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SUMMARY 

 
 

The results of an experiment to determine the optimal geometry of the location of three single-frequency 

receivers for provision of the quality of reception of navigation signals and the accuracy of positioning 

of civil aviation aircraft are presented, taking into account the influence of irregular space weather 

variations, the correlation of ionospheric errors and the possibility of their determination in a simplified 

way in the two-dimensional field of correlated errors based on the method of distributed reception 

according to the principle of a phase interferometer. 
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Introduction 
 
Currently, it has been determined that ionospheric disturbances under the influence of dynamic changes in 
space weather are the main cause of non-technical failures in the operation of satellite navigation systems 
(ICAO, 1998). At the same time, in dual-frequency signal receivers of satellite navigation systems, the 
problem of compensation of ionospheric errors is solved with sufficient accuracy. However, due to a number 
of reasons of an economic and technical nature, the navigation support of civil aviation aircraft is based on 
the use of single-frequency signal receivers as standard equipment, for which the problem of correct 
differential compensation of ionospheric errors has not yet been solved (Klobuchar, 1998). The accession of 
Ukraine to the implementation of the ICAO (International Civil Aviation Organization) CNS/ATM 
(Communication, Navigation, Surveillance/Air Traffic Management) concept (ICAO, 1998) requires an 
urgent solution to the above-mentioned problem. 
 
Method and Theory  
 
For the experiment, measurements were made on three single-frequency navigation receivers located at the 
points of an equilateral triangle with variable dimensions of the length of the sides in proportion to the 
working wavelength λ =0,19029367 m: 1 λ , 2λ , 3 λ , 4 λ , 5λ , 6 λ , 7λ , 10λ , 25 λ , 50 λ , in different space 

weather conditions. This makes it possible to determine the optimal geometry of the location of the receivers 
to provide the quality of the reception of the navigation signal, taking into account the influence of irregular 
space weather variations, the correlation of ionospheric errors and the possibility of their determination in 
the two-dimensional field of correlated errors based on the method of distributed reception based on the 
principle of a phase interferometer (Kozelkov et al., 2013): 
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where 1ND , 2ND , 3ND  – measurements of phase pseudoranges of receivers 1N , 2N  and 3N , respectively, 

located in the corners of an equilateral triangle; 21 NNL −  – effective distance between the phase centers of 

single-frequency receivers; triL +∆  – pseudorange measurement error caused by the passage of the navigation 

signal through the Earth's atmosphere; 1NS , 2NS , 3NS  – effective distances from the j  navigation satellite to 

single-frequency receivers 1N , 2N  and 3N , respectively.  

 
The efficiency criteria are the high-quality reception of signals from satellite navigation systems and the 
correlation of ionospheric navigation errors of the onboard navigation equipment of the user of the satellite 
navigation system in flight and navigation complexes of civil aviation aircraft when using three single-
frequency GPS signal receivers (Kalashnyk-Rybalko, 2018). 
 
Conditions for experimental research 
 
The conditions for experimental research on the effectiveness of navigation signal reception and positioning 
accuracy of satellite navigation systems by single-frequency receivers under the influence of irregular space 
weather variations were as follows. 
 
It is given 

1) The structural diagram of the experiment for simultaneous measurements of parameters ( ),, ZYX  

by three single-frequency GPS receivers is an equilateral triangle with variable dimensions of the 
length of the sides in proportion to the working wavelength λ =0,19029367 m: 1 λ , 2 λ , 3 λ , 4 λ , 5

λ , 6 λ , 7λ , 10 λ , 25 λ , 50 λ . The receiver 1N  has a stationary position, the receivers 2N  and 3N  

move sequentially along the mains, proportionally to the working wavelength λ =0,19029367 m: 1
λ , 2 λ , 3λ , 4 λ , 5 λ , 6λ , 7 λ , 10 λ , 25 λ , 50 λ . 

2) The measurement points were located at the geophysical polygon. Instrumental geodetic reference 

was preliminarily performed by surveyors of the polygon with an accuracy of ±0,05 m for the X  

and Y  coordinates, with an accuracy of ±0,10 m for the ( )HZ  coordinate.  

3) Measurements were performed on October 11, 2021, and October 12, 2021 (quiet and disturbed 
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geomagnetic conditions, respectively). The dates are selected in advance based on three-day forecast 
space weather data (Boulder Space Weather Center, USA).  

4) The time of day of measurements has 16:00-19:00 LT (13:00-16:00 UTC). 
5) Hardware:  

a. three GARMIN GPS 72 single-frequency navigation signal receivers with the connection 
of each of them to the corresponding laptop via a serial COM port to accumulate navigation 
information with discreteness of 1 sec-1 for 5 minutes at each measurement point;  

b. magnetic variation station MMP-303 with the discreteness of measurements of variations 
in the intensity of the anomalous geomagnetic field of 1 min-1;  

6) Software and algorithm support: Gar2rnx.exe, adapted for the Windows operating system. From the 
DOS emulator, binary Garmin files of the Garmin GPS-72 navigator were pre-converted into files 
with the d-extension, after which they were converted into RINEX-format text files with the 
extensions "o" (observation) and "n" (navigation). 

 
We need to define. 

1) The optimal geometry (length of the side of an equilateral triangle) of the location of three single-
frequency receivers of the navigation signal, simulating their location on board the aircraft. The 
criterion is the quality of the scattered reception of signals of the satellite navigation system for each 
pair of receivers for disturbed and undisturbed geomagnetic conditions by determining the pairwise 
correlation for different distances between the phase centers of the antennas.  

2) The mean-square deviation of the coordinate determination error compared to the reference ones at 
each picket of the experimental scheme for disturbed and undisturbed space weather conditions for 
the purpose of studying the influence of irregular variations of space weather on the accuracy of 
positioning and the quality of navigation support of civil aviation aircraft.  

3) Variations of the total intensity vector of the anomalous geomagnetic field aT∆  under conditions of 

a disturbed geomagnetic situation for monitoring the geomagnetic state during the period of 
research. 

4) The influence of geomagnetic field variations on the fluctuating component of the ionospheric error 
using three single-frequency navigation signal receivers simulating their location on board an 
aircraft.  

 
Conditions of the experiment: 

1) Preliminary synchronization of measurements of three single-frequency receivers GARMIN GPS 
72 and magnetic variation station MMP-303. 

2) Synchronous three-position measurements of coordinates ( )ZYX ,,  in a single-frequency mode by 

three single-frequency receivers for 5 minutes at each measurement point according to the 
developed scheme with an operational change of the measurement geometry at the research points 
on days with a calm and disturbed geomagnetic environment.  

 
Limitations of the experiment. 

1) Preliminary accurate geodetic determination of the coordinates of measurement points. 
2) The state of the geomagnetic situation during the evaluation period is recorded by synchronous, 

with single-frequency receivers, measurements of variations in the intensity of anomalous 

geomagnetic field aT∆  by the MMP-303 variation magnetometer. 

3) From the received measurement information, data are rejected if there are incorrect ephemerides of 
navigation satellites. 

 
The quality of signal reception was investigated by determining the optimal location of the receivers (one of 
which is stationary, the other two are mobile) and under conditions of different levels of influence of the 
state of space weather. The experiment was controlled by measuring variations in the intensity of the 
anomalous geomagnetic field using the MMP-303 field magnetic variation station. During the experiment, 
the measured values of the coordinates were compared with the reference ones obtained in advance by the 
instrumental method.  
 
The sequence of processing and analysis of information obtained during measurements was as follows:  

1. determination of reference coordinates of observation points according to the developed scheme of 
their location based on the use of the principle of phase interferometers;  
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2. conducting synchronous navigation measurements by three single-frequency receivers in proportion 
to the working wavelength λ =0,19029367 m: 1 λ , 2λ , 3λ , 4 λ , 5λ , 6λ , 7 λ , 10λ , 25 λ , 50λ  in 

different space weather conditions with the accumulation of navigational information at each of the 
observation points for 5 minutes with a measurement discreteness of 1 second and determining the 
coordinates of each of them;  

3. processing of the received information in cameral conditions, which included:  
a. receiving RINEX-OBS and RINEX-NAV files from field materials recorded from Garmin 

GPS-72 receivers during measurements;  
b. determination of the level of the navigation signal in % in relation to the time of the 

measurement session by each of the visible satellites during observations at different 
distances between the antennas of the receivers and under different geomagnetic 
conditions;  

c. determination of the pairwise correlation of the level of signal realization successively for 
each pair of three receivers according to the formula:  
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where N  – the number of visible satellites in the constellation, 2,1 NNk = ; 

d. determination of the optimal geometry of the location of single-frequency receivers from 
the point of view of the correlation of the ionospheric error and the maximum quality of 
reception of the navigation signal;  

e. calculation of the mean-square deviation of the error of determining the coordinates of 
observation points based on a comparative analysis with the reference coordinates that were 
obtained by instrumental means;  

f. analysis of received information. 
 
Processing of the data obtained during the experiment has made it possible to determine:  
 

1) quality of navigation signal reception at different receiver spacing values from different satellites of 
the constellation under different geomagnetic conditions (Figure 1);  

 

 
Figure 1 Charts of the quality of reception of the SNS (Satellite Navigation System) navigation signal 

under normal geomagnetic conditions (October 11, 2021) for different distances between receiver 
antennas: А – 5 λ ; B – 50 λ  ( λ = 0,19029367 m – the wavelength of the navigation signal) 

 
2) pairwise correlation coefficients of errors introduced by the signal propagation environment for 

three measuring points according to the research scheme (Figure 2);  
3) estimates of the values of the mean-square deviation of the error of coordinate measurements 

depending on the relative location of the receivers;  
4) assessment of the influence of space weather variations on the fluctuation component. 

 
Results of the experimental research 
 
According to the results of the experiment, it was determined that it is optimal to locate three on-board single-
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frequency SNS signal receivers on board the aircraft in the form of an equilateral triangle with side lengths 
of 5λ  ( λ =0,19029367 m).  

 

 
Figure 2 Pairwise correlation coefficients of radio navigation signal levels for different distances between 
antennas of single-frequency receivers: A – normal geomagnetic conditions (October 11, 2021), B – weak 

geomagnetic storm (October 12, 2021) 
 
The results of the conducted study of the effect of different distances between the antennas of three single-
frequency receivers and different geomagnetic conditions on the accuracy of the impact positioning indicate 
the following patterns: 

1) the maximum correlation of navigation errors ( K = 0.986-1.000) is observed in the two-dimensional 
version (three receivers) at a distance of 5λ   (where λ = 0,19029367 m) between single-frequency 

receivers both under normal geomagnetic conditions (Figure 2А), and under the influence of a weak 
geomagnetic storm (Figure 2B); 

2) a significant deterioration of positioning accuracy under the influence of a weak geomagnetic storm 

is observed from a distance of 7λ . This is explained by the uncorrelation of the ionospheric error 

and the increase in the effect of multipath signal propagation in the reception area;  
3) a significant correlation of the mean-square deviations of the coordinate determination errors is 

observed at the distances between the phase centers of the receiver antennas in the interval (0,5÷4)

λ , which is explained by the mutual influence of the antennas;  

4) during a weak magnetic storm, compared to a calm geomagnetic environment, the amplitudes of 
short-term variations of the fluctuating part of the ionospheric error for selected pairs of GPS 
satellites increase from units to tens of centimeters.  

 
Conclusions 
 
Experimental studies have shown that an equilateral triangle with a side length of 5 λ  is the optimal geometry 

for the location of three standard single-frequency satellite signal receivers on board an aircraft under the 
conditions of irregular destabilizing effects of space weather. Such geometry also takes into account optimal 
structural and informational redundancy. Compensation for the fluctuating part of the ionospheric error in 
addition to the regular component makes it possible to increase the accuracy of determining the location of 
the aircraft. 
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