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Abstract- Technological development and the constant 

search for advantage in the Theater of Operations led to the 

development by the Armed Forces of the most diverse 

weapon systems. The development of unmanned aircraft 

systems provides the military with greater flexibility and 

projection capability, without putting human lives at risk. 

The Portuguese Air Force, with the Research and 

Technology Program on Unmanned Aerial Vehicles, 

developed technology for this type of small and medium-

sized vehicles. Thus, there is the need to optimize the 

transmission system of these vehicles in order to comply with 

the requirements proposed by the Air Force. 

This dissertation presents a transmission system, which 

includes a P-ESPAR antenna and the respective control 

system integrated in the aerial vehicle Antex-X02 of the 

Portuguese Air Force. The antenna, consisting of an array of 

three planar antennas, operates at a frequency of 1.33 GHz 

and the radiation lobe can be switched in azimuth in order to 

optimize the efficiency of the transmitted signal. 

The development of the P-ESPAR antenna control system 

was supported by the Research Center of the Air Force 

Academy and included three distinct phases: the study of the 

antenna location in the Antex-X02; the development and 

implementation of a trigonometric algorithm to control the 

antenna; and the construction of the circuit responsible for 

providing the necessary voltages in order to switch the 

radiation lobe in the desired direction. 
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I. INTRODUCTION 

The development of technology has been an influential 

factor in the various sectors of human activity, including the 

military sector, which assures the security and defense of the 

various sovereign states [1]. 

With the threats of the present characterized by their 

asymmetry, globality and unpredictability, there is a greater 

need for information that plays an important role in the 

knowledge of the operational environment, the 

characterization of the enemy, the terrain and civil 

considerations, fundamental factors for command and 

control of forces and effective use of available resources, 

with the ultimate goal of increasing the likelihood of success 

of the mission [2]. There is therefore a need to develop 

interoperable means capable of contributing to this function 

in the theater of operations (TO) [3]either in peacetime or in 

times of conflict.  

Based on this technological development and the 

characteristics of current threats, states have re-equipped 

their armed forces (AF), readjusted doctrines, and 

implemented organizational changes [1].  

Unmanned aerial vehicles (UAV) have a decisive role in 

this transformation, given its flexibility, projection capability 

and mainly because they are able to collect information from 

the TO without endangering human lives. Beyond the scope 

of Information, they can also play other roles in supporting 

commanders during the planning, coordination and 

execution of operations, and can also provide firepower in 

close combat [3]. 

Funded by the Ministry of National Defense (MDN) and 

associated with the Air Force Academy (AFA), the Program 

for Research and Technology in Unmanned Aerial Vehicles 

(PITVANT) developed by Research Center of the Air Force 

Academy (CIAFA) was the first major project of Research, 

Development and Innovation (RD & I) of national and 

international scale in order to develop technology and new 

operating concepts for UAV to meet the ISR needs 

(Intelligence, Surveillance and Reconnaissance) for the 

assigned missions, through the use of an efficient and low-

cost means of operation, in complement to the activity of the 

manned means and in a perspective of increment of the 

operational product. At this point the PITVANT program is 

equipped with five models of UAV, these being the Antex-m 

(X00, X01, X02, X03), Flying Wing, NOVA and the Silver 

Fox [4], and the platform that will integrate the P-ESPAR 

antenna and its control system will be the Antex-X02 UAV. 

II. THE STATE OF ART 

A. Communication Systems 

Communications between the UAV and the Base Station 

consist mainly of uplink transmission of command and 

control signals from the Base Station to the UWL and 

downlink transmission of the UAV to the Base Station, 

consisting of information regarding the payload of the UAV, 

images / video acquired by the sensors / cameras mounted in 

the UAV. Without this communication capability, the UAV 

is reduced to a drone system and loses the versatility and 

ample capacity of UAV systems [5]. 

Currently, this communication between the UAV and the 

Base Station is done via radio. To this end, the most 

commonly applied UAV antennas are omnidirectional 

antennas. This type of antenna may take the form of whip, 

blade or planar antenna (patch) [6]. Examples of this type of 

antenna can be observed in Figure 1. 
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Figure 1 Omnidirectional Antennas [6] 

The antenna developed in two previous projects  is an 

array of three planar antennas, an active one and two passive 

antennas, of the type Planar Electronically Steerable Passive 

Array Radiator (P-ESPAR) working in the frequency of 

1.33GHz with an 8MHz bandwidth for the transmission of a 

video signal. This antenna has the ability to change the 

direction of the main radiation lobe, increasing the gain in a 

certain direction, useful to increase the transmission distance, 

or to create nulls that can be used to prevent interference[6]. 

 

B. Control System 

The integrated operating system on the UAV Antex-X02 

was developed by CIAFA in collaboration with Critical 

Software in the SEAGULL project. 

This project will incorporate the antenna control system in 

the robotic operating system (ROS) of the UAV and is 

responsible for the whole process.The Figure 2 shows a 

schematic view of the operating system implemented on the 

UAV and ground control station. 

 
Figure 2 Schematic representation of the operating system 

In the UAV there are three main components [7]: 

 The Piccolo microcontroller which implements the 

autopilot of the aircraft, provides telemetry data to and 

from the Ground Control Station; 

 The Embedded System Command and Control (SEC2), 

which has the responsibility to make all the direct 

connection of the Seagull systems with Piccolo; 

 The Computer Embedded System Payload (SEP), 

which contains all the functionality of the Seagull 

targets detection.  

On the ground there are three main components [7]: 

 The Piccolo Ground Station, a portable computer which 

is running the Piccolo control station managed by the 

pilot of the UAV; 

 The Payload Ground Station (ETP), a portable 

computer used by the payload operator. 

As can be seen in Figure 2, the architecture of the SIGULL 

system uses as middleware, that is, the software that is 

between the operating system and the applications running 

on it [8]the robotic operating system (ROS). 

The ROS provides a structured communication layer 

above the operating system [9]which provides a set of tools 

and libraries that facilitate the development of the software 

required to command and control a robot regardless of the 

computer used. The most important feature in the context of 

SIGULL is the asynchronous communication method 

between processes provided by ROS, allowing processes to 

publish messages in topics, witch will be received by any 

other processes that have signed the topic to which the 

message was sent . Thus, processes are not coupled to each 

other, beyond the knowledge of the existence of the topic and 

structure of messages of that topic.  

III. P- ESPAR ANTENNA  

The proposed P-ESPAR antenna consists of an array of 

three planar elements (patches), formed by an active planar 

element located in the center of the aggregate, which is 

excited by a microstrip line, and two passive planar elements, 

or parasitic elements, of identical dimensions to the active 

element, disposed on either side and spaced uniformly, as can 

be seen in Figure 3. 

 
Figure 3 Structure of the P-ESPAR antenna [24] 

Each parasitic element is loaded by a variable reactance, 

implemented by two varicap diodes [10]. The varicap diodes 

introduce capacitive reactances, witch vary according to the 

voltage applied to the terminals of the diodes[11]. Through 

this property it is possible to vary the direction of the main 

radiation lobe. 

The design of the P-ESPAR antenna took as mandatory 

requirements the parameters presented in Table 1. 

Frequency 1.33 GHz 

Gain > 3 dB 

Bandwidth > 8MHz 

Coefficient of reflection | S11 | ≤-10dB 
Table 1 Requirements for design of P-ESPAR antenna 

Due to the limitations imposed by the diode 

characteristics, the variation of the radiation lobe is limited 

from -5° to 5°, because the antenna in use is a poor prototype. 

In Table 2 we can observe the capacity  (C
T1

 e CT2) values 

used for the variation of the main lobe as well as the 

corresponding nominal voltage. 

 CT1 CT2 

[pF] [V] [pF] [V] 

-5° 2.70 2.65 2:00 5:00 

0º 2.60 2.80 2.60 2.80 

5° 2:00 5:00 2.70 2.65 

Table 2 Combinations of  CT1 e CT2 for different azimuths [26] 

A. Location of P-ESPAR antenna in the UAV Antex-X02 

The choice of the position of the antenna on the UAV 

presented two new options. These options aim to mitigate the 
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brief change (10 seconds) of the UAV route whenever the 

changing of the lobe is not enough for the realization of 

communication [12]as it was the case with the antenna placed 

in the lower part of the wing of the UAV. 

In the first option, as can be seen in Figure 4, the P-ESPAR 

antenna is placed horizontally on the vertical stabilizer of the 

UAV. This location is however not possible since the antenna 

length (27,49cm) is greater than the maximum width of the 

vertical stabilizer UAV (14,5cm).      

 
Figure 4 Placement of P-ESPAR antenna on the vertical stabilizer of 

theUAV Antex-X02 [26] 

Due to the limitation imposed by the dimensions of the P-

ESPAR antenna, a new location solution was necessary. 

After discussion with the CIAFA staff, it was concluded that 

the best option would be to place the antenna on the fuselage 

of the UAV, as can be seen in Figure 6. However, for this 

proposal to be a viable solution, it is necessary to ensure that 

interference of the UAV wing is not significant for the 

transmited signal from the antenna to the ground station.   

 
Figure 5 Placement of the P-ESPAR antenna in the fuselage of the UAV 

X02-Antex 

To this end, tests were performed in the CIAFA in Sintra. 

The tests consisted in measuring, on land, the power of the 

signal received (Pr) by the ground station used by the PAF. 

It was used for this purpose a Keysight N9320B spectrum 

analyzer for measuring the received power, a PSG E8257C 

signal generator to generate the emited power required and a 

power supply AIM-TTI EL302RD to generate the desired 

voltage to the varicap diodes . This measurement was 

performed, first, with the antenna placed on the UAV 

mounted with the wing. Then, the same measurement was 

made without the wing. 

For the tests the following parameters were set: 

Voltage applied to the Varicap diodes 

BBY53-03W (V) 

2.80 

Radiation lobe angle (°) 0 

Power emitted by the antenna P-ESPAR 

(dBm) 

0, -3, -10, -20, -

30, -40 

Distance (m) 13.8 

Gain of the receiver planar antenna (dB) 9 

P-gain antenna ESPAR (dB) 8:11 
Table 3 Parameters defined for the interference tests  

After the tests, the following results were obtained: 

 
Figure 6 Power received by the planar antenna in the case of “with 

wing” and “without wing”  

 
Figure 7 Received power with an emitted power of -40dBm 

As can be seen by examination of the graph of Figure 6, 

there is a constant decrease in the power received by the 

receiving planar antenna with reduced power emitted by the 

P-ESPAR antenna. There is, however, an interval of time that 

where this power decrease is not observed. We note this fact 

in Figure 7, when the transmission power is too low (-

40dBm), being the value of the power received essentially 

noise. The curve of power received by the receiving planar 

antenna, when the emission signal is made with the 

interference of the wing the UAV is similar to the received 

power without the interference of the wing. The 1dB 

difference observed leads us to conclude that the interference 

of UAV wing is minimal, meaning that this is a workable 

solution that we will adopt onwards. 

IV. DEVELOPMENT OF THE CONTROL SYSTEM ALGORITHM 

In order to maximize the efficiency of the P-ESPAR 

antenna it was necessary to develop a control system able to 

redirect the direction of the radiation lobe according to the 

needs presented in flight and integrate it into the overall 

control system of the UAV. 

In this chapter the development of the algorithm of the P-

ESPAR antenna control system integrated in the on-board 

computer of the Antex-X02 UAV is presented. The first 

phase consists of the development of the trigonometric 

algorithm that relates the position of the UAV and the 

position of the Ground Station in order to obtain the 

orientation (α) of the desired main lobe and the second phase 

comprises the implementation of the algorithm developed in 

the on-board computer of the Antex-X02 UAV. 

A. Development of trigonometric algorithm 

In order to obtain the desired angle α, we must first study 

the coordinate system used by the Air Force on the Antex-

X02 platform. 

By default, to locate geographical points on aeronautical 

charts, it is common to use DDMMSS (degrees, minutes, 

seconds) coordinates with the notation DD ° MM'SS "X [13], 

where: 

DD = value in degrees from 00 to 90 for the latitudes or 000 

to 180 for longitudes 
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MW = value in minutes 00 to 59 

SS = value in seconds, 00 to 59 

X = S or N to latitude and E or W to the longitudes 

Example: DMS (03 ° 20'16.44 "N / 041 ° 38'31.56" W) 

         DD (03,3379 ° C / W 041.6421 °) 

The coordinates use the cartesian system to refer to the 

location of geographical points. 

By convention, everything above the Equator (latitude 0 °) 

has the sign "N" (north) and everything below the Equator 

has the "S" sign (south). Likewise, having the Greenwich 

meridian as a reference (longitude 0 °), everything on the 

right has the sign "E" (east) and everything on the left has the 

"W" sign (west). The coordinate system used by the 

Portuguese Air Force simplifies this notation by replacing the 

"W" and "S" values with the minus sign (-) and the "E" and 

"N" values for no signal. In this way it allows us to more 

easily define and interpret the UAVEB vector needed to 

obtain the direction of the main lobe of the P-ESPAR 

antenna. 

  Using this coordinate system and from the information 

provided by the on-board computer of the UAV relative to 

the geographical positions of the UAV and the Base Station 

and the direction of flight of the UAV (bearing), we intend to 

obtain the angle between the UAV vetor vector Base station 

and the front of the UAV, that is, the course of the vehicle. 

In order to solve the present problem, it was first 

considered a UAV course, denoted by φ (phi) equal to 0°, 

that is, considered that the UAV is directed towards North. 

In this way it was possible to simplify the problem at an 

initial stage and to obtain an angle between the UAV Base 

Station and the North vector, as we observed in Figure 9, 

without considering the UAV course. This angle will be 

denoted by β (beta). 

 
Figure1: Resulting angle of arctan2 () function 

For this purpose, in order to place the UAV as a point of 

origin (0,0), we consider Δy the latitude difference between 

the Base Station and the UAV (latitude EB - latitude UAV) 

and Δx the difference of lengths (longitude EB - longitude 

UAV). To correctly define the angle β, we used the arctan2 

() function. The arctan2 function is a function of the Phyton 

that returns the arc tangent of the specified x and y 

coordinates. The tangent arc is the angle between the x axis 

and a line segment containing the origin (0, 0) and a point 

with coordinates (xx, yy). The angle is given in radians 

between -π and π [14]. For the case under study, where 0 ° 

corresponds to the north direction, the origin axis is not the x 

axis but the y axis. In this way, the arc tangent2 function has 

the syntax arctan2 (Δx, Δy). 

A positive result of the function represents a clockwise 

angle of the y-axis; a negative result represents a 

counterclockwise angle. In order to express the tangent arc in 

degrees, the result was multiplied by 180 / π. 

Examples 
Arctan2 (1, 1) x180 / π = 45° 

Arctan2 (1, -1) x180 / π = 135° 

Arctan2 (-1, 1) x180 / π = -45° 

Arctan2 (-1, -1) x180 / π = -135° 

In this way we obtain an angle that informs us which 

quadrant is represented by the Δx and Δy signal individually, 

and instead of the tangent arc function that analyzes the 

resulting signal of the equation 
Δx

Δy
 without giving us the 

information of the quadrant. Thus, the angle β is equal to 

arctan2 of 
Δx

Δy
. 

Having obtained the simplified angle β, we can implement 

the direction of the UAV. Considering a given UAV 

direction (φ) between -180° and 180°, where φ=0° when 

oriented towards North, φ =±180° when oriented towards 

South, φ=+90° when oriented towards East and φ=-90° when 

oriented towards West, we have that the resulting angle β2 is 

equal to β-φ (Figure 10). This angle β2 will define, in case 

there are two antennas (one on each side of the UAV), which 

antenna provides a more efficient connection with the Base 

Station. If β2 is in the range [-180°, -360°[or [0°, 180º] then 

the chosen antenna will be the right antenna of the UAV, if 

β2 is in the range  ]-180°,0°[ or [180°, 360°] then the chosen 

antenna will be the left antenna of the UAV.

 
Figure2: Angle β2 of the right and left antenna 

According to the chosen antenna we obtain the angle of 

the main lobe of the same one. Since the direction of the 

antenna zero is 90° from the nose of the UAV, then, as can 

be seen in Figure 11, the angle (α) between that zero and the 

direction of the bond is equal to 90°±β2. 

 
Figure3: Angle α between the zero of the P-ESPAR antenna and the 

llink direction  

B. Implementation of the algorithm in the on-board 

computer 

Once the development phase of the algorithm has been 

completed, we will now proceed to the implementation of the 

algorithm in the on-board computer, taking into account the 

data needed to calculate the angle α and the conditions that 

need to be imposed in order to perform a better analysis and 

use of the angles obtained. 

The flow diagram of Figure 12 explains the 

implementation of the algorithm developed in the on-board 

computer. 
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Figure 4: Flow diagram of the algorithm implementation on the on-

board computer 

a) As can be seen, the UAV and Base Station position 

data, as well as the UAV heading, are provided by the 

Autopilot to the on-board computer. This process, as 

explained in Chapter 2, is facilitated by the Robotic 

Operating System (ROS), which uses postings (latitude, 

longitude, bearing) on topics, messages that will be 

received by any other processes that have subscribed to 

the topic . 

b) Since the angle β given by the arctan2 () function varies 

between -180° and 180°, the course of the UAV must 

also be analyzed between -180° and 180°, in order to 

maintain the notion of the left hemisphere and right 

hemisphere of the UAV, a notion that is essential for the 

analysis of the angle β2, which in turn will determine 

which antenna of the UAV, right or left, that provides a 

more efficient connection. 

c) After choosing the antenna to be used, it is necessary to 

normalize the angle β2 so that it is between 0° and 180°, 

in case the right antenna is chosen, or between 0° and -

180°, for the case if the left antenna is chosen. Then the 

origin of the angular reference is changed to the 

perpendicular to the chosen antenna, so as to coincide 

with the origin of the antenna. 

After obtaining the desired angle α, it is necessary to 

determine the voltage values to be applied to the diodes of 

each of the antennas. These voltage values are set in a 

separate file according to the characteristics of the antenna. 

This solution allows simulating the behavior of the system 

with different P-ESPAR antennas without having to change 

the file with the algorithm implemented. 

V. SIZING OF THE UAV CONTROL SYSTEM 

After implementing the algorithm in the on-board 

computer, we must look for how to generate the desired 

voltages to control the direction of the main lobe. 

The design of the control system was performed in order 

to take advantage of the potential of the algorithm developed 

to operate two P-ESPAR antennas, located on each side of 

the UAV. The voltage values to be applied to the diodes are 

shown in Table 2.   

A. Dimensioning of the components of the control system  

The flowchart of Figure 13 indicates the flow of 

information since the on-board computer receives the 

messages from the autopilot, until the desired output to 

control the main lobe of the P-SPAR antennas. It explains the 

different components of the control system that are required 

to generate the four distinct voltages (two for each antenna), 

taking into account the characteristics and limitations of the 

on-board computer, as well as the characteristics and 

limitations of the components themselves.  

 

 
Figure 5: Organization chart of the control system components 

a) On-board computer 

The on-board computer currently used in the Antex-X02 

UAV is the Jetson TX2 computer from NVIDIA (Figure 14). 

This computer replaced the hardware of the Seagull system 

(where the SEP and SEC2 computers were integrated), there 

being a single computer with a lower power consumption 

(less than 7.5 Watts) and a higher image processing capacity 

due to the 256- core Pascal GPU (Graphics Processing Unit), 

which has 256 CUDA cores capable of running up to 256 

parallel computing [15]. For the computations required to 

control the P-ESPAR antenna, the Jetson TX2 makes use of 

the six cores of its ARMv8 CPU (Central Processing Unit) 

which has a higher processing capacity than the combined 

SEP and SEC2 computers, continuing to use such as 

middleware, the robotic operating system (ROS). 

In addition to the processing advantage, the Jetson Tx2 has 

the Inter-Integrated Circuit (I2C) protocol, that is, an inter-

device communication protocol. The I2C protocol works in 

the master-slave model, with at least one device acting as 

master, and the other devices acting as slave. The function of 

the master is to coordinate the communication, being that it 

sends information or queries information to a given slave 

[16]. This allows the expansion of the control system for I2C-

based devices such as DAC or multiplexer. 

In order to be able to communicate with devices using the 

I2C protocol, Jetson TX2 uses pins 3 and 5 of its pinout 

header (Figure 14), respectively to provide Serial Data 

(SDA) and Serial Clock (SCL) to 3.3V [17]. 

 

Right P-ESPAR antenna Left P-ESPAR antenna  

c) 

d) 

Vout 4 Vout 3 Vout 2 Vout 1 

Algorithm implementation in 

Python 

a) 

b) 

On-board 

computer 
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DAC DAC DAC DAC 

Algorithm  
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Figure 6: Jetson Computer NVIDIA TX2 and respective header pinout 

b) Voltage converter 

The 3.3V clock signal (SCL) and date signal  (SDA) 

imposes a limitation since a maximum voltage of 5V is 

required (for a main antenna angle of +/- 5°). We must 

therefore amplify these signals from 3.3V to 5V. The Logic 

Level Converter BSS138 (Figure 15) is a bidirectional four-

channel converter that works with the I2C protocol [18] and 

solves this limitation by converting the 3.3V SCL and SDA 

signal to a 5V SCL and SDA signal, thus complying with the 

maximum voltages required by the P-ESPAR antenna. 

 
Figure 7: Logic Level Converter BSS138 [18] 

c) multiplexer 

The communication via I2C works according to addresses, 

where each slave component contains a distinct address and 

only performs its task when the master communicates with 

that address. Four DACs (Digital to Analog Converter) are 

required to generate four distinct voltages and therefore four 

different addresses. The problem arises when a DAC can 

only have one of two distinct addresses, as explained in (d). 

One way to get four I2C devices with the same address is 

to use a multiplexer that acts as an address distributor, 

transporting the information to a port, ie a selected set of I2C 

pins (SD6 and SC6 for example), which is then distributed to 

the component (DAC) that is connected to that port. The 

multiplexer TCA9548A (Figure 17) serves this purpose, 

having eight ports and therefore the ability to communicate 

with eight equal components (one component having one and 

only one distinct address). The multiplexer itself has the 

address I2C 0x70 (but can be changed from 0x70 to 0x77 by 

varying the values of pins A1, A2 and A3) [19] [20]. 

 
Figure 8: I2C Multiplexer TCA9548A [20] 

d) Digital / Analog Converter 

The information that is sent from the on-board computer 

is a digital signal not interpretable by the P-ESPAR antenna. 

The function of the DAC MCP4725 (Figure 18) is to receive 

this digital signal and convert it into an analog signal between 

0V and Vdd, where Vdd = 5V. The DAC MCP4725 has a 12-

bit resolution that allows us to vary the input from 0 to 

212=4096, with a output voltage (Vout) of Vout=
(Vdd * input)

2
12  

This component has one of two possible distinct 

addresses, 0X62 and 0X63 [22]. Each MCP4725 DAC has a 

single Vout output, so four of these components are required 

to meet the four distinct voltages needed to orient the main 

lobe of the two P-ESPAR antennas. 

 
Figure 9: I2C DAC MCP4725 [22] 

In Figure 19 the results of the test performed to the DAC 

component MCP4725, are shown where, by varying the 

digital input (provided by the on-board computer) from 0 to 

4096, we observe an analog output between 0V and 5V, 

which varies proportionally to the digital input as it was 

expected.  

 

Figure 10: MCP4725 analog output of the DAC with the variation of 
the digital input between 0 bits and 4096 bits 

B. Implemented Circuit 

After selecting the components necessary to generate the 

four separate and individually tested voltages, the control 

system circuit was assembled. Figure 20 corresponds to the 

diagram of the connections between the different 

components. 

 
Figure 11: Circuit with the converter, the multiplexer and the four DAC 

The present circuit has five inputs, the clock signal (SCL), 

the date signal (DAS), a DC voltage of 5V, a DC voltage of 

3.3V and a reference ground voltage (GND). These signals 

are supplied entirely by the Jetson TX2 on-board computer, 

respectively by pins 5, 3, 2, 1 and 6. The converter uses the 

ports A1B1 and A2B2 to convert the 3.3V signals of 

Clock and Data, respectively, on 5V signals. These signals 
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are then transmitted to the multiplexer which distributes the 

control signals to the DACs required to operate the left or 

right antenna. For this distribution, the multiplexer uses the 

SC7 / SD7 and SC6 / SD6 ports for the right antenna control 

and the SC3 / SD3 and SC2 / SD2 ports for the left antenna 

control. The circuit also has four output signals, these analog 

signals corresponding to the desired voltages for the control 

of the P-ESPAR antenna. These analog signals are provided 

by each of the four DACs in the circuit. 

C. Tests on the oscilloscope of the circuit response 

Once the components are selected and the circuit is 

implemented, it is necessary to test if it has the capacity to 

guarantee the desired voltages for the operation of the P-

ESPAR antenna control. For this, two sets of tests were 

made: an initial one, for a fictitious antenna with the capacity 

to vary its main radiation lobe in a range of 180° (from -90° 

to 90°), for which a voltage variation between 0 volts and 5 

volts; and a second set to analyze the response of the circuit 

to a P-ESPAR antenna with the characteristics of the antenna 

developed in the previous thesis [12]. For both cases the 

positions and direction of a flight simulation provided by 

CIAFA were considered. 

In the first case, where we wanted a fictitious variation of 

the radiation lobe between -90° and 90°, we can see in Figure 

21 that the circuit responds positively to the requested 

voltage, varying the output voltage of the DAC continuously 

between 0 volts and 5 volts, thus fulfilling the fictitious 

requirements of the antenna. 

 
Figure 12: DAC output voltage in the first case 

In the second case, we intend to obtain from the circuit the 

necessary voltages to respond to the characteristics of the 

antenna constructed, that is, voltages of 0V, 2.65V, 2.80V 

and 5V as we can see in Table 2. Figure 22 shows the output 

voltages of the DAC resulting from the application of the 

algorithm in the antenna in question. 

 
Figure 13: DAC output voltage in the second case 

In the situation a) we observe that the two analyzed DACs 

(Vout1 and Vout2) are supplying 0 volts, corresponding to 

the time period in which the selected antenna (left or right) is 

not emitting and therefore it is not necessary to control it. 

In the situation b) we verify a transition from the direction 

of the radiation lobe of the antenna from -5° to 0°, being 

provided by the DAC an output voltage of Vout1=5V/  

Vout2=2.65V and Vout1=2.80V/ Vout2=2.80V, 

respectively. 

Finally, we observed in the situation c) a transition from 

the direction of the antenna radiation lobe from 0° to 5°, 

identifying an inverse behavior to the previous situation, 

varying the output voltages of the DACs of Vout1=2.80V/ 

Vout2 =2 .80V for Vout1=2.65V/ Vout2=5V. 

It can be said that the circuit responds positively to the 

characteristics of the built-in P-ESPAR antenna. 

D. Testing of the control system using a flight simulator 

After verifying that the circuit provides the desired 

voltages, the P-ESPAR antenna control system was tested in 

the Piccolo Command Center software (Figure 23) on a 

simulated flight. Piccolo Command Center software is used 

by the Air Force to command and control UAVs, and is an 

extremely useful tool for the analysis and study of them. The 

flight path, identified in green in Figure 23, was defined 

taking into account the following factors: 

 It must take place within the military unit of the air base 

1 in Sintra This factor makes it possible to perform 

further tests with military equipment in the field;   

 The UAV must pass through positions 1, 2 and 3 with a 

constant direction The positions 1,2 and 3 are 

positions which will be studied in this test and in field 

tests, it is therefore necessary a constant direction at 

these positions for a better reading and analysis;    

 The choice between the left and right antenna the 

route should allow the two P-ESPAR antennas to be 

tested. 

 
Figure 14: Simulated path in the software Piccolo Command Center 

For the tests carried out, a fictitious P-ESPAR antenna was 

also defined with the ability to vary the direction of its main 

radiation lobe from -90° to 90°. The voltages to be applied to 

the diodes are mentioned in Table 4. 
DIRECTION 

OF THE LOBE [°] 
VOUT 1 [V] VOUT 2 [V] 

-90 ≤ α <-67.5 5 0.625 

-67,5≤ α <-45 4,375 1.25 

-45 ≤ α <-22.5 3.75 1,875 

-22.5 ≤ α <0 3,125 2.5 

0 ≤ α <22.5 2.5 3,125 

22.5 ≤ α <45 1,875 3.75 

45 ≤ α <67.5 1.25 4,375 

67.5 ≤ α ≤ 90 0.625 5 
Table 4: Direction of the radiation lobe of the antenna and respective 

voltage values 

Position 1 

38,833728°

Position 3 

38,836639°Position 2 

38,836120°
EB 

38,8
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The scanning sector (-90° to 90°) of the fictitious antenna 

tested was broken down into eight sections. Each section 

corresponds to two voltage values (Vout1 and Vout2) to be 

applied to the two diodes of each P-ESPAR antenna. This 

distribution allows an analysis across the possible voltages 

spectrum (from 0 volts to 5 volts) and it is possible to 

compare these voltages of the simulation with the voltages to 

be obtained in the field tests, where a small difference of the 

calculated angle α is expected. 

After the UAV trajectory was defined in the EB software, 

its flight was simulated and the telemetry messages (UAV/ 

EB positions, directions, altitudes, velocities, etc.) were 

recorded in a file so that they could be read and analyzed 

later. The reason for this analysis is not to make the simulated 

flight, but to record it, because it is not possible to stop the 

UAV in the positions to be studied during the simulation, 

making the analysis of these positions extremely difficult. 

However, it is important to note that the developed algorithm 

receives the simulated flight messages in the same way that 

it receives the messages from the recorded file or the 

messages provided by the autopilot, due to the ROS system 

that publishes these telemetry messages in topics (e.g.: 

autopilot_telemtry), facilitating the communication 

procedure, since the antenna control process receives and 

analyzes this topic, regardless of its origin. 

After analyzing the simulated course with the developed 

algorithm, the following values were obtained: 

For Position 1, with the coordinates 38.833870°N 

9.333101°W, an angle α of -41.6° was obtained for the left 

antenna (Figure 24) and applied 3.75V and 1.88V voltages in 

diodes 3 and 4, respectively, correspond to the two diodes of 

the left fictitious P-ESPAR antenna. 

 
Figure 15: Results obtained in the position1 

Analyzing Figure 25, for Position 1, we can observe that 

in fact the antenna chosen for the transmission is the left 

antenna and that the angle α of the connection is close to that 

obtained. 

 
Figure 16: Angle α formed in Position 1 

By analyzing the result obtained in Figure 26 and Figure 

27, for Position 2 and Position 3 respectively, we can observe 

that the choice of the P-ESPAR antenna to be used for the 

transmission of video signal (right antenna to Position 2 and 

Position 3) as well as the choice of the radiation lobe 

direction (α=-2.3° for Position 2 and α=76.8° for Position 3) 

is optimal for video transmission from the UAV to the Base 

Station. 

 
Figure 17: Results obtained in the position2 

 
 Figure 18: Results obtained in the position 3 

The analysis of the results obtained from telemetry 

messages sent by the flight simulator will serve as a basis of 

comparison for field tests using the Piccolo on-board 

computer.   

E. Testing of the control system in real situation 

The next test had the objective of studying the P-ESPAR 

antenna control system, in an environment closer to reality, 

where, instead of receiving the telemetry messages from a 

file developed by CIAFA or a flight simulation, we received 

these telemetry messages from the Piccolo Autopilot that 

integrates the Antex-X02 UAV. 

The Piccolo Autopilot is capable of navigating using the 

GPS system, which also contains inertial sensors (gyroscopes 

and accelerometers) and barometers (for reading the 

barometric altitude and indicated air velocity) [23]. 

The ideal situation to study the system (Piccolo+control 

system) would be to carry out an in-flight test where the 

system was integrated into the Antex-X02 UAV. However, 

it was not possible to perform this test, since no authorization 

was obtained for this. Thus, as an alternative to the flight test, 

the solution found was to implement the system in a land 

vehicle provided by the Air Force Academy, which in other 

occasions operates as a Mobile Base Station. 

We attempted to follow the same path defined in the 

simulator, with particular attention to positions 1, 2 and 3, 

taking into account factors such as heading in those same 

positions. Figure 29 shows the path traveled, as well as the 

positions analyzed and the direction of the UAV. Difficulties, 

already expected, have arisen in accurately replicating a real 

flight with the same trajectory of the simulated flight. These 

difficulties are explained by the lower freedom of movement 

of a land vehicle in relation to the UAV, with the land vehicle 

being conditioned to the existing infrastructures, and due to 

the way in which the Piccolo autopilot acquires the direction 

of the UAV, using a combination of GPS positions, Piccolo's 

own position in the UAV / land vehicle and reading of the air 

speed indicated by the barometric sensor. 
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Figure19: Path traveled by vehicle equipped with the control system 

and Piccolo 

Figures 30, 31 and 32 present the results obtained in the 

present field test in comparison to the results obtained in the 

simulation. 

 
Figure 20: Comparison of the results obtained in Position 1 

 
Figure 21: Comparison of the results obtained in the Position2 

 
Figure 322Comparison of the results obtained in Position 3 

In relation to the attempt to replicate the previously 

simulated path, namely in positions 1,2 and 3, a good 

approximation to the simulation was obtained, with a 

maximum difference of 11.9 meters in the latitude of Position 

1, as observed in Table 5. 
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Position 

1 

38.83

3728 

38.833

835 

9.3331

57 

9.3331

59 

11.889

84 
0.22224 

Position 

2 

38.83

6120 

38.836

112 

9.3363

21 

9.3362

56 

0.8889

6 
7.2228 

Position 

3 

38.83
6639 

38.836
574 

9.3335
12 

9.3335
21 

7.2228 1.00008 

Table 5: Comparison of latitudes and longitudes 

With respect to the course obtained during the tests, we 

can observe in Figures 30 and 31 that a good approximation 

to the simulation at positions 1 and 2 was obtained, with an 

angular deviation of 3.45° and 4.66° respectively. In Position 

3, however, a difference between the course in the simulation 

and the course obtained by Piccolo in the field of 29.43° was 

obtained (Figures 32 and 33). This difference can be 

explained by the difficult control of the air velocity indicated 

by the barometric sensor. 

 

Figure 23: Difference of course between field test with Piccolo and 

simulator test for position 3 

The slight differences in position (maximum of 11.9m) 

and the differences between the directions obtained are 

determining factors for the understanding of the differences 

between the calculated α directions. 

For positions 1 and 2, a direction of the main radiation lobe 

of α=1.39° and α=4.7°, respectively, was easily justified with 

the slight difference of coordinates and bearing obtained in 

the different tests. In Position 3 a difference in the direction 

of the main radiation lobe of Δα=28.2° was found, which 

despite being a considerable difference, is also easily 

justified with the 29.43° difference in the directions obtained 

in the two tests . 

Considering the test conditions, ie the attempt to replicate 

a UAV flight with a land vehicle, it was considered that the 

results obtained are extremely positive, since the 

implemented algorithm and the scaled circuit acquired and 

processed the autopilot data Piccolo with efficiency, 

translating into the correct choice of antenna to transmit and 

a good approximation of the direction of the main radiation 

lobe to that obtained in the laboratory test with the flight 

simulator.  

VI. CONCLUSIONS 

Given the dimensions and the purpose of the built 

antenna, it was concluded that the current location of the 

antenna in the UAV was not possible and it was necessary to 

study a new location solution. After discussion with CIAFA 

personnel, it was concluded that the best option would be to 

place the antenna on the fuselage of the UAV, being 

necessary to test the interference of the wing in the 

transmission of antenna signal to the Ground Control Station. 

Once the tests were performed, it was concluded that the 

difference of 1 dB observed is minimal, making this a viable 

solution. 

In the first phase of the development of the control 

system, a trigonometric algorithm was created that, taking 

into account the operating conditions of the UAV, related its 

position with the Base Station position in order to obtain the 

direction α of the main optimal radiation lobe and that this 

direction could take values between -90° and 90°. 

The implementation of the algorithm in the on-board 

computer was carried out always keeping in mind the notion 

of the hemisphere of the UAV (left or right) that would 

establish the connection with the Base Station. This factor 

was an innovative aspect in relation to the previous projects, 

and its application allowed to define two antennas (left and 

right) and to choose which one guarantees a better efficiency 

Position 1 

38,833835°

EB 

38,8

Position 3 

38,836574
Position 2 

38,836112

a) Test in the simulator b) Test with Piccolo 

a) Test in the simulator b) Test with Piccolo 

a) Test in the simulator b) Test  with Piccolo 
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of the connection without changing considerably the flight 

path of the UAV. 

After analyzing the necessary components to guarantee 

the necessary voltages and to have the circuit dimensioned, a 

set of tests was carried out in order to evaluate the response 

of the circuit to different situations. The first situation was 

that of a fictitious antenna whose objective was to evaluate 

the potential of the circuit by varying the voltages supplied 

from 0 volts to a maximum allowed by the 5 volt DAC. The 

second situation comprised a test of circuit response to the 

characteristics of the P-ESPAR antenna developed in the 

previous dissertation. These tests were essential for the 

validation of the circuit's ability to operate P-ESPAR 

antennas with better performances. 

The development of the control system was concluded 

after the integration of the Piccolo autopilot, used by the Air 

Force on the Antex-X02 platforms, a final phase of tests. 

Tests were carried out first in the laboratory of CIAFA and 

then in the field, at the airbase nº1 in Sintra. 

In the laboratory tests, a flight over the Sintra airbase was 

simulated in a controlled environment and where the control 

system received the positions and directions of this 

simulation. This test served not only to study the system in a 

controlled environment and easy to analyze results, but also 

to create a basis of comparison for field tests with the 

integrated Piccolo autopilot. 

In the field tests it was possible to observe a very positive 

behavior of the control system, obtaining results very similar 

to the simulated flight previously, being that the main 

divergence of results was due to the fact that it is very 

difficult to replicate the flight conditions of a UAV with a 

land vehicle, as was expected. 

In this way, with the results obtained it was possible to 

guarantee the continuation of the project, as well as the 

application of the same in the systems currently used by the 

Portuguese Air Force in the near future. 
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