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Abstract—The variation in flight attitude, line-of-sight, and speed of unmanned aerial vehicles
(UAVs) affect their polarization-dependent coupling cross-section and resultant compatibility to pulsed
electromagnetic energy. Here, we present the out-of-band electromagnetic compatibility (EMC) effects
of UAV frame material and shape on the UAV subcomponents. Characteristic mode analysis (CMA) is
employed to study the fundamental modes supported by UAVs which facilitate the interpretation of its
electromagnetic response and the prediction of its effect on the nearby components. Using CMA, we
develop a framework that optimizes the placement of wires and traces of printed circuit boards (PCBs)
on the frame mitigating interference from undesired electromagnetic sources. A 3-D scanner is used to
provide four versions of a quadrotor UAV to study the frame shape effect on the coupling. Materials of
differing permittivity are assigned to these frame versions to assist in understanding the material effect
on the EM coupling to the UAV.

1. INTRODUCTION

Unmanned aerial vehicles (UAVs) perform a wide range of civilian and military-related applications [1–
4]. UAVs fly in a highly congested wireless spectrum environment due to their recent use as mobile base
stations [5–7]. Therefore, UAVs are prone to Electromagnetic Interference (EMI) from unintentional
sources [8], which can lead to catastrophic consequences [9]. Therefore, quantifying the coupling to
UAVs in the presence of unintentional radiations is essential.

EMI coupling pathways to any Device Under Test (DUT) can be classified into two categories:
front-door coupling and back-door coupling [10]. Front-door coupling is the interference through the
DUT’s intended receiving elements, such as antennas and sensors. In contrast, the back-door coupling
is interference through cables, traces, and slots not intended for electromagnetic reception, which is
more challenging to predict and mitigate. The coupling to the UAV components through its receiving
antennas is studied extensively in [11]. Moreover, Li et al. investigated different techniques to minimize
such coupling and interference [12]. Besides, in [13], low-level direct drive (LLDD) and low-level swept
fields (LLSF) methods have been applied to test a UAV with cables to assist in the measurements of
EM interference. Interestingly, the analysis in [13] illustrated that the UAV cavity resonances play a
significant role in the coupling to the enclosed cables. Therefore, the effect of the UAV frame on the
electromagnetic interference to the UAV subcomponents needs to be considered. On the other hand,
quantifying the electromagnetic response of the UAV is complicated by their permutations of shapes,
sizes, and material compositions. In this work, we applied CMA to calculate the fundamental modes of
perfectly conducting and dielectric UAV frames.
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CMA has been extensively employed in designing antennas and analyzing the electromagnetic
scattering characteristics of various structures [14–27]. Moreover, we recently employed CMA to study
coupling and interference to wires and other 2-D structures [28–30]. However, applying CMA for complex
shapes composed of one or more dielectric materials is still under development [31–37].

This paper applies CMA to quantify the EM response of a quadcopter UAV frame with different
dielectric properties. The frame EM response guides the prediction of locations exhibiting maximum
or minimum interference for any given incident wave. We then use this information to optimize the
placement of the sensors and the placement of the wire and electronic systems on the UAV’s frame.

Preliminary version of this work was presented in [38]. In the following section, a brief discussion
of CMA is introduced.

2. CHARACTERISTIC MODE ANALYSIS

CMA is a full-wave electromagnetic technique that decomposes the total surface current coupled to a
scatterer into a set of fundamental modes called eigen-currents. It calculates the relative importance
of each mode at any frequency [35]. The modes can be calculated using the following eigenvalue
equation [39]:

X (Jn) = λnR (Jn) (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 λn is the eigenvalue of mode n. All eigenvalues, λn, in
Equation (1) are real [40]. The magnitude of the eigenvalue is inversely proportional to the radiation
efficiency of the associated mode. Hence, the reactive power of the mode is proportional to the
magnitude of the eigenvalue. Therefore, the mode resonates when λn = 0. In addition, the sign of
the eigenvalue determines whether the mode contributes to storing magnetic energy (λn > 0) or electric
energy (λn < 0) [40]. Equation (1) above is solved at every frequency to generate the corresponding Jn

and λn values. At any frequency, the total current coupled to a scatterer due to an incident field can
be expressed as [41]:

I =
∑
n

VnJn

(1 + jλn)
(2)

where Vn is the modal excitation coefficient. It represents the coupling between the incident fields and
mode n. The modal excitation coefficient Vn can be calculated using the following integral over the
outer surface of the scatterer [41]:

Vn =

∫∫
Jn ·Eids (3)

where Ei is the incident electric field.
In this paper, the following parameters will be studied to facilitate the predictions of the optimum

locations for the electronic systems above a quadcopter UAV:

1. Modal significance (MSn): is independent of the excitation, and it identifies the relative weight of
mode n, i.e., it describes the significance of its contribution to the UAV’s total coupled current. It
can be calculated as:

MSn =
1

|1 + jλn|
(4)

The MSn has a maximum value of 1, which occurs when the eigenvalue λn has a value of zero,
and the mode is resonating. At any frequency of interest, the ratio of the values of MSn among
different modes allows one to identify the modes that dominate the coupled current.

2. Eigen-currents or modal currents Jn: identify the current distribution of each mode n. The modal
currents illustrate each mode’s maximum and minimum current locations. The eigen-currents Jn

are also independent of the excitation.

It is important to reemphasize that the CMA parameters MSn and Jn are independent of the incident
field. The dependency on the excitation is entirely encapsulated in the modal excitation coefficient Vn.
As a result, CMA will give insight into the supported modes of the UAV frame and how to excite each
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mode without the need to test all possible angles of incidence. Therefore, in contrast to the statistical
approaches that require a long computational time [42, 43], CMA is a qualitative technique to assist the
electromagnetic coupling and interference to complex geometries. The following sections apply CMA
to a quadcopter frame to quantify the UAV shape and material effect on the coupling.

3. PARAMETERS THAT AFFECT THE COUPLING TO THE UAV SYSTEM

3.1. UAV Shape Effect

UAVs are typically composed of many components, each contributing to the overall electromagnetic
response. Modeling the entire UAV components will lead to a convoluted electromagnetic response.
Therefore, it will be hard to isolate the contribution of each component to the overall electromagnetic
response. Therefore, we divided the UAV into components and studied each component individually.
Since the frame is typically the largest component of the UAV, it will dominate the response at low
frequencies. Therefore we focus our work in this paper on studying the electromagnetic response of UAV
frames. Perfect Electric Conducting (PEC) material is assigned to the frame since most metals can be
modeled as PEC at low frequency. In this section, we focused our analysis on the simple quadcopter
UAV shown in Figure 1.

(a)

(b) (c) (d)

Figure 1. (a) Full UAV design, (b) UAV frame, (c) UAV blades, and (d) UAV transmitting and
receiving system.

Two identical bars in a cross formation were constructed to construct the UAV frame in Figure 1(b),
and the CMA was performed for this structure. CMA was performed using the commercial full-wave
solver FEKO [45]. The single bar dimensions are 0.2m, 0.028m, and 0.024m. Figure 2(b) shows the
modal significance of the first six modes of the cross-shaped UAV frame.

The modal significance in Figure 2(a) provides the relative importance of each mode. For example,
at 0.6GHz, Mode 1 and Mode 2 have a significance of 1, whereas all the other modes have a significance
below 0.5. Thus, up to 0.68GHz, the response is dominated by Mode 1 and/or Mode 2. Besides, the
total current generated on the bars will be similar to Mode 1 and/or Mode 2. The dominant mode at
this frequency range depends on the excitation of the modes. Beyond 0.68GHz, other modes become
significant, and the response will be due to a mixture of modes.

Figure 2(a) illustrates that Mode 1 and Mode 2 have an overlapping modal significance, indicating
that they have equal significance at every frequency. This overlap arises from the symmetry of the
structure and the identical dimensions of the two intersecting bars. To simplify the distinction between
Mode 1 and Mode 2, we keep one bar and slightly modify the other bar to break the symmetry. We
have added 1% of a single bar length to the modified bar. Hence, the dimensions of one bar are 0.2m
× 0.028m × 0.024m, while the other is 0.202m × 0.028m × 0.024m. Figure 2(b) shows the modal
significance of the first three modes of the cross-shaped nonsymmetric UAV frame. The frequency range
in Figure 2(b) is up to 1GHz to illustrate the slight frequency shift between Mode 1 and Mode 2 due
to the slight change in the arm’s dimensions. Clearly, Mode 1 and Mode 2 do not overlap.
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(a) (b)

Mode 1 Mode 2 Mode 3

Mode 2 Mode 5 Mode 6

(c)

Figure 2. (a) Modal significance of the symmetric PEC cross-shaped UAV frame. (b) Modal
significance of the first three modes of nonsymmetric PEC cross-shaped UAV frame. (c) Modal currents
of the unequal arm length’s PEC cross-shaped UAV frame.

Figure 2(c) shows the modal currents of the first six modes of the nonsymmetric UAV bars. The hot
spots, shown in red in Figure 2(c), indicate the areas with the maximum currents. The UAV electronic
devices near these spots will be more prone to coupling. The blue regions in Figure 2(c) show currents
with low magnitudes. For the nonsymmetric UAV frame, Mode 1 will exhibit significant currents only in
the horizontal bar, whereas in Mode 2, only the vertical bar will exhibit significant currents. Therefore,
Mode 1 will be excited if the incident field is parallel to the horizontal bar, and Mode 2 will be excited
if the incident field is parallel to the vertical bar. In addition, a circularly polarized wave can excite
both modes.

Modes 3 is a hybrid combination of Modes 1 and 2, and it resonates at higher frequencies, as shown
in the modal significance in Figure 2(a). Modes 5 and 6 overlap as their current pattern is similar but
rotated by 90. Because of the overlap in modal current at the joint part of the bars, it is expected that
Modes 5 and 6 will have a hybrid Mode at a higher frequency. This behavior was previously reported
in similar structures with 4-fold symmetry [45, 46].

To study more realistic UAV frames, we used the MakerBot Digitizer scanner to scan an F450 drone
frame. The MakerBot scanner is a desktop 3D scanner with a small turntable where the object to be
scanned is placed. It uses laser scanning technology to scan the object. Using the MakerBot Digitizer
scanner, we developed four different 3D versions, V1–V4, of the UAV, with V1 being the coarsest. In
contrast, Version 4 is the finest, as shown in Figure 3. That is, Version 4 is the most accurate scanned
structure, and it includes most of the features of the actual UAV frame. The single-arm length of the
scanned frames is 19.5 cm, and the overall frame size is 51.1× 51.1 cm.
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Actual UAV  Frame Version 1 Version 2

Version 3 Version 4

Figure 3. The actual frame of the UAV and four different 3D representations of its geometry.

CMA is applied to Version 1 of the frame to identify the resonance frequencies and the corresponding
modal currents hot spots of the frame. Figure 4(a) shows the modal significance of the frame. Up to
0.5GHz, the frame has three modes, two identical modes resonate at 0.29GHz, and Mode 3 resonates
at 0.32GHz. The identical modes are due to the 4-fold symmetry of the UAV cross bars shape studied
in the previous section. Figure 4(b) shows the normalized current distribution of the first three modes.
The color bar in Figure 4(b) clarifies that the hotspots are near the arms; see the red colors. Moreover,
the central square part of the UAV has no currents; see the blue color.

It is expected that the excited modes reradiate fields to the nearest subcomponents. Therefore, their
relative location above the UAV frame will affect the coupling to the electronic devices. To demonstrate
the effectiveness of CMA in quantifying such an effect, we studied the coupling to three identical wire
loops. In modern PCB design, the signal transmission from one chip to another can form a loop due to
the signal-return path loop. Therefore, the noise source in the circuit due to the external coupling can
be modeled as a loop [47–49].

(a)

(Mode 1)

(b)

(Mode 2) (Mode 3)

Figure 4. (a) Modal significance of the PEC frame (V1). (b) The normalized current distribution of
the first three modes.

The loops have length 100mm, radius 0.25mm, and height 15mm. The three loops are mounted
at different locations above Version 1 of the UAV, as shown in Figure 5(a). The incident electric field is
oriented parallel to the three loops, as shown in Figure 5(a). Figure 5(b) illustrates the loop configuration
where two loads, Load 1 and Load 3, are connected at the terminals of the loop, and Load 2, is connected
to the middle of the loop. All the loads are set to 50Ω. Loads 1 and 3 represent the source’s internal
and load resistance, respectively. Load 2 is attached as a crude representation of a measuring device to
study the current/voltage on the transmission lines. A more accurate representation of the electronic
devices on board will be investigated in future publications. Figure 5(c) shows the induced voltage at
load 2. Loops 1 and 3 show higher overall induced voltage than loop 2 because they are above the
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Loop 2

Loop 3

Load 1Load 2Load 3
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15 mm

(a) (b)
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k

(c)

Figure 5. (a) Wire loops system above a PEC frame (V1) and the applied electric field orientation.
(b) Sketch of the wire loop and its dimensions. (c) Induced voltage on load 2 of different wire loops
above the PEC UAV frame.

“hotspots” of Mode 1, as shown in Figure 4(b). Thus, the predictions of the coupling sensitivity to
the wire location above a complicated structure can be achieved using CMA. Therefore, we proceed to
study the effect of different accurate representations of the UAV by applying CMA to the other three
versions of the scanned UAV.

In this section, we study PEC frames, while more realistic dielectric properties will be studied in
the next section. Figure 6(a) shows the effect of the small features captured by the high-resolution
scanned UAV versions on the modal significance of the first mode, while its effect on mode 3 is shown in
Figure 6(b). The small features captured by high-resolution versions are not significant on the resonance
frequencies of the modes, as shown in Figure 6, except for V1 compared to the other versions. This is
because V1 doesn’t have the circular parts used to mount the motors at the end of each arm. Therefore,
version 1 is electrically smaller than the other versions, which explains the difference in Figure 6. The
study of Mode 2 is omitted since Mode 1 and Mode 2 are identical.

(a) (b)

Figure 6. Modal significance of the four different 3D representations of the UAV frame. (a) Mode 1,
(b) Mode 3.

On the other hand, each version has a different modal current distribution due to the geometrical
difference. Figure 7 shows the current distribution of Mode 1 for the different scanned UAV versions.
The blue regions in Figure 7 define low magnitude current, while the red regions represent the highest
current magnitude. Figure 7 shows that the magnitude of the modal current increases as we move to
a more accurate UAV representation. That is, V4 shows the highest magnitude of the modal current
while V1 has the lowest magnitude. Thus, the geometrical differences between the versions affect the
current distribution of Mode 1. As a result, they are affecting the coupling to wires and electronics at
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V1 V2 V3 V4

Figure 7. Current distribution of Mode 1 for different scanned versions of the UAV.

Figure 8. The induced voltage at load 2 on loop 1 above the four different 3D representations of the
PEC UAV frame compared to the load voltage if the loops are in free space.

different locations above the frame. Three-wire loops are mounted at the same spots above the four
UAV versions to demonstrate the effect of the geometrical differences. The excitation field direction and
the loop locations are identical to the case in Figure 5(a). Since the magnitude of the modal current of
V4 is the highest, it is expected that the induced voltages across the loops above V4 to be the highest.
Oppositely, the modal current of V1 is the lowest. Therefore, the load voltages are expected to be the
lowest in V1. Figure 8 shows the induced voltage across load 2 on the loop above the hotspot of Mode
1 for the four different UAV frame versions. Clearly, the induced voltage on the loop above the hotspot
of Mode 1 of V4 is the highest, while the induced voltage on the loop located above the same spot on
V1 is the lowest. Next, the induced voltage on the loops above the PEC frames is compared to that of
the same loop configuration in free space. For the free space case, the frame is completely removed, and
the induced voltages on loads of the loop are calculated. The comparison in Figure 8 illustrates that
the induced voltage at the loops will only occur at the resonance frequency of the frame, and no peak
will arise on the induced voltage of the loops in free space.

The analysis in this section illustrates the significance of small UAV frame features on the location
optimization of the wires and electronics. It also illustrates the ability of CMA to optimize the location
of the UAV subcomponents.

It is worth reemphasizing that the modal currents and modal significance are excitation-
independent. Thus, all the predictions performed in this section do not need stochastic analysis for
location optimization, which proves the computational efficiency of the CMA compared to traditional
computational techniques. In the next section, materials of differing permittivity are assigned to the
frame versions to assist in understanding the material effect on the EM coupling to the UAV.

3.2. UAV Material Effect

In this section, we perform CMA on the first two representations of the scanned UAV model in Figure 3,
but we change their material properties to match the realistic dielectric properties of typical UAV frame
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(a) (b)

Figure 9. Modal significance of a dielectric UAV frame. (a) The 1st version. (b) The 2nd version.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 10. The normalized current distribution of (a) Mode 1, (c) Mode 2, (e) Mode 3, (g) Mode 4
for the 1st version of the dielectric UAV frame. (b) Mode 1, (d) Mode 2, (f) Mode 3, (h) Mode 4 for
the 2nd version of the dielectric UAV frame.

plastics (εr ≈ 3.3). The modal significance of the two versions is shown in Figure 9. Although version 2
has extra pieces at the arms of the UAV, the modal significance of both versions is identical. Figure 9
illustrates that the response of the dielectric UAV frame is less sensitive to the physical features of the
arms.

The distributions of the modal currents for both versions of the UAV are shown in Figure 10. The
current distributions of the modes are concentrated in the central part of the frame, contrary to the
conducting frames. Therefore, changing the length/width of the arm has a minor contribution to the
overall electrical path of the modal currents.

Similar to our previous discussions about the mode hybridization phenomena, the modal currents
of Mode 2 and Mode 3 are identical. Still, Mode 3 is rotated by 90◦ around the axis of the UAV
in comparison to Mode 2. Mode 4 is a hybrid combination of Mode 2 and Mode 3. Figure 9 and
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Figure 10 illustrate that any electronic component on top of the central part of the UAV may be prone
to coupling and interference. To demonstrate how the relative location of the electronic devices can
affect their response, we studied coupling to wire loop in three cases. Firstly, the loop is mounted above
V1 of the UAV with a 3mm separation. Secondly, the loop is in free space, and thirdly the loop is
placed 3mm away from an infinite planar dielectric slab. The relative permittivity of the slab is εr = 3.3,
and its thickness is 45mm, similar to the frame’s center part properties. The incident electric field is
oriented to excite Mode 2 of the frame and parallel to the loop, as shown in Figure 11(a). Figure 11(b)
shows a sketch of the wire loop and its dimensions. Figure 11(c) shows the induced voltage at load 2 in
the three studied cases. The peak in the induced voltage of all the loops at 1.4GHz corresponds to the
resonance frequency of Mode 1 of the loop itself. Clearly, the relative permittivity of the frame/layer
is responsible for the degradation in the coupling at 1.4GHz. It is also responsible for the reduction in
the bandwidth of the peak. The induced voltage on load 2 in free space and above the infinite dielectric
slab has no peak around 2.2GHz. However, load 2 of the loop above the UAV has the highest induced
voltage corresponding to the modes of the frame, as illustrated in Figure 9.

(a) (c)

E i

k

Load 1Load 2Load 3

100 mm

15 mm

(b)

Figure 11. (a) The loop above a dielectric frame (V1) and the applied electric field orientation. (b)
Sketch of the wire loop and its dimensions. (c) Induced voltage on load 2 at the loop in free space,
above of V1 of the UAV frame, and above an infinite planar dielectric slab.

Another advantage of the CMA is that it explicitly delineates the current distribution of the modes.
This current distribution allows us to predict which modes are affected by a change in the UAV’s
geometry. This study can facilitate simplifying yet maintaining an accurate representation of the frame.
To illustrate how to employ CMA to save the computational time of simulating the frame with different
electronic components, we simplified the frame to be computationally efficient for the EM analysis. The
arms of the frame are removed, and only the body, where the modal currents are concentrated, is kept.
CMA for both frame representations, shown in Figure 12, is performed. The two representations are
assumed to have the same realistic dielectric properties as the typical UAV frame plastics (εr = 3.3).
A crude representation of the bulk electronics above the UAV is modeled as a 56× 85.6mm PEC sheet

(a) (b)

Figure 12. (a) The 1st version. (b) Simplified representation of the dielectric UAV.
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(a) (b)

Figure 13. The modal significance of 1st version versus the simplified representation of the dielectric
UAV. (a) Mode 1, (b) Mode 2.

above the two UAV representations. The modal significance of the two representations is shown in
Figure 13. The modal significance of both representations is identical, while V1 has the arms of the
UAV. The computational time of the CMA for the complete frame with arms is 38.9 hours, while it is
6.7 hours for the simplified frame. The analysis in this section shows that the knowledge of the modal
behavior can simplify the problem’s computational complexity. The following section clarifies the effect
of varying the UAV frame dimensions on previously described modal behavior.

4. SENSITIVITY OF MODES TO UAV MODEL DIMENSIONS AND MATERIAL

The dimensions of a UAV can vary in different models. Therefore, in this section, we explore how the
modal characteristics vary with the dimensions and material of the UAV frame. Two dimensions of
the UAV frame in Figure 14(a) are varied: ℓa and ℓb. The effect of varying the UAV’s arm length ℓa
on the modal behavior for fixed center body dimension ℓb = 100mm, is plotted in Figure 14(b). For
this analysis, the arm length ℓa is increased from 500mm to 1000 mm in 100mm increments. For each
ℓa value, we recalculated the modal significance, MS, of the first mode, and we plotted the resonance
frequency of MS 1 in Figure 14(b) (black line). The analysis in Figure 14(b) (black line) shows that
the resonance frequency of Mode 1 is insensitive to the variation on the frame’s arm since the current
distribution of the first modes is concentrated at the body, not the arms, as explained in the previous
section.

(a) (b) (c)

Figure 14. (a) A sketch of the quadcopter UAV showing the general dimensions of the structure. (b)
The resonance frequencies of the modal significance of Mode 1 when the arm length and ℓa body length
ℓb were varied. (c) When the dielectric properties of the frame were changed.
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The effect of varying the length of the center body, ℓb, for a fixed arm length, ℓa = 500mm, is shown
in Figure 14(b) (red line). As the body length ℓb increases from 100mm to 150mm in 10mm increments,
the resonance frequency of Mode 1 decreases. The resonance frequency of Mode 1 is sensitive to the
change in ℓb, decreasing from 1.75GHz to 1.44GHz, corresponding to a 20% reduction in the resonance
frequency for a 50% increase in the ℓb.

The effect of the frame material on the resonance frequency of the modes is plotted in Figure 14(c).
For this analysis, the arm length ℓa = 500, the body length ℓb = 100mm, and the relative permittivity
of the frame varies from 3 to 8 in 1 increment. The resonance frequency of Mode 1 decreases from
2GHz to 1GHz, corresponding to a 50% reduction in the resonance frequency for a 166% increase in
the relative permittivity of the frame εr. The resonance frequency of the modes will decrease as the
relative permittivity increases until it approaches the case of the PEC studied in the previous section.

5. CONCLUSION

In this work, we have studied the effects of quadcopter Unmanned Aerial Vehicles (UAVs) frame
materials and shapes on the coupling and interference of the UAV subcomponents. A 3-D scanner
is used to provide four versions of a quadrotor UAV to study the frame shape effect on the coupling.
Characteristic Mode Analysis (CMA) was successfully applied to calculate the fundamental modes
supported by the different versions of the UAV and the characteristics of these modes. The knowledge
of this modal behavior facilitates optimizing the placement of wires and PCBs on the frame mitigating
interference from undesired electromagnetic sources. The optimization process is based on a qualitative
CMA, which is computationally efficient compared to statistical analysis. We showed that the coupling
to the UAV subcomponents mounted at the center part of the dielectric UAV frame is the highest.

In contrast, the coupling to the UAV subcomponents mounted at the arms of the metallic UAV
frame is the highest. Moreover, we optimized the computational time of the CMA of the UAV by
efficiently reducing the complexity of the complete UAV frame. The optimization of the UAV complexity
was guided by its modal behavior. 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.
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