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Abstract: A helicopter in flight can be considered an unstable dynamic system with many unwanted
vibrations originating from multiple sources, such as the operation of the engines and individual
components. These vibrations cause the degradation of the structural and functional components
of a helicopter, thereby generally reducing the utility and technical efficiency of the aircraft. During
the analysis of frequently recurring errors of medium-heavy helicopters, partial damage to antenna
elements with vertical polarisation was detected. These damages provided the basis for the presented
research, based on which supplementary vibrations caused by unwanted electromagnetic oscillations
were revealed. These oscillations were detected in the process of communication between the
helicopter crew and the ground ATC (air traffic control) station. This phenomenon’s existence and
negative influence were confirmed via measurements and modal analysis, based on which an exact
synergy between harmonic frequencies of the helicopter’s normal vibrations was discovered. The
obtained results serve as a theoretical and practical basis for the future monitoring of this phenomenon,
especially in the process of determining the “health status” of medium-heavy helicopters.
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1. Introduction

Any movement, i.e., a manifestation of force, desirable or undesirable, has a significant
effect on the structural elements of a helicopter, including the antenna elements [1]. It is,
therefore, necessary to examine the given area and describe it in detail, as the problem
of corrective instability of helicopter flight is caused by the influence of the forces accom-
panying the flight [2—4]. These forces can have both a positive and a negative effect, and
the helicopter is affected by them—ideally within the limits set for operational safety and
the purpose of use [5]. This characteristic of moments of forces is formed by the sums of
negative forces—vibrations, which contribute to the balanced flight of the helicopter [6].
Vibrations caused by helicopter design and technology, including radio-communication
antennas during transmission, have the characteristic of a random process [7,8]. This pro-
cess can be described by time functions containing one or more random, time-independent
parameters, which are characteristic of helicopter power systems, producing the highest
number of vibrations [7,8].

The individual phases of helicopter flight are accompanied by typical, expected and
well-described mechanical vibrations [6-8]. The source of higher harmonics in the area of a
helicopter’s vibration band is from the take-off mode to the stabilisation of the flight and
then the braked landing mode of the helicopter. In addition, constant harmonic vibrations
can be recorded in the hover mode [8]. Local areas (elements of the system of the helicopter)
producing mechanical vibrations affecting the structural surface and equipment of the
helicopter can be described in the following figure (Figure 1), representing the vibration
environment of the helicopter. This environment combines many vibrating elements—main
rotor, tail rotor, reducer, and motor. Since vibrations are transmitted to the surrounding
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environment and subsequently to the helicopter’s fuselage, acoustic vibration measurement
is a suitable indicator for measuring mechanical vibrations.

Figure 1. The local areas (elements of the system of the helicopter) producing mechanical vibrations
affect the helicopter’s structural surface and components. Legend: 1. vibration of the carrier rotor
blades; 2. vibration from the reducer; 3. vibration from engines; 4. vibrations from the Earth’s surface;
5. investigated supplemental vibration of the antenna element during transmission; 6. vibration from
the balancing rotor; 7. vibrations from the structure of the helicopter fuselage.

Individual mechanical vibrations produced by helicopter systems can be described as
components of harmonic oscillations with random initial phases. A set of oscillations in
which the amplitudes are determined can be determined for each helicopter component,
assuming that the phase of the oscillating signal is distributed evenly over the transients
associated with the helicopter’s vibrations [6-8]. This phenomenon can be described using
the vibrational correlation function (1) [9,10]:

2
K(1) = % CoSwyT 1)

where
K(7) is the vibrational correlation function;
Ay is the initial amplitude of the vibration;
wy is the initial angular frequency of the vibration;
T is the variable time difference (T = t; — t1). The spectral density at frequency @ is
expressed by Equation (2):
G(w) = mAGé(w — wo) )

where

G is the spectral density;

7t is the Ludolphine number;

Ay is the initial amplitude of the vibration;

0 is the function for determining the start of the vibration;

w is the angular frequency of the vibrations;

wy is the initial angular frequency of the vibration.

The helicopter represents a moving resonating element that creates a finite broad-
band vibration, containing many harmonic components. The overall process can be de-
scribed as a summation of multiple random parameters from multiple helicopter systems
(Equation (3)) [9,10].

xz(t) =) Aoisin[@o;t + ¢;(t)] 3)
=

where
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x5 (t) is the sum of the harmonic components from the elements of the system of the
helicopter, causing the vibration;

Ay is the initial amplitude of the vibration;

wyl is the initial angular frequency of the vibration from the i-th system of the heli-
copter, causing the vibration;

t is the time;

¢:(t) is the phase change upon reflection.

The very manifestation of the components and their vibrations differ in frequencies or
amplitudes. In the second case, the one-dimensional probability density takes the form of

Equation (4):
©  p(4)
P(x) :/ — 2 __dA
¥ o A2 — X%
where

P(x) is the probability density of the vibrations;

p(A) is the distribution law of the amplitudes;

7t is the Ludolphine number;

A is the amplitude of the vibration;

x is the harmonic components of the vibration.

Overall, the individual components of the vibrations produced by the helicopter
systems create the result of the overall vibration. These are narrow-band vibrations that
are classified in the group of quasi-harmonic oscillations. Quasi-harmonic vibrations are
produced when a random broadband vibration (for example, from helicopter engines) is
applied to an oscillating system formed by a helicopter structure as a model of a single-
degree-of-freedom system with damping. This is subsequently partially transferred to the
helicopter’s antenna elements, which are loaded by mechanical manifestations of vibrations
from the helicopter’s structural elements [11-16].

Antennas, one of the most critical devices on aircrafts and helicopters for communica-
tion and radio-technic equipment, are devices used to transform high-frequency current
into electromagnetic (radio) waves when transmitting and transforming radio waves into
high-frequency current when receiving [17-19]. From the physical point of view, the an-
tenna is a conductor with a designated length that depends on its desired parameters, such
as operating (resonant) frequency and radiation pattern. Other parameters, such as physi-
cal dimensions and internal construction, rely on the intended purpose (communication;
navigation) [20-24].

Modern antennas must be complex to achieve the best performance of wireless com-
munication links. They must withstand not only different environmental conditions but
also their quick changes, especially in temperature and g-force. As a compromise between
their physical dimensions, electrical properties, and performances, manufacturers use some
standard solutions—tuning the antenna’s circuit into a resonant state when the capacitive
and inductive reactances cancel each other out. Thus, the antenna must be equipped with a
coil [25-28].

For best performance, the antenna must be tuned to its resonant frequency, and at the
same time, it must be matched to the circuit in terms of electrical properties. As the antenna
represents a resonant circuit, the electric coils are used for fine-tuning its impedance. These
coils can also increase inductance and thus provide ideal coupling to the transceiver. Coils
are usually self-supporting or wound around the Teflon support structure. However, the
significant increase in weight when the coil is used affects the antenna vibration and g-force,
so antenna designers must consider it [27,28].

When the antenna is connected to the transmitter, and high-frequency current flows
through its turns, this current produces a force between these turns, which can be expressed
as Equation (5):

(4)

_ Ml
Fy= 27a ©®)
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where

Ff is the force between turns of coil;

u is the permeability of the material;

7t is the Ludolphine number;

a is the distance between coil turns;

I is the electric current;

lis the length of the coil turn.

The currents flowing to the antenna and its turns are of a high amplitude (several
Amperes) during transmission. Such currents will create a significant force between the
coil turns. As these currents alter in time, so the force will be changed, resulting in the
movement of coil windings [29].

A more detailed analysis of the mechanical vibration measurements of the helicopter,
which showed abnormalities when examining the radio communication antenna elements,
prompted the authors” team to establish a research hypothesis.

Hypothesis: is it possible that the relatively frequent breakage of helicopter antenna
elements is caused not only by mechanical vibrations but also by vibrations associated with
radio communication transmission and, thus, by electromechanical vibrations?

2. Materials and Methods

Vibrations should be understood as unwanted, persistent oscillations (oscillations),
mainly of a mechanical nature, originating from the already mentioned components of the
helicopter and transmitted to the entire helicopter system.

The forces and moments acting from the vibration-producing components (Figure 1)
are added following the theory of the cumulative result (Equation (6)) [9,10] as follows:

7
xz(t)ZZX1+X2+'--X7 6)
i=1

where

x5 (t) is the sum of the harmonic components from the elements of the system of the
helicopter, causing the vibration;

X; is the element of the i-th system of the helicopter, causing the vibration.

The overall applied forces, F, are transferred to the helicopter’s fuselage and cause
it to oscillate. Such vibrations are typical of all helicopters because they are created by
the forces and moments that arise during the normal operation of the moving parts of the
helicopter, especially its rotating parts. These vibrations are called normally conditioned
vibrations. The resulting applied force, parallel to the axis of the helicopter fuselage, causes
the fuselage to bend in its vertical plane. The force rotating in the plane of rotation of
the helicopter blades causes bending vibrations of the fuselage in the vertical plane and
bending-torsional, i.e., transverse vibrations, in which the helicopter fuselage bends in the
horizontal plane and twists around its longitudinal axis. These forces act on the antenna’s
moment attachment and other helicopter systems attached to the fuselage [2-5,13-16].

Per the rules of addition, the forces acting on the fuselage contain only harmonics,
which are a multiple of the total number of frequencies acting on the helicopter as vibrations.
Of practical significance is usually only the circular frequency of the helicopter fuselage
oscillations, which is affected by the number of propellers of the carrier rotor and the ratio
of the frequency of the excitation force to the inherent frequencies of the helicopter fuselage.
As the number of rotor blades increases, the number of transient harmonics increases in
accordance with the addition rules. In general, their value decreases as the number of rotor
blades increases [14,15].

Based on the mechanical, vibration-induced movements of the helicopter structure, a
relationship is established between the oscillations and the ideal position of the antenna
elements of the systems. This position must be designed in order to maintain the highest
possible parameters of the antenna elements, to which the gain and radiated power of
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the antenna are adjusted without the effect of the attenuation of the helicopter fuselage.
The idea is to create an anti-vibration system that will prevent this negative effect on the
antenna elements.

In the construction of a helicopter as a vibrating device, another of the many prob-
lems is the surface tension dispersing along the fuselage of the helicopter, which is often
proportional to the vibration amplitudes. Amplitudes of vibrational displacements can be
used to estimate stresses in the structural materials of antenna systems, considering their
stiffness [2,3,14,15].

In the general case, these vibrations can be expressed in a Fourier series as a sum
of harmonic oscillations with frequencies that are multiples of the fundamental found
frequency, which depends on the parameters of the helicopter—the number of rotor blades,
and the number of the helicopter engines (Equation (7)) [9,10].

S = i Sqicos(wt + Bi) ?)
i=1

where

S is the vibrational shift;

Sqi is the amplitude of the vibrational shift from the i-th system of the helicopter,
causing the vibration;

Bi is the phase shift angle of the i-th harmonic component;

w is the angular frequency of the vibrations;

t is the time.

Creating a realistic idea of poly-harmonic oscillations is necessary to know the vibra-
tion displacement amplitude, angular frequency and phase displacement angle for each
of the vibration components from the systems producing the vibrations on the helicopter.
Many difficulties and design failures can be avoided by identifying and quantifying the
two main parameters—the amplitude and frequency of vibration displacement on the
helicopter. It goes without saying that only mechanically and structurally approved and
undamaged components (in our case, tested antenna elements), correctly and appropriately
placed on the surface of the helicopter, are taken into account during the analysis [2,3,14,15].

However, during the operation of the helicopter, due to manufacturing and installation
errors (for example, the weight imbalance of the rotor blades, aerodynamic difference of
the rotor blades, and uneven rotation of the rotors), the discrete lines of the spectrum of
polyharmonic oscillations are detuned. As a result, the real spectrum is not linear but
quasi-poly-harmonic, which is described by the following Equation (8):

S() = Y Sui(t)eos(icort + Bi(t)) + Sz (1) ®)
i=1

where

iwy is the average frequency of the narrowband vibration process of the systems of
the helicopter, causing the vibration;

Sqi is the amplitude of the vibrational shift from the i-th system of the helicopter,
causing the vibration;

Bi (t) is the random and slowly varying phase shift angle of the i-th harmonic component;

S¢ (t) is the noise component of the vibration signal originating from the systems of
the helicopter, causing the vibration.

In the case of the presented research and the solved hypothesis, the attention is focused
primarily on difficulties and structural failures, and the breakage of the antenna elements
of the radio communication systems of the helicopter (Figure 2), caused by vibrations.
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Figure 2. Visualisation of the statistically most frequently occurring damages to and breakages of a

helicopter’s radio communication antenna.

As shown during the acoustic measurements of mechanical vibrations, and as will be
described in detail, during the transmission of radio communication antennas, additional
vibrations are created caused by the very transmission of the voice radio communication
message through the antenna. This supplementary vibration has the same negative impact
on the construction of the antenna system as the already-known mechanical vibrations
do [18].

One reason for breaking the radio communication system’s antenna element is the
addition of other onboard systems with close frequencies, which creates oscillations in
the form of nomenclature beats. As will be analysed in the article, these blows can cause
an impact force factor, which breaks the disturbed or otherwise damaged component (in
the presented case, the antenna element) at the weakest point, as shown in the figures
(Figures 2 and 3).

Figure 3. Photo documentation of the gradual deformation of the radio communication antenna.
(a) Radio-communication antenna type CI 200 attached to the structure of the helicopter by a riveted
connection; (b) radio communication antenna type CI 200—visualisation of acting forces and vibration
frequencies during the action phase of the helicopter’s straight-line flight.

In the nomenclature hit, the frequency of oscillations is deviated from the average
value, and oscillations can be expressed as random variables changing almost periodically,
with a constant frequency, random amplitude and random phase. While the amplitudes are
functions of time, slowly changing in time compared to the force loading of the element,
which is expressed by Equation (9):

F = F,(t)cos[wt + B(t)] ©)

where
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F is the force load of the investigated element;

w is the angular frequency of the vibrations;

F,(t) is the randomly varying amplitude of the force load of the investigated element;

B(t) is the randomly varying phase shift angle;

t is the time.

The load distribution, F, is assumed according to the normal law, with the phase
ranging from 0 to 27t. For these functions, the load amplitude density corresponds to
the Rayleigh distribution. The distribution function of Rayleigh’s law can be obtained by
integrating its probability density (Equation (10)) [30,31] as follows:

F=o0\/-2in(1—x);0 < x < 1 (10)

where

F is the force load of the investigated element;

o is the standard deviation from the force load of the investigated element.

The Rayleigh probability density itself is satisfactorily confirmed by the evaluation
of the obtained experimental data from vibration sources (Figure 1; points 1-7), in which
the supplementary vibration solved based on the established hypothesis is included; see
Equation (11) [30,31]:

N
2Fakmax < 2 Fai (11)
i=1
where

Fkmax i the most significant force load from the vibration amplitudes acting on the
antenna, which mainly contributes to substantial problems in the occurrence of mechanical
issues with communication antennas installed on the helicopter;

F,; is the amplitude of the force load of the investigated element of the i-th system of
the helicopter, causing the vibration;

N is the number of helicopter systems causing the observed vibrations.

This Rayleigh distribution for non-negative-valued random variables also corresponds
to the experimentally measured data obtained during the routine vibration control of the
Agusta K109 helicopter (Figure 4).

The mentioned estimate of possible vibrations is carried out by monitoring the me-
chanical vibrations of the helicopter according to prescribed routine work and procedures.
Thanks to the mandatory monitoring of mechanical vibrations, anomalies were observed in
the case of helicopter antenna elements, which, in addition to the influence of mechanical
vibrations transmitted from the structural components of the helicopter, also showed a sup-
plementary vibration component—manifested only in the radio communication broadcast
(Figure 4e)). The emergence of electromechanical vibrations of antenna elements is asso-
ciated with high-frequency transmission (high amplitude values, and high transmission
power), during which changes were observed in the winding of the antenna coil.

The focus of the presented research is primarily directed to the damage or breakage of
the components of the radio communication system, the antenna, as a result of mechanical
vibrations transmitted from the helicopter, but also supplementary vibrations, which were
observed and captured by the author’s team during the measurement of vibrations on
the Augusta A109K2 helicopter. This is despite the fact that most of the helicopter’s sys-
tems were shut down. The exception was the radio communication equipment designed
to communicate with the helicopter pilot via the built-in radio station. In this original
measurement of mechanical vibrations, despite the inactivity of the helicopter’s mechan-
ical systems, vibrations were measured at the level of the acoustic band—during voice
communication with the pilot.
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Figure 4. Results of the vibration measurements in the real conditions and graphical representation
of seven vibration sources’ effect on the Augusta A109K2 helicopter. Legend: (a) the vibration of the
carrier rotor blades; (b) the vibration from the balancing rotor; (c) the vibration from the reducer;
(d) the vibration from engines; (e) the investigated supplemental vibration of the antenna element
during transmission; (f) the vibrations from the structure of the helicopter fuselage; (g) the vibrations
from the Earth’s surface.

Subsequently, verification and test measurements were carried out in a specialised
laboratory, aiming to exclude an accidentally captured signal, a vibration, caused by the
mechanical transmission of the voice through the helicopter’s fuselage [29]. Extension
measurements were started based on the positive results and, therefore, the exclusion
of the capture of mechanical vibration from the fuselage of the helicopter. During these
measurements, an experimental modal analysis of the base plane of the antenna during its
transmission was performed.

The reason for focusing on this new phenomenon was mainly due to the negative effect
of vibrations arising and transmitted through the helicopter on the radiating/receiving
antenna elements and their negative influence on the gain, efficiency, impedance, voltage
standing wave ratio, bandwidth or antenna polarisation.

The aforementioned mechanical vibrations from the blades of the main rotor, reducer,
motors, levelling rotor, ground surface or helicopter surface negatively affect the antenna’s
radiation characteristics. For this reason, considerable attention has already been paid
to this issue in research focused on ground applications [18,19] and on applications in
aviation [20-22].

In other studies [32-34], authors dealt with the modal analysis of antennas, which have
exact characteristics for different modes in terms of electric current distribution. Modal
analysis of antennas is mainly used to analyse ultra-bandwidth antennas using narrowband
slots embedded in planar geometry. Given the focus of this article, it should be clarified
that these publications do not include classical, i.e., experimental modal analysis that
investigates modal parameters based on mechanical excitation. Those with the upcoming
vibration of the helicopter complete the problem of parameter changes as well as damage
to the antenna itself. Other publications [35-38] are devoted to the experimental modal
analysis of the structures of the helicopter on which the antennas are fixed.

From the mentioned references, but also from further research, it follows that the
authors focused on the effect of external vibrations (vibrations of the helicopter’s structural
surface or the antenna mounting itself) on its radiating/receiving properties, or the influ-
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Reference signal
generator (DC)

ence of vibrations on the mechanical properties of the antenna mounting and the vibrations
of the experimental base plate of the antenna as a basis for obtaining exact values and
characteristics of the antenna and changes in radiation.

For this reason, the presented research focuses on a hitherto unexplored phenomenon—
the electromagnetic vibration of the antenna arising during the transmission of a voice
message, which can lead to damage to and the breakage of the antenna element. as
evidenced by several cases from practice in which the authors of the article, as experts in
the given field, were called for consultation and expert assessment.

3. Results

To verify the authors’ hypothesis, a measuring set-up with the model of the aircraft
antenna was created (Figure 5).

~ ) — (T — ) —

- Las.er Doppler
Vibrometer

Figure 5. The block diagram of the measuring set-up.

The antenna consisted of an aluminium tube, Teflon, as a support structure for the coil,
copper coil and N-type panel connector. This was mounted on an aluminium alloy sheet
which served as the antenna’s ground plane (ground plane). This assembly was connected
to the LUN 3524 aviation transceiver for AM and the ARC 210 aviation transceiver for FM.
The simple sine wave signal generator was used to achieve the constant modulating signal
in the acoustic spectrum (from 200 Hz up to 3.5 kHz). This generator also had the option of
setting the modulation depth, and it was connected to the transceiver, LUN 3524.

To minimise the influence of the environment (such as radio broadcasts, mobile
networks, and sound noise), the whole measuring set-up was placed in the attenuation
(anechoic) chamber [23].

3.1. Experimental Modal Analysis of Antenna’s Ground Plane

Modal parameters were measured to assess the dynamic behaviour of the ground plane
of the monopole antenna. The aim was to determine its resonant as well as anti-resonant
properties for the needs of subsequent operational measurements. Due to its dimensions
and shape, the ground plane can be considered a thin-walled plate whose bending stiffness
is the lowest in the normal direction. For this reason, many modes can be expected to occur
relatively close to each other, including overlapping modes, which guarantees an excellent
dynamic response to external excitation over an extensive frequency range. In order to
minimize the transmission of mechanical vibrations from the surroundings, the ground
plane was suspended on four elastic cables.

The responses were measured at point ACC in the direction of its normal using a Bruel
& Kjaer 4374 accelerometer. The ground plane was excited by a Bruel & Kjaer 8206 modal
hammer at 60 points. This number was sufficient to render ground-plane-mode shapes of
higher frequencies reliably. The position of the sensor and the method of excitation can be
seen in Figure 6.
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Figure 6. Experimental set-up for modal analysis of the ground plane.

The frequency range of the measurement, considering the estimated stiffness and di-
mensions of the ground plane, was chosen to be 5000 Hz. The measurement was evaluated
in the Pulse Reflex program. A complex mode indicator function (CMIF) obtained from a
matrix of measured frequency response functions (FRFs) is presented in Figure 7.

CMIF (dB)

60

50

40

30

20

T T T T

0 500 1k 1.5k 2k 2.5k 3k 3.5k 4k 4.5k 5k
(Hz)

Figure 7. CMIF spectrum of the ground plane.

The Rational Fraction Polynomial-Z method was used to estimate modal parameters.
The first 23 modes were evaluated in the given frequency range. Their frequencies and
damping are presented in Table 1.

Higher modes, due to the nature of measurement, are not relevant. Selected mode
shapes, plotted in absolute values, are shown in Figure 8. Note that due to the axial
symmetry of the ground plane, the occurrence of overlapping multiple mode shapes at the
same or very close natural frequencies can be assumed. However, these modes cannot be
identified via SIMO (single input-multiple output) measurements.
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Table 1. Natural frequencies and damping of the ground plane.

Mode Damped Frequency (Hz) Damping (%) Complexity (—)
1. 5.388 16.067 0.49540
2 57.52 0.646 0.27154
3 75.4 0.915 0.11721
4. 126.8 1.352 0.07897
5. 224.4 0.426 0.08409
6 342.5 0.941 0.21783
7 482.7 0.770 0.09957
8 548.2 0.452 0.02322
9. 641.4 0.464 0.05466
10. 667.7 0.626 0.05143
11. 695.6 0.832 0.14585
12. 754.4 0.455 0.03275
13. 824.7 0.399 0.02084
14. 871.3 0.559 0.10575
15. 983.4 0.512 0.02382
16. 1022.7 0.535 0.01933
17. 1142.1 0.493 0.01843
18. 1248.2 0.409 0.16238
19. 1297.7 1.034 0.15361

20. 1438.1 0.544 0.04233
21. 1467.0 0.609 0.14147
22. 1512.4 0.452 0.01915
23. 1554.9 0.625 0.14254

1. Mode: 5.388 Hz 2. Mode: 57.52 Hz 3. Mode: 75.40 Hz 4. Mode: 126.8 Hz

5. Mode: 224.4 Hz 6. Mode: 342.5 Hz 7. Mode: 482.7 Hz 8. Mode: 548.2 Hz
9. Mode: 641.4 Hz 10. Mode: 667.7 Hz 11. Mode: 695.6 Hz 12. Mode: 754.4 Hz

Figure 8. The first twelve mode shapes of the ground plane.

3.2. Vibrational Analysis of Antenna’s Ground Plane during Its Radiation

The measurement aimed to determine what happens to the ground plane when the
antenna transmits AM and FM signals. Two types of analyses were performed in which
the antenna with a coil and the antenna without a coil were examined. The location of the
antenna in the attenuation chamber and its suspension method minimised the influence of
undesirable external factors.

Three different types of sensors were used to measure the vibration responses of the
antenna’s ground plane: the Bruel & Kjaer 4374 accelerometer (ACC), the Polytec PDV-
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100 spot laser vibrometer (LDV) and the MPA416 microphone (MIC). These sensors were
chosen due to their high sensitivity and large frequency range (Table 2).

Table 2. Properties of measuring sensors.

Sensors ACC LDV MIC
Frequency response (Hz) 1+ 26,000 0=+ 22,000 20 = 20,000
Contact with object yes no no

While the accelerometer and vibrometer measured the responses of mechanical vibra-
tion in the normal direction of the ground plane, the microphone was directed at its centre
at an angle of approximately 45° and measured the acoustic response from a distance of
61 cm. The arrangement of the sensors can be seen in Figure 9.

Figure 9. The experimental set-up for operating vibration analysis of the ground plane.

Several measurements were performed with different frequencies of the modulation
component of the AM signal. However, the signal’s carrier frequency was always the same,
122 MHz. This value was chosen deliberately, as it falls within the standard band used
in aviation for radio communications (118 + 137 MHz). The measurements revealed the
vibrations of the ground plane, including the acoustic response, during antenna radiation.

When the antenna was transmitting the FM signal, no vibrations of the ground plane
were observed in the investigated frequency spectra, so this paper did not pay further
attention to it.

3.2.1. The Antenna without a Coil

The frequency spectra of the ground plane response measured during antenna trans-
mission are shown in Figure 10, for the AM signal with a modulation frequency of 500 Hz,
1000 Hz, and 3000 Hz.

Itis clear from the graphs that the ground plane was vibrating during antenna transmis-
sion without a coil. The main components of this vibration were formed by the frequency
of the modulation signal and its higher harmonic frequencies. The rest of the spectrum
corresponds mainly to the sensors’ noise and the noise transmitted to the ground plane
from the surroundings. The highest level of response was found with an accelerometer that
was in direct contact with the ground plane. A slightly weaker response was recorded with
a laser vibrometer. A microphone recorded the lowest level, and the sound caused by the
vibrating ground plane was not audible.
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Figure 10. Response spectra of the ground plane (antenna without a coil). (a) Frequency of modulating
sine wave signal: 500 Hz; (b) frequency of modulating sine wave signal: 1000 Hz; (c) frequency of
modulating sine wave signal: 3000 Hz.
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3.2.2. The Antenna Equipped with a Coil

The vibration measurement of the ground plane was performed under the same
conditions as those described in Section 3.2.1, but here with the antenna being equipped
with a coil. The response frequency spectra measured during antenna transmission are
shown in Figure 11 for the AM signal with modulation frequencies of 500 Hz, 1000 Hz, and

3000 Hz.

Autospectrum (ACC) — Mark 1 (Magnitude) / FFT
Autospectrum (MIC) — Mark 1 (Magnitude) / FFT
Autospectrum (LDV) — Mark 1 (Magnitude) / FFT

(a)

(dB)
120
100
80
o,
40
20
0
‘ T T T T T T T T
0 500 1k 1.5k 2k 2.5k 3k 3.5k 4k 4.5k 5k
(Hz) [
Autospectrum (ACC) — Mark 1 (Magnitude) / FFT (b)
Autospectrum (MIC) — Mark 1 (Magnitude) / FFT
Autospectrum (LDV) — Mark 1 (Magnitude) / FFT
(dB)
120
100
80

4OMW 3 MU b 0 At el O bt o

20
0
1 T T 1 T T T
0 500 1k 1.5k 2k 2.5k 3k 3.5k 4k 4.5k 5k
(Hz) |
Autospectrum (ACC) — Mark 1 (Magnitude) / FFT (c)
Autospectrum (MIC) — Mark 1 (Magnitude) / FFT
Autospectrum (LDV) — Mark 1 (Magnitude) / FFT
(dB)
120
100+
80
67
40
20
0 LWW“ il “i" ' '“”ﬂ‘
T T T T T
0 500 1k 1.5k 2k 2.5k 3k 3.5k 4k 4.5k 5k
(Hz)

I

Figure 11. Response spectra of the ground plane (antenna with a coil): (a) frequency of the modulating
sine wave signal: 500 Hz; (b) frequency of the modulating sine wave signal: 1000 Hz; (c) frequency of

the modulating sine wave signal: 3000 Hz.
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The measured response spectra prove that the ground plane vibrates during radiation
in the case of an antenna equipped with a coil. The most pronounced components of
this vibration again correspond to the frequency of the modulation signal and its higher
harmonic frequencies. However, in this case, the amplitudes of the responses reach a much
higher level. The amplification of the responses is caused by the higher radiation power of
an antenna equipped with a coil compared to that of an antenna without a coil.

In the following measurement, the responses of the ground plane when excited by the
modulation frequency tuned to its natural frequency of 483 Hz and when excited by the
frequency of 1080 Hz falling to the off-resonant range are compared (Figures 12-14).

CMIF (dB)
60
50
40
30
N
N o
= o
) @
© S
=3 =
20 I I T 1 I B T
0 200 400 600 800 1k 1.2k 1.4k
(Hz)

Figure 12. CMIF from frequency range 0 Hz < 1500 Hz.
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Figure 13. Response spectra of the ground plane (the antenna is with a coil). Frequency of modulating

sine wave signal: 483 Hz.
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Figure 14. Response spectra of the ground plane (the antenna is with a coil). Frequency of modulating
sine wave signal: 1080 Hz.

4. Conclusions

Since the measurement of the mechanical vibration responses of the ground plane
was realised only at two points, it is impossible to assess the overall vibration level from
the results. This can be assessed rather from the acoustic response measured using the
microphone. It is also not appropriate to compare the amplitudes of the measured vibration
because the shape of the ground plane vibration was different at different frequencies of
the modulation signal. The root means square (RMS)/effective values of the frequency
spectra of all performed measurements are presented in Tables 3 and 4.

Table 3. RMS of response spectra for different frequencies of modulating signal of antenna without

a coil.
Modulation Frequency 500 Hz 1000 Hz 3000 Hz
ACC sensor 95.4 dB 106 dB 88.3 dB
LDV sensor 52.1 dB 43.6 dB 60.3 dB
MIC sensor 41.7dB 459 dB 419dB

Table 4. RMS of response spectra for different frequencies of modulating signal of antenna with

a coil.
Modulation Frequency 500 Hz 1000 Hz 3000 Hz 483 Hz 1080 Hz
ACC sensor 112.dB 114 dB 117 dB 119 dB 119 dB
LDV sensor 60.7 dB 61.2dB 65.8 dB 58.4 dB 63.2dB
MIC sensor 68.1 dB 69.2 dB 67.7 dB 70.8 dB 72.0 dB

The following statements confirm the established hypothesis.

Statement 1: When the antenna is transmitting (AM), the ground plane vibrates, and
the dominant components of this vibration correspond to the frequency of the modulation
signal and its higher harmonic components. This is true, provided that the modulation
signal is harmonic.

Statement 2: The vibration amplitudes are higher in the case of the antenna with a
coil than in the case of the antenna without a coil. It follows that the vibration responses
depend on the antenna’s radiating power, and in general, it can be concluded that they
increase with radiating power.

Statement 3: A sound effect accompanies the vibration of the ground plane.
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When the antenna was transmitting the FM signal, no vibrations of the ground plane
were observed in the investigated frequency band. This can be explained by the fact that the
radiated power is constant during the transmission of the FM signal. This is the opposite of
the AM signal, where the power changes in the rhythm of the modulating signal.

Vibration measurements of the antenna’s ground plane confirmed the presence of vibration
during the transmission of the AM signal. In the case of FM, no vibrations were measured.

The amplitude of measured vibrations depends on the radiated power, which is
demonstrated by measurements performed on the antenna with and without the coil. The
randomness of vibration presence on the ground plane was refuted by its placement in the
attenuation chamber and by performing several measurements at different modulation
frequencies, even at a frequency close to the anti-resonant frequency of the ground plane.

The obtained results should be used for the practical use of this phenomenon. For
example, after approval, it should be one of the conditions for passing the mandatory
measurements of the vibration on the helicopter and on the installed radio communication
equipment, i.e., the antenna.

The next phase of our research should be the creation of a new measurement stand
(also in the simulation form) for measuring not only the supplemental vibration of the
antenna element during transmission but to simulate different aerodynamic loads on the
antenna element, as we believe these static or dynamic loads would affect the amplitude
and phase of resulting vibrations. However, the helicopter is a unique flying apparatus
capable of performing different flight manoeuvres such as hovering, forward and back
movement, and side movement at different speeds—the wind direction and strength must
also be considered.

These movements create a G-load on the antenna and helicopter (aircraft) structure, but
arising vibrations are mainly mechanical, not electromagnetic. These mechanical vibrations
are measured during a regular/periodic check, provided on the ground by specialised
measuring devices and maintenance staff, or rarely during flight, as an additional part of
testing the mechanical vibration level.

The actual research provided by other authors is primarily focused on the mechanical
vibrations of antennas (antenna arrays) or microstrip antennas caused by the movement
of the object or originating from propulsors (UAV propellers) [18,39,40]. Other authors
are investigating vibrations of antennas as a part of aircraft structure excited from outside
electromagnetic sources but in high-frequency bands (30 MHz) [41].

Generally, we can conclude that other researchers did not investigate mechanical vibra-
tions of the antennas during transmission caused by electronic antenna circuits operating
in the Civil Aviation frequency band (118 MHz-137 MHz with amplitude modulation), so
in this research article, we decided to focus on the newly found phenomenon, detected by
us. For this reason, we assume our research is unique.

Our research is focused on detecting and proving the creation of supplementary
electromechanical vibration during the transmission of the communication antenna. For this
new type of testing, the measurement of electromechanical vibrations of the communication
antennas is fully compliant, and provided measurements only on the ground during the
regular/periodic check of the helicopter (aircraft).

The future of this research is in the simulation of the supplemental electromechanical
vibration of the antenna element during transmission and the creation of the predicted
model, which can warn maintenance staff of the interval in which it is crucial to check and
consider the replacement of the communication antennas.
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