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The focus of this study is the algorithm for solving the three-dimensional linear inverse resection problem, a fundamental stage in GNSS surveying. The
paper also discusses potential factors affecting coordinate determination, including antenna phase center offsets and variations, ephemeris errors,
atmospheric effects along the satellite signal propagation path, multipath interference, and other error sources. Global Navigation Satellite Systems
(GNSS) form the foundation of modern coordinate reference support. Their applications span an exceptionally wide range in the contemporary world.
On the one hand, GNSS technologies have become indispensable tools for mobile device users relying on geolocation services across numerous
applications. On the other hand, GNSS serves as a high-precision monitoring system capable of determining global spatial coordinates with sub-
millimeter accuracy. Such high-precision applications include monitoring of critical infrastructure (e.g., dams and nuclear power plants), tracking
lithospheric plate motion, and observing the effects of seismic activity. Thus, GNSS, deeply integrated into everyday life, ensures the functioning of logistics
across maritime, terrestrial, and aerial domains, while serving as the primary coordinate reference framework for most of the engineering and scientific
projects. The paper provides a detailed presentation of the mathematical models and computational methodology for receiver coordinate estimation.
The study may serve as a theoretical foundation for developing a software module to process satellite observations, particularly for the formulation and
solution of normal equations. A numerical example is also presented, demonstrating that approximately five iterations are sufficient to achieve a
centimeter-level approximate solution. The results of this work may be useful to engineers and researchers involved in developing software for satellite
measurement processing.

Keywords: GNSS surveying, three-dimensional linear inverse resection, least squares method, factors affecting satellite observations.

OcHogHull hokyc cmammi CKOHYeHMpPo8aHUll Ha a120pUMMI po38’sI3aHHSI NPOCMOpPOo8oi NiHiliHOT 06epHeHOT 3aciukKu, Wo € 00HUM 3 OCHOBHUX emanie
nid yac eukonauHsi THCC 3HimaHHs. Takodc 8 po6omi onucaHo Moxcausi hakmopu, wo makodic 8nau8aromMs HA BUHAYEHHSI KOOPOUHAM: 3MIUWeHHS.
¢asosozo yenmpy aHmeHu, noxubku egpemepud, nus ammocgepu, vepes Ky npoxooums cynymHukosutl cuzHal, 6a2amou1sxoeicms, ma iHuwi.
THCC - I'no6aavui Hasizayitini CynymHukogi Cucmemu € 0CHOB0K Cy4acHO20 KoOpOuHayiliHozo 3a6e3neveHHs. BoHu gukopucmosyromucsi y dydice
WUpoKOMy chekmpi 8 cyyacHoMmy ceimi. 3 00H020 60Ky 60HU 8ice cmaau He3aMIHHUMU CynymHUKamu 6ydb-sKko20 Kopucmyeaua MobiibHO20
mesiepoHy, sIKUll 8UKOpUCMOBY€E 2e010Kayito 0451 6e3aiui pisHux dodamkie. B moil xce uac 3 iHWo020 60Ky, BOHU BUKOHYIOMb pOb CUCMeMU
MOHIMOpUHay, KA 00380./151€ 8U3HAYAMU NPOCMOPOEI 2106a1bHI KoopduHamu i3 cybminimemposoio mouHicmio. [Jo makux 8UCOKOMOYHUX 3a0ay
MOJXCHA 8i0HeCmu MOHIMOpPUHz KpUMUYHUX HPpacmpykmypHux chopyd (epebai, amomHi cmaHyii), eidcmedceHHs1 pyxy AimocgepHux naum,
cnocmepediceHHsl 3a pesyabmamamu ceticmiyHoi akmusHocmi. Omoice, MmoscHa énegHeHo ckazamu, wjo 'HCC, 2auboko iHmezpoeaHa y noscsikoeHHe
cummst 2pomadsiH, 3abesnevye PyHKYIOHY8AHHs1 102iCMUKU HA MOPI, HA 3eMAl ma y nogimpi, BUKOHY€E po/ib OCHOBHOI cucmeMu KOOPOUHAMHO20
3a6e3neveHHs1 0151 hepesaxcHoi Kilbkocmi iH)ceHepHUX ma Haykosux npoekmis. B po6omi demaabHO HagedeHO MameMamuy4Hi 3a.1exicHocmi ma
MemoouKy 064ucaeHHs1 KoopduHam nputiMava. JlaHa cmammsi Modce 6ymu meopemuvHUM NiorpyHMsM 0151 HANUCAHHSL NPO2PAMHO20 MOOY/151 0151
onpayeaHHs CynymHukosux eUMIplo8aHb, aKull 8idnosioae 3a ck1adaHHsi ma po36’s13aHHs HOPMAAbHUX pieHsHb. Takosc e po6omi HasedeHo
uuc08ull npukaad, KUl NOKA3sye, Wo 0151 HABAUNCEHO20 PO38’A3KY 3 MOYHICMI0 HA CAHMUMEMPOBOMY pigHi Moxce 6ymu docmamHbo 5 imepayiil.
Po6oma Mosice 6ymu KOpUcHO 0415 iHxceHepie ma Haykosyis, AKi 3aiimMaromscst po3po6AeHHAM NPO2pPaMHO20 3a6e3neyeHHsl 0151 onpayo8aHHs
CyNnymHUKo8uX 8UMIPIOGAHD.

Katwwuoei cnoea: THCC 3HimaHHs, npocmoposa JAiHiliHa obepHeHa 3aciuka, Memod HalMeHWUuX keadpamis, YUHHUKU, WO 8NAUBAOMb HA
CYNYMHUKO8I BUMIPHBAHHS.

Statement of the problem

The primary objective of this study is to formulate detailed mathematical relationships that can be used to develop a
software module to construct and solve the normal equations to determine receiver coordinates from measured pseudoranges.

Analysis of recent research and publications. A number of national systems jointly form the Global Navigation Satellite
System (GNSS). Traditionally, such systems have been described as consisting of three segments: the space segment, the ground
control segment, and the user segment. However, over time, the volume of information required to operate these systems has
grown substantially. This includes coordinate time series of permanent reference stations, satellite ephemerides, and various
physical models (e.g., tropospheric delay models [1], gravity field models [3, 7], solid Earth tide models [11], among others). It
should be emphasized that the number of permanent stations is continuously increasing, new satellites are regularly launched,
and more accurate and higher-resolution models are being developed. Moreover, all these datasets are accumulated over time
to ensure data continuity and enable long-term analysis.

As a consequence, significant computational resources and data centers are required for storage and processing. The
scale of this informational component has become comparable to that of the traditional three segments, leading to an
increasingly common view that GNSS should be considered to comprise not three but four segments. This fourth segment may

be defined as an infrastructure-information segment, consisting of . .
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observations and directly implementing coordinate estimation algorithms. These tasks are carried out both by national
agencies of GNSS-owning states and by private companies developing real-time receiver software.

Nevertheless, the need for software solutions extends beyond real-time positioning. A vast number of permanent
ground stations continuously process observational data and generate network solutions (i.e., station coordinates). Another
significant application area is the post-processing of satellite observations after the completion of field surveying. Although
post-processing requires additional time and computational effort, it can provide superior accuracy. Consequently, GNSS post-
processing is widely used by research institutions and in engineering projects that require high-precision coordinate
determination.

Post-processing of GNSS data, therefore, represents a complex and essential task. Several leading companies develop
specialized software solutions for this purpose. Among the most widely used products are Trimble Business Center, Leica Geo
Office, and Topcon Tools [6]. As a rule, these solutions are commerecial products, and full functionality requires a license, which
is not always feasible for educational institutions training geodetic specialists.

The purpose of the research

The primary objective of this study is to formulate detailed mathematical relationships that can be used to develop a
software module to construct and solve the normal equations to determine receiver coordinates from measured pseudoranges.

Presentation of the main research material

Let us consider in greater detail the principle of coordinate determination, which is fundamentally based on solving
the three-dimensional linear inverse resection problem. In this formulation, the unknown point corresponds to the receiver
location at which GNSS observations are performed, while the reference points from which distances to the object are measured
are the satellites (Fig. 1), whose coordinates are computed
and provided in the form of ephemerides.

However, solving this problem is far from the only '

challenge that must be addressed to achieve precise 555 75 V4 X4. Y4, 74
coordinate determination from GNSS observations. Some X1.Y1.Z1 -
of the most significant factors influencing the accuracy of P
the final computed coordinates include: "’ 2y
- space segment-related factors; ’

- environmental factors;

- receiver-related factors.

Let us examine each of these groups of factors in
greater detail.

Space Segment Factors

Within the space segment, it is generally
necessary to account for factors such as antenna phase
center offsets, satellite clock asynchrony, and the accuracy
of satellite ephemerides. The antenna phase center is a
virtual point at which all electromagnetic waves converge;
its position is typically calibrated during antenna
manufacturing and recorded on the antenna’s specification
sheet.

Sl S4

5 X. Y.z

The problem of differing time references among

satellites is a critical aspect of satellite system operation.

GNSS relies on the propagation of electromagnetic waves Fig. 1. Configuration of GNSS surveying

to determine the distance between a satellite and a

receiver. As is well known, the speed of light (in an electromagnetic wave) in a vacuum is constant and equal to
299,792,458 m/s. Therefore, the distance can be calculated from the signal travel time.

However, given such extremely high speeds, highly precise timekeeping is essential for obtaining accurate distance
measurements. For example, achieving sub-meter distance accuracy requires time measurements with a precision of
approximately 1 nanosecond. The accuracy of GNSS satellite clocks is discussed in detail by B. Médnnel (2020) [2]. Moreover,
certain high-precision applications, such as establishing a national vertical reference system and analyzing the effect of the
chosen reference surface, require sub-millimeter coordinate accuracy [4].

To achieve such high temporal precision, satellites are equipped with ultra-precise atomic clocks that track atomic
oscillations. The frequency of these oscillations allows time to be measured with extremely high accuracy.

Not all applications require such precision; for example, city-scale navigation typically only requires coordinate
accuracy on the order of a few meters. Consequently, satellite coordinates can be determined with varying levels of accuracy.
Lower-precision ephemerides can be produced more quickly, while high-precision ephemerides may take up to two weeks to
compute, as they require accurate Earth orientation parameters, including polar motion [8, 9]. Considering this, several types
of ephemerides with varying levels of accuracy are available, as summarized in Table 1 [5].

Table 1. Types of Ephemerides

type accuracy delay update Interval
orbit ~100cm
Broadcast satellite clock : ggsr,lfj\;lg real time - 1day
Ultra-rapid o s RIS real tim £03, 09, 15,21 UTC 15 minut
(predicted half) satellite clock N l.gsr’lc, sD eal time atus, b2, Lo, tnutes
Ultra-rapid orbits ~3cm .
(observed half) satellite clock ~ 150 ps, RMS 3 -9 hours at 03,09, 15,21 UTC 15 minutes
~ 50 ps, SD
orbits ~2.5cm 15 minutes
Rapid satellite clock and ~ 75 ps, RMS 17 - 41 hours at 17 UTC, daily 5 minutes
station ~ 25 ps, SD
orbits ~2.5cm 15 minutes
Final satellite clock and ~ 75 ps, RMS 12 -19 days every Friday 30 seconds
station ~25ps, SD (satellites)
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Fig. 2. Influence of the ionosphere on satellite signals
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The approximate orbital altitude of navigation satellites is around 20,000 kilometers. This means that, as the signal
its velocity decreases. Two atmospheric layers have the greatest influence on the propagation of electromagnetic waves: the
because the ionosphere, as one of the upper layers of the atmosphere, is among the first to be exposed to solar radiation. As a
this effect, dual-frequency GNSS receivers are used. By
almost eliminate the errors caused by it. /2 Y

fo) o
and consequently slowed. This behavior is caused by the o o
well understood and can be modeled when the distributions ° )
Among the most widely used are the Saastamoinen and
signal delay and correction for errors caused by tropospheric

A wide variety of devices receive GNSS signals, e i
various tasks related to tracking the motion of the objects on
center offset is typically specified during receiver manufacturing and can be corrected using information provided in the

As illustrated in fig. 3, a satellite signal can reach
that travels along the shortest path is the direct signal,
shortest path can be identified and discarded. This

However, software alone does not guarantee
of reflected signals. For example, the lower part of the
alone is insufficient, as reflected signals can also arrive
this effect, acting as a physical barrier that reduces the
important to choose open areas with an unobstructed view

The three factors discussed above can be
involves numerous mathematical operations, during Fig. 3. Influence of multipath effects on GNSS surveying
the Earth, whereas receiver coordinates are computed in an Earth-fixed reference frame that rotates with the planet. This
the Earth’s rotation rate. These data enable the conversion from the inertial frame to the Earth-fixed frame. Moreover, each

| [ | | | [ 5 minutes (station) |
Environmental Factors
travels from the satellite to a receiver located on the Earth’s surface, the electromagnetic wave passes through various layers
of the atmosphere. It is important to note that the speed of light is constant only in a vacuum; when traveling through a medium,
troposphere and the ionosphere.
The ionosphere is a dispersive medium characterized by a high concentration of ions and free electrons. This occurs
result, the ionosphere introduces perturbations in the
propagation of electromagnetic waves (Fig. 2). To mitigate "" 6
[
receiving signals at two different frequencies, it becomes 9
possible to calculate the ionospheric delay and, in effect, "' "Q
As the satellite signal approaches Earth’s surface, it
passes through the troposphere, where it can be refracted 0
inhomogeneous distribution of air masses, particularly the lonosphere O O
variable water vapor content. Notably, this effect is relatively (o)
of air masses and water vapor are known. To address this, 4
scientists have developed models of tropospheric delay.
Hopfield models, which simulate variations in pressure,
temperature, and humidity, allowing computation of the
propagation.
Receiver-Related Factors
ranging from ordinary smartphones to specialized high-
precision dual-frequency receivers. All these devices perform
which they are installed. It is important to understand that they are also subject to factors that can introduce errors in
coordinate determination. The primary factors include antenna phase center offsets and multipath effects. The antenna phase
receiver’s technical documentation. The second factor, multipath effects, occurs when satellite signals reflect off nearby
surfaces before reaching the receiver (Fig. 3).
the receiver along multiple paths, reflecting off
surrounding objects and the ground. Naturally, the signal
which reaches the receiver without reflection. Based on
this principle, signals that are significantly longer than the
approach can be implemented at the software level to
eliminate most signals reflected from nearby objects.
sufficient accuracy. Therefore, receiver manufacturers also
incorporate physical design features to limit the reception
receiver is often made impermeable to electromagnetic
waves to block signals reflected from the ground. Yet this
from above, for instance, after bouncing off trees or nearby
buildings. Concentric-ring antennas are used to mitigate
impact of multipath reflections.
Therefore, when performing GNSS surveying, it is
of the sky to maximize the effectiveness of satellite signal
reception.
considered as directly affecting the measurements.
However, the process of coordinating computation
which additional errors can arise from the computational
procedures themselves. For instance, satellite coordinates are determined in an inertial reference system, which is not tied to
necessitates transforming coordinates from one system to another.
Accurate transformation requires information on various phenomena, such as precession, nutation, polar motion, and
country may have its own national coordinate reference system, requiring further transformations to obtain final coordinates.
In the case of Ukraine, for example, it is necessary to convert coordinates to the national coordinate system, UCS2000. An
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important step in this process is the transformation from geodetic coordinates to coordinates referenced to the Earth’s gravity
field, which requires a geoid or quasi-geoid model.

Considering all the above, it is evident that obtaining precise coordinates is a non-trivial task that requires accounting
for multiple factors. Nevertheless, one of the most important steps in processing GNSS data is solving the three-dimensional
linear inverse resection problem.

Solution of the three-dimensional linear inverse resection using the Least Squares method

Let us consider a problem that arises in GNSS surveying. Suppose there is a receiver that tracks signals from four
satellites. The primary observables are pseudoranges derived from code measurements (the difference between the signal
transmission time at the satellite and the signal reception time at the receiver). Let us consider Figure 1, which shows a GNSS
receiver with coordinates (Xr, Yr, Zr) and four satellites with coordinates (X1, Y1, Z1), (X2, Y2, Z2), (X3, Y3, Z3), (X4, Y4, Z4),
respectively. The measured pseudoranges are denoted by S1, S2, S3, S4. The unknown parameters are the receiver coordinates,
which must be determined from the pseudoranges Si and the satellite ephemerides Xi, Yi, Zi. In practice, the number of
unknowns is four rather than three. The fourth parameter accounts for the receiver clock offset relative to the satellite clocks.
It should be noted that, under real observing conditions, the measured pseudorange is affected by many additional factors. For
example, the propagation medium distorts the signal; two principal effects are typically distinguished: the ionospheric delay
(which can be mitigated by using a dual-frequency receiver) and the tropospheric delay (which can be modeled using an
atmospheric mass distribution model to compute the corresponding signal delay).

Instrument-related errors must also be considered, including antenna phase center offsets and multipath effects.
Furthermore, satellites move at high velocities and experience a weaker gravitational field compared to the receiver, which
gives rise to relativistic effects. In the present study, we restrict our analysis to the effect of clock asynchrony, which is one of
the most significant factors influencing the measured pseudorange.

Thus, our model can be represented by the following equation:

S=R+r, ()]

where, S - the measured pseudorange, R - the geometric range between the satellite and the receiver Ta t - correction

for receiver-satellite clock asynchrony. The geometric distance from the receiver to the satellite can be computed using the
following formula (the satellite index is denoted by i):

Ri =X, = X)? + (Y = V)2 + (Z, — Z)? (2)

t=C-dt, 3

where, C - speed of light 299 792 458 m/s, dt - receiver-satellite clock asynchrony (in seconds). Therefore, to solve

the four unknowns, at least four observations are needed. The system of equations corresponding to four satellites can be

expressed as follows.

Si=JX =X+ (G - YD)+ (Z - Z)* +, 0
To solve such a system, we use the Least Squares method. [10]:
Ax+L=V, (5)

Where, A - coefficient matrix of the unknowns, x - vector of unknowns, L - vector of independent terms, V - vector of

corrections. It is well known that the vector of unknowns can be determined from the following relation:
x = —(ATA)"1(ATL), (6)

Examining expression (4), the unknown receiver coordinates (Xr, Yr, Zr) exhibit a nonlinear relationship. In this case,
itis necessary to perform linearization. This is done using a well-known approach in mathematics, where the value of a function
can be represented based on a known value at a nearby point (the so-called zero-order value of the function) and a small
increment, which can be approximated with a certain level of accuracy using the differential of the function. When computing
the differential, we will consider only first-order terms.

Thus, we can write the following expression, denoting the approximate receiver coordinates as (X,°, ¥,%, Z,°) and the
approximate value of the clock asynchrony correction as 7°.

Fi(Xp Yo Zr, ©) = Fi(X,%, Y, 2., 1°) + dF; (X%, Y;°,2,°,1°), @)
The differential dF of a multivariable function can be computed using only the first-order terms.
dF dF dF dF
dF_d_erXr—i—d_YrdYT-l—d_ZrdZT—l—EdT' (8)

Since a differential represents an infinitesimal change, we will replace it with coordinate increments, as we will
iteratively determine the final receiver coordinates by progressively computing these increments. More details on this
procedure will be provided later.

Thus, we can rewrite equation (8) by replacing the differentials with increments.

dF dF dF dF
AF_d_X,-Aer:d_YEAY;-Fd_ZTAZT-FEAT’ (9)
. N F dF dF dF . . .
Now, it is necessary to compute the derivatives —, —, —, —. Let us consider equation (4), which represents our

dax,’ dy,’ dz,’ dt
measurement model; that is, S is the function that must be linearized so that all unknowns exhibit a linear relationship

Fi(Xr’ Yr’Zr/T) = \/(Xr - XL‘)Z + (Yr - YL)Z + (Zr - Zi)z +7, (10)
At this point, the partial derivatives can be evaluated
ar; _ Xr—Xi) (11.1)
ax, S X H (=Y )2+ (Zr =27 '
ar; _ Yr—Yyi)
a¥e X=X+ (Y=Y )2+ (2= 20)7 (11.2)
aF; _ (Zr—2i) (11.3)

azy K= XD (=Y 2+(Zr—Z0)7
So1 (11.4)
Considering equation (2), we can now express equation (7) in its linearized form.

_ 0 0 0 0 (x°-x1)
Rt % 2 ) = 60— X2 + (060 Y02 4 (2,0~ 22 4104 e OO0y
(°-vi) (z:°-2)
VX=X 2+ (02 +(2,0-2;)? ¥ + VX=X + (00— N2 +(2,0-2,)? AZy +4r, (12)

We can now rewrite equation (4) in linearized form by replacing its right-hand side with the right-hand side of equation (12).

= [x0 = x)2 0 _yy2 0 _ 724 10 X=X
SL \/(Xr Xl.) +(Yr Yl) +(Zr Zl) +7 +\/(Xro_xi)z+(Yr0—yi)2+(ZTO—Zi)2

AX, +
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+ (Yro_yi) AY ( _Zl)
JX=x)2 4+, -2 +(2,0-2)2 \/(XT —X)2+(Y,0 =Y N2 +(2,0-Z)?

By making the substitution R;® = \/(XTO —X)2+ (Y,° = ¥)2 + (Z,° — Z;)? we rewrite equation (13) in simplified

AZ, + 41, (13)

form:
Xr

S;= RO+ 10+ &K py OOV py  B2D pp A (14)

Once the measurement model S; has been 11nearlzed we can proceed to solve for the unknown parameter vector.
(4X,,4Y,,AZ,,AT). Let us rewrite equatlon (14) in the followmg form

G XD g, +< 10 gy, +( “Z A7, + A+ (R +1° —S5) =0, (15)
R
Equation (15) would hold true if the measurements were perfectly accurate and the model incorporated all real-world
effects affecting the observations. In practice, the right-hand side of equation (15) is therefore nonzero and contains a

measurement error, denoted by Vi. Accounting for these erTors, equation (15) can be rewritten in the following form:
“ & =X px, +(Yr_')AY+ 2D A7 + AT+ (RO + 10— S) =V, (16)

As this equation applles toan arbltrary number of measurements indexed by i, the correspondlng system of equations
can be expressed in matrix form as follows Ax + L = V (5), where:

&0-X)  (B0-v)  (4°-Zi) 1
/ R, R,° R,° AX,
K0-X)  (%0-Y)  (%°-Yy) 4Y,
X e === 1 |. coefficient matrix of the unknowns A, " | - vector of unknowns x,
R, R; R, AZT
EO=X) V) &-z) g 4t
R.0 R.0 .0
Rlo -+ TO - Sl Vl
0 0_ Vs i
R2™+ 7" =52 | - vector of independent terms L, "] - vector of corrections V.
R.’o + TO - S Vi

Let n represent the total number of equations n (i - loop index), Then, the matrices and vectors will have the following
dimensions: A - (nx4), X - (4x1), L - (nx1), V - (nx1).

Therefore, the unknown vector x is computed according to equation (6). As the parameters were expressed as the sum
of their initial approximations and increments, the final values of the unknowns can be determined as follows - formula (17).

In this way, the receiver coordinates X,.Y;,Z, are obtained, but these values constitute only an initial approximation,
as the differentials were replaced by increments and only first-order terms were considered. To achieve higher accuracy, the
procedure can be iterated, using the coordinates obtained from the current solution as the new approximations in the next
iteration - formula (18),

where, the index j begins at 1 and denotes the iteration step.

The iteration process may be terminated when the differences between the coordinates from successive iterations
fall below a specified threshold. Upon completion of the final iteration, the precision of the estimated parameters can be
evaluated using the square roots of the diagonal elements of the covariance matrix - formula (19),

where C - covariance matrix, AT A - normal equation matrix, A - matrix of coefficients corresponding to the unknown
parameters. The covariance matrix is of size 4x4, and the square roots of its diagonal elements cii can be employed to obtain a
priori assessment of the precision of the estimated parameters.

The following expressions can be employed to compute the a posteriori precision of the estimated parameters -
formula (21),

where u - unit weight of the root means square error.

X X,° AX, my \ 4PTiory Ve
v, |_[1° +| 4% an my, _| Ve 20)
z )= 7o |\ az, ) my, e |
T 70 At My Caa
er er_l Aer_l My, aposterior my. apriory
j j-1 j-1 m m
S I S ol A ) " =ulmr] . @
Zr] Zr]_l AZr]—l mg, mg,
) ri-1 Ari—1 M M
C= (AT, (19) p= [Hal (22)

n-k ’
k - the required number of observations, which in this case corresponds to the number of unknown parameters,
namely 4, n - the total number of observations.
Let us provide a numerical example. Suppose the initial receiver coordinates are set to zero (for fZaster convergence

Table 2. Satellite coordinates and measured pseudoranges of the iterative process, approximate coordinates can be used if

Xi, m Yi, m Zi,m Sy, m they are known). .
1| 15600000 | 7540000 | 20140000 | 20281272.26 The input data are presented in table 2.
2 | -2980000 | 20350000 | 11150000 | 25815332.05 The iterative process is presented in table 3.
3 | -4400000 | -9350000 | 17600000 | 25817445.03
4 9630000 -9070000 | 17630000 25037977.53 Table 3. Iterative solutions of the receiver coordinates.
) . . X/ Y,/ z) T
As can be seen from Table 3, five iterations are {) 0 0 0 0
suff1c1ent to obtain a stable solution. It is worth noting tnat 1 | 3985568.46 | 1947587.26 | 639314585 | 145323537
synthetic data were used for these calculations. When working 2 | 3620531.04 | 1605727.26 | 4797495.76 52272.50
with real data, the number of iterations may increase. 3 | 3639246.71 | 1621474.37 | 4868492.91 39901
Conclusions and prospects for further research 4 | 3639200.00 | 1621400.00 | 4868099.99 209.86
5 | 3639200.00 | 1621400.00 | 4868100.00 209.86
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The paper examines and provides a detailed description of the method for solving the three-dimensional linear
inverse resection problem using the least squares method. This stage constitutes the fundamental computational core of all
satellite navigation systems, enabling the determination of receiver coordinates. In addition, the study analyzes the factors
affecting satellite observations that must be considered during GNSS surveying.

A numerical example demonstrating the implementation of the proposed algorithm is presented. The results show
that five iterations are sufficient to achieve sub-centimeter accuracy in the approximate solution. To achieve higher accuracy,
the number of iterations should be increased.

Most existing software packages for satellite data processing require paid licenses and cannot be fully utilized in trial
versions. For this reason, the present work may be partially useful for institutions involved in geodetic education, as it provides
a theoretical basis for developing proprietary software solutions for satellite data processing. Although the inverse resection
procedure is described in considerable detail, the information provided is insufficient to develop a complete software system.
Therefore, this study should be regarded as the first part of the theoretical and mathematical framework required to create a
comprehensive satellite data processing package.

In future research, the authors plan to further develop the theoretical foundations necessary to implement a full-scale
software complex for the post-processing of satellite observations.
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