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Abstract. The paper presents the results of obtained research defining the accuracy of determining the
position of a specific object (aircraft, UAV), equipped with a mobile receiver operating the navigation
system A-GNSS. The Assisted GNSS technology is designed to improve the performance of the GNSS
receiver by reducing the time needed for the receiver to calculate its location. It also increases the sensitivity
of the received signal by the receiver, as a result, the accuracy of the determined position of a specific object
can be improved. Thanks to its application, the radio-navigation receiver becomes compatible with the
requirements of current standards, and what is associated with it this kind of technology has become an
important part of the cellular industry. The aim of the article is to examine the solution of A-GPS system
and to demonstrate its effectiveness in the process of determining the position of the UAV object. The paper
presents aspects of the functionality of the A-GPS system solution work, mathematical model of object
position determination using A-GNSS system and discusses the technology that is used for the integration
of navigation systems with cellular network. In the final part of the work, based on the analysis of the
research literature, the presented mathematical model and simulations, conclusions were formulated, which
are reflected in practical applications.

1 Introduction
Assisted global navigation satellite system A-GNSS
(Assisted Global Navigation Satellite System)
significantly improves the standard performance of
satellite systems by providing information through an
alternative communication channel, which is a cellular
link, compared to a standard receiver that acquires
information from the satellites themselves. It should be
noted that the A-GNSS system receiver still performs
measurements from satellites, but it can do it faster and
with weaker received signals in analogy to the standard
receiver.
Each satellite of the satellite navigation system GPS
(Global Positioning System) sends a data stream through
the pseudorandom PRN (Pseudo Random Noise) code,
but when the signal moves over the obstacles, it becomes
weaker and the data may not be detectable, but the code
still exists. The assisted global positioning system AGPS (Assisted Global Positioning System) provides the
same or equivalent data via a cellular antenna network.
The A-GPS receiver receives the same information that
it could get from the satellite if the signal was not
blocked [1], [2], [3].
This type of concept also allows the A-GPS system
receiver to calculate the position faster, even if the
previous satellite signal is not memorized, because the
data can be acquired much faster from the local cellular
antenna than from the satellite. Satellite data is collected
and processed by the network of reference stations and
the A-GNSS system location server. While the auxiliary
*

data are usually, but not necessarily, provided by a
wireless network or a cellular data channel.
The approximate position of the A-GNSS system
receiver is immediately sent after it has been processed
by a cellular antenna, as illustrated in the data transfer
diagram (Fig. 1).

Fig. 1. A scheme of transmitting data to the A-GNSS system
receiver.

The assisted A-GPS system functions by providing
information that allows the GPS system receiver to
determine what frequencies should be expected before
sending them, and then acquire auxiliary data that
provides satellite positioning for use in calculating the
position of the receiver. With all this data, the only thing
left to do at this time is to measure the range, which can
be done in milliseconds [ms], not in minutes [min].
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In view of the above, the total time of receiving the
first desired position is shortened from 1 [min] to 1 [s].
In addition, because the A-GPS system receiver was
designed in the way to have information in advance what
are the search frequencies, with the typical receiver
architecture changing to allow longer waiting times that
increase the amount of energy received at each particular
frequency. As a result, the sensitivity of the A-GPS
system receiver is increased, which allows it to obtain
signals with much lower power [4], [5].

2 The operating principle of
standard GNSS system receiver

first correction when the signal is weak due to the
environment, e.g. under trees or in a dense urban area.
Typically, the standard navigation system receiver
has the following data, which may help to some extent
with initial measurements, namely:
 the approximate position, compared to the last
position stored in the memory,
 approximate time from real-time clock,
 approximate image of the reference frequency,
since the offset will be determined at the last
start of the receiver, and this value is usually
stored in the memory.
The receiver that is run in this state performs the socalled "warm start". In this case, the number of
frequency boxes can be significantly reduced. However,
the navigation system receiver must still decode the time
of the week and ephemeris to calculate the position, so
the expected warm-up time to obtain a correction will
still be greater than 30 [s].
If the above receiver has already decoded the
ephemeris for all visible satellites and the calculated
position, then it was turned off and turned on a few
minutes later, then this kind of condition is referred to as
"hot start". In this case, the initial knowledge of the
receiver is very good, but analogically, as in the case of
"warm start", the receiver has a reduced number of
frequency boxes to search [9], [10].
On the other hand, if the clock was good enough in
real time, then the time could be known better than a
millisecond, and the receiver can also reduce the search
space of the code delay, and the acquisition time can be
reduced to less than 1 [s]. Due to the fact that the time is
already known exactly, the time of the week does not
have to be decoded, so the ephemeris are already known.
In this case, the correction time may be less than 1 [s]
and this is the type of data acquisition characteristic of
the A-GNSS system receiver.

the

A navigation system receiver without information on
priority frequencies will have to search their large
ranges, consisting largely of the effects of satellite
motion and the receiver oscillator shift and the small
contribution of the speed of the receiver. The standard
receiver has to search 8.4 [kHz] of unknown frequencies
due to the Doppler effect and the movement of the
satellites. Usually there is a small Doppler effect caused
by the speed of the receiver, i.e. up to 1.5 [Hz] for every
1 [km/h] of speed. An additional 1.5 [kHz] of unknown
frequency shift is created for every 1 ppm (parts per
million) of an unknown offset of the receiver oscillator.
Thus, the total range of unknown frequency is in the
range from 10 to 25 [kHz], and a typical receiver can
search them in groups of approximately 500 [Hz] each,
which means a search of the range of about 20-50
groups.
Therefore, the receiver without prior knowledge of
the code delay will also have to search all possible
intervals of its delay. For example, in the acquisition
mode, the correlator is usually set to 0.5 code, which
means 2 correlators for each PRN code, the total amount
of code delay is 1023. The traditional GPS receiver will
have 2 correlators per channel and so it is possible to
search one code at a time. Therefore, with an integration
time of 1 [ms], which corresponds to the duration of the
PRN code, the A-GNSS system receiver could take 1 [s]
to search for all 1023 possible delays.
In addition, it should be noted that the standard
receiver without initial knowledge performs, so-called
"cold start" and must search the two-dimensional space
with frequency bands and code delay systems.
This type of search requires at least 20 [s] slightly
more than 1 [s] to search for all 1023 possible code
delays in each frequency range. In the case where a
correlation peak is found for each satellite, the search is
completed, but the receiver can not calculate the position
until it decodes the weekday data and ephemeris data,
and the received data is transmitted every 30 [s], so the
expected decoding time is also 30 [s], while the total
time of the first repair is approximately 1 [min], at least
for this receiver [6], [7], [8].
If the signal is blocked or disappears, even for a few
milliseconds, data errors may occur during this time, and
the receiver will have to wait another 30 [s] for the data
to be retransmitted. It should be added that a
conventional receiver will take several minutes to get the

3 Assistance obtained by the A-GNSS
system
receiver
along with its
comparison to conventional means
The first and most obvious function of the A-GNSS
navigation system is to deliver ephemeris data to the
receiver so that it does not have to decode their
transmittance. As mentioned earlier (chapter 2), it is also
used to reduce the range of frequency searches and code
delays. In turn, to reduce the frequency search space, at
least the approximate position of the satellite is
necessary. The expected frequencies after passing the
Doppler effect can then be calculated. Therefore, to
reduce the search area of the code delay, it is necessary
to specify the exact time where the code delay can be up
to 1 [ms], so the advance time must be less than 1 [ms].
For example, if in 1 [ms] the GPS system signal
travels a distance of 300 [km] at the speed of light, then
the location must be known for more than 150 [km] to be
able to use the exact time as the basic datum. Typically,
in the A-GPS system, the position is known a few
kilometers from the location of cellular antennas,
however, the exact time is not known as the time

2

MATEC Web of Conferences 292, 0 40 1 0 (2019)
CSCC 2019

https://doi.org/10.1051/matecconf/2019292040 10

specified above. If the obtained time, however, is shorter
than 1 [ms], it is referred to as so-called good time help.
In aviation, there are two main types of approach to
landing with a GPS system receiver, known as MSassisted and MS-based, where "MS" means a mobile
station, i.e. a GPS system receiver [11], [12],[13]. In the
assisted mode of the mobile station GPS system (Mobile
Station Assisted GPS), the position is calculated on the
server, and the task of the GPS system receiver is only to
acquire signals and send measurements to the server. In
the case of a "hot start", the standard receiver would
have knowledge of the last position, time and shift of the
receiver oscillator. In the case of the A-GPS system, the
receiver may have not been turned on recently, but will
receive enough information in the auxiliary data to have
the same accuracy as for the "hot start" of the
conventional receiver.
The relative Doppler frequency of the satellite of the
GPS system on the L1 band, when viewed from the GPS
system receiver on Earth, oscillates in the range, from
-4.2 to 4.2 [kHz], as the one sent and received, the rate of
change of this Doppler frequency is up to 0.8 [Hz/s].
Therefore, for every error during 1 [s], the expected
Doppler frequency may be erroneous up to a value of 0.8
[Hz]. t should be noted that Doppler coefficients usually
have negative values, because if the satellite sends a
signal to the recipient, its Doppler value is positive,
while when it reaches its zenith, this frequency reaches
the value of 0, and if the signal is away from the
recipient, gains negative values. Thus, the total trend of
Doppler effect for the satellite is positive to zero, and the
average speed of the effect is negative.
The following figure (Fig. 2) shows the observed
Doppler velocities for all satellites within 24 hours,
observed from various locations on the surface of the
Earth.

In turn, along with approaching the equator, the
observed Doppler velocities are more complicated,
because the navigation system receiver rotates under the
orbit of the satellite, the same phenomenon exists for the
southern hemisphere. The main point in the picture is
that the maximum Doppler speed is 0.8 [Hz/s].
3.1. Error analysis in the auxiliary frequency
range: reference frequency and speed
The reference frequency error has a 1:1 effect on the
expected values of the Doppler coefficient. In the case of
applications for mobile phones, this value is calculated
using the frequency from a telephone voltage controlled
oscillator coded to the signal from the cellular network
antenna.
The cellular antenna frequency is known at ± 50 ppb
(parts per billion) on the cell tower and ± 100 ppb on the
mobile phone, so it is necessary to take into account the
error of ± 100 ppb for the expected Doppler effect. If the
receiver is in motion, the Doppler frequency may
increase up to 1.46 [Hz] per 1 [km/h] of speed.
There is also a speed effect on the supported
reference frequency, from the frequency obtained from
the cell tower. By moving the receiver towards the
cellular antenna, the observed cellular frequency will
increase by about 1 ppb for every 1 [km/h] of speed, as a
consequence of which this phenomenon will affect the
reference frequency of the GPS system in the same
proportion. However, if the receiver moves away from
the antenna, the effect is the same, but its value is
negative.
It should be noted that the Doppler effect on velocity
is often more visible on the reference frequency than on
satellite frequencies because, receivers necessarily have
to be directly in the vicinity of the antennas and interact
with them, but rarely move directly towards the satellite.
3.1.1 Analysis of auxiliary frequency errors related
to position
The error of the auxiliary frequency having an influence
on the position indication is connected with the error in
the observed GPS system signal, because the received
Doppler frequency is a function of what the receiver
obtains from the satellite. The Doppler effect factor from
the satellite is equal to the product of velocity vectors
with the line of observation from the user to the satellite,
as shown in the next figure (Fig. 3).

Fig. 2. Doppler coefficient for different latitudes.

When analyzing this figure, one can observe how the
Doppler rates change with the change in latitude. For
example, at the North Pole, the rotation of the Earth has
no effect on the observed satellites, so the Doppler
indicators behave in a simple and consistent way for all
satellites [14], [15].

Fig. 3. Vectors of the Doppler coefficient for the satellite.
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The position error causes a line of sight error. The
error of Doppler satellites is approximately equal to the
product of velocity vectors and the difference between
the two lines of real and expected observation, i.e.:
𝛿 = v * (ereal - eexpected).

1 [Hz] (in the L1 band) was obtained.
Generating for each 1 [km] position error, the
induced satellite Doppler error is a maximum of 1 [Hz].
Table 1. Differences in velocity and Doppler error calculated
from ephemeris and information on the status of constellation
of satellites called almanac [17].

(1)

The value resulting from the presented formula (1) is
approximate, because the angle θreal between ereal and the
speed of the satellite is slightly different from the angle
θexpected. The reason for this approximation is that it
allows you to analyze the Doppler error for satellites in
terms of the size of the position error that causes it.
In terms of the position error vector, a below formula (2)
𝛿 = (ereal – eexpected) £ δx/coverage.

|vephemeris valmanac|
L1·
|ve - va|/c

(2)

This can be seen on the basis of the analysis of the
figure above (Fig. 4). The worst case error
(=δx/coverage) occurs when the position error is such
that it forms the basis of the isosceles triangle, as shown
in the figure. Because the satellites are far away, the
worst case position is achieved when the direction is
almost perpendicular to the line of sight.
This type of situation will not occur when the
position error is in the same direction (or opposite) as the
line of sight, because in these cases the line of sight does
not change at all, so the calculated Doppler factor will be
correct, where the position error shown in the figure is
large, for visual clarity [16, [17], [18].
In practical applications, a typical position error for
the A-GNSS system receiver covers several kilometers,
while the Doppler error for a satellite is determined by
the following relationships (3) - (5):

£ 𝑆𝑎𝑡𝑒𝑙𝑙𝑖𝑡𝑒 𝑠𝑝𝑒𝑒𝑑 ½𝛿𝑥 ½/𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒,

(4)

£ 3,8 ∗103 ½𝛿𝑥 ½ / (2 ∗107) [𝑚/𝑠] = 0,19 ∗
10−3 ½𝛿𝑥 ½ [𝑚/𝑠].

(5)

Largest error

0.49 [m/s]

11.77 [m/s]

31.12 [m/s]

2.6 [Hz]

618 [Hz]

163.4 [Hz]

In order to calculate the expected satellite traffic, the
navigation system receiver can use either almanac, i.e.
information on the time and status of the entire satellite
constellation or ephemeris, which can be provided in the
help of the mobile station receiver system MS (Mobile
Station). The velocity accuracy of ephemeris is
essentially ideal, i.e. 1 [mm/s], which corresponds to
Doppler accuracy 1 [mHz].
The above table (Table 1) shows the distribution of
the speed difference of the satellite calculated from the
almanac and the speed of the satellite calculated from
ephemeris. This table also presents the size difference of
velocity vectors |ve - va|, where va is the satellite velocity
vector calculated using the almanac, and ve is the vector
of the satellite velocity calculated using ephemeris.
The effect of these speed errors on the calculated
satellite Doppler error depends on the angle between the
error vector (ve - va) and the user's line of vision, denoted
as θ. The calculated satellite Doppler error would then
be L1|ve-va|cos(θ)/c, where L1 is the frequency of the
GPS system L1(1575.42 [MHz]), while c is the speed of
light. The last line of the table shows Doppler errors for
the worst position cos (θ) = 1.
It should also be noted that the biggest error is many
times greater than the median error and even the 99th
percentile. Thus, although the worst case of error is
large, constellation status information can still be used
for frequency support of A-GNSS system receivers.
For example, in the context of the above reasoning,
the situation is as follows that using frequency almanac
data, frequency search is designed to cover ± 60 [Hz].
Then the frequency error from the almanac is marked for
about 1 [%] of time. However, this error is a function of
the satellite view line, so it does not apply to connections
between them. This means that 1 [%] frequency error
covers individual satellites, the consequence of this error
being the possibility of not intercepting the satellite.
The probability of two satellites simultaneously
means the frequency error from the almanac on the level
of about 1 [%] to the square (in the example shown), that
is 10-4, etc. The probability of more satellites with
simultaneous frequency error from the almanac becomes
exponentially smaller [19], [20].
Therefore, the almanac can be used to calculate the

Fig. 4. The position of the largest Doppler error.

(3)

99th
percentile

3.1.2 Analysis of auxiliary frequency errors in terms
of almanac and ephemeris influence

is obtained.

𝛿£ 𝑣 𝛿𝑥/𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒,

50th
percentile

Thus, for a position estimation error of 1 [km], a
maximum satellite Doppler error of around 0.19 [m/s] =
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frequency aid with a high probability that the correct
frequency will be obtained at least for the majority of
satellites in the view.

The only CDMA (Code-division Multiple Access)
network is capable of this, which means a multi-access
network with code division. There are network
synchronization initiatives to provide a greater range of
time. One of the basic ideas is that each A-GPS system
receiver, satellite tracking system, can be used to
synchronize the network for the benefit of other A-GPS
system receivers in the same network.

3.2. A-GNSS system receiver assistance for
code delay
Time is helpful in determining the frequency, because a
time, at least approximate, is required to calculate the
expected satellite speed, and consequently to determine
the expected Doppler error. However, it should be noted
that time also helps to estimate code delays. The code
delay is a function of the position of the navigation
system receiver and the time of the receiver clock that
generates the local correlation delay. The full range of
possible delay of GPS C/A (Coarse Acquisition) codes is
1 [ms], and then the code repeats itself.
Satellites of GPS navigation systems send 2 types of
signals in the form of codes, namely: C/A code (L1 =
1575,42 [MHz]) for SPS (Standard Positioning Service)
users and a code for PPS (Precise Positioning Service)
users, i.e. for L2 frequency = 1227.6 [MHz] (military
applications). In the case of normal reception, the above
codes in the context of the analogy with the noise signal,
resemble illusory noise, hence they are called
pseudorandom PRN signals, whereby the C/A code is a
digital signal which is transmitted at a transmission rate
of 1.023 [MHz]. The analogy of this signal with the
noise signal was created in the context of its long
repetition period, i.e. every 1023 bits. In addition, this
type of sequence is different for each satellite and is
defined in the form of a PRN code.
Based on the above, the receivers of navigation
systems have the ability to distinguish between signals
originating from individual sources, where the P
(Precise) code is falsely similar, but has a more complex
structure compared to the C/A code.
In a situation where the time of the receiver of the
navigation system is not known more than 1 [ms], the
estimated delay of the code can not be given. In this
case, the A-GPS system receiver will have to search all
possible code delays in each frequency range in the way
it is done based on the classical navigation receiver.
For example, if the receiver's time is accurate to
1 [ms], then the accuracy of the A-GNSS system in
determining the position becomes important for the
purpose of searching for the code delay. However, if the
accuracy of the receiver's position is lower than 150
[km], the expected code delay will be ambiguous up to
± 150 [km], i.e. 300 [km], or 1 [ms] code delay, as in
1 [ms] at the speed of light a section of about 300 [km] is
covered.
It should be noted that the effect of position error is a
bit more complicated due to the direction of the error and
the height of the satellite. At the outset, it's enough to
assume that the external limits of time accuracy and
position accuracy are 1 [ms] and 150 [km], respectively,
to help search for code delays. There are several cellular
networks, however, not every one has microsecond
timing accuracy, sufficient to provide assistance in
finding code delays [21], [22], [23].

3.3. Time data transmitted by the cellular AGNSS system receiver to the general network
Most A-GNSS system receivers have the ability, after
intercepting the satellite, to decode the satellite data.
Because such A-GPS system receivers are connected to a
network, e.g. a cellular one, this makes it possible to use
the A-GPS mobile system receiver as a source of
auxiliary data in the network in particular, real time
synchronization and orbital data. However, the most
widespread cellular networks in the world in the GSM
standard (Global System for Mobile Communications)
and the 3G UMTS standard (Universal Mobile
Telecommunications System 3rd Generation), do not
have synchronized antennas with precise accuracy.
So, the only thing that can be gained is if A-GPS
systems receivers using these networks will be able to
synchronize back time to the part of the network to
which they are connected. In the event that any GPS
system receiver decoded the satellite signal, this
information is provided within 12 [ms].
However, when the same receiver calculates its
position, it will know the flight time within nanoseconds,
and thus will know the time of day with an accuracy of
1 [ms]. The same receiver of the navigation system can
compare the obtained time with the time provided by the
network and can thus calculate the time offset of the base
station to which it is connected [24], [25].
If this information is then shared with other receivers
of the A-GPS system connected to the same base station,
it provides them with precise time assistance. This kind
of idea has been included and implemented in the A-GPS
system standards.

4 Calculation of positions from Doppler
data
In the case where the device uses the ephemeris
extensions, it is able to calculate the position without
first decoding the data obtained from each of the
satellites. The advantage of this is, above all, faster time
of obtaining corrections and repairing weak signals.
With ephemeris extensions, but without exact position,
wait until the signal is decoded on several satellites, and
then the position will be calculated using the resulting
full pseudo-distances.
An additional way is to generate an initial position
using Doppler measurements from satellites, where the
Doppler frequency is a function of the velocity of the
satellite. When the satellite is moving exactly towards
the navigation system receiver, the positive Doppler
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frequency corresponding to the satellite velocity |v| is
measured [26], [27], [28].
Then it is known that the position line of the
navigation system receiver is indicated by the satellite
speed vector. If a positive Doppler frequency of smaller
size |v| cos (α) is measured, then it is calculated on the
cone shown in the figure below (Fig. 5).
However, if the zero Doppler frequency is measured,
the satellite moves perpendicular to the direction in the
view of the recipient. When negative frequencies are
taken into account, the satellite moves away from the
receiver and again the surface of the position is a cone.

The left side is the result of accurate measurements
of the original Doppler effect, otherwise δy = y-𝑦̂,
where:
𝑧
𝑦 ≔ - is a vector of the measured Doppler effect,
𝑡
𝑧̂

𝑦̂ ≔ - is the vector of the expected Doppler effect.
𝑡
The conditions on the right can be evaluated as
follows. The first part is recognizable from the classic
linear equation for the receiver's speed, which can be
written in the following form (8):

Η

(𝛿𝑥)
𝑡

=

𝛿𝑥
𝛿𝑦
Η
𝛿𝑧
[ 𝛿𝑏 ]
𝑡

𝛿𝑥
𝛿𝑦
=Η
,
𝛿𝑧
[𝛿𝑏 ]

(8)

where:
δx, δy, δz - are updates of the initial velocity states of the
receiver of the navigation system, and δb - is the update
of the original state of the frequency shift.
The second part is the part that shows the connection
between the given position and the Doppler effect
measurements (9):

Fig. 5. A cone showing the position surface derived from the
Doppler frequency measurement from a known point and the
known satellite speed.

Η
𝛿𝑥 =
𝑡

4.1. Analysis of the mathematical navigation
system
By deriving navigational equations with partial
derivatives, you can implement them in software
calculating the position from the Doppler data itself or in
combination with pseudo-distance data [29], [30].
Initially, the linear navigation equation should be
presented in relation to the updated pseudo-distance (6):
𝛿𝑧 = 𝛨𝛿𝑥 + 𝜀,

𝑧
𝑡

𝑡

𝑧̂

=

̂
(𝑧−𝑧)
𝑡

− =Η
𝑡

=

(δx)
t

Η𝛿𝑥
𝑡
Η

+ 𝜀 ′,

+ δx + ε′ .

…
…
…

𝛿𝑥
1 𝛿
𝑦
⋮]
𝛿𝑧
1
[𝛿𝑏 ]

𝑡

−𝑒 (1)
=[ ⋮
−𝑒 (𝐾)

/
…
/

𝛿𝑥
𝑡 0 𝛿
𝑦
⋮ ]
𝛿𝑧
𝑡0
[𝛿𝑏 ]

−𝑒 (1)
=[ ⋮
−𝑒 (𝐾)

/
…′
/

𝛿𝑥
𝑡 𝛿
𝑦
,
⋮]
𝛿𝑧
𝑡
[𝛿𝑏 ]

(9)

To evaluate the above equation (9) it is necessary to
find the expression for 3-vector [e(k)/t] (10).

(6)

where:
δz - is the vector of the resonance of the measurement
resonance of the pseudo-distance δz = z - zˆ,
z - is a vector of the measured pseudo-distance,
zˆ - is a vector of the predicted pseudo-distance,
H - is an observation matrix,
𝛿𝑥
𝛿𝑦
𝛿𝑥 =
- is a vector of updating the status of positions
𝛿𝑧
[𝛿𝑏 ]
x, y, z and b,
ε - is a vector of measurement errors and linearization.
Both sides of the equation were divided by the time t
and obtained the following (7):
𝛿𝑧

−𝑒 (1)
[ ⋮
−𝑒 (𝐾)

𝜕𝑒 (𝑘)
𝜕𝑡

=

𝜕

(

𝑥 (𝑘) −𝑥𝑥𝑦𝑧0

),

𝜕𝑡 |𝑥 (𝑘) −𝑥𝑥𝑦𝑧0 |

(10)

where:
x(k) - is the position of the satellite k,
xxyz0 - is the original position of the receiver.
For the sake of simplifying the calculation of the
above equation (10), the superscript k will be replaced
with r, corresponding to the range of the satellite:
𝑟 = |𝑥 − 𝑥𝑥𝑦𝑧0 |, as shown in the following equation
(11).
∂e ∂ x − xxyz0
= (
)
∂t ∂t
r
𝜕(𝑥 − 𝑥𝑥𝑦𝑧0 )
∂𝑟 1
=(
∙ 𝑟 − (𝑥 − 𝑥𝑥𝑦𝑧0 ) ∙ ) 2
∂𝑡
∂𝑡 𝑟

(7)

t

6

(11)
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𝜕(𝑥)
1
∙ 𝑟 − (𝑥 − 𝑥𝑥𝑦𝑧0 ). (𝑒 ∙ 𝑣)) 2
∂𝑡
𝑟

=(

𝜕(𝑥)
1
∙ 𝑟 − 𝑟 ∙ 𝑒 ∙ (𝑒 ∙ 𝑣)) 2
∂𝑡
𝑟
=(

𝜕(𝑥)
∂𝑡

1

− 𝑒 ∙ (𝑒 ∙ 𝑣)) .
𝑟

As can be seen, the above formula (11) consists of a
difference in the relative speed of the satellite and the
speed of the satellite towards the line of sight divided by
the range of the satellite.
Writing a common equation composed of previously
derived equations, the following form of equation is
created (12):
𝛿𝑥 ′
−
𝛿𝑦 ′
𝛿𝑦 = 𝛨
+[⋮
𝛿𝑧 ′
−
[ 𝛿𝑏 ′ ]

𝑒 (1) /
⋮
𝑒 (𝐾) /

𝑡 𝛿𝑥 𝛿𝑥
⋮ ] [𝛿𝑦 ] [𝛿𝑦 ] + 𝜀 ′ ,
𝑡 𝛿𝑧 𝛿𝑧

Fig. 6. The PGA-5 antenna on the test point [34].

Control measurements were carried out in a
continuous mode, where the measurement time at the
point was 12 hours, while the observations were
recorded in a 10-second interval. This resulted in 3508
3D position determinations. During measurement, the
following variables were recorded: consecutive number
of the measured point, coordinates (x, y, h), mean
coordinate errors calculated by the navigation system
receiver at the time of measurement (Mx, My, Mh),
accidental error (Mp), the value of the positional
geometric coefficient of accuracy the PDOP (Positional
Dilution of Precision) and the number of satellites
observed [33], [34].
The results are summarized in tabular form and
analyzed in detail in diagrams whose key purpose is to
determine the availability and quality of EGNOS system
corrections at a selected test point, illustrated in the
above figure.

(12)

where:
𝜕𝑒 (𝑘)
𝜕𝑡

=(

𝜕(𝑥 (𝑘) )
𝜕𝑡

− 𝑒 (𝑘) ∙ (𝑒 (𝑘) ∙ 𝑣 (𝑘) ))

1
𝑟 (𝑘)

.

(13)

The presented below equation (13) is a linear
equation regarding the position of the receiver, velocity
and frequency shift in relation to the set of instantaneous
measurements of the Doppler effect.
If the receiver is stationary, then the number of
unknowns about 𝛿x, 𝛿y, 𝛿z and 𝛿b decreases. In this
way, it is possible to solve the position of the navigation
system receiver from the momentary Doppler
measurements from four satellites.
4.2.
Instrumentarium
measurements

and

5 Results of tests carried out and
analysis of obtained test results
5.1. Coordinate monitoring results on the test
point using the EGNOS system service

experimental

Through the continuity of measurements of GPS system
signals at the analyzed checkpoint, time series of high
resolution coordinate solutions were generated, i.e. 10
[s]. They are presented in the figures below (Figures 7, 8
and 9). They contain local characteristics of various
factors influencing the coordinate solution using the
EGNOS system service.

The measurements were carried out using a universal,
single-frequency GPS + GLONASS L1 receiver, Topcon
model GMS-2 equipped with an external antenna PGA5. It is a 5-channel integrated satellite receiver with
built-in digital compass, digital camera, connection in
Bluetooth technology, universal serial port USB
(Universal Serial Bus) and serial port.
In addition, the navigation system receiver has the
ability to reduce multipath, so you can use it to perform
static single-frequency, kinematic measurements. The
differential
global
positioning
system
DGPS
(Differential Global Positioning System) also has the
ability to receive additional information and corrections
from two systems, namely the US satellite assist system
WAAS (Wide Area Augmentation System) and the
European satellite-assisted system EGNOS (European
Geostationary Overlay Service) [31], [32].
The image of the PG-A5 external antenna is shown in
the figure below (Fig. 6).

Fig. 7. Time series of the X coordinate obtained as a result of
measurements at the test point.
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Fig. 8. The time series of the Y coordinate obtained as a result
of measurements at the test point.

Fig. 10. Collective juxtaposition of differences of measured
and catalog coordinates: dx, dy, dh.

Fig. 9. The time series of the coordinate H obtained as a result
of measurements at the test point.
Fig. 11. Collective juxtaposition of medium errors of
coordinates (Mx, My, Mh), determined and given by the
instrument during the measurement.

Analysis of coordinate changes at the checkpoint as a
function of time allows us to note some periodic changes
in individual components and cases of increased
fluctuation. In general, the scatter of measurement
results for the X coordinate was 2.78 [m] with a standard
deviation of 0.55 [m], for the Y coordinate 2.86 [m] with
a standard deviation of 0.40 [m] and for the height
coordinate H 5.09 [m] with a standard deviation of 1.04
[m].

Generated time series from coordinate solutions of
points using the GMS-2 receiver assisted by correction
of the EGNOS system service, enable qualitative and
quantitative analysis of short-term changes in the
determined coordinates based on the obtained GNSS
system measurements [35], [36], [37], [38].
A detailed analysis of the obtained results allows to
conclude that the GNS-2 receiver with EGNOS system
correction increases the real positioning accuracy for the
X coordinate to approximately 2.6 [m], for the Y
coordinate to approximately 2.1 [m] and the height H to
approximately 3.1 [m].
It should be noted, however, that average errors
calculated by the receiver are characterized by low
sensitivity to changes in the real coordinate value and its
"true" error. Analysis of diagrams on the above figures
(Fig. 10-11) showed that despite large deviations of
coordinates measured, the medium error, especially for
flat coordinates, does not change in a visible way.
The analysis also showed that with the use of the
measuring set in question, the medium errors of the
determined coordinates calculated by the instrument for
the X coordinate are about 52 [%] lower, while for the
coordinate Y by about 40 [%] smaller, in relation to the
real measurement deviations.

5.2. Analysis of the obtained measurement
results
The analysis of the obtained time series allows to draw a
lot of conclusions on the accuracy, reliability and
effectiveness of the obtained coordinate solutions in a
given time interval from the EGNOS system service
corrections used in the measurements.
For example, in the figure below (Fig. 10) the
displacement measurement cycle (dx, dy, dh) is shown,
the position determined from the "true" coordinates for
individual variables (X, Y, H). Deviations for the X
coordinate range from -0.13 to +2.65 [m], for the Y
coordinate from -0, 72 to +2.13 [m], and for the height H
from -1.97 to +3.11 [m]. The next figure (Fig. 11)
illustrates the comparison of medium errors (Mx, My,
Mh), calculated by the instrument in the analyzed time
series.
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development of terrestrial infrastructure responsible for
processing and further information transfer navigation.
In addition, it should be noted that the data presented
in the paper are not final, because the whole positioning
system is constantly developed for almost 50 years,
which predicts hopes for a "more accurate" future.

6 Summary and Conclusions
The presented work presents the importance of
further development of satellite navigation systems to
obtain the most accurate measurement results. GNSS
system services can provide precise positioning with
global coverage as far as the receivers are able to
connect with at least four satellites. This type of
limitation is a major disadvantage of the GPS system,
which leads to limited reliability [39], [40], [41].
A milestone in this process is undoubtedly the use of
assistance data signals in the system with the A-GPS
system receiver, where cellular positioning techniques
have excellent reliability, especially in urban areas.
Nevertheless, they can be improved by advanced mobile
positioning, in particular by connecting to a wireless
local area network.
Summing up, the results obtained on the basis of
conducted tests can be seen that starting the operation of
a conventional receiver is more than 0.5 [min], while for
the receiver of the A-GPS support system, i.e. "cold
start" can be 1 [s] or less. This is a very useful
information for the aviation industry, because the shorter
the time to determine the exact position of the aircraft,
the safer, faster and more economically one can fly on
them in specified conditions.
In addition, an important element of improving the
positioning of the GPS system is its expansion by local
satellite services, which were considered in this work
(chapter 5). As demonstrated by the example of the
EGNOS system, the corrections obtained through it are
significant [42], [43].
The availability of the EGNOS system correction in
the analyzed time series was approx. 81 [%]. It can be
increased by the progress of implementation of RIMS
(Ranging and Integrity Monitoring Station) ground
stations, working for the needs of the service.
In addition, during the measurement a phenomenon
was observed that the receiver of the navigation system
used fewer satellites in relation to all available, because
these satellites did not receive corrections from the
EGNOS system. A necessary condition for a satellite to
receive EGNOS system corrections is the need to keep
track of at least 3 RIMS stations.
In the geographic areas of our country (Poland), this
is mainly due to the small number of RIMS stations
located east of the meridian of 21 degrees, because
according to the EGNOS service area, defined in the
1990s, the eastern border of Poland is at the same time
the eastern border of the EGNOS service system.
Positioning the GPS system with the use of EGNOS
system correction allowed to obtain better results than
positioning using the autonomous method. For example,
the accuracy of the vertical component is particularly
noticeable.
Therefore, to summarize the above analysis and the
results of tests, supported by calculations and analysis of
the obtained results, it can be concluded that satellite
navigation systems work more accurately with the
possibility of using assistance data and extensions
obtained with the cooperation of several systems and
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