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Abstract:

The paper presents the results of a study showing the accuracy of the determination of aircraft position coordinates
based on the SPP (Single Point Positioning) solution in the GLONASS (Globalnaja Navigatsionnaya Sputnikovaya
Sistema) system. For this purpose, the paper develops and implements an algorithm for the correction of position
errors as parameters describing positioning accuracy. The proposed algorithm uses position error values determined
for a single GNSS (Global Navigation Satellite Systems) receiver, which are joined in a linear combination to deter-
mine the positioning accuracy of the aircraft. The algorithm uses linear coefficients as an inverse function of the
number of GLONASS satellites being tracked by the GNSS receiver. The developed algorithm was tested for GLONASS
satellite data recorded by Topcon HiPer Pro and Javad Alpha geodetic receivers, during a flight test carried out with
a Cessna 172 aircraft around the military airport in Deblin. Navigation calculations were carried out using RTKLIB
v.2.4.3 and Scilab v.6.0.0 software. On the basis of the tests carried out, it was found that for single Topcon HiPer Pro
and Javad Alpha receivers, position errors were up to +11.4 m. However, by using the position error correction algo-
rithm for both receivers, GLONASS positioning accuracy is up to £3.6 m. The developed algorithm reduces position
errors by 60-80% for all BLh (B- Latitude, L- Longitude, h- ellipsoidal height) coordinates. The paper shows the
possibility of testing and implementing the proposed mathematical algorithm for the SPP solution in a GPS (Global
Positioning System) navigation system. In this case the position errors from the GPS SPP solution range from -0.9 m
to +0.9 m for all BLh coordinates. The obtained results showed that application the GLONASS and GPS system in air
transport is important. The algorithm used in this work can also be applied to other global GNSS navigation systems
(e.g. Galileo (European Navigation Satellite system) or BeiDou (Chinese Navigation Satellite System)) in air transport
and navigation.
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1. Introduction
Currently, in air navigation, we can fully use two
global GNSS satellite navigation systems to deter-
mine the position of an aircraft. Namely, the Amer-
ican NAVSTAR GPS system and the Russian
GLONASS system. While the NAVSTAR GPS sys-
tem is used quite widely for the precise positioning
of aircraft, the GLONASS system represents a rather
interesting alternative for the aviation community.
According to ICAO requirements in Annex 10 of the
Chicago Convention, the GLONASS system pro-
vides 3 quality parameters for aviation GNSS posi-
tioning, i.e., continuity, availability and accuracy
(ICAOQ, 2006). The continuity of GLONASS posi-
tioning in air navigation should not exceed the value
of 2x10-4/h. On the other hand, the availability of
the GLONASS constellation in aircraft positioning
should be higher than 90% during the measurement.
The positioning accuracy of the aircraft with
GLONASS solution should be better than 12 m for
horizontal coordinates and better than 25 m for the
vertical component (ICAO, 2006). Other naviga-
tional and technical parameters defined by ICAO for
the use of GLONASS in aviation include (ICAQ,
2006):
— the time error shall not exceed 700 ns,
—  pseudorange measurement error shall not ex-
ceed 18 m,
—  GLONASS satellite velocity measurement er-
ror shall not exceed 0,02 m/s,
—  GLONASS satellite acceleration measurement
error shall not exceed 0,007 m/s2,
—  resultant 3D position error of GLONASS satel-
lite should not exceed 6 m,
—  primary signal carrier frequency: L1~1.6 GHz,
—  minimum elevation angle of GLONASS obser-
vations used in kinematic measurement: 501,
—  system time: UTC(SU),
coordinate system: PZ-90.
It should be noted that the GLONASS positioning
quality parameters refer to the Single Point Position-
ing (SPP) positioning method using C/A code meas-
urement at L1 frequency (ICAO, 2006).
In the context of the implementation of flight exper-
iments using the GLONASS system, the determina-
tion of the positioning accuracy parameter appears
to be crucial for flight safety. Therefore, this paper
presents a mathematical algorithm to improve the
GLONASS positioning accuracy using the SPP code

method in aeronautical navigation. The paper pro-
poses to determine the GLONASS positioning accu-
racy for a system of two GNSS receivers mounted
on board an aircraft during a flight test. The devel-
oped GLONASS positioning accuracy algorithm is
based on a linear combination of single position er-
ror values obtained for each on-board GNSS re-
ceiver. The linear combination uses linear coeffi-
cients calculated as a function of the number of

GLONASS satellites tracked by each on-board

GNSS receiver.

Our most important author contributions during the

development of the publication are:

— development of a mathematical algorithm to
improve GLONASS positioning accuracy in air
navigation,

—  testing the developed mathematical algorithm
on GLONASS kinematic data during a flight
test with a Cessna aircraft,

—  comparison of the obtained GLONASS accu-
racy results with the GPS solution,

—  comparison of GLONASS accuracy results ob-
tained with reference to the state-of-the-art
analysis.

The paper is divided into 7 parts: 1) Introduction, 2)

State-of-the-art analysis of the research topic, 3) Re-

search problem, 4) Research method, 5) Research

test, 6) Research results, 7) Discussion, 8) Conclu-
sions. The whole publication ends with a rather ex-
tensive literature list.

2. Scientific knowledgde analysis

The research subject of the publication concerns
SPP code positioning using the GLONASS naviga-
tion system. Accordingly, Chapter 2 presents an
analysis of the state of the art regarding the research
topic discussed in the article. Scientific research on
the application of the SPP code method using the
GLONASS system in aviation began actively in the
1990s. Scientific research was mainly conducted
with a view to the precise positioning of GLONASS
or GPS/GLONASS in air navigation. In addition, the
number of GLONASS and GPS satellites tracked
was identified in the research, and the geometric co-
efficients of the DOP were also determined. An im-
portant aspect of the research experiments was the
accuracy of GLONASS positioning within the dif-
ferent flight operations required by ICAQ. In the
1990s, the first attempts were made to use
GLONASS and GPS systems in aircraft positioning
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together with augmentation systems, such as Inmar-
sat placed in geostationary orbit. Subsequent re-
search demonstrates the feasibility of using
GLONASS and GPS with WAAS corrections in the
precise positioning of aircraft as part of a PA Cat |
approach and landing procedure. The research was
based on the development of algorithms for the
RAIM module for the onboard GNSS receiver. Fur-
ther research into the use of GLONASS in the ap-
proach and landing procedure is given in paper. The
paper showed the use of GLONASS for different
types of GNSS receivers as part of a LAAS support
system for the US area. Another research topic that
emerged at the time was combined GPS/GLONASS
positioning and the problems of unifying the time
scale and coordinate system for kinematic measure-
ments in air navigation. This in turn had an impact
on the accuracy of aircraft positioning using the
GPS/GLONASS solution. The 1990s also saw the
first aircraft traffic monitoring and management sys-
tems based on GPS/GLONASS positioning in navi-
gation.

The first years of the 215 century saw problems with
the GLONASS navigation system concerning the
overall operation and future of the GLONASS satel-
lite programme itself, which in turn translated di-
rectly into the poor quality of GLONASS position-
ing in air navigation (Grzegorzewski, 2005). With
the GLONASS satellite system modernisation pro-
gramme announced in 2007 (Sarkar & Bose, 2017),
the effective use of GLONASS receivers (Kokorin
et al., 2005; Marathe et al., 2012) in aviation, espe-
cially civil aviation, became possible (Hegarty &
Chatre, 2008; llcev, 2011; Blanch et al., 2012). Re-
cent years have seen a great number of research
works on SPP code positioning using the
GLONASS system. Noteworthy is the research on
the development of algorithms for the RAIM mod-
ule of a GNSS receiver using GLONASS observa-
tions (Walter et al., 2013; Bang et al., 2018). Fur-
thermore, for the quality of GLONASS positioning
in civil aviation, the use of observations from
GLONASS-K generation satellites is an interesting
issue, as shown in the paper (Dumas, 2011). In paper
(Jin et al., 2009), the ambiguity solution was esti-
mated using GPS/GLONASS data for purpose of
aircraft attitude orientation. More recently, a scien-
tific issue of interest using GLONASS is also the
continuous monitoring and optimisation of flight
trajectory with control functions during approach

and landing (Skrypnik & Arefyeveva, 2017; Ba-
burov et al., 2017; Skrypnik et al., 2018; Gorskiy et
al., 2019; Skrypnik & Arefyev, 2020). Furthermore,
the GLONASS system is being used together with
other telemetry sensors at airports within the Rus-
sian Federation as part of the 'Digital Smart Airport'
programme (Khadonova et al., 2020). Moreover, the
monitoring of HPL/VPL protection level based on
GPS/GLONASS solution is still very important sub-
ject in aviation area (Sayim, 2018; Pereira et al.,
2021). In addition the paper (Baburov et al., 2018)
analyses the composition and information character-
istics of working satellite constellations in integrated
GLONASS and pseudolites positioning in the Arctic
region of Russia. The another paper (lvan et al.,
2023) shows the analysis of the impact of GNSS dis-
ruptions on aircraft operations at Romanian airports.
A final research topic of importance related to this
article is the development of algorithms for integrat-
ing GLONASS observations with GPS/Galileo/Bei-
Dou satellite observations in air navigation (Ilyin et
al., 2022).

3. Research problem

The following conclusions can be drawn from the

state-of-the-art analysis presented in Chapter 2:

— in the case of the implementation of flight ex-
periments using the GLONASS system, the
leading research topic was the accuracy of air-
craft positioning,

—  the GLONASS system has ICAO certification
and can be used widely in aviation as an alter-
native to GPS,

— inthe last few years, there has been an increase
in scientific research on the application of
GLONASS code-based measurements to air-
craft positioning in air navigation,

— an important element of scientific research in
the aspect of GLONASS use in aviation is air
traffic management and monitoring,

— inresearch on the application of GLONASS in
aviation, the compatibility and interoperability
with other GNSS navigation systems has
emerged.

The literature review shows that it is necessary to

develop a research method to improve the accuracy

of GLONASS positioning by using appropriate
mathematical algorithms. Accuracy as one of the
quality parameters of GNSS satellite positioning is
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crucial for conducting and executing flight opera-
tions. This is obviously related to the on-board avi-
onics of aircraft equipped with GNSS satellite re-
ceivers, including GLONASS. Hence, research is
needed to develop new mathematical algorithms to
ensure improvement of the accuracy parameter for
the GLONASS navigation system. This is all the
more important because GLONASS like GPS has
official ICAO certification for aviation applications.
Thus, the development of new algorithms to im-
prove the accuracy of GLONASS positioning can
also be used in GPS positioning and, in the future,
Galileo and BeiDou.

4. Research method

Chapter 4 describes the test methodology with the
developed mathematical algorithms for improving
GLONASS positioning accuracy. The first stage of
the methodology is concerned with the recording
and collection of GLONASS kinematic data by
GNSS receivers during test flights for preliminary
processing in preset GNSS software. This stage
mainly concerns the unification of GLONASS nav-
igation and observation data in RINEX format. The
second stage of the methodology concerns the pro-
cessing of GLONASS data in GNSS software for the
determination of aircraft position coordinates, fol-
lowed by the calculation of GLONASS positioning
accuracy for a single GNSS receiver. The
GLONASS positioning accuracy for a single GNSS
receiver was expressed in terms of position errors as
a (dBgrx1, ALpx1, dRgy1) and
(dBgy2, Ly, dhgyo) parameters. In turn, the error
values of position (dBgyi,dLgx1,dhgy) and
(dBgy2,dLpys, dhg,,) are determined as follows:

dLpy1 = Lsppre1 — Lrtkpy )

{dBRxl = Bspprx1 — Brtkgy:
dhgy1 = hsppryr — hrtkgy

dBgrx2 = BSpPrx2 — Brtkpy
{dLsz = Lspprx2 — Lrtkpy (2)
Ahpxs = RSPPRrx2 — hrtkpy;
where:
(Bspprx1, LSPPrx1, hSPDRy1) - POSition of the air-
craft, given in ellipsoidal coordinates BLh, derived
from the SPP code method in the GLONASS system
for the receiver Rx1 (Krasuski, et al., 2022),

(Brtkgyq, Lrtkpyq, hrtkg,,) - reference trajectory
of the aircraft given in ellipsoidal coordinates BLh,
derived from the GLONASS differential RTK-OTF
technique for the receiver Rx1 (Grzegorzewski,
2005),

(BSPPrx2, LSPDRx2, hSPPRx2) - POSition of the air-
craft, given in ellipsoidal coordinates BLh, derived
from the SPP code method in the GLONASS system
for the receiver Rx2 (Krasuski, al., 2022),
(Brtkpyo, Lrtkgy,, hrtkgy,) - reference trajectory
of the aircraft given in ellipsoidal coordinates BLh,
derived from the GLONASS differential RTK-OTF
technique for the receiver Rx2 (Grzegorzewski,
2005).

The third stage concerns the development of an al-
gorithm to improve GLONASS positioning accu-
racy for two GNSS receivers. The mathematical
model describing the determination of GLONASS
positioning accuracy can be written as follows:

dB = A+ dBgy + B+ dBgy,
dL=A-dLpy; + B - dLgy, 3)
dh=A- thxl +B- thxZ

where:

(dB, dL,dh) - final position errors for ellipsoidal
coordinates BLh, accuracy of the GLONASS posi-
tioning accuracy for a system of two on-board GNSS
receivers,

Rx1 - GNSS satellite receiver No. 1,

Rx2 - GNSS satellite receiver No. 2,

A - linear coefficient for the receiver Rx1,
1

- NSRxll
NSg,1 - number of GLONASS satellites being
tracked by the receiver Rx1 (Krasuski et al., 2022),

B - linear coefficient for the receiver Rx2,
1

- NSRxZ,
NSgy, - number of GLONASS satellites being
tracked by the receiver Rx2 (Krasuski et al., 2022).
By substituting the values of the linear coefficients

in the form of 4 = —— and B = —— the final
NS, NS

Rx1 Rx2
formula of equation (3) will take the following form:

1

dB = NS dBRxl + NSrea * dBRxZ
1 1

dL = NSnes dLpyy + Nony ALgy2 4)
1 1

dh = Nsgn  ORxi + Norm dhgyz
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In the example analysed, the number of GNSS re-
ceivers is 2, hence equation (4) is based on the posi-
tion error values obtained for both GNSS receivers
and the number of linear coefficients is also 2. In the
case of a greater number of GNSS receivers used in
the aerial experiment, equation (4) can be further de-
veloped with further linear coefficients and position
error values for individual GNSS receivers. The al-
gorithm described by equation (3) is only valid in
practice for the number of GNSS receivers greater
than or equal to 2. Finally, the described research
method is shown in the flowchart in Figure 1.

5. Research test

In this Chapter the flight test and adjustment strategy
was described in details. Firstly, the flight test was
carried out using a Cessna 172 aircraft. Two GNSS
geodetic receivers were mounted on board the air-
craft: Javad Alpha (designation Rx1) and TPS Top-
con HiperPro (designation Rx2), which recorded
raw GLONASS observations with an interval of 1
second. The test flight took place around the EPDE
military airfield in D¢blin. The duration of the flight
experiment was from 09:40:19 to 10:35:03 accord-
ing to GPS Time. Fig. 2 shows the horizontal trajec-
tory of the Cessna 172 aircraft around the airfield in
De¢blin. In turn, Fig. 3 shows the vertical trajectory
of the flight of the Cessna 172 aircraft as a function
of time. The change in flight altitude during the ex-
periment ranged from about 145 m to about 710 m.

The GLONASS satellite data collected by both

GNSS receivers were used in the stage 2) to deter-

mine the coordinates of the aircraft using the

GLONASS SPP solution and to calculate the posi-

tioning accuracy for a single GNSS receiver. At this

stage of the research, the calculations were per-

formed in the RTKLIB v.2.4.3 program in the RTK-

POST module (RTKLIB Website, 2022; Takasu,

2013). GLONASS observations in RINEX 2.12 for-

mat and the GLONASS navigation message ac-

quired from both GNSS receivers were used as input

data for the positioning calculations. The configura-

tion of the calculations in the RTKPOST module

was set as follows:

—  positioning method: Single Point Positioning
(SPP),

—  elevation mask: 5°,

— ionospheric data source: broadcast navigation
message,

—  tropospheric correction source: Saastamoinen
model,

— ephemeris and clock data source: broadcast
navigation message,

— navigation system: GLONASS,

—  GLONASS observations: code C/A on L1 fre-
quency,

— calculation interval: 1 s,

— coordinate frame: ellipsoidal BLh (B - geodetic
latitude, L - geodetic longitude, h - ellipsoidal
height).

Step 1: recording and collection of GLONASS kinematic data by GNSS receivers during test,
unification of GLONASS navigation and observation data in RINEX format

]

Step 2: GLONASS data adjustment processing, computation the aircraft position from single GNSS
receiver, estimation the position accuracy from single GNSS receiver

]

Step 3: prepare the algorithm for improved the position accuracy, computation the resultant accuracy

of GLONASS positioning for both GNSS receivers

Fig. 1. The flowchart of proposed research method
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Fig. 2. Horizontal trajectory of Cessna 172 airplane
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Fig. 3. Vertical trajectory of Cessna 172 airplane
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For each GNSS receiver, the position of the aircraft
based on GLONASS SPP solution was determined,
expressed in BLh ellipsoidal coordinates. Then, for
the determined position coordinates of the Cessna
172 aircraft, their accuracy was determined with re-
spect to the differential RTK solution in OTF mode.
The flight reference position derived from the RTK
solution was also calculated in the RTKPOST mod-
ule using the 'MOVING BASE' function. In addi-
tion, the RTK calculation used GLONASS phase ob-
servations from the GNSS reference station installed
at the Polish Air Force University in D¢blin. Having
the coordinates of the Cessna 172 aircraft deter-
mined using the SPP code method and the differen-
tial RTK technique, it was possible to determine the
GLONASS positioning accuracy for each GNSS re-
ceiver and thus determine position errors according
to formula (1-2).

The last stage 3) of the research concerned the de-
velopment and implementation of the proposed
mathematical algorithm (3-4) for determining the
GLONASS positioning accuracy for the SPP code
method for an array of two GNSS satellite receivers.
For this purpose, a numerical script was developed
in the Scilab v.6.0.0 programming environment

g

(Scilab Website, 2022). In the script, the mathemat-
ical algorithm (3-4) was implemented, and the nu-
merical and graphical analysis of the obtained test
results was carried out. The test results will be pre-
sented in Chapter 6 of this paper.

6. Research results

The presentation of the test results began by showing
the number of GLONASS satellites tracked by the
Topcon HiPer Pro and Javad Alpha receivers, as
shown in Figure 4. The number of GLONASS satel-
lites tracked by the Javad Alpha receiver ranged
from 4 to 8 during the test flight. In the same way,
for the Topcon Hiper Pro receiver, the number of
tracked GLONASS satellites also ranged from 4 to
8. A low number of GLONASS satellites being
tracked (equal to 4) by the Javad Alpha receiver (re-
ceiver Rx1) can be seen in the initial as well as the
final phase of the flight. For the Topcon HiPer Pro
receiver, in the middle phase of the flight, for very
short moment, only 4 tracked satellites of the
GLONASS constellation can be observed. For both
GNSS receivers, the average number of tracked
GLONASS satellites during the experiment was
above 6.

745

Numnber of GLONASS satellites {receiver Rx1)
Numnber of GLONASS satellites {receiver Rx2)

6.5

Walue [-]

5.5

4.5 4

4""I""I""I""

34500 35000 25500 26000

36 500

T T~
37000 37 500

32000 32500

Measurement epoch [s]

Fig. 4. Number of tracked GLONASS satellites
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Fig. 5. Values of linear coefficients

Following this, Fig. 5 shows the results of the linear
coefficients calculated according to equation (3).
The values of coefficient A for receiver Rx1 ranged
from 0.125 to 0.250. Similar values can be observed
for linear coefficient B for receiver Rx2.

Figure 6 shows the results of GLONASS positioning
accuracy in the form of position errors for the B
component, determined according to equations (1-
4). The GLONASS positioning accuracy for the Rx1
receiver was between -5.8 m and +5.3 m. In turn, the
GLONASS positioning accuracy for the Rx2 re-
ceiver ranged from -7.9 m to +4.5 m. In contrast, the
GLONASS positioning accuracy for the B coordi-
nate, calculated according to equation (4), ranged
from -1.6 m to +0.7 m. As the obtained position error
results show, the use of the proposed mathematical
algorithm (4) reduces position errors quite signifi-
cantly. This is clearly visible in the initial phase of
the flight, when the GLONASS positioning accu-
racy for both GNSS receivers is relatively low, and
the applied algorithm (4) reduces the outlier position
errors. The apparent low GLONASS positioning ac-
curacy in the initial phase of the flight is due to the
change in the number of GLONASS satellites
tracked by both GNSS receivers. Also noteworthy
are the large position error values in the middle
phase of the flight and the improvement in position
accuracy using the mathematical algorithm (4).

Figure 7 shows the results of GLONASS positioning
accuracy in the form of position errors for the hori-
zontal coordinate L, determined according to equa-
tions (1-4). The GLONASS positioning accuracy for
the Rx1 receiver was between -3.5 mand +6.1 m. In
turn, the GLONASS positioning accuracy for the
Rx2 receiver ranged from -4.2 m to +11.4 m. The
accuracy of GLONASS positioning along the L-
axis, on the other hand,, calculated according to
equation (4), ranged from -0.9 mto +2.8 m. Inasim-
ilar way to the B-component, the application of al-
gorithm (4) improved the positioning accuracy along
the L-axis and enabled a reduction in dL position er-
rors.

Figure 8 shows the results of GLONASS positioning
accuracy in terms of position errors for the vertical
coordinate h, determined according to equations (1-
4). The GLONASS positioning accuracy for the Rx1
receiver ranged from -9.3 m to +11.4 m. Whereas
the GLONASS positioning accuracy for the Rx2 re-
ceiver ranged from -10.9 m to +7.3 m. In contrast,
the GLONASS positioning accuracy along the h-
axis, calculated according to equation (4), ranged
from -3.6 m to +2.6 m. Similarly to the horizontal
components B and L, the application of algorithm
(4) improved the positioning accuracy for the verti-
cal component h and enabled a reduction in position
errors dh.
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The obtained position error results are summarized
in Table 1 for a collective summary. From Table 1,
it is apparent that the proposed algorithm (3-4) ef-
fectively reduces position errors and thus increases
the accuracy of GLONASS dual-receiver position-
ing in air navigation. In addition, it was determined
in percentage terms how the proposed algorithm (3-
4) increases the accuracy of GLONASS dual-re-
ceiver positioning relative to single-receiver posi-
tioning. For the B component, position errors were
reduced by 68% and 76%, respectively, compared to
the Rx1 and Rx2 results. For the L component, po-
sition errors were reduced by 64% for the Rx1 re-
ceiver and 80% for the Rx2 receiver. On the other
hand, for the vertical component h, position errors
were reduced by 60% relative to the results obtained
for the Rx1 receiver and 78% relative to the results
obtained for the Rx2 receiver. On this basis, it can

Table 1. The obtained results of position errors

be concluded that the proposed algorithm (4) for de-
termining GLONASS positioning accuracy for the
GNSSS receiver array is efficient in operation and ef-
fective in navigation calculations.

7. Discussion

The discussion of the results obtained is divided into
3 parts. The first part of the discussion concerns the
development of the proposed mathematical model
with other linear coefficients. The second part of the
discussion shows the possibility of testing and im-
plementing the proposed algorithm (4) for the SPP
solution in a GPS navigation system. The third dis-
cussion strand will deal with the analysis of the ob-
tained test results in the context of the existing state
of knowledge of the research problem undertaken.

Parameter Receiver no. 1
dB [m] -5.8mto+5.3m
dL [m] -3.5mto+6.1m
dh [m] -9.3mto+11.4m
Parameter Receiver no. 1

Receiver no. 2 Proposed algorithm (3-4)

-7.9mto+4.5m -1.6 mto+0.7m
-42mto+11.4m -09mto+2.8m
-109mto+7.3m -3.6mto+2.6m

Receiver no. 2 Proposed algorithm (3-4)




Krasuski, K., Ciecko, A., Grunwald, G., Kirschenstein, M.,
Archives of Transport, 69(1), 21-37, 2024

31

7.1. Implementation of new values for linear co-
efficients in proposed mathematical algo-
rithm

As part of the first section of the discussion, it was
shown how important and crucial it is to select ap-
propriate values of linear coefficients for the mathe-
matical algorithm (3). Namely, in this part of the dis-
cussion, different values of the linear coefficients to
the mathematical algorithm (3) were tested and then
the resulting positioning accuracy was evaluated
against the nominal values shown in Fig. 6-8. In this
step, the linear coefficients were applied in the fol-
lowing form:

1 1

A = =
NS§2  NSkx
B N (5)

B=—_ =
NS}%}?Z \/NSsz

Then the equation describing the determination of
GLONASS positioning accuracy can be written as
follows:

1

1
B = s B * i B
1 1
U= o o ¥ i Wz ©)
1 1
dh - \/m " thXl + \/ﬁ " thXZ

Based on equation (6), new position error values
(dB, dL,dh) were calculated and are shown in Fig.
9-11. The position error values dB based on equa-
tion (6) range from -3.8 m to +1.8 m. In contrast, the
dL position error values range from -2.4 m to +6.2
m. Furthermore, the position errors dh range from -
8.0 mto +5.3 m. The respective position error values
(dB, dL,dh) based on equation (4) were previously
shown in Figure 6-8 and described in the text. Now
comparing the position errors (dB, dL,dh) deter-
mined from equation (4) and equation (6), it can be
seen that by using equation (4), the position errors
(dB, dL, dh) have been reduced by more than 60%
relative to the results obtained from equation (6).
Based on this, it can be stated that the selection of
appropriate values for the coefficients (4, B) is cru-
cial for the optimal performance of the algorithm (3)
to improve the accuracy of GLONASS positioning.
Moreover, the proposed computational strategy with
the selection of the coefficients (4, B) determined
from equation (3) proved to be valid for the research
method presented in this paper.

7.2. Implementation of the proposed algorithm
in GPS system

The second part of the discussion shows the possi-
bility of testing and implementing the proposed al-
gorithm (4) for the SPP solution in the GPS naviga-
tion system. Furthermore, within this part of the dis-
cussion, the obtained position error results from the
GLONASS SPP solution are compared to the posi-
tion errors obtained from the GPS SPP solution. The
results of the position errors calculated according to
the mathematical algorithm (4) for the GLONASS
and GPS navigation systems are presented in the
comparative analysis.

Fig. 12 displays the results of the comparative posi-
tion error analysis for the B component for the pro-
posed mathematical algorithm (4). The results of the
position errors from the GLONASS SPP solution are
shown in Fig. 6 and described in the text. In contrast,
the position errors from the GPS SPP solution range
from -0.2 m to +0.9 m. The average value of the po-
sition errors for the B component from the GPS SPP
solution was +0.1 m. Similarly, in the GLONASS
SPP solution, this value for this coordinate was -0.1
m. Disregarding the sign of the position error values,
it can be seen that the proposed mathematical algo-
rithm (4) is also effective for the GPS navigation
system.

Fig. 13 shows the results of the comparative position
error analysis for the L component for the proposed
mathematical algorithm (4). The results of the posi-
tion errors from the GLONASS SPP solution are
shown in Fig. 7 and described in the text. In contrast,
the position errors from the GPS SPP solution range
from -0.2 m to +0.3 m. The average value of the po-
sition errors for the B component from the GPS SPP
solution was -0.1 m. Similarly, in the GLONASS
SPP solution, this value for L coordinate was +0.2
m. As with the B component, the positioning accu-
racy obtained from the GPS SPP solution along the
L axis is satisfactory.

Fig. 14 presents the results of the comparative posi-
tion error analysis for the h component for the pro-
posed mathematical algorithm (4). The results of the
position errors from the GLONASS SPP solution are
shown in Fig. 8 and described in the text. In contrast,
the position errors from the GPS SPP solution range
from -0.9 m to +0.5 m. The average value of the po-
sition errors for the h component from the GPS SPP
solution was -0.2 m. Similarly, in the GLONASS
SPP solution, this value for this coordinate was -0.3
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m. As for the horizontal components B and L, the
obtained positioning accuracy from the GPS SPP so-
lution along the h axis is high.

To summarise this discussion thread, the validity of
the developed mathematical algorithm (4) has also
been shown for the GPS navigation system. This is

particularly relevant from the point of view of inde-
pendent control of navigation calculations for
GLONASS and GPS systems. The verification of
the performance of the mathematical algorithm (4)
has therefore been demonstrated in the paper, as
shown by the obtained position error results (dB, dL,

dh) for the GLONASS and GPS solution.

2
1- ’
E o Tt 1
o I
o
t ﬂ
@ .14
c
=
=
w
o .24
o
dB resultant accuracy based on equation (6)
a dB resultant accuracy based on equation (2)
-4 T T T T T T T
34500 35000 35500 36000 36500 37000 37500 38000 38500
Measurement epoch [s]
Fig. 9. Comparison of position errors for Latitude coordinates
7
B
5
'E 4 dL resultant accuracy based on equation (8)
: 3 dL resultant accuracy based on equation (2)
i -
=
v 24
c
o
w
o
o p4 e
|
-1
.2
-3 T T T T T T T
34500 35000 35 500 36000 36500 37 000 37 500 38000 38500

Measurement epoch [s]

Fig. 10. Comparison of position errors for Longitude coordinates



Krasuski, K., Ciecko, A., Grunwald, G., Kirschenstein, M.,
Archives of Transport, 69(1), 21-37, 2024

33

Position errars [m]

dh resultant accuracy based on equation (8)

dh resultant accuracy based on equation (2)

8 t++———h— T

34 500 35000 35500 36000 36500 37000 37500 38000 38500

Measurement epach [s]
Fig. 11. Comparison of position errors for ellipsoidal height coordinates

0.5

SR, Frnf'*'i'“'r"" ol

.05

Paosition errars [m]

-1 7] ——— dB resultant accuracy (GLONASS)
] dB resultant accuracy (GP3)

A5

2||||
34500 35000 35500 36000 36500 37000 37500 32000

Measurement epoch [s]
Fig. 12. Comparison of position errors along B axis based on GLONASS and GPS solution

38 500



34 Krasuski, K., Ciecko, A., Grunwald, G., Kirschenstein, M.,
Archives of Transport, 69(1), 21-37, 2024

dL resultant accuracy (GLOMNASE)
dL resultant accuracy (GPS)

Fasition errars [m]
|

B o L B e B s B L
34500 35000 35500 36000 36500 37000 37500 32000 32500

Measurement epoch [s]
Fig. 13. Comparison of position errors along L axis based on GLONASS and GPS solution

3

Pasition errars [m]

dh resultant aceuracy (GLONASS)
dh resultant accuracy (GPS)

44— ———
34500 35000 35500 3H000 36500 37000 37500 38000 38500

Measurement epoch [s]
Fig. 14. Comparison of position errors along h axis based on GLONASS and GPS solution



Krasuski, K., Ciecko, A., Grunwald, G., Kirschenstein, M.,
Archives of Transport, 69(1), 21-37, 2024

35

7.3. Comparison between Research Method and
Analysis of Scientific Knowledge
The final stage of the discussion concerns the com-
parison of the obtained test results in the context of
the existing state of knowledge. By comparing the
obtained GLONASS positioning accuracy results
for the applied test method in relation to the analysis
of the state of the art, it can be concluded that:
- in the case of the application of the GLONASS SPP
solution in air navigation, it is possible to determine
the accuracy of the aircraft coordinate calculation,
similarly to what was done in the works (Grze-
gorzewski, 2005; Marathe, et al., 2012; Walter, et
al., 2013),
- the GLONASS positioning accuracy obtained in
this work is higher than the results published in
works (Grzegorzewski, 2005; Marathe, et al., 2012;
Walter, et al., 2013),
- the mathematical algorithm published in this work
is effective and efficient for use in the SPP code
method, which has already been shown by the re-
sults presented in the scientific publication (Kra-
suski et al., 2022),
- the mathematical algorithm published in the paper
can also be applied to other GNSS positioning meth-
ods in aerial navigation, as presented in papers (Kra-
suski et al., 2022).

8. Conclusions

This paper shows the results of a study on determin-
ing the accuracy of GLONASS positioning in air
navigation. The paper proposes the use of a
GLONASS positioning accuracy correction model
within the SPP code method. The developed algo-
rithm is based on the position error values calculated
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