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ABSTRACT

The article fulfills and discusses the principles of GPS
operation; analyzed the main operational characteristics of the
satellite navigation system; investigated alternative ways of
organizing a satellite radio navigation system in order to
improve operational characteristics; the costs of operating a
GPS satellite are calculated. Methods of generating codes for
providing satellite navigation systems GPS / GLONASS are
considered.

Key words: Navigation Systems, Errors, GPS, GLONASS,
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1.INTRODUCTION

To solve many problems, various types of receivers are used,
but, no matter how different the scope of GPS applications,
they all have one thing in common - the need for accurate
determination of coordinates. It can be noted that the errors that
lead to inaccuracies in determining the position when solving
different problems are mostly the same. But the methods used
to fix them are often very different. This is mainly due to the
fact that we have different requirements for accuracy and
conditions under which positioning occurs, and the quality and
level of the receiver also play an important role. The
capabilities of navigation systems will expand due to
modernization, but for modernization it is necessary to outline
the goals of improvement, that is, to analyze the operation of
these systems and the factors affecting their operation. This
shows the relevance of my work, as it is devoted to the analysis
of the operational characteristics of satellite navigation
systems and the influence on their operation of various factors.

The purpose of this article is to evaluate the application of the
principles of the formation of code signals and measurement
methods to provide satellite navigation systems.

Achieving this goal required setting and solving the following
set of tasks:
consideration of the principles of GPS operation;
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analysis of errors leading to inaccuracies in the determination
of coordinates, their magnitude, various methods of correction
and the scope of these methods;

research and analysis of alternative ways of organizing radio
navigation systems to reduce operating costs;

analysis and calculation of operating costs for navigation
satellite systems.

To implement these tasks, the following methods were used in
the work: analytical, expert, analysis method, graphic. All this
predetermined the structure of this work, which consists of
seven main sections.

The theoretical and methodological basis of the work was the
works of domestic and foreign researchers on the theory of
GPS, statistical data on the development of GPS measurements
in modern conditions, scientific works, periodicals, articles.

2.MAIN MATERIAL
P-code generation

Formation of code signals is carried out in the generators of P-
and C / A-codes. Structurally, both generators are made on bit
registers, the forming polynomials for which are set by the
onboard processor. The GPS P-code generator consists of two
twenty-four-bit registers, the bit state in which changes with a
frequency of 10.23 MHz. Functionally, the generator works
according to the time dependence:

P(t) = P1(t) + P2(t +iT), @h)
Each of these registers, in turn, is structurally executed on the
combined two twelve-bit registers. The registers are labeled
accordingly.
2,,5,,8,,9,,10

11, 12

PIB =143 +x2 +x° + X8 + x% + xt0 1 xdl ¢ x12. 2
And the initial states of the registers have values:
P1B — 000100100100, (3)
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P1B — 001010101010. (4)
Generating polynomials for register P2 have the form:
P2B =1+ xt 4+ x2 33 +x* +x8 4 x° + x12. (5)

The initial states of the registers are determined by the
sequences:

P2A —101001001001, (6)

P2B — 001010101010, (7
The sequences are formed with a delay of an integer number of
clock cycles i = 1 ... 37, each of which is set for a specific
satellite. Each sequence is summed modulo 2 s by the
sequence. As a result, 37 unique sequences are formed, each of
which belongs to a specific satellite. The number of states
(bits) of the register is determined by the value 15 345 000,
which corresponds to a time interval of 1.5 s. Every 1.5 s, the
states of the registers are repeated, but with new signs. When a
new week starts, the shift registers P1A, P1B, P2A, P2B are
initialized to generate the first digit of the week [1-3, 5, 7]. At
the end of the week, a sign of the end of the week is formed.

Formation of C / A-code

The C / A code generator generates a signal intended for
civilian consumers. To form the C / A signal, a Gold
polynomial with a period of 1 ms, a clock frequency of 1.023
MHz was applied. The Gold polynomial is generated by the
generator circuit.

The scheme uses two ten-bit shift registers with feedback, the
forming sequences of which are set by the onboard central
computer and are determined by polynomials, one of which is
represented by the expression:

3,,6,,8,,9, ,10

G21(x)=1+x2+x X+ XD+ XT X, (8)

The addition of these sequences forms the Gold code signal:

XGit) =G +Gy [t+Mi(1OT)]. 9)

Formation of the rangefinder code and GLONASS sync
pulses

The ranging code is a pseudo-random sequence with a length

of 511 elements with a repetition period of 10-3 s. Shaping
polynomial:

G(X)=1+x2 +x°. (10)

Formation of phase modulation of the carrier signal

The carrier signal is modulated by two binary sequences, each
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of which is formed by summing modulo 2 the ranging code and
the transmitted system and navigation data. The first sequence
is the modulo 2 sum of the ranging P-code and navigation data.
The second sequence is the modulo 2 sum of the open C/ A
code and the same navigation data sequence.

To exclude the possible overlap of P- and C / A-code signals,
the transmission is carried out by quadrature components:

sinusoidal;
cosine.

For this implementation, phase inverters "/ 2" are provided in
the spacecraft circuit, which shift the phases of the carrier
oscillations containing the P-code signal by 90 °.

The radio signal at a frequency is biphasic keyed by only one
of the two previously considered sequences.

The choice of the modulating sequence is provided by
command from the ground control and command complex.

Measurement methods when using satellite navigation
systems

Absolute method

The method is based on quasi-distance measurements. Their
use is possible if the time scales of the clocks of all satellites in
the system are synchronized, and the observer's clocks have
sufficient stability during the measurement time. But the
observer's time has a "departure” from the scale of the satellite
system.

In this case, the multichannel receiver records the time
intervals of the arrival of signals from several satellites relative
to the local time scale. These intervals define the
corresponding pseudo-ranges, which differ from the true
ranges by an amount obtained by shifting the consumer's time
scale relative to the satellite clock's time scale.

The delay time is defined as the difference between the clock
readings of the satellite and the receiver at the moments of
generation of the same signal:
7(t) =tp. (11)
The satellite's motion is taken into account by the dependence

of the measured values on time, sometimes the designation t is
omitted to shorten the record.

Measurements are performed by code or phase methods. Code
methods are significantly inferior in accuracy to phase methods
and are performed using the C / A or P-code, and the most
accurate measurements are performed by phase methods at
carrier frequencies and

The main characteristics of codes and signals, for example, for
GPS are presented in Table 1.
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Table 1: Characteristics of GPS signals

[Mapamerpsr Duration and length of code Frequency, MHz Code symbol period Accuracy, 1% of
and wavelength wavelength

C/A- code 1ms 1,023 1,0 ps 10 ns
293,26 km 293,26 M 3,0m
P- code 7 cyTok 1,023 0,1 pus 1ns
18,1 * 10" km 29,33 m 0,3m

19,2 sm 1 227,600 24,4 sm 2,4 mm

24,0 sm 1 575,420 19,05 sm 1,9 mm

From the data in Table 1, it follows that one character of the C
/ A code corresponds to approximately 293 m, and the entire
code corresponds to 293 km. In other words, the C / A code is
1,000 characters long. The entire distance of more than 20,200
km from the satellite to the GPS-receiver will consist of N
segments of 293.26 km each, m segments of 293.26 m each
and a fraction of 296.26 m.

The value N is an integer number of milliseconds of signal
propagation from the satellite to the receiver, equal to about
70-80 units. It is impossible to fix the value of N, it determines
the ambiguity of C / A code measurements. It is found in a
different way, for example, by the distance, approximately
known with an accuracy of 100 km. To do this, set the
approximate coordinates of the receiver, determined from the
map. The values of m and are measured by aligning the signal
generated in the receiver with the code received from the
satellite by successive shift until the correlation occurs.

It is known that on the satellite and in the receiver, codes are
generated strictly synchronously. Then the satellite signal
arriving at the receiver will "lag"” in proportion to the
propagation time in relation to the receiver signal, and when
superimposed, the codes will not match. The local signal of the
receiver is sequentially "delayed" for such a measured time so
that the received signal has time to "catch up”, and they both
coincide.

The quality of the result will depend on the accuracy of the
code interpolation. Modern devices allow you to fix with an
accuracy of 0.01 fraction of a period and even more accurately.
In a linear measure, this amounts to about 3 m for the C/ A
code. Therefore, if there were no other sources of errors, then
the ranges could be measured with an error of several meters
and more accurately. The exact P-code has higher capabilities.
In GPS, the duration of the P-code symbol corresponds to a
distance of 30 m. The measurement accuracy will be 10 times
higher than for the standard C / A code. The duration of the
P-code is 7 days, which is many times longer than the travel
time of the radio wave path from the satellite to the GPS
receiver. The time at the distance "satellite - receiver" is
estimated at about 0.07 s.

The number of characters in the P-code is about 6 * 1012 s. The
range is uniquely determined with an accuracy of about 0.3 m.
However, it is desirable to know the approximate value of the
coordinates of the ground station. The latency time of the code
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is also unknown. A very long search time would be required
for a full sequential enumeration of the duplicate P-code
signals of the receiver until the moment of coincidence with a
similar code sequence of the received signals. The receiver is
able to "scan” in 1 s up to 1000 characters. When the
coordinates of the station are not known at all, they are taken
equal to zero. In this case, the receiver is located at the center of
mass of the Earth. The distance from the satellite to the center
of the Earth is always greater than to its surface, the largest
error in the approximate distance will be equal to the radius of
the Earth (6,371 km). It is easy to calculate that the search time
will not exceed four minutes. Therefore, modern
GPS-receivers find the location without prior indication of the
current time and approximate coordinates of the station [8-13].

Four simultaneously measured pseudo-ranges, as well as the
data on ephemeris and time parameters of the satellites' clocks,
received in the navigation message, make it possible to
calculate three coordinates of the observer and a correction to
the time scale of the receiver relative to the scale of the
spacecraft.

From experimental measurements it was found that at = 10'®
m-2 the delays are 9™ meters at zenith angles near 90 °, and at
zenith angles of 15 °, the delays increase threefold. The
measurement errors in determining the ionospheric delay are 2
m.

Currently, a more highly accurate method for determining the
ionospheric delay is based on the use of two-frequency
measurements. Due to the dispersion properties of the
ionosphere for radio waves, the values of the "satellite -
receiver” path distances obtained from measurements at the
carrier waves are different. From the measured ranges and
parameters of the carrier frequencies, a "pure range" is
obtained, free of ionospheric delay errors.

Air temperature, pressure and humidity are determined at the
point where the receiver is located. The errors in determining
tropospheric delays at zenith angles from 30 to 80 ° are 1-2 sm
when applying the Saastamoinen formula.

Differential method

The differential method is designed to improve the accuracy of
measurements of both pseudo-ranges and other parameters.
The mode is based on the formation of differences in readings,
therefore it is called differential.
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The signals from the satellites are sent to the consumer object,
for example, an aircraft and to the control station. At the
control station, in the precision equipment of the receiver, the
measurement results are accumulated, and random errors are
filtered in them. This data is sent to the correcting information
generator. For correction, the information is compared with the
precise data of the control station, obtained by means of
geodetic referencing. The generated corrective corrections are
sent through the transmitter to the consumer's object.

This mode reveals the systematic parts of the errors of the
ephemeris, the drift of the time scale, the influence of the
ionosphere and troposphere. The effect of using the method
depends on the degree of spatial and temporal correlations
between the control station and the consumer object. With a
strong correlation, the systematic part of the errors will be
completely eliminated.

The differential method uses the following methods for
entering corrective corrections:

coordinate correction;
correction of navigation corrections.

Coordinate correction

The method assumes that the correcting information is
generated at the control station by comparing the reference
coordinates (the antenna coordinates are determined from
geodetic data) with the coordinates calculated as a result of a
navigation session conducted by the consumer's equipment of
the highest accuracy class. The resulting differential
corrections are transmitted to the consumer object, which
specifies its coordinates based on them.

The disadvantage of this method is the limitation of the range.
The consumer works according to the most advantageous form
of the constellation of satellites (GDOP factor), and the control
station should work according to the same constellation. This
is possible at small distances from the control station (hundreds
of kilometers). The transfer of corrections found for one
constellation to the results of determinations for another
constellation degrades the accuracy of measurements.

Correction of navigation parameters

The peculiarity of the correction is that the control station
calculates the corrections in the pseudo-range between the
control station and all satellites located above the radio
horizon. To do this, measure the pseudo-ranges to all satellites
and find the calculated pseudo-ranges from the reference
coordinates of the control station and the coordinates of the
satellites. These pseudo-ranges are taken as true. Differences
between measured and calculated pseudo-ranges are
transmitted to consumers in the form of corrections. Each user
chooses the optimal constellation and the measured
pseudo-ranges are corrected by the corrections received from
the control station.
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Phase differential method

With relative definitions, navigation measurements are
performed using the same constellations of satellites at
coinciding or close moments from two points. Based on the
results of these measurements, the geocentric coordinates of
these points are calculated. Subtraction of the same location
components allows you to determine the projection of the
baseline connecting the points.

Distance between points is calculated as:

D= \/sz +Ay2 +AZ%,

To ensure the processing of measurements, it is necessary to
have a permanent connection between the points in order to
transfer the received data from one point to another or from
both points to the object of joint processing in real time.

(12)

To improve the accuracy, measurements are accumulated in
the form of arrays and further processed together. The
advantage of relative definitions is that a number of systematic
errors are compensated for when calculating the baseline,
which makes it possible to more accurately determine the
relative location of points.

Realization of the mode of relative determinations requires
precise frequency and time synchronization of the receivers at
points 1 and 2. Practically, at the moment of measurements,
there is an initial displacement of the time scales, as well as
their drift, leading to errors. Compensation for these errors is
carried out by using differential measurements of the recorded
signal parameters, especially in phase measurements.

When calculating the distances between points, mainly double
phase differences of carrier waves are included in the
measurement processing.

The measurement of the phases of carrier waves is
accompanied by ambiguity in the definitions of an integer
number of phase cycles.

Unambiguous registration of the phase is carried out within the
phase cycle.

When measuring pseudo-ranges of the order of 20 200 km,
reliable determination of the number of 20 cm wavelengths isa
problematic task.

To find an integer number of wavelengths (phase cycles), there
are several ways to resolve ambiguity, many of which are quite
complex and time consuming [9-15].

In particular, the method based on the redundancy of phase
measurements uses phase measurements on one or two
frequency channels with simultaneous observations of five or
more satellites. The unknown are the coordinates of the point
being determined and the values of whole phase cycles. The
joint solution of the constructed equations by the iteration
method leads to finding the unknowns.
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The most practical is a method based on a combination of
phase and code measurements, which is essentially
step-combinational. As noted earlier, pseudo-range
measurement is performed when the C / A and P codes are
turned on, which provides a preliminary determination of the
distance with an error of 30 to 60 sm.

3. CONCLUSION
To achieve the goal of the article, the following was done:
the principles of GPS operation are considered,;

analyzed the main operational characteristics of the satellite
navigation system;

investigated alternative ways of organizing a satellite radio
navigation system in order to improve operational
characteristics;

the calculated operating costs of a GPS satellite.

It can be concluded that the main operational characteristics
are related to the accuracy of determining the coordinates of
the receiver. With the current state of the art technology,
improved performance is expected in the areas of satellite life,
data processing techniques and information transfer methods.

In connection with the plans for the modernization of the GPS
system, we will mention what the main opportunities it will
open to increase accuracy. Two new additional coded civil
signals (C/ A code on L2 and a new signal on L5) will improve
the user experience for high-precision measurement
applications on long and short baselines, such as aircraft
precision approach and automatic landing , mapping, geodetic
and geophysical measurements, since the time of ambiguity
resolution will decrease and the length of baselines will
increase, which will allow using the best ionospheric
correction at large distances. These actions will improve the
accuracy of autonomous positioning. For scientific and
geodetic measurements that do not use real-time, the
centimeter level of accuracy will be achieved faster and at
lower cost than now. This will be possible by using three
frequencies to facilitate the disambiguation process when
performing highly accurate phase measurements. It also
reduces the chances of any accidental interference with the
GPS system.

Scientists and engineers are already working to create a third
generation GPS system. Due to the use of satellite
communications and the installation of more powerful
computing systems on them, the capabilities of the system will
significantly expand.
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