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Abstract: This paper describes a method for airborne 
evaluation and verification of the antenna patterns of 
broadcasting stations. Although it is intended for 
governmental institutions and broadcasters it may be 
also of interest to anyone who wants to evaluate large 
radiating structures. An airborne measurement to 
investigate the properties of the structure in all 
dimensions is needed. For complicated large 
transmitting arrays like multi-pattern VHF FM 
transmitters the accuracy offered with an airborne 
measurement is much higher than with any other type of 
“inspection”. 
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1. INTRODUCTION 

This paper describes the measurement procedures, 
calculations, the equipment required and some reporting 
methods for antenna radiation pattern measurements 
using an aircraft. The content of this paper is based on 
the experience gained with designing, building and 
operating the helicopter based measurement system of 
the Radiocommunications Agency Netherlands. Most 
information comes from the ITU report [5] written by 
the same authors. 

 
2. ANTENNA PATTERN TYPES 

The radiation pattern of any antenna is three-
dimensional. Measured antenna patterns are generally 
two-dimensional cuts of that three-dimensional pattern. 
Common cuts are the "vertical antenna pattern" and the 
"horizontal antenna pattern". The vertical antenna 
pattern is a vertical cut of the antenna pattern through 
the antenna and a specific azimuth direction. The 
horizontal antenna pattern is a horizontal cut of the 
antenna pattern through the antenna and a specific 
elevation or down tilt angle. See Figures 1 and 2. 

 
Figure 1:  Vertical antenna pattern 

In certain cases a lot of emphasis is put on one specific 
sector of the antenna. For highly directional HF 
broadcasting antennas, the exact form and position of 
the main lobe, as well as the ERP in that main lobe 
determine the footprint on the targeted area, and are 
therefore very important. 

 
Figure 2:  Horizontal antenna pattern 

 
A specific antenna pattern measurement could be 
performed to chart that part of the antenna pattern. An 
example of such an antenna pattern, the Sanson-
Flamsteed projection is given in Figure 3. 
 
 
 

 
 
 
 
 
 
 
 

Figure 3:  Main lobe antenna pattern [ 1 ] 
 
 

3. METHOD OF MEASUREMENT 

An antenna pattern measurement is basically a series 
of field strength measurements, each taken at an exactly 
known distance from the antenna to be measured. With 
these two values the absolute ERP at that point can be 
calculated. If we measure the ERP at a series of points 
positioned on a circle around the antenna, the horizontal 
antenna pattern emerges. Other diagram cuts can be 
measured at will.  



The formula for calculating absolute ERP is, in linear 
form: 
 
                                                                                     (1) 
 
where: 

PERP ERP power in Watt relative to the reference 
antenna; 

PRX  power in Watt at the receiver input terminals; 
R distance in meters between the receive and 

transmit antennas; 
GRX gain (linear value) of the receive antenna  

relative to the reference antenna; 
f frequency in Hz; 
c speed of light in m/s. 

 
We need to measure position and PRX at exactly the 
same time or the resulting ERP-value is not correct. In 
this formula PERP and GRX are expressed relative to a 
reference antenna, which can be an isotropic radiator, a 
half wave dipole or a monopole, depending on the 
broadcast system measured. Additional losses such as 
cable losses, antenna alignment loss or polarization loss 
should be included in the value for GRX. Generally it is 
more practical to use a logarithmic version of the same 
formula: 

)/.4(log.20)(log.20)(log.20 101010 cfGRPP RXRXERP π++−+=  (2) 

PERP and PRX are now expressed in dBW, GRX in dBref. 
 

3. MEASUREMENT FLIGHT TYPES 

The type of measurement flights conducted depend 
fully on the antenna situation and the aircraft used. The 
different measurement flight types and their application 
are described in this chapter. 

3.1. Propagation flight 
To determine the optimal measurement distance, a 

propagation flight can be performed. This is a flight in a 
straight line towards the transmit antenna, at exactly the 
height of the transmit antenna. That way the angular 
position of the measurement antenna as seen from the 
transmit antenna is constant, and therefore the 
transmitted ERP in that direction is constant. If no 
reflections are present, the measured ERP during the 
propagation flight will be constant too. If ground 
reflections or scattering off buildings are present, their  

 
 
 
 
 
 
 
 
 
 

 
Figure 4:  Propagation flight 

influence will show as deviations from that straight line, 
as shown in Figure 4. The suggested measurement 
azimuth direction for a propagation flight is in the 
direction of the main lobe in the antenna pattern. In 
addition to the theoretical graph of Figure 4, an actual 
measurement result of a 100 kW VHF FM broadcast 
transmitter is given in Figure 5. The transmit antenna 
consists of an array of vertically polarized Log-Periodic 
dipole antennae mounted on tower approximately 150 
meters above the ground. The circle indicates the 
distance that was selected for a subsequent circular 
flight. 
 
 
 
 
 
 
 
 

 

Figure 5:  Real propagation flight result 
 
From the result of the propagation flight an optimum 
distance is selected for subsequent measurements. The 
optimum distance is the distance where: 

1)  the amplitude of the reflections is least, and: 
2)  the PERP minima and maxima are closest together. 

The first criteria is obvious, the second may require 
explanation. If the minima and maxima caused by 
ground reflections lie far apart, and the ground is flat 
and homogenous, e.g. a complete circle flight could be 
conducted at a distance where the minimum or 
maximum occurs. This would result in the biggest 
measurement error achievable, while the problem would 
show the least as variations in the measurement result. 
So this situation should be avoided. In the example 
shown, the optimum measurement distance would lay 
around 1300 meters. This distance is marked with a 
circle in Figure 5. If the height at which the propagation 
flight is performed differs from the actual height of the 
antenna, the graph will drop when the aircraft comes 
close to the antenna. When flying too low and 
measuring a transmit antenna with downtilt, the graphs 
may show a temporary rise before this drop in value 
occurs. This effect is illustrated in Figure 6. 
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Figure 6:  Effect of incorrect height during propagation flight 
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Prior to the propagation flight, the pilot display assists 
the pilot by showing the actual position of the aircraft 
relative to the transmit antenna, as well as the desired 
start-position of the propagation flight. This position can 
be described with the desired azimuth angle with respect 
to the transmit antenna and the desired height. During 
the propagation flight, the pilot display assists the pilot 
by showing the offset in meters from the desired flight 
path. A propagation flight is easier to perform with an 
aircraft that maintains good control and maneuverability 
at low speed, such as a helicopter. One can fly in a 
straight line up to 200 meters from the tower, then stop 
and fly away. This is not possible with all other 
aircrafts. A minimum distance to the transmitting 
antenna(s) should be kept at all times, to avoid 
excessive electromagnetic exposure. If the transmit 
antenna is mounted directly on the ground, as in the 
case with most long wave, medium wave and short 
wave antennas, a propagation flight is not possible. 

 
3.2. Vertical flight 

To obtain the vertical antenna pattern of a broadcast 
antenna in a specific azimuth direction, a vertical flight 
can be performed. Measuring the vertical antenna 
pattern can be necessary to determine the optimum 
flying height for measuring the horizontal antenna 
pattern, as indicated in Figure 7. 

 

r2 

r1 

 
Figure 7:  Vertical flight 

 
To perform a vertical flight, the pilot first moves to 

the desired azimuth direction, and then descends to the 
desired start height. The pilot display assists the pilot by 
showing the actual position of the aircraft relative to the 
transmit antenna, as well as the desired start position for 
the vertical flight. The pilot than starts ascending in a 
straight vertical line, trying to retain his horizontal 
position as good as possible. If a helicopter is used, 
maximum stability is obtained when the flight is 
performed flying from a low altitude to a higher altitude 
at full throttle. During the vertical flight, the pilot 
display assists the pilot by showing the offset in meters 
from the desired flight path. This could be done 
representing the aircraft as a dot on a circular display. 
The center of the circle represents the desired horizontal 
position, the circle itself shows the maximum allowed 
horizontal offset. The pilot should keep the dot within 

the circle while flying upward. The circular display can 
be connected to a compass to align its orientation with 
that of the aircraft. This would make steering easier, as 
the wind dictates where the nose of the aircraft is 
pointing. When no aircraft is available for vertical 
flights, the vertical diagram cannot be obtained this 
way. It has then to be estimated by interpolating 
measurement points of subsequent horizontal flights. 
During the vertical flight two correction factors need to 
be applied: a compensation for the difference in gain in 
the vertical antenna diagram of the measurement 
antenna and a compensation for the difference in 
distance (r1 and r2 in Figure 7). 
 
3.2. Circular flight 

To obtain the horizontal antenna pattern of a 
broadcast antenna, the pilot starts flying a circle around 
the transmit antenna while correcting his altitude and 
distance to the transmit antenna until the target values 
are obtained. The measurement is then started, and the 
pilot continues flying along a circle around the tower, 
until the measurements are completed. During this 
process, the pilot is assisted with information on the 
pilot display. It shows the actual position of the aircraft 
relative to the ideal path around the transmit antenna in 
real time. During the circular flight, the pilot display 
assists the pilot by showing the offset in meters from the 
desired flight path (distance and altitude). Generally it is 
necessary to fly part of a circle to enter the required 
flight path so the definition of a predetermined start 
azimuth is not practical. In most cases the pilot likes to 
see the object he or she is flying around so the layout of 
the aircrafts cockpit dictates if the circle is flown 
clockwise or counter clockwise. The software and 
antenna system should be adapted to this. Best stability 
is obtained when the aircraft flies with a steady and not 
too slow speed. As the aircraft flies around the antenna 
the relative wind direction changes with the azimuth 
angle, causing the alignment of the aircraft relative to 
the transmit antenna to change during the flight. It is 
therefore in most cases necessary to steer the antenna 
during flight. 
 

 
Figure 8:  Horizontal flight 

 
3.2. Other flight types 

Antenna radiation pattern measurements around 
ground based antennas such as e.g. HF curtain arrays 
and medium wave towers or arrays require a different 



approach than tower based TV or FM broadcasting 
transmitters. For example: circular flights at other 
heights than the height of the main lobe can give the 
measurement points needed to construct a 3 dimensional 
picture of the radiation pattern, straight flights at low 
heights in the azimuth of the main lobe can give an 
impression of the vertical radiation pattern. As long as 
the 3-dimensional position of the measurement point is 
known exactly, and the ERP is calculated in that 
measurement point, there are no limits to the actual 
flight path used, as long as the engineer who interprets 
the measurement data has a profound knowledge of the 
matter. 
 

5. MEASUREMENT EQUIPMENT 

As shown in Chapter 3, ERP can be calculated by 
exactly measuring position and field strength. Position 
can be measured using any positioning device that gives 
fast and accurate 3D position information. Field strength 
can be measured with a free space calibrated antenna 
and a calibrated measurement receiver. The position and 
field strength values are recorded and processed by a 
computer. It calculates ERP and the position of the 
measurement point relative to the antenna under test, 
and displays the results in an appropriate form to the 
technician. The technician controls the measurement 
system and takes decisions based on the results shown 
on the screen. The software also generates information 
for the pilot, to assist his navigation around the antenna 
site. A simplified schematic presentation of a typical 
measurement set-up is show in Figure 9, subsystems of 
which will be discussed in the following paragraphs. 

 

 
 

Figure 9:  Schematical presentation of an airborne antenna 
pattern measurement system 

 
5.1. Positioning equipment 

As the distance used in the formulas is 3D distance, 
the position of the measurement and the position of the 
transmit antenna have to be known along three axes, e.g. 
latitude, longitude and height. The difference of the 3D 
position of the measurement antenna relative to the 
positioning device should be taken into account. 
Required position accuracy is in the order of 2 meters. 
An update rate of 2 Hz is an absolute minimum, 10 Hz 
or more would be advisable.  

 

5.2. Measurement antenna 
To measure the absolute field strength the antenna has 

to be free space calibrated. The calibration accuracy of 
the antenna is one of the main factors influencing the 
total measurement accuracy. A calibration accuracy of 
0.5 to 1 dB is achievable and advisable. The actual 
value of the antenna gain is not critical as long as it is 
exactly known. However, an antenna that has a gain 
lower than -20 dBi will make the unwanted pickup of 
the antenna cable dominant. And directivity greater than 
6 dBi will make alignment too critical. When a vertical 
antenna pattern is measured, the gain of the 
measurement antenna will vary with the vertical angle 
of the incoming wave. When the vertical pattern of the 
measurement antenna is known, one can compensate for 
this in the measurement software. To be able to do this 
the measurement antenna should have a smooth antenna 
pattern. It is not necessary to design a measurement 
antenna that has a high front to back ratio. The antenna 
under test is relatively close to the wanted antenna and 
other broadcast transmitters on the same frequency are 
relatively far away. As the signal strength is inversely 
proportional to the distance, the wanted signal is several 
magnitudes stronger than the signal of other broadcast 
transmitters received from other broadcast towers. In 
most cases, the measurement antenna has directivity. 
Therefore during flight, the measurement antenna has to 
aimed at the antenna under test using some mechanical 
or electromechanical rotator controlled by the 
technician. An indication of the actual antenna position 
is necessary to roughly aim the antenna at the antenna 
under test. Further adjustment can be done using some 
aiming device. A small camera mounted on the antenna 
and looking in the same direction is a good and cost 
effective solution. Misalignment and the resulting 
measurement error should be accounted for in the 
uncertainty analysis of the measurement. 

To get an accurate representation of the antenna 
pattern, only the direct waves emanating from the 
transmit antenna should be measured. However, any 
object within sight of both antennas may cause 
transmitted waves to reflect. If no measures are taken, 
both direct and reflected waves are measured, 
generating some sort of  unwanted ‘modulation’ on the 
antenna diagram measured and presented. This problem 
is very much dependant on the vertical directivity of the 
transmit antenna and of the receive antenna, and of the 
height of the transmit antenna versus the measurement 
distance. For example, low gain VHF FM antennas on 
low sites offer a much higher challenge in this respect 
than high UHF TV sites with high gain antennas. Also 
reflection of the received signal against parts of the 
aircraft must be considered. As ground reflections are 
amongst the major contributors to the total measurement 
uncertainty, this item is worth paying extra attention to. 
Proper design of the measurement antenna can make the 
measurement system less vulnerable to disturbance by 
ground reflections. This can be done by designing an 



antenna that suppresses directions from which 
reflections are expected and favors the direct wave.  

The polarization of the measurement antenna needs to 
be adapted to the polarization of the antenna under test. 
At VHF and UHF frequencies non-linear polarized 
antennas have become common. With these antennas 
the actual polarization varies with the direction relative 
to the antenna. Therefore it is an advantage to measure 
polarization independently. One way to perform this is 
to use two measurement antennas with perpendicular 
polarizations and switch the measurement receiver 
between both antennas. The RMS detector of the 
receiver sums the power of both paths. This way, each 
polarization plane is measured during 50% of the 
measurement time, and the end result is exactly 3 dB 
lower than the actual value, see Figure 10.  
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where: 
Z0  system impedance; 
PVERT  RMS input power from V polarized antenna. 
PHOR RMS input power from H polarized antenna. 
PRX RMS power measured by the receiver. 
an voltage amplitude of one measurement sample  

from the V antenna; 
bn voltage amplitude of one measurement sample  

from the horizontal antenna; 
T period time of the antenna switch. 
 

Switching time and measurement time should be chosen 
based on the properties of the modulation of the 
measured signal and the bandwidth of the receiver. With 
proper engineering this system can be highly accurate. 
An example of a complete polarization independent 
array for FM broadcasting is given in Figure 11. Note 
that the antenna mast is retracted; the separation 
between the antennas is 1.5 m when in extended. 

 
Figure 11:  VHF array and antenna mast 

 
5.3. Receiver 

The receiver can be a normal but vibration proof 
measurement receiver of which the dynamic range 
should be sufficient large. The selectivity of the receiver 
should be such that the power of measured signal is 
completely passed on to the detector, while adjacent 
channel signals are sufficiently rejected at the same 
time. The receiver should be equipped with a detector 
that corresponds with the modulation of the broadcast 
station, so that the power density of the signal is 
measured correctly. 

 
5.4 Software and computing equipment 

The most practical way to control the equipment is 
with a small remote control unit e.g. a laptop or tablet 
pc. This unit is connected to the rest of the equipment 
with a single string of cables. The unit should be small. 
Using the built in computer of the measurement receiver 
saves weight and interface cables and also limits EMI 
from the computer. Display raw data only, processed or 
smoothed data makes it difficult to estimate the quality 
of the measurement. The software contains all 
information necessary for calculating ERP during the 
flight and displaying the relative position of the aircraft, 
like tower position, antenna height, planned antenna 
pattern and ERP, frequency, etc. Preplanned flight paths 
and optimum heights and distances are stored as presets. 
Other information like frequency, power and antenna 
height of other transmitters on the same tower is stored 
too. The practical situation always differs slightly from 
the planned one, so it should be easy to change 
parameters during the flight. The software contains an 
automated integrity test that checks the whole set-up 
and performs a quick calibration of the equipment 
manually or automatic before each measurement. 

 
5.5. Pilot display 

The pilot display is a small display mounted in front 
of the pilot. It guides the pilot to the position where the 
measurement should start. During the measurement it 
gives real-time information about the diversion from the 
planned flight path. For different types of measurements 
different screen layouts can be used. See the example in 
Figure 12. 



 
Figure 12:  Pilot display 

 
6. MEASUREMENT PROCEDURE 

The preparation of a measurement campaign starts 
with a site survey where the following information is 
collected: the 3D position of the broadcast antennas 
phase center; the antenna pattern limits (expressed in 
ERP) of the broadcasters license; the antenna type, its 
orientation and dimensions; ground type and 
morphology; the RF power and antenna patterns of 
other transmitters on the same site; the occupied 
bandwidth and spectrum shape of the wanted transmitter 

The second step is to properly plan the measurement 
because often several broadcast sites have to be 
measured subsequently, and in many cases more than 
one antenna pattern is to be measured at the same 
location. All equipment has to be tested thoroughly after 
assembly in the aircraft and before taking off to avoid 
surprises during the measurement flight. 

The type of measurement flights conducted depends 
fully on the antenna situation and the aircraft used. 
During the measurements, the signal coming from the 
antenna under test needs to be monitored on the ground, 
ensuring the transmitted signal remains sufficiently 
stable. 

Directly after the measurement flight, the pre-flight 
test has to be repeated to assure that all equipment still 
functions as expected. Any anomalies should be logged 
to assist post processing. 

During flight all raw measurement data has been 
recorded. Combining this data with known values the 
desired antenna patterns are produced in real time, 
giving the technician a good impression of the 
measurement during flight. A more detailed analysis can 
only be made on the ground, where more time is 
available. Statistical information derived from the 
measurement data and calibration information of the 
equipment is used to estimate the measurement 
accuracy. Duplicated or intersecting measurement paths 
can be used to correlate measurement data. 
 

7. REPORTING AND SOME RESULTS 

A standardized reporting format, using standard report 
components, standardized graphs and scaling of graphs 
makes fast interpretation and comparing of different 

measurements much easier. Include graphs to correlate 
between flight and measurement data to assess the 
quality of the result. Figure 13 is an example of a 
measured horizontal pattern of a high power VHF FM 
broadcast antenna. This is unsmoothed data, note the 
excellent suppression of reflections. The graph reads 
directly in ERP. 

. 
Figure 13:  Actual measured horizontal pattern 

 
Every measured antenna pattern should be accompanied 
by a measurement uncertainty calculation. Without this, 
the measurement is useless for evaluation/verification 
purposes. Information can be found in ref. [1], [2] and 
[3]. In the final report the results have to be smoothed 
over a windowed interval. The size and shape of the 
window has significant influence on the final results and 
should be chosen with care. The amount and type of 
smoothing should be mentioned in the report. 
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