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ABSTRACT 
 
This document is focused on the examination of the tracking angular error due to the radio 
refraction for the target in low altitude of less than 5km and in low elevation angle. The real 
measured data using the GPS and the tracking systems of C- and S-band frequency in NARO 
Space centre, Korea are used for the analysis. The analysis shows couple of conclusions on the 
radio refraction effects; there are angular errors due to the radio refraction which is not to be 
neglected comparing the accuracy of the tracking system but to be considered for the precise 
measurement of the target position. Also, the refraction errors are dependent on the target 
altitude, but not on the frequency. 
 
Keyword: Radio Refraction, Tracking Accuracy, Low Elevation Angle 
 
 

INTRODUCTION 
 
Target tracking and position measurement by tracking antenna system using Radio wave has the 
errors inherently due to the inaccuracy of tracking antenna system and the Radio wave 
propagation phenomena in the medium between the signal source and the receiving system. 
 
Inaccuracy of tracking antenna system results from many system internal factors such as 
distortion of antenna reflector, verticality and orthogonality of the pedestal, bearing wobble, 
encoder resolution, zeroing alignments and so on. The angular errors due to the inaccuracy of the 
system can be reduced by using more accurate components and better workmanship. The 
accuracy of the big antenna systems are also impacted by the system external factors such as the 
gravity, the heat of the sun and the wind, because the big antenna could be distorted 
mechanically by the different impacts of the factors on each part. 
 
As an example, TABLE I shows the error factors and the ranges of each factor for the 11meter 
parabola antenna with two axis pedestal which is used in NARO space centre for the ground 
telemetry stations. The errors due to the system internal factors are normally smaller than the 
errors due to the system external factors and the wind is the major and the biggest factor. 
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TABLE I TRACKING ACCURACY FACTORS AND RANGES 
Error Factors Range of Errors (milli-degrees) 

Verticality < 10 
Orthogonality < 5 
Encoder(17bits) 2.7 
Acceleration lag ~ few (depend on angular acceleration of target) 
Wobble < 5 
Heat < 10 
Gravity < 10 
Wind < 47 @ 64km/h 

 
The phenomena of the radio wave propagation, especially the reflection and the radio refraction 
(the ray bending), should be also considered for the target in low elevation angle. The impact of 
the radio reflection depends on the geometry of the ground tracking system and the target, Half 
Power Beam Width (HPBW) of the ground tracking antenna, and the geography. If the elevation 
angle of the ground tracking antenna is more than HPBW and the reflection surface is flat, the 
error due to the reflection is decreased very rapidly. The refraction is more complex and it 
depends on the atmospheric conditions as well as the geometry (elevation angle of the ground 
antenna system and the target altitude). 
 
It is known that the Radio wave in a homogeneous medium (as free space) takes the straight-
lined propagation path, but it undergoes the bended path in the non-homogenous medium (as 
atmosphere) which is a function of refractivity. The refractivity (N) in the atmosphere is 
calculated with the atmospheric parameters as follow; 
 

  (1) 
 

where  P = pressure (millibars) 
T = Temperature (Kelvin) 
e = Water vapour pressure (millibars) 

 
A variety of explanations for the effects of refraction has been proposed with theory and 
measurement data over the decayed years. And many formulas to calculate the refraction angle 
in simple terms also have been introduced. As an example, the formulation for the total 
refraction ( ) is presented as follows by H.E. Clark of Goddard Space Flight Centre.  
 

 
 

        (2) 
 

where  = Total refraction in radians 
         = Surface refractivity 

       = Ground elevation angle 
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Figure 1 shows the radio refraction angles versus the antenna elevation angles which are used in 
most organizations such as United State Navy Observatory (USNO), National Aeronautics and 
Space Agency (NASA), Centre National d’Etudes Spatiales (CNES), and INTELSAT for 
aerospace to compensate simply the refraction errors. The range of the angular error due to the 
refraction could be up to 600 milli degrees at low elevation angle of less than 10degree which 
could not be neglected for the accurate measurement. 
 

 
Figure 1 Refraction errors versus elevation angle (reference) 

 
In this document, we review the impact of the radio refraction on the tracking accuracy, 
especially in low altitude and low elevation angle, by analysing the data measured from the flight 
tests performed in NARO space centre, South Korea.  
 
 

MEASUREMENT AND ANALYSIS 
 
A. FLIGHT TEST AND MEASUREMENT SYSTEMS 
 
For the flight tests, the airplane with the onboard units (GPS, S- and C-band transmitters for 
Korean Space Launch Vehicle KSLV-I) flew over the sea around the southern area of South 
Korea in the range of 1.5 ~ 4.5km altitude. The ground tracking systems such as the tracking 
radars in C-band and the telemetry antenna systems in S-band tracked the airplane at the distance 
about 5km ~ 150km and measured the position of the airplane in spherical coordination data 
(Range, Elevation and Azimuth). The position of airplane was also measured by the On-board 
GPS in x, y, z of geocentric during the flight, and the on-board GPS data was converted into the 
spherical coordination data originated on the ground tracking systems to compare it with the 
measurements of tracking system, after flight. 
 
The accuracy of the ground tracking systems had been verified with the calibration targets and/or 
Low Earth Orbit (LEO) satellites. It had been confirmed that the tracking accuracy and the 
pointing accuracy of 11m telemetry antenna are less than 0.02 and 0.05 deg, respectively and the 
tracking accuracy of the radar system is less than 0.01degrees, excluding the radio refraction 
factor. Of cause the tracking accuracy measured by using LEO satellites also has the uncertainty 
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due to the uncertainty of the LEO pass data in NORAD (North American Aerospace Defence 
Command) TLE (Two Line Element), but this uncertainty could be ignored if we use the pass 
date updated within 14hours. 
 
The GPS system has the accuracy of +/- 15m for altitude, and this accuracy makes the angle 
errors of about 0.172 ~ 0.0057degree for the tracking system in 5~150km apart from the target. 
This means that the difference between the converted GPS data and the tracking data of the 
ground systems would not represents the refraction error when the airplane is too close to the 
ground tracking antenna. The characteristics of Tracking systems and GPS which were used 
during the flight test are shown in the Table II. 

 
TABLE II MEASUREMENT SYSTEM CHARACTERISTICS 

 TLM Antenna Tracking Radar GPS 

Type Parabola 2 axis (El./Az.) Parabola 2 axis (El./Az.) - 

Size 11 m 3 m - 

HPBW 0.42 deg 0.5 deg - 

Frequency 2.2 GHz 5 GHz 1.5GHz 

Accuracy < 50 mdeg < 10 mdeg 15 m 
(172~5.7mdeg@5~150km) 

 
 

B. MEASUREMENT RESULTS 
 

The difference between the elevation angle of the converted GPS data and the elevation angles of 
the ground tracking systems (telemetry antenna system and tracking radar) are examined based 
on the measurement data. Figure 2 and Figure 3 show the elevation angle difference between the 
data of the tracking stations and GPS data measured at the flight test on April and May 2008, 
respectively. Figure 4 shows the elevation angle differences during the 1st launch of the KSLV-I 
on August 2009. Data of two telemetry systems and a radar system are analysed. 

 
Figure 2 Elevation errors of flight test on April 2008, a)telemetry station#1, b)telemetry station#2 
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Figure 3 Elevation errors of flight test on May 2008, a) telemetry station#1 b) telemetry station#2 

 

 
Figure 4 Elevation errors of 1st launch of KSLV on August 2009 

 
 
C. ANALYSIS 

 
The angular difference contains the accuracy of systems and the external factors such as 
refraction and reflection. The rapid fluctuation in the curves is due to the monopulse tracking 
mechanism of the tracking system and the radio reflection in very low elevation of less than 1 
degree. The angle difference between the GPS data and the tracking angle of the ground tracking 
system is increasing as the elevation angle is getting lower. Especially for the elevation angle of 
less than 10 degree, the error values are much bigger than the range of the error due to the 
internal factors of the tracking system. i.e. the angle errors in low elevation of less than 10 degree 
are few hundred milli degree and the errors due to the system internal factors are about 50 milli 
degrees maximum. The trend (or envelope) of the bigger difference in the lower elevation angle 
tell us that the difference is due to the radio refraction. 
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The representatives of the refraction angle errors measured from the several flight tests which the 
target flew at low altitude of less than 5km are as in the figure 5. The pattern of the measured 
refraction error is similar to the reference curves which are used in other organization for the 
astronomical observation, but the amplitude is about 50~60% of the reference values that are for 
the target in the space. The difference (refraction angle) for the 1st launch of KSLV in figure 4 is 
bigger than that of the flight test with airplane in figure 2 and 3. This shows us that the refraction 
error depends on the target altitude - the lower the target altitude, the smaller the refraction error.  
 

 
Figure 5 Refraction angle (measured) 

 
We can also see that the refraction angle errors are almost the same for the telemetry antenna in 
2GHz and the tracking radar in 5GHz. Which means that the refraction error is independents of 
the frequency, as described in the formula 2). The minor difference in the data of two systems in 
the different frequencies is due to the system characteristics but not due to the difference of 
refraction. 
 
 

CONCLUSION 
 

The tracking errors due to the refraction have been evaluated by comparing the data measured 
with 2GHz telemetry antenna, 5GHz tracking Radar in NARO space center and GPS. The 
evaluation data shows that there is the angle error due to the radio refraction in the air which is 
much bigger (few hundred milli degrees) than the system accuracy (few tenth milli degrees) and 
to be considered for the precise measurement of the target position. The refraction error is 
independent on the frequency, but it depends on the elevation angle of the ground tracking 
antenna which is related to the altitude of the target. The measured refraction errors for the target 
in low altitude of less than 5 km are much smaller (about 60%) than that for the target in the 
space. Also we can confirm that the refraction in the air is independent of the frequency so that 
the errors of 2GHz and 5GHz system are the same. 
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