symmetry [40], [41]. However, combining the four
wires to the square plate leads to the emergence of new modes
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180
Mode 11

FIGURE 5. Normalized Modal Fields of the first 11 modes of the UAV
model. The radiation pattern of each mode is plotted at the resonance
frequency of this mode.

that were not easy to predict from the individual modes of the
wire or the individual modes of the square plate.

C. MODAL FIELDS/RADIATION PATTERN FOR SIMPLIFIED
UAV MODEL

The Modal Excitation Coefficients, V, can be calculated
by using transverse electromagnetic plane waves at different
angles of incidence, identifying the incident electric field due
to this excitation, El, and recalculating the modal excitation
coefficient V, according to (3). The Modal Excitation
Coefficients Vy, of the first 11 modes, which by reciprocity
can be estimated using the radiation characteristics of each
mode, calculated using FEKO, are shown in the polar plots in
Fig. 5. The radiation pattern of each mode in Fig. 5 is plotted
at the resonance frequency of this mode and normalized
to its maximum value. All the radiation patterns in Fig. 5
are in the 6 plane with a fixed ¢ value of 0° and a fixed
polarization angle of 0°. Angles where the modal excitation
coefficient is maximum represent the optimum direction to
excite a particular mode. Angles of zero modal excitation
coefficient in Fig. 5 indicate incident directions that cannot
excite the mode regardless of its significance at a particular
frequency. For example, Mode 4 cannot be excited at any
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FIGURE 6. Eigen-current distribution of Mode 5 of the UAV structure at:
(a) 490 MHz, (b) 520 MHz, (c) 580 MHz. Normalized Modal Fields of
Mode 5 of the UAV model at: (d) 490 MHz, (e) 520 MHz, (f) 580 MHz.

frequency at 6 = 0° or at & = 90° for ¢ = 0°, and
it can be optimally excited when the incidence angle is at
6 = 45°. Table 2 also shows the optimum angles to excite
each mode. These angles represent the critical angles of
incidence (which can also be related to the DUT orientations)
needed to accurately assess the EMC characteristics of the
UAV model. As a result, instead of testing thousands of
angles as reported in [12], [13], the CMA-generated angles
in Table 2 provide a significantly lower number of angles
to test and measure the optimum coupling to each mode of
the DUT. However, if at one frequency more than one mode
is significant, the optimum angle might be in the middle
between the angles in Table 2 and can be calculated by
analyzing (2).

Most of the 11 modes are narrowband modes. Hence, the
changes in the eigen-current distribution of a mode within
the frequency band where a mode is significant can be
neglected. For example, Fig. 6 presents the eigen-current
distribution and the radiation characteristics of Mode 5 at
three different frequencies within the bandwidth of Mode 5,
i.e, at three frequencies where MSs is larger than 0.707.
The current distribution of Mode 5 and its radiation pattern
does not change dramatically within the bandwidth of the
mode. That is, the magnitude of the modal current only
changes slightly with frequency, but the hotspot locations
are maintained, and the radiation pattern of the modes
does not change significantly, as shown in Fig. 6. For
frequencies that are significantly larger or smaller than the
resonance frequencies of the mode, the eigen-currents and
the radiation characteristics of a mode might show signif-
icant differences from the patterns at resonance. At these
frequencies, however, the MS,, of the modes will be too low
to provide any significant contribution to the total coupled
current.

D. PREDICTING THE DOMINANT MODE
The CMA information presented in Fig. 3 to Fig. 5 allows
us to understand how a wide range of excitations might
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FIGURE 7. Coupled current to the edge of the wire due to an incident
wave at 6 = 0°.

couple to the UAV. For example, at any frequency of
interest, Fig. 3 can identify the significant modes in this
frequency range. By investigating Fig. 4, we can determine
whether these significant modes have nonzero currents at
the location of interest. Next, by examining Fig. 5, we can
identify the incident directions that will excite these modes.
At these incident directions and in their close vicinity, the
coupled current can be maximized. By then performing the
summation in (2), we can predict the incident excitation that
generates the maximum coupled current.

On the other hand, if the angle of incidence of the excitation
is known, we can predict the modes that will be excited.
Based on their modal significance in Fig. 3, we can predict the
frequencies where coupled current resonates. For example,
consider the case where one is interested in the current
coupled to the corner observation location when the plane
wave excitation is incident at 6 = 0° and ¢ = 0°. This
direction of incidence is only capable of exciting Modes 1,
2,9, and 10. By examining the current distributions of these
modes, shown in Fig. 4, one can see that only Modes 1 and
Mode 2 have hotspots, shown in red, at the corner observation
location. Modes 9 and 10 have minimal current, shown in
blue, at this location. We, therefore, expect the total coupled
current to show peaks only at the resonance frequencies of
Modes | and 2, shown to be around 0.17 GHz in Fig. 3.
Figure 7 confirms these predictions by showing the full-wave
simulated current at the corner observation location due to a
plane wave excitation at & = 0°. A clear peak is present in
the coupled current in Fig. 7 near the frequency of 0.17 GHz,
which is the same resonance frequency of Modes 1 and 2.
Figure 7 also shows a strong minimum near 0.77 GHz.
This minimum is not due to the absence of current coupling
pathways because Modes 9, 10, and 11 are significant at this
frequency. The minimum in the coupled current at 0.77 GHz
exists because these 3 modes contribute zero current at the
corner observation location. All of these predictions were
achieved from the CMA information generated in Fig. 3 to
Fig. 5. The following section describes how varying the UAV
model dimensions can affect the modal behavior previously
described.
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1-3 when (a) the arm length ¢a was varied and (b) when the body length
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V. SENSITIVITY OF MODES TO UAV MODEL DIMENSIONS
In this section, we explore how the modal characteristics vary
with the dimensions of the UAV model. Three dimensions
of the UAV model in Fig. 1a were varied: ¢, (arm length),
¢y (length of the controller board), and wy, (width of the
controller board). The effect of varying the UAV’s arm length
£, on the modal behavior for fixed center body dimensions
¢y = wp = 220 mm, is plotted in Fig. 8a. For this
analysis, the arm length ¢, was increased from 200 mm to
500 mm in 50 mm increments. For each value of £,, the modal
significance, MS;, was recalculated (not shown for brevity),
and the resonance frequency of MS; —-MS3 was plotted as
shown in Fig, 8a. Fig. 8a shows that the resonance frequencies
of Modes 1-3 decrease proportional to ~ 1/¢,.

The effect of varying the patch’s length, ¢y, for a fixed
arm length and patch width, ¢, = 380 mm and wy, =
220 mm, is shown in Fig. 8b. As the body length ¢y increases
from 220 mm to 440 mm in 22 mm increments, the center
patch becomes a rectangle instead of a square breaking the
4-fold symmetry. Instead of Mode 1 and Mode 2 showing
identical resonance frequencies, Fig. 8b shows that as £}, is
increased that Mode 1 and Mode 2 start showing opposite
trends. That is, the resonance frequency of Mode 1 starts to
decrease, and the resonance frequency of Mode 2 starts to
increase. The resonance frequency of Mode 1 is the most
sensitive to the change in £, decreasing from 0.162 GHz to
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0.136 GHz, which corresponds to a 15.5% reduction in the
resonance frequency for a 100% increase in £y,. On the other
hand, Mode 2 only shows a 3.5 % increase in its resonance
frequency for a 100 % increase €y.

The current distribution of the modes shown in Fig. 4
explains this behavior because the current distribution of
Mode 1 is parallel to £, but the current distribution of Mode 2
is parallel to wy. Therefore, increasing £, and keeping wy,
constant has a marginal effect on Mode 2 but significantly
affects Mode 1. Mode 3 is a hybrid mode combining the
current distributions of Mode 1 and Mode 2, as shown
in Fig. 4. Its resonance frequency follows approximately
the average of the trends of Mode 1 and Mode 2. Since
Mode 1 shows a more significant decrease than Mode 2,
the overall trend of Mode 3 is to decrease with an increase
in £y,

The effect of varying the UAV size was also studied.
Sadraey et al. classified the UAV according to their sizes,
where the size is defined as the longest dimension of the
UAV [42]. For a quadcopter, then, the size of the UAV is
measured from the opposite corner motors. Most commercial
off-the-shelf (COTS) UAVs fall within the following four
classes: Micro UAVs where the size is less than 10 cm,
Mini UAVs where the size is between 10 cm and 30 cm,
Very Small UAVs when the size is between 30 cm and
50 c¢cm, and Small UAVs where the size is from 50 cm
up to 2 m. Since the model in Fig. 1 is classified as a
Small UAYV, its dimensions were scaled down to cover other
UAV classes and to study the effect of the UAV size on
the modes of the frame. Figure 9 illustrates the variation of
the resonance frequencies of Mode 1, Mode 3, and Mode 4
when the overall size of the UAV changes. The analysis of
the resonance frequency of Mode 2 is omitted since it is
identical to Mode 1 for the symmetric model, as illustrated
in the previous section. Figure 9 shows that the resonance
frequencies of the modes scale up when the size of the UAV
scales down in a logarithmic fashion. Thus, the coupling
problem studied in this work is invariant with respect to
simultaneous change of the dimensions and frequencies, and
therefore, the CMA analysis performed in this work can be
scaled based on the size of the UAV frame. Moreover, Fig. 9
shows the frequency range of the first four modes for different
UAV size classes. For example, the resonance frequencies of
the first four modes of UAVs in the “Mini” class should be
confined between 0.6 GHz and 3 GHz if they are similar in
shape to the model in Fig. 1.

In summary, the advantage of the CMA is that it explicitly
delineates the current distribution of the modes. This current
distribution will allow us to predict which modes will change
their resonance frequencies and which modes will have their
resonance frequencies unaffected by a change in the DUT’s
geometry. The mode resonances are directly related to the
coupled current, which is a weighted summation of the modes
as in (2). Moreover, scaling the overall size of the UAV
leads to a linear shift in the resonance. Now that the modal
characteristics and behavior are fully quantified, the next
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FIGURE 9. The resonance frequencies of the modal significance of Modes
1,3, and 4 when the size of the UAV was varied according to the size of
different UAV classes.

section shows how CMA can be used to predict the coupled
current in experimental measurements.

VI. EXPERIMENTAL TESTING OF CMA PREDICTIONS

An EMCO 5317 GTEM was used for testing the CMA
predictions. The GTEM cell has a maximum septum height of
1.5 m and a recommended frequency range of DC - 18 GHz.
At its feed, the GTEM has a 50 €2 7/16 DIN coaxial input.
Port 1 of a Rohde & Schwarz ZVA 24 vector network
analyzer (VNA) was connected to this feed to generate
the incident TEM wave. The GTEM was terminated with
pyramidal foam absorbers and distributed resistive loads to
prevent any reflections. The UAV model in Fig. 1 was built
from copper wires and a square copper sheet. It was placed
inside the GTEM at a 1.5 m septum height to be excited by
the generated TEM fields, as shown in Fig. 10. The field
strength at the UAV location can be estimated by dividing
the input voltage at the TEM-cell port by the septum height.
A 225 mV stimulation was applied at port 1 of the GTEM,
giving a field strength at the UAV location of ~225/1.5 =
150 mV/m. A BCP-512 clamp-on broadband current probe
with an operable frequency range of 1 MHz — 1 GHz was
placed at different locations on the UAV model to sample the
total coupled current. The experimental setup in Fig. 10 was
used to validate the CMA predictions since the total coupled
current is a weighted summation of the modes in Figs. 3-5.
The current probe was connected to Port 2 of the VNA. The
measured S-parameter, S»;, was converted to the coupled
current through the following formula [43], [44]:

| Iprobe | gga = VG lagy + Is21lap — cable lossap
—Zrlapa

where Vg is the voltage at the GTEM input port and
is calculated based on the required field strength at the
location of the UAV. The summation of the Vs and s
yields the voltage received at the current probe. Zr is
the probe transfer impedance, which represents the transfer
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FIGURE 10. Experimental setup showing the realized UAV model inside
the GTEM and the current probe at one location.
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FIGURE 11. Comparison between the measured and simulated currents
at the edge of Wire 1 for normal incidence ¢ = 0° and ¢ = 0°.

function that converts the voltage readings from the current
probe into corresponding current values, as obtained from
the datasheet of the current probe [43]. The “Cable
Loss” term represents the attenuation the measured signal
experiences as it travels from the current probe to the VNA
and can be measured experimentally. Z7 and the “Cable
Loss” are typically negative when represented in decibels.
Experimental measurements will focus on the frequencies
and incident angles summarized in Table 2 since CMA
predicts that these frequencies will maximize the coupled
current.

In the first experimental measurement, the UAV model was
oriented normal to the incident wave inside the GTEM, i.e.,
at @ = 0° and ¢ = 0° and with the polarization angle at
zero. The current probe was placed at the corner location,
and the coupled current was measured and compared to the
simulations that used incident plane waves with an electric
field amplitude of 150 mV/m. Excellent agreement was
achieved between the measurements and the simulations,
as shown in Fig. 11. For both the simulated and the measured
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FIGURE 13. Comparison between the measured and simulated currents
at the edge of Wire 1 for oblique incidence = 45° and ¢ = 0°.

current, the peak current was achieved near 0.17 GHz,
the resonance frequency of Modes 1 and 2 as shown in
Table 2.

A minimum was experimentally observed in the coupled
current near 0.77 GHz, even though this is the resonance
frequency of Modes 9 and 10, as shown in Table 2.
Figure 4 shows that these modes’ current distributions have
a minimum at the corner location. The maximum of their
current distribution occurs at the middle location. Therefore,
CMA predicts that this dip in the coupled current will
disappear if the current probe is moved to the middle of
the wire. Figure 12 shows the simulated and the measured
current at the middle of the wire for the same UAV
orientation. The dip in the coupled current near 0.77 GHz
is significantly reduced, validating the CMA prediction.
Specifically, in Fig. 11, the minimum coupled current was
less than —115 dBA, but in Fig. 12, it was on the order of
~-90 dBA.

To further examine CMA’s ability to predict coupled
current, we examined Mode 4, which cannot be excited
by normal incidence. Figure 5 and Table 2 show that the
optimum angle to excite Mode 4 is 8 = 45°. Therefore, if we
change the orientation of the incident wave relative to the
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UAV model, Mode 4 can be excited. We expect a new peak to
emerge in the coupled current at its resonance frequency of
0.24 GHz, as shown in Fig. 3. Figure 13 shows the coupled
current at the corner location at an oblique incidence angle
of 6 = 45° and ¢ = 0° and polarization angle of zero.
As predicted by CMA, a new peak emerges at 0.24 GHz
caused primarily by Mode 4. CMA, therefore, provides a
straightforward technique, without thousands of trials and
error, to predict the frequencies and angles of incidence
where the peaks in the coupled current exist.

VII. CONCLUSION

In this work, we developed a simple model for the wires
and electronic circuitry of quadcopter Unmanned Aerial
Vehicles (UAVs) using a square metallic patch and four
wires. Characteristic Mode Analysis (CMA) was successfully
applied to calculate the fundamental modes supported by
the UAV model and the characteristics of these modes.
The knowledge of this modal behavior facilitates the
quantification of the UAV’s electromagnetic susceptibility to
external interference and allows one to identify the resonant
frequencies that maximize the coupled current. Moreover,
we showed that the CMA could predict the orientations that
maximize the coupled current to the UAV model at a partic-
ular frequency. Inspite of the relative simplicity of the UAV
model, its predictions showed qualitative agreement with the
true response of quadcopters. The CMA predictions were
tested experimentally by building the UAV model, exciting it
with plane waves inside a GTEM, and measuring the coupled
current using a clamp-on current probe. Excellent agreement
was achieved between the simulations and the measurements
validating this approach for quantifying electromagnetic
coupling and interference to UAVs and similar devices of
interest. The CMA could efficiently predict the incident
angles, frequencies, and probe locations where the coupled
current to the UAV model will be maximum. Thus CMA
could guide the EMC testing of a practical DUT by reducing
the number of necessary experimental measurements needed
to make sure that maximum coupling is detected. In the
future, we will extend the CMA approach employed herein
to study more complicated and practical UAV models with a
larger number of wires and electronics and by expanding the
model from a quasi-3D to a full 3D model.
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