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Abstract: Emerging data processing techniques brought back into attention the HF range communica-
tion as an interesting alternative to third-party solutions for IoT applications, such as data transmission
in distributed energy production facilities. The physical size of HF antennas, often comparable to the
surrounding objects, require in situ radiation measurements resulting in site-customized antenna
design and positioning, and consequently in a higher reliability of such HF grid communications.
Drone-borne measuring systems are already known as a flexible solution, but are mostly restricted to
higher frequency ranges where full-wave, wide-band probes are feasible. In this work, we propose to
use an electrically small, folded dipole as a probe for drone-borne measurements on HF antennas.
We also propose a calibration approach for the effects related to the near-field zone, and to the drone
body proximity; corrections on these two effects are the key methodological steps. We show that
despite a realized gain figure in the order of −20 dBi, such a probe can provide stable results for
near-field measurements, even at input power levels as low as 1 mW. Compared to other similar
approaches, our configuration provides a wider frequency band of operation, higher stability in terms
of pattern diagram, and a lower cost.

Keywords: drone-borne; HF antennas; Internet of Things (IoT); folded dipole; Open Area Test Site
(OATS); antenna measurements; near-field antenna measurements

1. Introduction

The concept of the Internet of Things (IoT) covers communications in distributed
energy production facilities, known as smart grids [1,2]. Communications for transmitting
command and control information in smart grid energy facilities should often cover long
ranges. As an example, off-shore power plants are often outside of the service area of mobile
networks [3], and satellite communications would be too expensive. Additionally, point-
to-point communications are always preferred for transmitting controls and commands
compared to any other third-party solutions. Point-to-point solutions in UHF such as LoRa
might not be reliable enough, especially in the offshore environment.

Low-power and low-rate HF communication systems [4,5] can be easily implemented
and made extremely reliable for transmitting information through appropriate signal
processing [4,6] and appropriate frequency management [4,7,8]. Such communications are
not only immune to noise, as they usually operate at a negative signal-to-noise ratio, but
they also do not interfere with other communication services due to their extremely low
power. Moreover, techniques mainly used for higher frequency ranges such as spread-
spectrum [9] or ultra-wide band technologies [10] could be implemented on a fully software-
defined radio platform [11–13], and can further reduce the risk of interference with other
HF communication systems or between components of the same communication system.
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Sensor networks in the HF band have successfully been implemented, e.g., for bio-
logical and geophysical monitoring in remote places [14], covering either short ranges of
approximately 250 km, or transequatorial ranges of more than 10,000 km. In distributed
energy production facilities, communication ranges are usually in the order of 100 km.
Antennas transmitting controls and commands over HF should therefore provide commu-
nications at a high elevation angle, i.e., over a short skip. They also have to operate over a
wide frequency range, so as to constantly adapt the frequency to the current propagation
conditions. Antenna structures should also be low-cost and low-profile, e.g., traveling
wave linear wire antennas.

The radiation pattern of an HF antenna is highly impacted by the environing objects.
In order to provide reliable communications over the entire frequency range of interest
between two sites of the grid, the HF antennas should be measured in situ [15–17], making
therefore sure that the main lobe direction is pointing to the correspondent site.

Advancements in GPS accuracy, miniaturization of the data acquisition and processing
systems, development of the real-time data communication systems, improvements in
autonomous flight capabilities and battery life make drone-borne systems a viable solution
for accurate HF antenna measurements. Recently, many drone-borne antenna-measuring
systems have been developed as drones have become more and more affordable. However,
most of those solutions were developed for frequencies above the HF band [17–23], and
very few for HF antennas [24,25].

In this work, we propose a drone-borne data-acquisition system using a short, folded
dipole as a probe antenna. The measurements are performed by flying the drone carrying
the probe at a distance in the order of one meter along the HF antenna under test, so as to
provide a safe flight and a low risk of interference between the transmitted signal and the
drone control circuitry. It should be emphasized that near-field to far-field transforms must
be performed when measuring an HF antenna with such a drone-borne system [26,27]. A
calibration procedure to take into account the effect of the field zone, ground reflection,
and drone chassis is also presented.

High-frequency communications in smart grid facilities should utilize most of the
frequency range to keep a reliable link, regardless of the season or time. Thus, the antennas
must be characterized over a wide frequency range (typically, between 7 and 30 MHz) using
probes with stable electrical and mechanical characteristics, in order to accurately assess
the skywave incidence angle in situ. Table 1 shows a comparison between our measuring
configuration and two other measuring systems for HF antennas, one of them using a
drone-borne receiver with an active antenna [24], and the other one using a drone-borne
transmitter with a resonant antenna [25].

Table 1. Comparison between drone-borne measuring configurations for HF antennas.

Characteristics
Type of HF Antenna-Measuring System

Drone-Borne Receiver
with Active Antenna [24]

Drone-Borne Transmitter
with Resonant Antenna [25]

Our Method: Drone-Borne
Receiver, Near-Field

Measurements with an
Electrically Short Antenna

Drone-borne antenna type and
approx. size

/system approx. size

6 mm E-field probe
/300 mm

5 m long, one-end
hanged wire

/100 mm

1 m long
folded dipole

/100 mm

Bandwidth Wide Single frequency Wide

Pattern diagram stability over the
HF range of the drone-borne

antenna
High Low (narrow band)

High, but dual-mode: loop
mode at lower frequencies,

dipole mode at higher
frequencies

Mechanical stability of the
drone-borne antenna High Low High
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Table 1. Cont.

Characteristics
Type of HF Antenna-Measuring System

Drone-Borne Receiver
with Active Antenna [24]

Drone-Borne Transmitter
with Resonant Antenna [25]

Our Method: Drone-Borne
Receiver, Near-Field

Measurements with an
Electrically Short Antenna

Data post-processing No
(far-field measurements)

No
(far-field measurements) Yes (near-field)

Approx. power consumption 3–5 W 3–5 W <1 W

Approx. weight 6 kg <0.5 kg <0.5 kg

Approx. cost (including drone) 15,000 € <2500 € <2500 €

Compared to the drone-borne transmitter type configurations using full-wave anten-
nas [25], our approach is based on an electrically short probe providing a wide frequency
band of operation, and better mechanical stability, since the antenna is firmly attached to
the drone.

The cost of our system is kept low since the measurements are performed in the
near-field zone, and thus the receiver consists of a simple peak detector. As opposed to
other measuring systems based on small-size transducers [24], the equipment to be carried
by the drone is not only cheaper but also lighter and consequently a cheaper, low-payload
drone is needed.

2. Platform Design

The configuration of the drone-borne antenna-measuring system is shown in Figure 1.
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Figure 1. Drone-borne antenna-measuring system.

When measuring HF antennas with a drone-borne acquisition system, weight and size
constraints apply. Most of the commercial off-the-shelf drones can carry loads of up to 0.5
kg, and the load size should not affect the drone stability. As a result, only electrically small
probes can be used, such as short straight or folded dipoles, or small loop antennas. Such
antennas provide good pattern diagram stability over a wide frequency band; conversely,
the radiation resistance is quite low, and the input reactance is high.

Table 2 shows a comparison between three types of electrically small probes, in terms
of input impedance, radiation pattern and mechanical stability. All three probes have the
same first resonant frequency, i.e., 150 MHz.
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Table 2. Comparison between different types of electrically small probes.

Electrically Short,
Straight Dipole

Electrically Short,
Folded Dipole

Electrically Small
Loop

Radiation resistance Less than 2 Ω 1 Less than 0.3 Ω 1 Less than 0.3 Ω 1

Input reactance
(7–30 MHz)

Capacitive,
−10,000 to −2000 Ω

Inductive,
100 to 500 Ω

Inductive,
100 to 500 Ω

Pattern stability over
the frequency range

of interest
High

High, but dual-mode:
loop mode at lower
frequencies, dipole

mode at higher
frequencies

High

Mechanical stability
Good, when attached

tangentially to the
drone body

Good, when attached
horizontally to the

drone body

Good, when attached
horizontally to the

drone body

Radiation below
the drone

Constant over the
frequency band

Slightly variable over
the frequency band Absent

1 Loss resistance of the antenna conductor is usually higher.

Although the short, straight dipole has a higher radiation resistance, the folded dipole
and the loop input reactance is inductive and much lower, and therefore easier to mitigate
over a wide frequency band by simply connecting in parallel the balun input inductance.
The loop exhibits a stable pattern diagram over the entire frequency range; however, since
the main lobe lies in the loop plane, the probe should be hanged vertically below the drone
in a less stable mechanical position. Reinforcing a vertical loop in order to make it less
deformable and more stable results in using additional dielectric supports and/or a thicker
antenna conductor, thus impacting on the overall payload and flight stability.

These considerations lead to the conclusion that using an electrically short, folded
dipole is a good tradeoff to achieve our goal. The dual-mode radiation of the folded dipole
is analyzed in Section 3. More detailed, quantitative data on the probe used in our design
including input impedance and gain are given in Section 4; we also show that the gain
variation over the frequency range of interest does not impact the probe performance.

For HF band measurements, non-Foster impedance-matching networks can be easily
implemented [28,29], to compensate for the antenna input reactance, and the peak detector
can be designed so as to provide an appropriate input resistance.

Nevertheless, using a non-Foster impedance-matching network on a drone-borne
system increases the power consumption and load mass; additionally, the exposure to HF
radiation might impact the active circuit operation. The most critical challenges when using
a non-Foster circuit would be first the payload, and second the power consumption. The
non-Foster circuitry might be neither heavy nor with a high power consumption, but those
figures add to the weight and consumption of the data acquisition and communication
systems. The power consumption may indirectly result in a heavier load when the battery
capabilities are exceeded, and a higher-capacity battery is needed. Moving to the next
payload class of drones increases the overall cost of the system by more than 100%.

A simpler approach would be to terminate the probe on a constant, 50 ohm resistor
without using any impedance-matching network. In that case, the impedance mismatch
loss and the antenna conductor loss might be compensated for by reducing the distance to
the antenna under test to approximately one meter.

3. Probe Design and Calibration

When using a probe antenna on an unmatched impedance termination, the antenna
input impedance should also be known, typically by measuring its input reflection coeffi-
cient. Calibrating such an antenna also requires gain measurements. Since the antenna will
be placed on a metallic drone body, the effect of the drone body should also be investigated.
An electrically short antenna is expected to have a low realized gain, and the measurements
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are performed very close to the antenna under test; consequently, the effect of most of the
environing objects on the accuracy would be negligible.

The two-antenna method [16,30] can be adapted to characterize such a probe by
successively pairing two identical probes as follows: both on dielectric tripods, the first on
a dielectric tripod and the second attached to the drone (Figure 2).
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Figure 2. Two-antenna method for drone-borne probe calibration: (a) off-drone; (b) on-drone
measurements.

The gain can then be found by taking into consideration the input impedance varia-
tion [31] as follows

Gprobe off drone =

√√√√(4πr
λ

)2 R0

Ra2 off drone( f )
|S21 off drone|2

|1 − S22 off drone|2
(

1 − |S11|2
) , (1)

Gprobe on drone =
1

Gprobe off drone

(
4πr

λ

)2 R0

Ra2 on drone( f )
|S21 on drone|2

|1 − S22 on drone|2
(

1 − |S11|2
) . (2)

Since S22 and Ra2 are not essentially impacted by the drone body proximity, the
following results:

Gprobe on drone = Gprobe off drone
|S21 on drone|2

|S21 off drone|2
. (3)

As probes, we considered a pair of 1 m long dipoles (Figure 3); we chose a folded
configuration, as explained in Section 2.
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Figure 3. Folded dipole as a probe.

Such a dipole is electrically short over the entire HF band; as a result, the impact of the
common mode currents on gain measurements is quite high [32]. One-to-one baluns were
used as part of the antenna in order to reduce the effect of the common mode currents, and
thus the antennas will be characterized including the transformers. The same balun will be
used with the probe on the drone as well. When used as a probe on a drone, the folded
dipole has no feeder, and therefore the common mode current would not impact on the
radiation pattern as it does when measuring the probe gain. Conversely, the current would
close through the ground of the on-drone data-acquisition circuitry and may therefore
induce erratic operation. In Section 4, we will thoroughly analyze the effect of the balun in
terms of input impedance and losses.
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Gain measurements need to be performed in a reflection-free environment; since
anechoic chambers for HF antennas are quite rare, we opted for an open-area test site
(OATS). Reflection and diffraction on massive objects can still occur in that frequency range.
The distance-averaging method [33,34] may reduce the effect of the multipath propagation,
even for narrow band antenna measurements. However, for HF antennas it might be
unpractical, as the distance variation range between antennas should be in the order of the
wavelength so as to provide sufficient variability to the contribution of the indirect wave.
Time gating can be applied instead [35,36], by correlating the gate width with the distance
to the nearest massive obstacle in the OATS.

Other sources of errors when using the two-antenna method for characterizing HF an-
tennas in an OATS include discrepancies in the individual electric and radiation properties
of the antennas, field-zone effect, and ground reflection. The reproducibility of different
characteristics for our probe design is very high, as any possible dimensional discrepancy
in manufacturing is much smaller than the wavelength. We therefore further investigated
the two other sources of errors.

It should be emphasized that a one meter-long, folded dipole acts mostly like an
electrically small loop near the lowest limit of the HF range, and as an electrically short
dipole, near the highest limit. In between, both modes of radiation, i.e., the loop mode
and the dipole mode, are present and comparable. The loop mode (Figure 4a) provides
omnidirectional radiation in the antenna plane, i.e., YOZ, and a dual polarization, except
for the XOY plane, where solely the OZ polarization is present. The dipole mode provides
omnidirectional radiation in the XOY plane (Figure 4b), and a linear polarization along the
OZ axis.
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Probe gain was measured by placing the antennas on two 1.25 m high dielectric tripods.
The ground-reflected wave magnitude depends on the ground characteristics, e.g., the
humidity and soil type, and on the antenna position with respect to the ground. In order to
discriminate the contribution of the direct wave regardless of the soil characteristics, the
ground reflection effect should be assessed by successively placing the antennas in vertical
and horizontal positions, in face-to-face and coplanar configurations (Figure 5). Pattern
diagrams have 90 degree-wide radiation lobes (half-power beamwidth) for both the loop
and dipole modes; it is therefore worth to place the antennas one away from the other at a
distance twice the mast height, in order to have the same weight in the link budget for the
loop mode, and a ground-reflected wave both for coplanar and face-to face configurations.
Let R be the ground reflection coefficient; since the distance between the antennas and the
mast height are comparable (i.e., in the order of one meter), and both are much shorter than
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the wavelengths in the HF range (i.e., tens to one hundred meters), direct and reflected
waves are quasi in-phase.
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For the horizontal coplanar configuration, the electric field contributing to the current
on the receiving antenna can be found as follows:

Ecpl
r = Ed + El − REd −

R√
2

El , (4)

where Ed and El are the contributions of the dipole mode and loop mode, respectively.
Similarly, for the horizontal face-to-face configuration one can find the following:

E f 2 f
r = Ed − REd −

R√
2

El , (5)

and
Evert

r = Ed +
R√

2
Ed −

R√
2

El , (6)

for the vertical face-to-face configuration.
By subtracting (5) from (4) we obtain the following:

El = Ecpl
r − E f 2 f

r , (7)

and by subtracting (5) from (6), we obtain the following:

Evert
r − E f 2 f

r = REd

(
1 +

√
2√

2

)
. (8)

Next, by adding (5) to (6):

Evert
r + E f 2 f

r = Ed

(
2 − R +

R√
2

)
−
√

2El , (9)

and by substituting El in (9) as given in (7), the following equation is found:

Evert
r + E f 2 f

r +
√

2
(

Ecpl
r − E f 2 f

r

)
= Ed

(
2 − R +

R√
2

)
. (10)

The reflection coefficient can then be computed by dividing (10) by (8) as follows:

Evert
r + E f 2 f

r +
√

2
(

Ecpl
r − E f 2 f

r

)
Evert

r − E f 2 f
r

=
2
√

2 −
√

2R + R
R + R

√
2

. (11)
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We denote the following:

K =
Evert

r + E f 2 f
r +

√
2
(

Ecpl
r − E f 2 f

r

)
Evert

r − E f 2 f
r

. (12)

From (11) and (12),

R =
2
√

2
K + K

√
2 +

√
2 − 1

, (13)

and from (8),

Ed =
1
R

( √
2

1 +
√

2

)(
Evert

r − E f 2 f
r

)
, (14)

with R calculated as in (13).
Three maximum-gain figures can then be defined: the dipole mode gain (correspond-

ing to the ‘face-to-face’ orientation),

Gd ∝ Ed
2, (15)

the loop mode gain,
Gl ∝ El

2, (16)

and the total gain (corresponding to the ‘coplanar’ orientation),

Gtot ∝ Ed
2 + El

2. (17)

As the antenna length and the distance between antennas fall in the same order and
both are much shorter than the wavelength, measurements are performed in the near-field
zone. The most important effect compared to a far-field measurement setup comes from the
variability of the longitudinal component of the electric field generated by the transmitting
antenna along the receiving antenna (Figure 6).
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Let V0 be the output voltage at the receiving antenna. One can define a normalized,
received voltage by compensating for the effects of propagation in terms of magnitude
and phase. By taking into consideration the radiation field in the expression of the mutual
impedance for two straight dipoles [37], the normalized received voltage can be written
as follows:

V0,norm = d exp(jk0d)V0 ∝ d
l∫

−l

l∫
−l

I1
(
z′
)

I2(z)sin2θ
exp[−jk0(r − d)]

r
dz dz′. (18)
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Current distributions are assumed to be quasi-constant. Moreover, since r and d are
much smaller than the wavelength the phase of the integrand, they can be neglected. Given
that sin θ = d/r,

V0,norm ∝ d3
l∫

−l

l∫
−l

1
r3 dz dz′ = d3

l∫
−l

l∫
−l

1[√
(z − z′)2 + d2

]3 dz dz′. (19)

The far-field received voltage can be found by making d→∞,

V∞
0,norm ∝ 4l2. (20)

A simple correction factor for close-distance transmission between two identical,
electrically short dipoles can be found [38] as follows:

F(d) =
V∞

0,norm

V0,norm
=

4l2

d3
∫ l
−l

∫ l
−l

1[√
(z−z′)2+d2

]3 dz dz′
. (21)

Gain measurements in the near-field zone would yield G
F2(d) instead of G. The Friis

formula for the probe gain should therefore be corrected as follows:

Gprobe off drone = F2(d)

√√√√(4πr
λ

)2 R0

Ra2 off drone( f )
|S21 off drone|2

|1 − S22 off drone|2
(

1 − |S11|2
) . (22)

Since Gprobe off drone computed as before is already a far-field figure, the on-drone gain
can be found from near-field measurements as follows:

Gprobe on drone =
F2(d)

Gprobe off drone

(
4πr

λ

)2 R0

Ra2 on drone( f )
|S21 on drone|2

|1 − S22 on drone|2
(

1 − |S11|2
) . (23)

Once calibrated as presented above, the probe can be mounted on the drone together
with a peak detector and a data-acquisition system. Near-field data can then be acquired
by flying the drone at a fixed distance away from the HF antenna under test, as shown in
Figure 1. Based on the near-field samples, one can calculate the antenna gain in the far-field
zone. In highly dynamic scenarios, such as offshore wind farms, blade turning might impact
the measured results, as their length is usually comparable to the wavelength. In that case, a
statistical approach similar to mobile channel sounding can be developed. For this purpose,
near-field measurements must be performed under calm weather conditions when the
turbines are turning slowly, during several flight trips covering multiple turbine turnings.

4. Results
4.1. Antenna Input Characteristics

We first characterized the balun by measuring its scattering parameters on a standard,
50 ohm normalizing impedance. Based on that, we found the insertion loss of the balun
terminated on the folded dipole (Figure 7), and the input impedance both at the antenna
input and at the balun input.

Figure 8 shows the variation as a function of frequency of the resistance, reactance,
and VSWR at the antenna input. Losses in the antenna wire and balun make it possible to
obtain a VSWR mostly below five over the frequency range of interest, i.e., between 7 and
30 MHz. The efficiency ranges between −36 and −7.8 dB; however, our gain measurements
yield stable results for transmission between two such antennas placed at distances of up
to 2.5 m one from the other, and for an input power of 0 dBm.
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4.2. Ground Reflection

All antenna measurements were performed in an open-area test site (OATS), i.e.,
on a beach after more than 15 rainless days. The calibration of the electrically short
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dipole configuration to be installed on the drone was performed through S-parameter
measurements between two identical antennas, including baluns.

The antennas were placed at 2.5 m away one from the other, face-to-face, in horizontal
and vertical positions (Figure 9). Both tripods were adjusted to a height of 1.25 m.
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Dipole mode and loop mode gain figures were computed by using (15) and (16) and
are shown in Figure 10.
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Figure 11. Ground effect: (a) ground reflection coefficient; (b) gain: horizontal ‘face-to-face’ orienta-
tion, with and without ground reflection correction; (c) gain: horizontal ‘coplanar’ orientation, with
and without ground reflection correction.
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We found that the ground reflection in the current measuring site did not critically
impact the accuracy, which was slightly better for a ‘face-to-face’ orientation.

4.3. Probe Calibration with Field-Zone Correction and On-Drone Measurements

Two identical, electrically small dipoles were placed in a horizontal face-to-face posi-
tion 0.5, 1, 1.5, 2, and 2.5 m away one from the other. One of the antennas was placed at
first off-drone (Figure 12a) and then on-drone (Figure 12b).
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Figure 12. Antenna setup for on-drone gain measurements in an OATS: (a) horizontal, off-drone
face-to-face antennas as a reference; (b) horizontal, on-drone face-to-face antennas.

The gain variation over the HF range with and without field-zone correction by using
(2) and (23) is given in Figure 13. An accuracy improvement in the probe gain assessment
of up to 4 dB can be noted by correcting the results for the field-zone effect.

Figure 14 depicts a gain comparison for the on-drone and off-drone configurations.
An accuracy improvement in the probe gain assessment of up to 2 dB can be noted by
correcting the results for the drone-proximity effect.

It is expected that gain measurements on an HF antenna under test will improve by
up to 6 dB by using a probe going through all the calibration steps described above.
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Figure 13. Gain variation over the HF range: (a) without field-zone correction; (b) with field-
zone correction.
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Figure 14. On-drone versus off-drone gain.

5. Conclusions

Improving the gain measurement accuracy on HF antennas is critical in over-the-
horizon communication systems for smart grid energy facilities. A good control of the in
situ radiation patterns is needed since transmitted powers are low, and most of the HF
spectrum must be exploited to constantly provide reliable links.

In this work, we proposed to use an electrically small, folded dipole as a probe for in
situ drone-borne gain measurements on HF antennas. We presented a calibration procedure
taking into account the effect of the field zone, ground reflection, and drone body proximity.
Compared to existing solutions based on a drone-borne transmitter driving a full-wave
antenna, our approach provides a wider frequency band of operation (typically, five times
wider), and better mechanical stability. Our system can also be a cheaper alternative
to drone-borne, active antenna configurations, as the receiver consists of a simple peak
detector and consequently a cheaper, low-payload drone is needed.

We compared the characteristics of our probe to those of other electrically small
antennas utilized for a similar purpose. The magnitude of the input reactance for an
electrically short, folded dipole is twenty times lower than for a straight dipole with the
same length. The electrically small loop seemingly yields a less variable pattern diagram;
in fact, the folded dipole provides a combination between loop-mode and dipole-mode
radiation, which is stable enough over the frequency range of interest. Conversely, the
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loop must be hanged vertically below the drone for effective operation, i.e., in a less stable
mechanical position.

Regarding the design, we found that losses in the antenna wire and balun rather
have a positive impact, as the VSWR is smaller than five over the entire frequency band of
interest, i.e., between, 7 and 30 MHz. The realized gain exhibits a smooth variation between
−25 and −15 dBi; transmission measurements between two identical folded dipoles show
that such low gain figures provide stable and noiseless results at distances of up to 2.5 m
between antennas even at an input power in the order of 1 mW.

The dipole-type radiation mode dominates over the loop-type mode over the frequency
range of interest, and the impact of the ground reflection is mostly less than 1 dB for a
face-to-face orientation.

Our calibration procedure helps to improve the accuracy of gain measurements of up
to 4 dB for field-zone related discrepancies, and by around 2 dB for the drone body impact.

Future work on improving the accuracy of our approach will focus on including in
the calibration procedure the effect of the peak detector non-linearity and thermal drift, as
well as on calibrating the probes in a more controlled environment, i.e., a low-frequency
anechoic chamber.

Our calibration approach can be further adapted to highly dynamic smart grid sce-
narios such as offshore wind farms by acquiring near-field data during several flight trips,
covering multiple turbine turnings, in order to develop a statistical link model.
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