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Abstract—This paper presents a radio frequency system that
can be used to perform precise vertical landings of drones. The
system is based on the three-way phase shift detection of a
signal transmitted from the landing point. The antenna system
is designed by taking into account parameters such as landing
tracking area, analog to digital converter (ADC) resolution, phase
detector output range, antenna polarization and the effect of
antenna axial ratio. The fabricated prototype consists of a landing
point antenna that transmits a signal at 2.46 GHz, as well as a
drone tri-antenna system that includes a phase shift detection
circuitry, ADC and a simple control program that provides the
correction instructions for landing. The prototype provides an
averaged output data rate (ODR) suitable for landing maneuvers
(>300 Hz). A simple system calibration procedure (detector
output zeroing) is performed by aligning the antenna system. The
measurements performed at different altitudes demonstrate both
the correct operation of the proposed solution and its viability
as an instrument for precision vertical landings.

Index Terms—Drones, multirotors, vertical landing instru-
ments, phase detector, tri-antenna array, ADC, averaged ODR.

I. INTRODUCTION

RECISION landing systems for multirotors are especially

useful when the drone must operate autonomously to
recharge its batteries, approach to recharge sensors by in-
duction, take samples of a specific terrain location or simply
maneuver in an area with numerous obstacles (wooded areas,
rough terrain, etc.) [1], [2].

In flight stabilization maneuvers, the sensors in charge of
providing pitch and roll information must provide data with
a high Output Data Rate (ODR) [3], [4]. Thus, times of 10
or 20 ms (100 or 50 Hz) are recommended for the averaged
information provided by the inertial flight system that enables
the horizontal stabilization of the multirotor flight. The landing
maneuver is one of the most complex in flight. In addition to
the turbulence generated by the propellers as they beat the air
over the ground, eddies of air can also be produced by the
wind. Landing options tha can compensate for the effect of
these air turbulences include having pointing instructions with
a sufficiently high ODR [5].
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Currently, image processing based systems are used, which
are slow and require powerful processing platforms [6], [7].
However, they have the advantage of not requiring more than a
camera pointing to the LP, so they can be especially suitable
for correction maneuvers when the drone is at a sufficient
altitude and out of collision risk due to air turbulence. GPS
and the RTK variant [8], [9], are frequently used in clear areas,
where the positioning accuracy is high. However, the ODR
is low (in the order of 1 Hz) and drops further when there
are obstacles surrounding the landing point [10], [11]. Laser
tracking based system have the disadvantage of depending
on beam width [12]. The narrower the beam, the greater the
landing accuracy, but the probability of aiming loss increases.
On the contrary, if the beam width is increased to improve the
pointing and to perform the landing tracking, accuracy will be
lost.

Recently, a novel solution based on trilateration performed
from the drone has been proposed, where only a triple receiver
of the radio frequency (RF) signal transmitted from the Land-
ing Point (L P) is involved [13]. The proposed system would
be able to track on an inverted conical volume, where the
vertex would be the L P and tracking area would increase with
height. The solution was designed to provide voltages pro-
portional to the pointing misalignment and, therefore, would
make it possible to obtain a very high ODR, comparable to
those currently obtained for horizontal flight stabilization. The
evaluation was performed by introducing RF signals from a
set of phase-synchronized generators. However, the design
does not contain the necessary elements to function in real
environments. It is unknown whether the inclusion of such
elements must meet any specific specification or whether they
may pose a significant limitation in the proper functioning of
the intended application, that is, drone precise vertical landing.

This paper addresses the problems derived from a practical
realization of the landing system proposed in [13], adding and
modifying those hardware and software aspects that enable
an evaluation of the prototype as a precision vertical landing
instrument. First, the most relevant aspects of the precision
landing circuit presented in [13] are reviewed. Then, the an-
tenna system design is carried out, including both the onboard
drone receiving tri-antenna and the landing point transmitting
antenna, taking into account parameters such as: the distance
between antennas, tracking area, ADC bits number, antenna
polarization, axial ratio and phase shift detector, among others.
Section IV describes the control system and the integration
between landing system components, ending with the experi-

0000-0000/00$00.0memnzat ieizlEation of the designed prototype in section V.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Instrumentation and Measurement. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIM.2022.3196949

JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

¢ -90°
L
100 em

-60°

-1509

180¢ 0°
—2;=220 cm 150° Non ambiguity range: 30°
—2zg=46 cm +80°
—2zg=3lcm
2zq =16 cm 120° ) 60°
90°
(b)

Fig. 1. (a) Coordinate system of the drone and LP reception points. (b)
Tracking area when the drone altitude is 220, 46, 31 and 16 cm, the receiving
points are separated D = 7 cm, f = 2.46 GHz and non-ambiguous range of
+80° in the multiplier analog detector is considered.

II. TRIANGULAR PHASE SHIFT LANDING SYSTEM

Assuming the drone is stabilized, parallel to the ground, the
solution proposed in [13] provides flight corrections based on
the phase shift measurement between three reception points
located on the drone, when a signal transmitted from the LP
is received (Fig. 1a).

The triangular system is based on the assumption that the
receiving points are located on an equilateral triangle with
sides D. The non ambiguous range of the phase detector
determines the maximum distance at which flight corrections
can be performed correctly. This theoretical range is £90° in
a multiplier analog detector but a practical range of £80° is
considered because the curve detector is shifted due to mis-
matching. Equations (1) determine the reception coordinates
and equations (2) determine differences in distance that exist
between the different reception points (antennas) when a RF
signal is transmitted from L P. The maximum theoretical phase
shift in equation (3) (£7/2) gives the tracking area (7r,,qs
versus ¢r,) versus drone altitude (zp) and considers a distance
D between receptions points.

The maximum distances occur when LP is located at
multiples of 60° (¢ = n-60°) and the minimum ones at
30°+n-60° (Fig. 1b).
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Fig. 2. Correction maneuvers based on the phase shift information between
drone receiving points.
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The phase shifts between inputs (A#;;) and their relation-
ship with the LP location relative to drone (rp = cte & ¢,
= 0:360°), yield a tracking area division into 6 sectors (Sim
with ¢ = 1, 2, 3 and m = a, b in Fig. 2). The objective is to
center the drone over LP, i.e., that the phase shifts between
inputs be zero (same distance between each input and LP).
For this purpose, flight maneuvers are carried out according
to the signs and amplitudes of the phase shifts. First, the
maneuver that leads from sector 2 or sector 3 to sector 1 (60°
Left or 60° Right) is performed and then the drone is guided
towards L P. It is assumed that drone movements are right/left
rotation about the Z-axis and forward/backward about the O P
direction (Fig. 1a).

III. ANTENNA SYSTEM DESIGN

The antenna system consists of two antennas: one antenna
located on the LP that transmits the signal and another tri-
antenna array (P;, P, and P3) located on the drone that
receives the signal. The distance between antennas of the
tri-antenna array (D) determines the area where the landing
tracking can be performed (Fig. 1b).

The voltages from phase detectors will be digitized through
an ADC. This ADC must have enough resolution to be able to
detect small phase shift variations that will be used to correct
the flight in a continuous way.
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Fig. 3. Array design parameters as a function of the distance between

receiving points (D): Maximum (blue) and minimum (red) tracking distance,
detector sensitivity in mV/cm (black) and ADC sensitivity in cm/step (cyan)
for 8, 10 and 12 bit resolution (AVy = 2.6 V, f=2.46 GHz, zp = 10 m and
D =7 cm).

In addition, the antenna system must ensure correct oper-
ation regardless of the turning and forward maneuvers per-
formed by the drone. It provides unambiguous information
to correct the flight and provides an optimal distance range
for a given power transmitted through the LP antenna. The
following sections detail the design procedure.

A. Tracking area, ADC resolution and distance between an-
tennas

From equation (3) and imposing the maximum non-
ambiguous phase shift condition of +80° at a frequency of
2.46 GHz, the red and blue curves in Fig. 3 are obtained. These
represent the minimum (¢; = 30°+n-60° and maximum
(¢ = n-60°) distance as a function of the separation of the
receiving points (D) when the drone is at 10 m (zp = 10 m).
Moreover, the sensitivity in terms of mV/cm (black curve)
has been included. It is obtained by considering the maximum
distance (2-7L,,4,) and the maximum variation of the phase
detector (AVy) for £80°.

For example, if an 8-bit ADC (256 conversion steps) is
available and the maximum input voltage is 5 V, a resolution
of 20 mV/step is obtained. If the phase detector provides
a maximum variation of 1.3 V (AV; = 2.6 V) at +80°,
the minimum distance the drone must move to produce a
level change is obtained, i.e. travel distance to execute a new
trajectory correction. In Fig. 3, the minimum distance that
produces a change in conversion level for 8, 10 and 12 bits
when the drone altitude is 10 m has been plotted in magenta.

Finally, taking into account the available devices, a tracking
distance of 7cm between receiving points (D = 7 cm) has been
selected. This would provide a minimum/maximum tracking
distance of 419/499 cm at 10 m altitude (zp = 10 m), a 10-bit
ADC over 5 V and a detector output set to £1.3 V (2.605
mV/cm and 0.746 cm/step).
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Fig. 4. Tri-antena array for drone landing system: L = 15 cm and D =7 cm.

B. Antenna polarizations

The analog phase detector output voltage depends on the
amplitudes of the signals at its input [14]. Therefore, the
Antenna system for trilateral precise vertical landing must
ensure that the amplitude received in the phase detection
system does not strongly depend on the distance between
transmitter and receiver nor on the drone rotation angle.

The distance dependence amplitude problem can be miti-
gated in the phase detectors by amplitude compression circuits
such as limiters or logarithmic amplifiers, like those included
in commercial circuits (AD8302) used in [13], [15], [16]. Even
so, the amplitude variation resulting from the antenna system
would reduce the input dynamic range and, therefore, the
maximum range for tracking. This is because the range would
be fixed by the drone rotation angle that provides minimum
amplitude, i.e., the worst case.

To avoid amplitude variations in the received signal caused
by drone rotation, a circularly polarized vs. linearly polarized
schema will be used. In the LP, one circularly polarized
patch antenna is used. Concerning the drone tri-antenna, three
linearly polarized patch antennas with the same orientation
are used (Fig. 4). With that set up, the phase differences
between output voltages will be proportional only to the path
difference between the transmitting antenna and each of the
three receiving antennas.

C. Anntena system

The circularly polarized antenna is a coax fed squared
microstrip patch (Fig. 5). The slot size (W's, Ls) and feed
position (Xf, Yf) excite two orthogonal modes that yield
circular polarization [17]. The patch input impedance matching
is optimized by varying the feed position along the patch
diagonal.

The frequency bandwidth where polarization remains circu-
lar is quite narrow (less than 1% of the resonant frequency)
in this type of antenna but they are very easy to manufacture.
The antennas composing the array are rectangular microstrip
patches with inset feed (Fig. 5). The patch dimensions (Wp,
Lp) are obtained from the substrate parameters and the res-
onance frequency [18]. The patch input impedance matching
is optimized by varying width and length of the feedline slots
(Si, Sg).
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Fig. 5. (a) Drone and L P antennas. Dimensions in mm: Linearly polarized
antenna: Wp =324, Lp =24.2, Si=9.2, Sg = 0.6, Wf =2.2. (b) Circularly
polarized antenna: W = 23.5, Ws = 1.0, Ls = 6.5, Xf =7.8, Yf =7.8.

The substrate used to manufacture the antennas is Rogers
RO4360G2 with 1.524 mm height. The relative permittivity
of this substrate is quite high (6.15), which results in not too
large patch sizes. The antenna size and weight are particu-
larly important in the case of drones because using smaller
antennas, wind resistance is reduced and payload efficiency is
increased. The Fig. 6 shows S11 parameter corresponding to
circularly and linearly polarized antennas. Additionally, axial
ratio of circularly polarized antenna is included in Fig. 6a.

D. Axial Ratio vs. Drone Location

The choice of a circularly polarized antenna for the LP
avoids amplitude variations in each linearly polarized antenna
of the drone as it rotates about its axis. When the Axial Ratio
(AR) is equal to 1 (AR = 0 dB), the theoretical amplitude
variation is zero. However, the AR can vary as a function of
the angle (pointing angle) formed by the drone location (OL
in Fig. 1) and the vertical to the L P. This results in a variation
of the received amplitude [18] and therefore of the maximum
drone tracking distance.

To see the effect of the pointing angle on the AR, several
simulations have been performed. As shown in Fig. 8, the
range of pointing angles exceeds +70° degrees when the AR is
2 dB. In fact, the maximum pointing angle (0z,, , , in Fig. 7) is
defined when the drone is farthest from the vertical to the LP
(maximum tracking distance), that is, for angles ¢ multiples
of 60° (Fig. 1b). The 6z,,,, angle corresponds to the semi
vertical angle of the inverted cone that determines the tracking
volume (Fig. 7). The tracking volume has been obtained by
superimposing the tracking areas at different drone altitudes
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Fig. 6. (a) S11 and Axial Ratio (dB) for circularly polarized antenna and (b)
S11 for linearlliny polarized antenna.
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Fig. 7. Semi-vertical angle of the inverted cone of tracking volume as a
function of the distance between receiving antennas (D) when f = 2.45 GHz.
The tracking volume and its projection in the ZY plane for D= 7 cm have
been superimposed.

(Fig. 1). Fig. 7 has plotted the variation of the angle 0z, ,
as a function of the distance between receiving antennas (D)
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Circularly polarized patch antenna
f=2.45 GHz. Axial Ratio vs. pointing angle
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Fig. 8. Axial ratio (AR) of the LP patch antenna for a frequency of 2.45
GHz, as a function of 6 (pointing angle) and for various values of ¢. The
range of AR values given by the mximum pointing angle (0z,, , , = 26.52°)
when D = 7 cm have been marked.

when the frequency is 2.45 GHz. The angle 0z,, , . is 26.52°
for the design value (D = 7 cm) which corresponds to a
maximum variation of 0.35 dB in the AR (Fig. 8). In view of
these results, amplitude variations due to polarization losses
will not be significant (< 0.35 dB in received power) and the
phase detector used, AD8302, will not be affected.

IV. CONTROL SYSTEM

The designed drone tri-antenna is connected to a printed
circuit board similar to the one developed in [5], whose block
diagram is presented in Fig. 9. The schematic also shows
the control board (Arduino Uno) that will generate the flight
commands associated with phase detector voltages.

The control board is connected via USB to a laptop,
which serves to display detected voltages and associated flight
instructions generated by the control program. The Arduino
Uno has a 10-bit (1024 steps) ADC with an acquisition rate of
10 kHz (100 ps). The 1024 steps are applied over a maximum
voltage of 5 V, providing a resolution of 4.88 mV/step. Since
the phase detector provides a 2.6 V maximum voltage variation
(0.2 V to 2.8 V), the minimum drone displacement for a level
change is 0.746 cm/step (Fig. 3) when the antenna separation
is D=7 cm.

The flow diagram of the control program is shown in
Fig. 10. The program starts with the configuration of the
input/output ports and the serial port connection speed (USB
at 9600 bps) to correctly display the phase detector output
voltages and flight maneuvers (turn right/left and move for-
ward/backward). Ten readings are made to calculate averaged
phase detector voltage. Measurements are made for each
phase detector, which limit the ODR to 333 Hz (3 ms = 0.1
ms- 10-3). Next, the zeroing reference voltages (calibration
procedure in Section V) are subtracted to match 0° phase shift
with 0 V voltages (+V referred to £A0).

The guidance algorithm has been slightly modified to take
into account that in the evaluation stage, the L P moves instead
of the drone system (Section V). Therefore, the proposed
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Fig. 9. Simplified schematic of the drone system assembly.

1: Initialize(ports) {Input/Output ports and USB ports to 9600 bps }
2: Read(data) {’10 samples for analog detector voltage input“}
3: Calculate ("Voltage from Reading Average and zeroing*)
4: Send ("Measured and referenced voltage values via USB*)
5. if (3bS(Vd12) < abS(des)) & (abS(Vd12) < abS(VdSI))
6:  if (V1o - Vazs < 0) {Different Signs}

7: Send (“Sector 1: Turn LP to Left”)
8: else

9: Send (“Sector 1: Turn LP to Right”)

10:  end if

11:if (Vaaz > 0)

12: Send (“Sector 1b: Forward”)

13:  else

14: Send (“Sector 1a: Backward”)

15:  end if

16: else

17:if (abs(Vaas) < abs(Vasz1) )

18: Send (“Sector 2: Turn LP to Right 60”)

19:  else

20: Send (“Sector 2: Turn LP to Left 60”)

21:  end if

22: end if

23: Delay(1000) {Wait 1 seccont for the next iteration}

Fig. 10.
platform.

Landing Programme algorithm implemented on Arduino Uno

maneuvers are always referred to LP in order to align it with
the drone. That is, a movement of the drone towards the LP
is contrary to the movement of the LP towards the drone.
For example, if the drone is R distance from the LP (rgp =
R in Fig. 1a), rotating the drone to the right on its axis is
equivalent to moving the LP on R radius circumference in
the left direction.

V. EXPERIMENTAL EVALUATION

The drone tri-antenna is connected to the RF board through
three balanced wires with a phase difference less than 1° at 5
GHz (Fig. 11). Other connections (power supply and phase
detector voltages) with the Arduino Uno and laptop have
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Fig. 11. Photo of the drone tri-antenna system: tri-antenna, RF board
including phase detectors and Arduino Uno control board.

been detailed in Fig. 9 schematic. Tests were performed in
an indoor enclosure without specific conditioning to reduce
possible reflections.

The drone tri-antenna was attached to a wooden support and
leveled with the adjustment screws located on the edge of the
tri-antenna substrate (Fig. 12a). An RF generator (2.46 GHz
and 0 dBm) placed on a wheeled base and connected to the
circularly polarized patch antenna was used for LP (Fig. 12b).
A leveling support was employed to compensate for potential
floor irregularities.

In the first test, the drone tri-antenna was 46 cm from the
LP (zp =46 cm), which corresponds to a minimum/maximum
tracking distance of 19.3/22.8 cm, considering a maximum
phase shift range of £80° (Fig. 1b). A sectorized chart was
stuck to the RF generator for reference purposes when moving
the LP leveling support. To obtain the zeroing reference
voltages, a plumb line was used to place the drone tri-antenna
incenter above the perpendicular to the sectorized chart center
and LP. These values (1.378 V, 1.324 V, 1.336 V) were
subtracted from phase detector output voltages in the control
program to obtain 0 V when the drone tri-antenna was just
above the LP antenna (Af12 = Afy3 = Afzy = 0).

Furthermore, in order to facilitate manual positioning and
testing, the control program displays the word “LOCK” when
the voltage is within +0.1 V range. This simple experimental
procedure compensates for possible phase errors arising from
connections to drone tri-antenna and mismatching. Once the
center was calibrated, the sectorized chart had to be correctly
aligned, i.e. the Sla sector bisector had to coincide with the
OP; line (Fig 1a). For this purpose, the LP antenna was
moved along the Sla sector bisector and the wheeled base
was rotated until 0 V was obtained at Vj;;5, i.e., same distance
between LP and the receiving points 1 and 2. Due to the
available resources, center adjustment and rotation to align
the sectorized chart had to be performed iteratively until the
objective was achieved.

Fig. 13 shows the phase detector voltages corresponding
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Fig. 12. Photo of the assembly made to check the system performance at short
distances. (a) Assembly with h = 46 cm with plumb line (small screwdriver)
for Sectorized Chart adjustment. (b) Leveling support used with L P antenna.

to different LP locations in each sector. The voltage values
associated with each sector generate expected flight correction
messages, referred to L P movements in this case.

Then, the wheeled base was moved with the LP antenna
centered on sectorized chart until a maximum voltage Vi,
was obtained, i.e., the voltage that delimits the non ambiguous
tracking area. A voltage of 1.06 V was obtained when the
displacement was about 21 cm, close to the theoretical value
of 23 cm (Fig. 1b). The system was tested for zp = 31 cm,
with tracking area 13/15 cm (14 cm measured) and zp = 16
cm with tracking area 7/8 cm (7 cm measured). In addition,
a test was performed at 1.8 cm height (near field condition
[18]) where it was only possible to move LP according to
flight instructions until LOCK was achieved because the size
of tracking area was too small (<0.7 cm).

In the next test, the drone tri-antenna was attached to the
roof of the room, at 220 cm height (far field condition [18])
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° Vaiz | Vazs | Vas
N° | Sector W) V) ) Message

1 Sla -0.18 -0.45 0.62 Turn LP  to Right Backward
2 Sla 0.45 -0.92 0.48 Turn LP  to Left  Backward
3 S3b 0.9 -0.76 -0.15 | Turn LP  to Left 60 Deg
4 S2a 0.6 0.23 -0.83 | Turn LP  to Right 60 Deg
5 S1b 0.37 0.62 -1.0 Turn LP  to Right = Forward
6 S1b -0.17 0.66 -0.51 | Turn LP  to Left Forward
7 S3a -0.5 0.43 0.07 Turn LP  to Left 60 Deg
8 S2b -0.56 -0.25 0.8 Turn LP  to Right 60 Deg
9 | Center | -0.02 -0.04 0.05 Lock Lock Lock

Fig. 13. Phase detector voltage measurements corresponding to each sector
(zp =46 cm). The LOCK state is considered for voltages within +0.1 V.

Non-ambiguous
Range Marks |

Non-ambiguous O
Range Marks

(b)

Fig. 14. Photo of the assembly made to check the operation of the system at
zp = 220 cm height. Points delimiting a radius of about 92 cm and tracking
area sectors have been marked.

from the LP antenna (Fig. 14a). At this height, there was a
minimum/maximum tracking distance of 92/110 cm (Fig. 1b).
In Fig. 14b, a set of marks was superimposed to delimit the
tracking area of about 92 cm radius. Further, corresponding
sectors were superimposed, according to drone tri-antenna
orientation and measurements. The wheeled base was moved
on ground, checking that the instructions guide LP to the
drone tri-antenna center.

Finally, an amplitude dynamic range of 28 dB was obtained
(green in Table I) by varying the RF power and measuring
detected voltages until a maximum permissible error of +0.1
V (LOCK) was exceeded when the drone tri-antenna was just
above LP. The upper range was limited by the maximum
power provided by the RF generator (20 dBm).

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

TABLE I
DETECTED VOLTAGES WHEN THE DRONE TRI-ANTENNA IS JUST ABOVE
THE L P ANTENNA AND THE TRANSMITTED POWER IS VARIED.

RF Power AVd 12 AVd23 AVd 31
(dBm) V) v) v)
-15 -0.16 0.22 0.38
-10 -0.12 0.11 0.09
-9 -0.11 0.11 0.08
-8 -0.02 0.06 0.03
=7 -0.07 0.01 0.03
-6 -0.05 -0.01 0.01
=5 0.02 0 -0.03
0 0 0 0
+5 0.03 0.01 -0.01
+10 -0.01 0.01 -0.01
+15 -0.04 0.08 -0.02
+20 0.04 0.01 -0.04

VI. CONCLUSIONS

A radio frequency instrument used for precision vertical
landings has been designed. The authors have started from a
procedure proposed in [13] and a circuit provided with three
RF inputs, which was evaluated from signals from a set of
phase-synchronized generators. The flight correction instruc-
tions (forward/backward and right/left) for steering towards the
landing point are obtained by detecting phase shifts between
RF input signals.

The necessary elements to operate in signal propagation
conditions (drone tri-antenna, landing point antenna, and con-
trol circuit) are added in this work, determining the design
parameters and experimentally evaluating their behavior. As
a result, the constructed system shows proper functioning in
far and near field conditions and provides a higher ODR than
existing systems. The most relevant contributions are detailed
below. The equations governing the tracking area and the
characteristics of the phase detector and ADC provide the
antenna system design: distance between the drone tri-antenna;
tracking distance; sensitivity defined as phase shift voltage
versus drone flying distance in V/cm; and ADC uncertainty
in cm/step, related to drone flying distance without a change
in ADC level. Moreover, to avoid amplitude variations in the
input signals when the drone turns on its axis, the landing
point antenna has been designed to be circularly polarized. The
drone tri-antenna system was designed with linear polarization
and the same orientation to ensure that phase shifts between
antennas have the same angular reference. The manufactured
prototype uses patch antennas, a simple Arduino Uno platform
controller with a 10-bit ADC (0.1 ms per sample), and a
commercial phase detector (AD8302) that provides an output
voltage of 2.6 V (0.2 V to 2.8 V) for an input phase shift of
+80° at 2.46 GHz. The drone tri-antenna was designed with a
7 cm separation between antennas, which provides a maximum
tracking area of 499 cm at 10 m, a sensitivity of 2.605 mV/cm
and a maneuvering uncertainty due to the ADC resolution of
0.746 cm/step. Additionally, the amplitude variation of the
input signal due to the AR variation of the circularly polarized
LP antenna has been quantified. The maximum variation is
0.35 dB, which corresponds to an angle of £26.52° when the
drone is at the border of the tracking volume (inverted cone).
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The prototype showed a robust performance according to
the design, despite the multiple reflections that exist in the
room used. The most significant results obtained from the
measurements are the following: ODR (>300 Hz) greater than
available systems for landing maneuvers, dynamic range close
to 30 dB (RF power transmitted between -8 and 20 dBm for a
distance between antennas of 220 cm), coherence in the flight
correction orders in the tests performed between 220 cm (far
field condition [18]) and 1.8cm (near field condition [18]) with
0 dBm RF power transmitted. Finally, a calibration procedure
using voltage zeroing detector has been proposed, which
avoids the use of external RF generators to calibrate the phase
shift system and absorbs the problems of mismatching and
characteristics of the used antennas (matching and connection
cables).
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