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Abstract: Emerging data processing techniques brought back into attention the HF range communication 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. Drone-borne measuring systems are already known as a flexible 

solution, but mostly restricted to higher frequency ranges. 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. The impact of ground 

reflection is also investigated. We show that despite its low, realized gain figure such a probe can provide stable 

results for near-field measurements, even at low input power levels. 

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 Internet of Things (IoT) covers communications in distributed energy production 

facilities, known as smart grid [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 the mobile networks [3], and satellite 

communications would be too expensive. Besides, point-to-point communications are always 

preferred for controls and commands compared to any other third-party solution. 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 

the 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], [12], [13], and can further reduce the 

risk of interference with other HF communication systems or between components of the same 

communication system. 

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 [14], [15], [16], making therefore sure that the main 

lobe direction is pointing to the correspondent site. 
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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 [16], [17], [18], [19], [20], [21], and very few for HF antennas; the frequencies are 

mostly above 50 MHz.  

It should be emphasized that near-field to far-field transforms must be performed when 

measuring an HF antenna with a drone-borne system [22], [23]. 

In this work, we propose a drone-borne data acquisition system using a short, folded dipole as 

a probe antenna. A calibration procedure to take into account the effect of the drone chassis is also 

presented. 

2. Platform Design 

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

 

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-on-the-shelf drones can carry loads of up to 0.5kg, 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. For HF band measurements non-Foster impedance matching networks 

can be easily implemented [24], [25], to compensate the antenna input reactance, and the peak 

detector can be designed as to provide an appropriate input resistance. 

Nevertheless, using a non-Foster impedance matching network on a drone-borne system 

increases power consumption and load mass; besides, exposure to HF radiation might impact on the 

active circuit operation. 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 by reducing the distance to the antenna under 

test or by increasing the HF transmitter power, though with some precautions regarding the risk of 

interference with the drone control and communication systems.  

3. Probe Design and Calibration 

When using a probe antenna on an unmatched impedance termination, the antenna input 

impedance should be also known, typically by measuring its input reflection coefficient. 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. 

The two-antenna method [15], [26] 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). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 June 2024                   doi:10.20944/preprints202406.1501.v1

https://doi.org/10.20944/preprints202406.1501.v1


 3 

 

  

(a) (b) 

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 variation, 

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 it comes out that: 

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, 

in order to increase the radiation resistance. 

 

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 [27]. 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.  

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 

[28], [29] may reduce the effect of the multipath propagation, even for narrow band antenna 

measurements. Though, for HF antennas it might be unpractical, as the distance variation range 

between antennas should be in the order of the wavelength to provide sufficient variability to the 

contribution of the indirect wave. Time gating can be applied instead [30], [31], by correlating the 

gate width with the distance to the nearest massive obstacle in the OATS. 

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., loop mode and 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 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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(a) (b) 

Figure 4. Radiation from a short, folded dipole: (a) loop mode; (b) dipole mode. 

Ground reflection effect should be assessed separately by successively placing the antennas in 

vertical and horizontal positions, in face-to-face and coplanar configurations (Figure 5). Pattern 

diagrams have 90 degrees wide radiation lobes (half-power beamwidth) both for 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, ground reflected 

wave both for coplanar and face-to face configurations. Let R be the ground reflection coefficient; 

since the distance between antennas and mast height are comparable (i.e., in the order of one meter), 

and both much less than the wavelengths in the HF range (i.e., tens to one hundred meters) direct 

and reflected waves are quasi in-phase. 

   

(a) (b) (c) 

Figure 5. Evaluation of the ground reflection effect: (a) horizontal, coplanar configuration; (b) 

horizontal, face-to-face configuration; (c) vertical face-to-face configuration. 

For the horizontal, coplanar configuration the electric field contributing to the current on the 

receiving antenna can be found as: 

𝐸𝑟
𝑐𝑝𝑙

= 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: 

𝐸𝑟
𝑓2𝑓

= 𝐸𝑑 − 𝑅𝐸𝑑 −
𝑅

√2
𝐸𝑙  ,    (5) 

and 

𝐸𝑟
𝑣𝑒𝑟𝑡 = 𝐸𝑑 +

𝑅

√2
𝐸𝑑 −

𝑅

√2
𝐸𝑙  , (6) 
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for the vertical, face-to-face configuration. 

By subtracting (5) from (4) it comes out that: 

𝐸𝑙 = 𝐸𝑟
𝑐𝑝𝑙

− 𝐸𝑟
𝑓2𝑓

, (7) 

and by subtracting (5) from (6). 

𝐸𝑟
𝑣𝑒𝑟𝑡 − 𝐸𝑟

𝑓2𝑓
= 𝑅𝐸𝑑 (

1 + √2

√2
) . (8) 

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

𝐸𝑟
𝑣𝑒𝑟𝑡 + 𝐸𝑟

𝑓2𝑓
= 𝐸𝑑 (2 − 𝑅 +

𝑅

√2
) − √2𝐸𝑙  , (9) 

and by substituting 𝐸𝑙 in (9) as given in (7) it is found that: 

𝐸𝑟
𝑣𝑒𝑟𝑡 + 𝐸𝑟

𝑓2𝑓
+ √2(𝐸𝑟

𝑐𝑝𝑙
− 𝐸𝑟

𝑓2𝑓
) = 𝐸𝑑 (2 − 𝑅 +

𝑅

√2
) . (10) 

The reflection coefficient can then be computing by dividing (10) by (8), 

 𝐸𝑟
𝑣𝑒𝑟𝑡 + 𝐸𝑟

𝑓2𝑓
+ √2(𝐸𝑟

𝑐𝑝𝑙
− 𝐸𝑟

𝑓2𝑓
)

𝐸𝑟
𝑣𝑒𝑟𝑡 − 𝐸𝑟

𝑓2𝑓
=

2√2 − √2𝑅 + 𝑅

𝑅 + 𝑅√2
  . (11) 

We denote: 

𝐾 =
 𝐸𝑟

𝑣𝑒𝑟𝑡 + 𝐸𝑟
𝑓2𝑓

+ √2(𝐸𝑟
𝑐𝑝𝑙

− 𝐸𝑟
𝑓2𝑓

)

𝐸𝑟
𝑣𝑒𝑟𝑡 − 𝐸𝑟

𝑓2𝑓
 . (12) 

From (11) and (12), 

𝑅 =
2√2

𝐾 + 𝐾√2 + √2 − 1
 ,  (13) 

and from (8), 

𝐸𝑑 =
1

𝑅
(

√2

1+√2
) (𝐸𝑟

𝑣𝑒𝑟𝑡 − 𝐸𝑟
𝑓2𝑓

) ,    (14) 

with R calculated as in (13). 

Three maximum gain figures can then be defined: the dipole mode gain (corresponding 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 less than the wavelength it comes out that 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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Figure 6. Near field transmission between electrically short dipoles. 

Let 𝑉0 be the output voltage at the receiving antenna. One can define a normalized, received 

voltage by compensating the effects of propagation in terms of magnitude and phase. By taking into 

consideration the radiation field into the expression of the mutual impedance for two straight dipoles 

[32], the normalized received voltage can be written as 

𝑉0,norm = 𝑑 exp(𝑗𝑘0𝑑)𝑉0 ∝ 𝑑 ∫ ∫ 𝐼1(𝑧′)

𝑙

−𝑙

𝑙

−𝑙

𝐼2(𝑧)sin2𝜃
exp[−𝑗𝑘0(𝑟 − 𝑑)]

𝑟
d𝑧 d𝑧′. (18) 

Current distributions are assumed to be quasi-constant. Moreover, since r and d are much less 

than the wavelength the phase of the integrand can be neglected. Given that sin 𝜃 = 𝑑/𝑟, 

𝑉0,norm ∝ 𝑑3 ∫ ∫
1

𝑟3

𝑙

−𝑙

𝑙

−𝑙

d𝑧 d𝑧′ = 𝑑3 ∫ ∫
1

[√(𝑧 − 𝑧′)2 + 𝑑2]
3

𝑙

−𝑙

𝑙

−𝑙

d𝑧 d𝑧′. (19) 

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

𝑉0,norm
∞ ∝ 4𝑙2. (20) 

A simple correction factor for close-distance transmission between two identical, electrically 

short dipoles can be found: 

𝐹(𝑑) =
𝑉0,norm

∞

𝑉0,norm
=

4𝑙2

𝑑3 ∫ ∫
1

[√(𝑧 − 𝑧′)2 + 𝑑2]
3

𝑙

−𝑙

𝑙

−𝑙
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 

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) 
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3. Results 

3.1. Antenna Input Characteristics 

We firstly 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 7. Insertion loss of the balun terminated on the folded dipole. 

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 get a VSWR mostly 

below five over the frequency range of interest i.e., between 7 and 30 MHz. The efficiency ranges 

between −36 and −7.8dB; however, our gain measurements yield stable results for transmission 

between two such antennas placed at distances of up to 2.5 meters one from the other, and for an 

input power of 0 dBm.  

  
(a) (b) 
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(c) 

Figure 8. Antenna input characteristics, with and without balun: (a) resistance; (b) reactance; (c) 

VSWR. 

3.2. 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 dipole configuration to be installed 

on the drone was performed through S-parameters 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 position, respectively (Figure 9). Both tripods were adjusted at a height of 1.25 m. 

 
(a) 
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(b) 

 
(c) 

Figure 9. Antenna setup for ground reflection measurements in an OATS: (a) horizontal, coplanar 

orientation; (b) horizontal, face-to-face; (c) vertical, face-to-face. 

Dipole mode and loop mode gain figures were computed by using (15) and (16) and shown in 

Figure 10. 

The ground reflection coefficient (Figure 11a) and the gain figures corrected for ground 

reflection (Figure 11b and c) were computed by using (13), (15), and (17). 

  

(a) (b) 

Figure 10. Gain: (a) dipole mode; (b) loop mode. 
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(a) (b) 

 
(c) 

Figure 11. Ground effect: (a) Ground reflection coefficient; (b) gain: horizontal, ‘face-to-face’ 

orientation, with and without ground reflection correction; (c) gain: horizontal, ‘coplanar’ orientation, 

with and without ground reflection correction. 

It comes out that ground reflection in the current measuring site does not critically impact on 

the accuracy, which is slightly better for a ‘face-to-face’ orientation. 

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

Two identical, electrically small dipoles were placed in horizontal, face-to-face position at 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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(a) 

 
(b) 

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. 

  

(a) (b) 

Figure 13. Gain variation over the HF range: (a)without field zone correction; (b) with field zone 

correction. 

Figure 14 depicts a gain comparison for the on drone and off-drone configurations. 
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Figure 14. On-drone versus off-drone gain. 

4. Conclusions 

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.  

Regarding the design, it comes out that losses in the antenna wire and balun rather have a 

positive impact, as the VSWR is less 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 −15dBi; 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 meters 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 1dB for a face-to-face 

orientation. 

Our calibration procedure helps to improve the accuracy of gain measurement of up to 4dB for 

the field-zone related discrepancies, and by around 2dB for the drone body impact. 
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