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With the continuous development of mobile communication and satellite navigation technologies, the positioning requirements
of 5G smart communication base stations are becoming higher and higher. With the opening of GNSS raw observation data,
research on the positioning of a 5G smart communication base station has become a research hotspot in the surveying and
mapping disciplines. In this paper, based on the GNSS observation data of the 5G smart communication base station, the quality of
the original GNSS observation data of the 5G smart communication base station is studied and analyzed. A method based on
Doppler smoothing pseudorange solves the problem that the original pseudorange observation values of the 5G smart com-
munication base station are noisy and prone to multipath errors due to the limitations of the base station chips and processes,
which makes the traditional data processing methods unable to meet the demand for higher accuracy positioning. This method
uses Doppler observations to smooth the pseudorange and determines the Doppler smoothing strategy and closure values to
improve the data quality. The experimental data show that Doppler smoothing pseudorange can improve data quality and
positioning accuracy by 67.9% in the E direction, 64.8% in the N direction, and 65.5% in the U direction. The future world will
develop in the direction of intelligence, and the wireless network 5G technology used to support the construction of this intelligent
system will become the core driver for the development of a leading intelligent society. 5G network signals have higher reliability
and lower latency and can meet the specific needs of smart manufacturing, autonomous driving, and other industrial applications.
This new base station product can meet the construction needs of future 5G base stations, adapt to the future intensive,
miniaturized, intelligent station construction mode, and realize safe and fast station construction, providing the necessary
hardware support for 5G network coverage.

1. Introduction

Currently, the global navigation satellite system (GNSS)
technology is developing rapidly, providing all-weather,
high-precision navigation and positioning services to dif-
ferent members of society. The successful launch of the 55th
BeiDou navigation satellite marked the full deployment of
the BeiDou navigation satellite system (BDS) constellation in
China [1, 2]. With the continuous development of mobile
communication and satellite navigation technologies, mo-
bile intelligent terminals have been widely used in the fields
of location sharing, engineering measurement, pedestrian

navigation, firefighting, and disaster mitigation. In daily life,
how to obtain real-time and high-precision geographic lo-
cation information through mobile smart terminals has
become a popular topic, and people have an increasing
demand for smart terminal positioning [3, 4]. Especially
since 2016, Google has provided interfaces to obtain raw
GNSS observations (such as C1 pseudorange observation,
and L1 carrier phase observation, D1 Doppler observation)
in its Android Nougat 7.0 and above operating system for
mobile devices, but due to the influence of the smart ter-
minal chip process and antenna, the observation noise and
multipath error are large when positioning at the base
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station [5, 6]. However, due to the influence of the smart
terminal chip process and antenna, the observation noise
and multipath error during base station positioning are
large, resulting in low positioning accuracy, so how to
improve the positioning accuracy of smart devices has be-
come a research hotspot in recent years [7, 8].

Doppler observation has better observation accuracy and
is not easily disturbed by multipath errors [9, 10]. The study
[11] analyzed the difference between multipath errors in 5G
smart communication base station and geodetic receivers. A
study [12] showed that using Doppler combined with
pseudorange observation for localization is better than using
pseudorange observation alone. The study [13] investigated
the feasibility of Doppler smoothing pseudorange. The study
[14] used Doppler observations for pseudorange smoothing
to improve the accuracy and stability of localization. Since
the antennas of 5G smart communication base stations are
different from those of geodetic receivers, 5G smart com-
munication base stations are more likely to track satellite
signals, but the signal-to-noise ratio is lower than that of
geodetic receivers, and the multipath effect of 5G smart
communication base stations is an order of magnitude
higher than that of geodetic receivers [15, 16]. This is one of
the main reasons for the poor positioning accuracy of 5G
smart communication base stations, and these research
works have been done by many scholars and will not be
discussed here [17, 18].

To address the problem of low positioning accuracy of
5G smart communication base stations, this paper makes full
use of the feature that Doppler observations are not affected
by multiple paths to carry out research on the application of
Doppler observation smoothing pseudorange for smart
terminals, carries out research on coarse difference rejection
and broad value setting in the process of Doppler smoothing,
and preprocesses measurement data according to the
analysis results to achieve the purpose of improving posi-
tioning accuracy [19, 20].

2. Doppler Positioning Architecture

The target positioning method of a single satellite is as
follows: acquire the coordinates of the satellite’s hypostasis;
acquire the incoming wave direction angle of the target and
the zenith angle from the satellite to the target; establish the
first spherical triangle on the Earth’s surface with the hy-
postasis, the target, and the pole as the vertices; the pole is the
South Pole of the Earth or the North Pole of the Earth;
determine the coordinates of the target B and the pole N
based on the relationship between the sides and angles of the
first spherical triangle. Based on the coordinates of the first
spherical triangle, the coordinates of the substar point A, the
incoming wave direction angle, and the sky bottom angle,
the position of the target B and the pole N are determined.
Based on the position of the target B and the pole N, the
coordinates of the target B are determined. When the sat-
ellite flies over the target radiation source, the single-satellite
positioning process is carried out, and its radius I acceler-
ation changes continuously during the motion. Based on the
correspondence between the radial acceleration and the
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target position, the radial acceleration of the target is
measured at several moments, and then combined with the
constraint of the target position on the Earth, the coordi-
nates of the radiation source position can be located (see
Figure 1).

STK (Satellite Tool Kit), or Satellite Simulation Kit, was
developed by AGI, USA, to quickly and effectively analyze
missions in complex environments such as land, sea, and air,
and to support the whole process of space missions, in-
cluding design, test, launch, operation, and mission.
Therefore, it is widely used in the aerospace industry and in
science and technology fields. In this paper, we choose the
STK version 10 environment and build a motion scenario
including a ground radiation source, motion satellite, and
on-board receiver with the powerful and realistic analysis
capability of STK. The communication simulation module of
STK is used to analyze the reception of ground radiation
source signals by the on-board receiver. The simulation flow
of single-star passive positioning is shown in Figure 2.

Positioning based on Doppler information mainly refers
to the use of Doppler frequency and Doppler frequency
change rate to determine the positioning surface, multiple
measurements to obtain multiple positioning surfaces, and
intersection position as the target’s positioning point.
Generally, the target is on Earth’s surface or at a relatively
low height, and two-dimensional plane analysis is used. As
shown in Figure 3.

3. Coarse Difference Detection and Doppler
Smoothing Algorithm

GNSS pseudorange observations contain various errors
caused by observation equipment, propagation paths, rel-
ativity, satellite ephemeris, etc. Therefore, the single-point
positioning results are affected by satellite ephemeris errors
and atmospheric refraction errors. Due to the influence of
the 5G smart communication base station itself, the mea-
surement results are not as stable as those of earth-based
receivers, and the observations contain large, coarse dif-
ferences. By using pseudorange observations for real-time
dynamic positioning, we can avoid the problems of resolving
ambiguity and dealing with circular jumps, and the accuracy
of the obtained positioning results can meet the single-so-
lution needs of most navigation users. However, pseudor-
ange observation is susceptible to multipath effects,
nonvisual distance, and signal occlusion, which makes dy-
namic localization using pseudorange in complex scenarios
less effective. Due to the effect of the duty cycle, it is difficult
for intelligent terminals to obtain ideal carrier phase ob-
servations, so Doppler observations can be used to smooth
the pseudorange and improve the satellite positioning ac-
curacy of intelligent terminals. When there is no duty cycle
limitation, the smoothed pseudorange of carrier phase ob-
servation can obtain more reliable satellite positioning re-
sults from the smart terminal. In this paper, we detect
ephemeris elements containing coarse differences by cal-
culating quadratic differences between ephemeris elements,
removing the ephemeris elements, and restarting the
smoothing calculation.
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FIGURE 1: Schematic diagram of a single-star passive positioning model.
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FIGURE 3: Schematic diagram of a planar motion scene.

For the calendar element k, the pseudorange observation
equation can be expressed as the following equation:

pi = Ri + C6tk - C(Sti + 8Pi,trop + 8p7<,ion (1)

s s s
+ 8Pk,rel + é\pk,sagnc + ep,k‘

where s is satellite number; c is the speed of light; p; is the
pseudorange observation; R; is true satellite ground distance
from the receiver; 6t is the receiver clock difference; 8t is
the satellite clock difference; dpj (. »dp; i, are tropo-
spheric delay error and ionospheric delay error; dpy, ., is the

relativistic effect; 0pj ;. is the Earth’s rotation error; &, is
the unmodeled error such as multipath and measurement
noise.

The single difference between epoch k + 1 and epoch k of
(1) can eliminate or weaken the effects of tropospheric delay
error, ionospheric delay error, relativistic effect, and Earth
rotation error. Since the satellite clock is more stable, the single
difference between pseudorange ephemeris elements is a
smooth curve when no large jump occurs in the receiver clock.
Then, the double difference between the ephemeris is a straight
line tending to 0. According to error theory, (an error is an
experimental scientific term that refers to the extent to which
the measurement results deviate from the true value. Mathe-
matically, the measured value or other approximate value and
the difference between the true value of the error. The error
theory is the study of the error in the experiment of a theory;
error theory is the test technology, instrumentation, and en-
gineering experiments and other fields’ indispensable and
important theoretical basis; it plays an important role in science
and production practice.) Three times, a medium error is
selected as the limit difference for coarse difference rejection.

Because of the increased more week-hopping of 5G
smart communication base station carrier phase observa-
tions, the pseudorange smoothing effect is not good, so this
paper uses Doppler smoothing pseudorange, which is not
affected by week-hopping and whose algorithm is more



efficient, and base station Doppler smoothing pseudorange
is derived from carrier phase smoothing pseudorange.

For the calendar element k, the carrier phase observation
equation can be expressed as the following equation:

q’i = Ri + C(Stk - C(St;c + 8p;<,trop - é\P;c,ion (2)
s

S S S
+ (Spk,rel + 8pk,sagnc —AN" + Eo k>

where ¢; is the carrier phase observation; A is the corre-
sponding carrier wavelength; N* is the whole-period ambi-
guity; & is the unknown carrier phase measurement noise;
rest parameters have the same meaning as equation (1).

In the initial epoch, let the initial smoothing pseudor-
ange be equal to initial epoch pseudorange observation, i.e.,
Px = Pr> then the conventional equation of carrier smoothing
pseudorange is in the following equation:

Prs1 = WPt + (1= @) (P + Prar — @) (3)

where the first coefficient on the right side of the equation
Wiy = 1/(K +1) is usually called the weighted smoothing
factor, which is equivalent to the following equation:

k k
Pr+1 = Wi ZPi T Wit Z (Pre1 — 91): (4)

i=1 i=1

Combining equations (2)-(4), it can be seen that the use
of carrier smoothing pseudorange is independent of whole-
period ambiguity, and the result obtained from ¢, — ¢ isa
high-precision pseudorange change rate, while a high-pre-
cision pseudorange change rate can be directly obtained in
the 5G smart communication base station.

According to a white paper published by the European
GNSS Agency (GSA), Doppler observations are derived
from pseudorange rates of change, and the relationship is
given in the following equation:

PsdR = —a x Dopplershift, (5)

where PsdR denotes the pseudorange variation rate, whose
value can be obtained from Google’s open GNSS raw data
API interface; « is a constant, which can be expressed as
a = c/ f;; ¢ is the speed of light; f; is the central frequency of
the signal (e.g., L1 = 1575.42e6 Hz); and Doppler shift is the
Doppler observation value.

Because Doppler observations have better observation
accuracy and are not disturbed by multipath errors, the re-
lationship between pseudorange change rate and Doppler
observations can be known from equation (5), and pseudor-
ange change rate PsdR is used instead of ¢, , — ¢, for
pseudorange smoothing in cell phone Doppler smoothing
pseudorange, which can be expressed as the following equation:

Pret = Wir1Pret (1 = @pey) (Pi + PsdR). (6)

4. Results

Due to the high power consumption of GNSS modules in
long-term continuous operation, 5G smart communication
base station manufacturers have introduced a “duty cycle”
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mechanism within the base station to ensure the low power
consumption of the GNSS module, which causes discon-
tinuous carrier phase tracking, resulting in circular jumps in
the phase observations of the front and rear ephemeris. The
base station can turn on the option to force full tracking of
GNSS measurements to eliminate the effect of the “duty
cycle.” Table 1 shows the fields of raw observations available
for 5G smart communication base stations.

Before pseudorange smoothing, data are first pre-
processed to detect jumps between Doppler and pseudor-
ange observations by making a primary difference between
observed Doppler and pseudorange values and then a second
difference between epochs to determine a reasonable reading
value. Table 2 shows an error in the double-difference value
of an observable satellite.

From Table 2, we can see that the Doppler observation
data are relatively stable, and the double difference can
reflect that some satellites contain coarse differences while
the pseudorange observation data vary more through the
double difference, so it is easy to find the coarse differences
through the double difference and eliminate them. Obvi-
ously, G11 and G32 are normal observations because the
observation epoch of the G11 satellite is relatively small, so
satellite 32 is selected as a reference, and 0.9 Hz (3 times the
medium error) is set as the reading value of the Doppler
double difference and 15 m (3 times the medium error) is set
as the ranking value of the pseudorange double difference.

The satellites G11, G32, G22, and G23 are selected for
detailed analysis, where G11 and G32 are normal obser-
vations without jump, and the single and double differences
of the observed satellite Doppler and pseudorange obser-
vations are observed and calculated by epoch elements, and
the comparison results are shown in Figure 4.

Figure 4 shows single and double differences between
Doppler and pseudorange observations of the G11 satellite,
calendar element by calendar element. It can be seen that
Doppler observations contain small jumps, while pseu-
dorange observations do not have jumps. 99.5% of the
absolute values of single differences between Doppler
observations are within 2 Hz, and 985% of the absolute
values of double differences between ephemerides are
within 1 Hz. The single difference between calendar ele-
ments of the pseudorange observation value varied
smoothly, and the absolute value of the double difference
between calendar elements did not exceed 15 m. Figure 4
reflects variation rate of Doppler and pseudorange varia-
tion when a 5G smart communication base station tracks
satellites normally, which provides data support for setting
coarse difference rejection broad value.

Figure 5 shows single and double differences between
Doppler and pseudorange observations of the G32 satellite,
calendar element by calendar element. It can be seen that
Doppler observations contain small jumps, while pseudor-
ange observations do not have jumps. 99.9% of the absolute
values of single differences between Doppler observations
and double differences between ephemerides are within
2Hz, and 98.6% of the absolute values of double differences
between ephemerides are within 1 Hz. The single difference
between the ephemerides of pseudorange observations
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TaBLE 1: The main observations are available for the 5G smart communication base station.

Name Attribute Describe

GNSS Clock Class Clock class, used to calculate pseudorange observations
Accumulated delta range meters Observed value Carrier phase observations

Cn0Db (Hz) Observed value Signal to noise ratio

Carrier frequeney (Hz) Observed value Carrier frequency

Pseudorange rate meters per second Observed value Pseudorange change rate

TaBLE 2: 5G smart communication base station observation double difference error statistics.

Satellite Doppler double difference (Hz) Pseudorange double difference (m)
G3 0.562 4454.335
G7 0.507 310.468
G8 0.317 4890.355
G9 0.315 4367.548
Gl11 0.316 3.344
Gl4 0.381 4305.128
Gl6 0.307 3690.258
G21 0.753 4498.947
G22 0.362 26.222
G23 0.411 3698.558
G25 1.138 37.135
G26 0.306 3691.353
G27 0.308 3965.124
G29 0.505 82.488
G31 0.306 3690.334
G32 0.292 5.055
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Figure 5: Doppler difference and pseudorange difference between ephemeris elements of the G32 satellite. (a) Doppler single
difference. (b) Pseudorange single difference. (c) Doppler double difference. (d) Pseudorange double difference.

varied smoothly, and the absolute value of the double dif-
ference between the ephemerides did not exceed 25 m.

Figure 6 shows single and double differences between
Doppler and pseudorange observations of the G22 satellite,
calendar element by calendar element. It can be seen that
there is no jump in Doppler values; 99.9% of the absolute
values of single differences between Doppler values are
within 2Hz, and most of the absolute values of double
differences between ephemerides are within 1 Hz. For most
of the pseudorange observations, the single difference be-
tween ephemerides varied smoothly, but there were frequent
jumps between 1000 and 3000 ephemerides, and the absolute
value of the double difference between ephemerides
exceeded 200 m, which was larger than the broad value.

Figure 7 shows single and double differences between
Doppler and pseudorange observations of the G23 satellite
on an ephemeris-by-ephemeris basis. It can be seen that
there are seven Doppler single differences greater than 2 Hz
between 7000 and 11000 epochs and many double differ-
ences greater than 2 Hz between 10 000 and 11 000 epochs,
while pseudorange observations have a large coarse differ-
ence of 300 km jumps between 8000 and 9000 epochs.

The GPS L1 single-frequency data were smoothed with a
satellite cut-off altitude angle of 15° and a signal-to-noise
ratio reading of 30 dB-Hz, and smoothing windows of 50,
100, 120, and no smoothing were selected for comparison.
After the test, accuracy was significantly improved, and the
test results are shown in Table 3.

As can be seen from Table 3, RMS values of smoothed
single-point localization results become smaller in all di-
rections, and the accuracy of smoothed window 100 im-
proves by 11.0% in the E direction, 10.0% in the N direction,
and 4.0% in the U direction over smoothed window 50
results; the accuracy of smoothed window 100 improves by
67.9% in the E direction, 64.8% in the N direction, and 65.5%
in the U direction over unsmoothed results. Although the
solution accuracy of smoothed window 120 is improved over
that of smoothed window 100, improvement is limited.

As can be seen from Table 4, pseudorange observations
contain coarse errors when data are not preprocessed,
which leads to no results in data solution, and after star
picking, the data solution rate reaches 100%, which verifies
the necessity of coarse error removal before smoothing
pseudorange. In summary, it is especially important to
remove the Doppler jump and deal with the pseudorange
observation jump before Doppler smoothing pseudorange,
and Doppler jump and the pseudorange jump are not
related, so they should be handled separately in coarse error
rejection. If the wrong value is introduced, it will affect
smoothed pseudorange observations and continue to affect
subsequent localization results on an epoch-by-epoch
basis. Based on the abovementioned analysis, 0.9 Hz is
selected as the reading value for the double difference
between Doppler ephemeris elements, and 15 m is selected
as the reading value for the double difference between
pseudorange ephemeris elements.
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TaBLE 3: 5G smart communication base station smoothing pseu-
dorange positioning outside conformal accuracy (RMS) statistics.

RMS N (m) E (m) U (m)
Unsmoothed 2.28 1.95 4.44
Smooth window 50 0.83 0.77 1.72
Smooth window 100 0.72 0.69 1.54
Smooth window 120 0.71 0.66 1.49

TABLE 4: Statistics of data solving rate.

Smooth window Primitive Solve Solution rate
epoch epoch (%)

Unsmoothed 13200 13185 99.88

Smooth window 50 13200 13200 100

Smooth window 13200 13200 100

100

frzr;)o‘)th window 13200 13200 100

5. Conclusion

This paper first introduces the principle of GNSS pseu-
dorange single-point positioning, then introduces carrier
phase smoothing pseudorange and Doppler smoothing
pseudorange according to the poor quality of smartphone
pseudorange observations, and compares and analyzes the
three strategies of pseudorange single-point positioning,
pseudorange single-point positioning after carrier phase
smoothing, and pseudorange single-point positioning
after Doppler smoothing. The experimental results show
that Doppler smoothing pseudorange can improve the
positioning accuracy. When the smoothing window is
100, the pseudorange single-point localization strategy
with carrier phase smoothing improves the localization
results by 67.9% in the E direction, 64.8% in the N di-
rection, and 65.5% in the U direction compared with the
pseudorange single-point localization strategy without
carrier phase smoothing. The original pseudorange ob-
servations with carrier phase and Doppler smoothing can
effectively reduce the noise effect and thus improve
accuracy.
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