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Frequency Stability-Aware Stochastic Modeling for
Inter-System Bias in Multi-GNSS PPP

Jinyang Han", Jie Zhang", Shiming Zhong", Xiaolong Mi", Dagian Lyu", Runmin Lu", and Bibo Peng

Abstract—Global navigation satellite systems (GNSSs) exhibit
differences in coordinate and time References, necessitating the
consideration of inter-system bias (ISB) in multi-GNSS precise
point positioning (PPP). Traditional ISB estimation models,
such as white noise (ISB-WN), random walk (ISB-RW), and
constant (ISB-CT) models, apply uniform Kalman filtering
process noise across different receivers, precise products, and
navigation systems, often neglecting ISB variations under diverse
conditions. This study introduces a novel stochastic model that
incorporates the frequency stability of ISB parameters (ISB-FS).
By integrating the time-frequency characteristics of navigation
system time references and the short-term stability of receiver
hardware delays, the model employs overlapping Allan variance
and a sliding window approach to adaptively update ISB process
noise. An analysis involving ten stations from four manufacturers
demonstrates that the ISB-FS model enhances multi-GNSS PPP
solutions accuracy: positioning accuracy improves by approx-
imately 3%, time transfer precision by 10%, and long-term
frequency stability (245760 s) by up to 38%, while maintaining
comparable Zenith tropospheric delay (ZTD) accuracy. This
research offers a refined ISB estimation strategy, advancing the
precision of multi-GNSS PPP solutions.

Index Terms—Frequency stability, inter-system bias (ISB),
multiglobal navigation satellite system (GNSS), precise point
positioning (PPP).

NOMENCLATURE

GNSS Global navigation satellite system.
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PPP Precise point positioning.
ISB Inter-system bias.

RW Random walk.

WN White noise.

CT Constant.

ZTD Zenith tropospheric delay.
MGEX Multi-GNSS experiment.
IGS International GNSS service.
E, N, and U East, north, and up.

IF Ionosphere free.

DOY Doy of year.

MDEV Modified Allan variance.

G, R, E, and C GPS, GLONASS, Galileo, and BDS.

I. INTRODUCTION

ITH the continuous development of navigation and
Wpositioning systems, the number of visible satellites
worldwide has greatly increased [1], [2], [3]. Research into
the application of multi-GNSS signals to obtain precise posi-
tioning, navigation, and timing (PNT) is rapidly growing in
the scientific community [4], [5], [6]. Multi-GNSS PPP not
only guarantees high geometric strength but also significantly
accelerates PPP initialization and increases solution accuracy
[71, (81, [9].

However, owing to the differences in coordinates and time
references for different satellite systems and variations in
receiver hardware delays, ISB must be considered in the multi-
GNSS PPP model solutions [10], [11], [12].

Many researchers have analyzed the characteristics of ISB
parameters. Torre and Caporali [13] reported that different
receivers introduce specific biases for specific GNSS systems.
Zhou et al. [14] found that ISB is related not only to receiver
types but also to differences in GNSS time references in clock
bias products. Liu et al. [15] reported that ISB is stable within
one day, whereas jumps occur between adjacent days and are
related to the reference changes in MGEX clock products.

Regarding ISBs parameter estimation methods, the can-
didate strategies mainly include the white noise (ISB-WN),
RW (ISB-RW), and CT (ISB-CT) models. Li and Zhang [16]
suggested that for Center for Orbit Determination in Europe
(CODE) and Wuhan University (WHU) products, the ISB-CT
model provides better positioning accuracy and convergence
speed than the ISB-RW and ISB-WN models. However, for
GFZ products, the performance of the ISB-CT model is
inferior. Liu et al. [17] reported that the ISB-CT model
causes decimeter-level positioning errors at some stations
and concluded that the ISB-RW model outperforms both the
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ISB-CT and ISB-WN models in terms of accuracy and con-
vergence speed.

On the basis of the analysis, the ISB-RW model is com-
monly used for ISB parameter estimation, whereas the RW
noise in ISB-RW models is fixed [4], [15], [18]; however, in-
depth research has not been conducted for specific receivers,
precise products, and navigation systems. To address this,
Mikos et al. [19], [20] explored the effects of different types
of process noise on multi-GNSS PPP solutions and suggested
that appropriate process noise in multi-GNSS PPP leads to
slight improvements in the North (N) and East (E) directions,
but significant improvements in the up (U) direction and
short-term frequency stability for time transfer. Therefore, a
reasonable model for defining the process noise of ISB param-
eter estimation in different scenarios is also worth exploring.

On the basis of the above analysis, this article considers the
time-frequency characteristics of ISB parameters and proposes
a stochastic model that considers the frequency stability of ISB
parameters (ISB-FS). The ISB-FS model sets the process noise
by calculating the overlapping Allan variance (ADEV) of the
ISB and updates the process noise adaptively using a sliding
window. This article first introduces the observation model of
multi-GNSS PPP and the composition of the ISB parameters.
Section II analyzes the characteristics of the ISB parameters,
and on the basis of the above analysis, the principles of the
ISB-FS model are introduced. Section III presents the selection
of experimental stations, the data processing strategies, and
the accuracy evaluation method. Finally, the conclusions are
summarized, and the results show that the ISB-FS model has
improved positioning accuracy, time transfer precision, and
medium-to long-term frequency stability compared with the
existing ISB parameter estimation models, with a computed
ZTD accuracy similar to that of the existing models.

II. METHODOLOGY

In this section, the principles of multi-GNSS kinematic PPP,
the composition of the ISB parameters, and the model for
estimating the ISB parameters are introduced.

A. Multi-GNSS PPP Observations

The observation equation for dual-frequency ionosphere-
free (IF) combined multi-GNSS PPP can be written as
follows [21]:

Py, = ) - X+ cdiy +ISBRC + Mw? - Z, + &
L}, = ) - % + cdiy +ISB5C + Mws - Z,
+ N, + &, (1)

where the superscript s represents the satellite number; G, R,
E, and C represent the GPS, GLONASS, Galileo, and BDS
systems, respectively; the subscript r denotes the receiver ID
number; the subscripts i and j denote the two frequencies
used in the IF combination; y; represents the direction cosine;
x, represents the 3-D position of the receiver; ¢ denotes the
speed of light; cdf? denotes the receiver clock offset for the
GPS system; ISBR®EC denotes the ISB of other navigation
systems relative to the GPS system; Mw; represents the wet
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delay mapping function, which can be obtained through the
global mapping function (GMF) [22]; Z, denotes the zenith
tropospheric wet delay; NfJF denotes the integer ambiguity
after parameter recombination; Pj’IF and Lf,IF denote the obser-
vations of the pseudorange and carrier, respectively. &, . and
& denote the observation noise of the pseudorange and
carrier, respectively. Notably, satellite orbits and clock offsets
are corrected by the final satellite orbits and clock offset
products, the tropospheric hydrostatic delay is corrected by
Saastamoinen model, and the differential code bias (DCBs)
is corrected by the Chinese Academy of Sciences (CASs)
products [23]. Thus, for simplicity, they are omitted from
(1).

After parameter recombination, the receiver clock offset and
ISB can be expressed as follows:

cdif = cdtf + bl

.C
ISBHC = cdtfC — cdtl + bl — b (2)
ISB® = cdtf — cdt? + b — bG + IFCBE

tOREC represents the receiver clock for each navi-

where d
gation system; bfl’llf’E’C represents the IF combined receiver
pseudorange bias for each navigation system, and IFCB’:IF
represents the IF combined interfrequency code bias for the
GLONASS system.

In (2), the difference between the receiver clocks of the two

systems can also be represented

Cdtf’E’C - Cdtf,; = TimeR’E’C - TimeG + DmGEx 3)

where Time®*€ represents the time reference of each GNSS

(GNSS-T) and Dvigex represents the time reference bias intro-
duced by the use of MGEX precise clock products, which is
related to the precise product. Notably, the MGEX is a global
initiative led by the IGS to extend GNSS tracking and analysis
capabilities. Through a worldwide network of multi-GNSS
monitoring stations, MGEX provides high-precision products,
including satellite orbits, clock corrections, and signal quality
assessments. By substituting (3) into (2), the expression for
the ISB parameters can be derived

ISBEC = Time®“ — Time® + Dyigex + bfig ~ bl
ISB® = Time® — Time® + Dyigex + b5 5 )
- b8y + IFCBR .

B. Stochastic Models of ISB

PPP usually uses Kalman filtering for parameter estimation
[24]. For ISB parameters, three models currently commonly
used for parameter estimation: the ISB-WN model, the ISB-
CT model, and the ISB-RW model. The parameter estimation
strategies for each model also differ. For the ISB-WN model,
the ISB parameters are considered uncorrelated and indepen-
dent between epochs and are treated as WN for estimation.
The Kalman filter prediction state equation and process noise
can be expressed as follows [24], [25]:

ISBREC (k) = ISBEEC (k)
Qﬁgzng (k) = CI%VN

(&)
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where k represents the current epoch, ISB®¥C(k) represents
the ISB predicted for each system at epoch k, ISBfsC (k)
represents the ISBs of each system obtained via the Standard
point positioning (SPP) at epoch &, Qfs’g:gVN(k) represents the
process noise of the clock of each system at epoch k, and
q%VN represents the spectral density of the WN, which is
generally given as 100> m? on the basis of empirical values
[26].

Considering the small short-term variation and relative
stability of ISB parameters, many researchers have also con-
sidered the interepoch constraints and proposed modeling
approaches. The commonly used modeling methods are ISB-
RW and ISB-CT models. Its Kalman filter prediction state
equation and process noise can be expressed as [27]

ISBREC (k) = ISBREC(k - 1)

Ofhew(l) = iy - 7 6)

Qi cr (k) =0

where 7 represents the current epoch; Qfs’g’gw(k) and

Qfs’gng(k) represent the process noise of the ISB-RW and
ISB-CT models at epoch k, respectively; and gy represents
the spectral density of the ISB-WN model, generally given as
107° m?/s on the basis of empirical values [16]. For the ISB-
CT model, the ISB parameters are assumed to be CT and have
the same value between epochs; thus, its process noise is set
to 0 m? [10].

III. ANALYSIS OF ISB CHARACTERISTICS

As shown in (4), the ISB parameters are related to the satel-
lite navigation systems, the precise products, and the receiver
type. In this section, four MGEX stations are chosen to analyze
the ISB parameters for different satellite navigation systems,
different stations, different organization precise products, and
the long-term characteristics of the ISB parameters. Notably,
the ISB results we analyze are obtained on the basis of the
ISB-WN model, and since the ISB absorbs the pseudorange
bias of each satellite navigation system, the magnitude of its
array varies. For better analysis, we set the first epoch of the
computed results to 0.

A. ISB Parameters for Different Satellite Navigation Systems

Fig. 1 presents the ISB parameters for different satellite
navigation systems at the four stations. The figure shows that
the ISB parameters exhibit high short-term stability, with daily
variations of less than 1 ns. The ISB parameters for different
satellite navigation systems differ at the subnanosecond level.
At the IENG station, the ISB fluctuation trend is similar for the
three systems, but the ISB parameters of C system differ from
those of the other two systems. At the ONSI station, the ISB
variation trends of the R and E systems are similar, but the ISB
trend of C system differs from those of the other two systems.
At the MATE and BRUX stations, the fluctuation trends of the
E and C systems are similar, whereas the fluctuations of the
R system differ from those of the other systems.

5505610

155.5 155.75

DOY in 2024

155.25 156

Fig. 1. ISB values for different satellite navigation systems (blue: R; red: E;
yellow: C) at ONS1, IENG, MATE, and BRUX stations on DOY 155, 2024.

B. ISB Parameters for Different Stations

Fig. 2 shows the ISB values for different stations in the
same navigation system. The results indicate that there are
subnanosecond level differences in the ISB values of the same
navigation system across the four stations. The ISB fluctuation
trends at the IENG and ONSI1 stations are similar across
the three systems, with the ISB differences between the two
stations being within 0.2 ns. For the MATE station, the ISB
fluctuation trends for the E and C systems are similar to those
for the BRUX station, with the ISB difference between the
two stations being within 0.1 ns for the E system and within
0.2 ns for the C system. For the R system, the ISB values at
the IENG and MATE stations differ significantly from those
at the other stations, by up to 0.5 ns.

C. ISB Parameters for the Precision Products of
Different Organizations

Fig. 3 shows the ISB values calculated for the precision
products of different organizations at four stations. The results
indicate that the ISB values for the precision products of
different organizations all differ. The ISB values calculated
via CODE, GRG, and WUM products exhibit subnanosecond-
level differences, whereas the ISB differences between the
IAC products and the other organizations products are at
the nanosecond level. The ISB fluctuation trends for the
GRG, CODE, and WUH organization products are similar,
fluctuating within the range of —0.5 to 0.5 ns. However, the
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Fig. 2. ISB values for different stations (blue: IENG, red: ONSI, orange:
MATE, and purple: BRUX) with the same satellite navigation system on DOY
155, 2024.
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Fig. 3. ISB values calculated for different precision products (blue: CODE;
red: GRG; yellow: IAC; purple: WUM) at the IENG, ONS1, MATE, and
BRUX stations on DOY 155, 2024.

ISB values for the R system calculated via the CODE products
present significantly more noise. The ISB values calculated
by the IAC products clearly show a trend, with differences at
the nanosecond level compared with the other organizations.
The large difference may be due to the different satellite clock
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Fig. 4. ISB values of the R, E, and C satellite navigation systems at the IENG
station on DOY 153-183, 2024.

handling strategies used by the IAC compared with those used
by the other organizations.

D. Long-Term Characteristics of ISB

Fig. 4 shows the 30-day ISB values at the IENG station.
The calculated ISB values exhibit irregular daily jumps at
the nanosecond level, with each system showing different
jump patterns. It should be noted that these daily jumps
can be attributed to the processing strategy of the satellite
clock offset products we employed, which involves daily
batch processing [28] and consequently introduces these peri-
odic jumps in ISB values. Among these systems, C System
exhibits the most pronounced jump magnitude, with a notable
2.6-ns discontinuity observed on day of year (DOY) 154, 2024.
Although the R and E systems show fewer jumps, there are
also jumps greater than 1 ns on certain days.

On the basis of the above analysis, the ISB is relatively sta-
ble within a day. However, there are subnanosecond-level ISB
differences for different satellite navigation systems, different
stations, and the precision products of different organizations,
and irregular jumps at the nanosecond level occur at the day
boundaries. Therefore, it is more appropriate to assign suitable
process noise to ISB parameters on the basis of different
scenarios.

IV. STOCHASTIC MODEL OF FREQUENCY
STABILITY IN ISB

The ISB parameter represents the time reference bias
between two satellite navigation systems [29]. Since GNSS-
T is maintained by high-precision atomic clocks [30], [31],
the frequency stability analysis method is retained to describe
the characteristics of the ISB parameters. The process noise
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Fig. 5. IENG station process noise values of the R, E, and C navigation
systems calculated via the ISB-FS model on DOY 153-183, 2024.

is specified by calculating the overlapping ADEV of the ISB
parameters. Consequently, the Kalman filter prediction state
equation and process noise can be expressed as follows:

ISBREC (k) = ISBREC(k - 1)
EC , (7)
QﬁB:FSC(k) = (ADEV(1)-¢c-71)

where Qfs’gzgsc(k) represents the process noise of the ISB-FS
models at epoch k& and ADEV(7) represents the overlapping
ADEV at an interval of 7, which can be expressed as fol-
lows [32]:

N-2m
ADEV(r) = —
2N -

e 2o L= 25wt x ] ®
where x; denotes the ISB values, N is the total number of ISB
parameters, and m is the smoothing factor.

Fig. 5 shows the process noise calculated daily at the IENG
station via the ISB-FS model. The daily process noise values
show small variations. The ISB values of the R system change
by approximately 4 mm over 30 days, whereas the changes
for the £ and C systems are all within 1 mm, indicating that
the ISBs process noise estimated using the ISB-FS model is
relatively stable within a day.

As mentioned in the above section, the ISB values exhibits
day-boundary jumps, and Fig. 5 shows that the ISB process
noise of the ISB-FS model is relatively stable. Therefore, a
sliding window is applied to update the process noise. The
process noise is calculated from the ISB values obtained the
previous day and then applied to calculate the current ISB
values. Fig. 6 provides a schematic of updating the ISB process
noise on the basis of the sliding window.

o sl
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|
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‘H ISBREC H ‘e H ISBREC,

k+1

Fig. 6. Schematic of updating the ISB-FS model parameters on the basis of

a sliding window.

TABLE 1

DETAILS OF THE SELECTED STATIONS

10

Manufacture  Station  Location Receiver Antenna
Trimble BORI1 Poland TRIMBLE TRM59800.00
NETR9
ONS1 Sweden TRIMBLE LEIAR25.R3
ALLOY
SEPT BRUX  Belgium SEPT JAVRINGANT
POLARXSTR DM
USN7 USA SEPT TPSCR.G5
POLARXS5TR
USNS USA SEPT TPSCR.G5
POLARXS5TR
USUD  Japan SEPT AOAD/M_T
POLARXS5
IENG Ttaly SEPT SEPCHOKE M
POLARX4TR C
Javad GODN USA JAVAD TPSCR.G3
TRE 3
DELTA
Leica MATE Italy LEICA GR30 LEIAR20
WTZR  Germany LEICA GR50 LEIAR25.R3

V. EXPERIMENTAL STRATEGIES

We first introduce the details of the MGEX stations selected
for the experiment, then explain the different parameter esti-
mation strategies, and finally present the accuracy evaluation
methods for the different estimation parameters.

A. Data Selection

In this experiment, we selected ten MGEX stations
from four different receiver manufacturers for the exper-
iment (available at https://cddis.nasa.gov/archive/gps/data/
daily/2024/). Detailed information about the selected stations
is shown in Table I. Notably, except for the USN7 and
USNS stations, the receiver and antenna types for the other
stations are all different, the USN7 and USNS stations share
one same antenna, forming a zero-baseline link, and both
stations are externally connected to a coordinated universal
time [UTC (USNO)] clock source. For the positioning and
ZTD experiments, the experimental date were obtained from
DOY 154 to 157 in 2024, over a period of three days. For the
time transfer experiments, the experimental date was obtained
from DOY 153 to 183 in 2024, over a period of 30 days. The
data interval for all the experiments was 30 s.

B. Data Processing Strategy

The GNSS parameter estimation software was developed
by modifying RTKLIB (available at https://www.rtklib.com/),
and the results were analyzed and visualized in MATLAB.

Authorized licensed use limited to: Hong Kong Polytechnic University. Downloaded on July 01,2026 at 00:57:29 UTC from |IEEE Xplore. Restrictions apply.


https://cddis.nasa.gov/archive/gps/data/daily/2024/
https://cddis.nasa.gov/archive/gps/data/daily/2024/
https://www.rtklib.com/

5505610

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 74, 2025

TABLE I

DATA PROCESSING STRATEGY AND ACCURACY ASSESSMENT REFERENCE

Item

Models/strategies

Constellation

Observable model
Satellite orbit and clock
Data Format

Cutoff mask angle
Weighting

Filtering method
Antenna correction
Tides

Earth rotation

GPS(L1/L2) ,GLONASS(G1/G2) ,Gal
ileo(E1/E5a) ,BDS(B11/B3I)

IF combination

Final IAC products

RINEX

7.5°

Elevation weighting

Extended Kalman filter
igs20.atx

Solid tides, ocean tide, pole tide
IGS ERP products [33]

Relativistic effect

Phase windup effect
Satellite and receiver DCB
Troposphere hydrostatic delay
Station coordinates

Receiver clock

ISBs

Troposphere wet delay
Integer ambiguity

Station coordinates reference
Clock reference

Corrected [34]

Corrected [35]

CAS products [23]
Saastamoinen [36]

CT estimation

WN estimation (10* m?)
WN/CT/RW (10° m%s)/FS estimation
RW estimation (9%x10¢ m%/s)

CT estimation

SNX files [37]

Zero baseline and common clock
strategy [38]

Troposphere reference Final IGS products

The data processing strategy for the experiment is detailed
in Table II. Notably, the ISB parameters were estimated via
the ISB-WN model, the ISB-RW model, the ISB-CT model,
and the ISB-FS model proposed in this article, and all the
day experimental data from one station were processed with
a single filter.

It should be noted that all related products and files listed in
Table II can be obtained from https://cddis.nasa.gov/archive/
gps/products/. We evaluate the accuracy and robustness of
the ISB-FS model from three aspects: positioning, clock
offset, and ZTD parameters. To evaluate the accuracy of both
positioning and ZTD parameters, we adopted the following
reference standards: 1) station coordinates derived from solu-
tion independent exchange (SNX) files processed by the IGS,
representing the highly accurate positional solutions and 2)
final ZTD products from IGS. The positioning and ZTD
accuracies were quantitatively assessed by computing root
mean square (rms) values between our solutions and these
reference datasets. For the clock bias parameters, USN7-USNS
is a zero-baseline and shares the same clock source, which
allows for the removal of clock source errors and results in
CT time transfer between the two stations. Since we did not
perform hardware delay calibration, we subtracted the mean of
the time transfer results during data analysis. The experiment
assesses the time transfer precision by calculating the standard
deviation (STD) of the time transfer results and evaluates the
frequency stability by analyzing the MDEV. The MDEV can
be expressed as follows [32]:

1
2m2(N — 3m + 1)1

JA+m—1
Z [Xitom = 2%Xigm + Xi]

i=j

H, l%/IDEV (1) =

2
N-3m+1

>
=1

€))

5 MATE station
® ISB-WN
1.5 ® ISBCT
1 ® ISB-RW
° S

-1.5
-2
2 -15 -1 050 05 1 15 2
E (cm)
2
1
3
S0
S 0 ISB-WN
-1 ® ISBCT
©  ISB-RW
2 ® ISB-FS
154 1545 155 1555 156 156 157
DQOY in 2024

Fig. 7. Positioning error distributions of the MATE station calculated via the
ISB-WN, ISB-CT, ISB-RW, and ISB-FS models on DOY 154-157, 2024.

where Hypgy(7) represents the MDEV at an interval of 7, x;
denotes the clock bias values, N is the total number of clock
biases, and m is the smoothing factor.

VI. RESULTS AND ANALYSIS

In this section, we analyze the accuracy of the ISB-FS
model from three perspectives: positioning, time transfer, and
ZTD parameters. Since there is no quantitative definition but
only qualitative definitions of long-term, medium-term, and
short-term stability in the field of time and frequency, and the
definitions of long-term, medium-term, and short-term stability
for different types of atomic clocks are different. To facilitate
subsequent time transfer frequency stability analysis, short-
term frequency stability is notably defined as the stability
before 1000 s. Stability within the time span of 1000—-10000 s
is referred to as medium-term frequency stability, whereas the
stability after 10000 s is termed long-term frequency stability.

A. Analysis of Positioning Results

Fig. 7 presents the positioning error of the MATE station,
where the upper figure shows the horizontal (E and N)
positioning error, and the lower figure shows the U positioning
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Horizontal-RMS (cm)  Vertical-RMS (cm)

BOR1| 22 | 215 | 219 | 213 | 3.21 | 3.21 | 3.21 | 3.18 5
BRUX | 1.16 | 1.24 | 1.16 | 1.12 | 2.99 | 8.02 | 2.99 | 2.96 45
GODN | 2.16 | 2.17 | 2.16 | 2.14 BRI kRN R XK

IENG| 129 | 132 | 1.29 | 1.25 | 1.59 | 1.57 | 1.59 | 1.48

MATE | 115 | 125 | 115 | 113 | 1.12 | 1.12 | 1.12 | 1.12 35

ONS1| 153 | 1.47 | 1.52 | 1.44 | 117 | 1.27 | 117 | 1.17 43

uUsub | 1.88 | 1.81 | 1.87 | 1.8 | 1.36 | 1.33 | 1.36 | 1.26 1Py

WTZR | 0.96 | 1.01 | 0.96 | 0.96 | 1.04 | 0.99 | 1.04 | 0.9

USN7 | 0.98 | 0.98 | 0.96 | 0.95 | 8.02 | 2.95 | 3.01

USN8 | 0.87 | 0.88 | 0.86 | 0.86 | 2.78 | 2.78 | 2.78

Average | 142 | 143 | 141 | 1.38 | 2.36 | 2.34 | 2.36

O NS AN N N

Fig. 8. RMS values of the positioning results calculated via the ISB-WN,
ISB-CT, ISB-RW, and ISB-FS models on DOY 154-157, 2024.

error. The horizontal positioning accuracy of the ISB-CT
model is inferior to those of other three models, likely because
the ISB-CT model does not align with the ISB characteristics.
From the rms perspective, except for the ISB-CT model
with a horizontal positioning rms of 1.25 cm, the positioning
accuracies of the ISB-WN and ISB-RW models are approx-
imately 1.15 cm. Among them, the ISB-FS model has the
highest accuracy, reaching 1.13 cm, which is approximately
10%-2% greater than those of the ISB-CT and ISB-RW
models, respectively. The U positioning accuracies of all four
strategies are nearly the same.

Fig. 8 presents the rms values for ten stations and the
average horizontal and U rms values for the stations. With
respect to the station average rms, the ISB-FS model has
the highest accuracy, with the horizontal accuracy improved
by approximately 3%, 4%, and 2% compared with those
of the ISB-WM, ISB-CT, and ISB-RW models, respectively.
The elevation accuracy improved by approximately 3% over-
all compared with those of the three models. Taking the
comparison between the ISB-FS and ISB-RW models as an
example, the horizontal accuracy at the ONS1 station shows
the most significant improvement, with the rms decreasing
from 1.52 to 1.44 cm, a 4% improvement. The U accuracy
at the GODN station shows the greatest improvement, with
the rms decreasing from 5.30 to 4.93 cm, a 7% improvement.

B. Analysis of Time Transfer Results

Fig. 9 presents the time transfer and frequency stability
results for the USN7-USNS link. For better distinction, the
time transfer results of the ISB-WN and ISB-RW models are
adjusted. The results of the ISB-CT model show considerable
jitter, possibly because the CT model does not align with the
ISB parameter characteristics, causing the related errors to be
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Fig. 9. Time differences and MDEVs of the USN7-USNS link calculated via
the ISB-WN, ISB-CT, ISB-RW, and ISB-FS models on DOY 153-183, 2024.

absorbed by the receiver clock. The results of the other three
models follow a similar trend. The time transfer of the ISB-FS
model is significantly smoother and exhibits less jitter, and the
daily jump on DOY 178 is smaller than those of the other two
models, suggesting that the ISB-FS model can improve the
discontinuity at the daily boundary. The time transfer STDs
of the ISB-FS model are 39.7 ps, 13%, 83%, and 16% lower
than the STDs of 45.5, 226.5, and 47.3 ps for the ISB-WN,
ISB-CT, and ISB-RW model results, respectively.

With respect to frequency stability, except for the ISB-
CT model, the 100-s frequency stability of the other models
reaches the 107 region, and the 200000-s frequency stability
reaches the 107!7 region. Fig. 10 shows the ratio of improve-
ment of the ISB-FS model compared with the other three
models. Among them, the ISB-RW model has higher short-
term stability, whereas the ISB-FS model shows significantly
better middle- and long-term stability than the existing models.
Taking the comparison between the ISB-FS and ISB-RW
models as an example, the short-term frequency stability
results of the ISB-FS model are inferior to those of the ISB-
RW model, and the 30-s stability increases from 1.01 x 10713
to 1.44 x 10713, representing a decrease of 43%. However, as
the sampling interval increases, the results of the two models
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Fig. 10. Frequency stability improvement ratios of the ISB-FS model

compared with those of the ISB-WN, ISB-CT, and ISB-RW models on DOY
153-183, 2024.

gradually converge, and the 960-s stability decreases from
6.38 x 1071 to 6.29 x 107!5, representing an improvement of
1%. The mid-term frequency stability of the ISB-FS model
is slightly better than that of the ISB-RW model, and the
76800-s stability decreases from 1.51 x 1071 to0 1.35 x 10713,
representing an improvement of 11%. The long-term fre-
quency stability of the ISB-FS model is also slightly better
than that of the ISB-RW model, with overall improvements
exceeding 10%. The most significant improvement is observed
at 245760 s, where the frequency stability decreases from
7.20 x 1077 to 4.50 x 1077, representing an improvement
of 38%. This indicates that the ISB-FS model has higher
mid-term and long-term frequency stability than the ISB-WN,
ISB-CT, and ISB-RW models, respectively.

C. Analysis of ZTD Results

Fig. 11 presents the ZTD difference results for the MATE
station. The figure shows that the ZTD results from the four
models have comparable accuracies and correspond well with
the IGS final products, with peak-to-peak values all within
50 mm. Fig. 12 shows the rms values of the ZTD differences
for all the stations and the station average. For the MATE
and USNS stations, the rms calculated by the four models is
greater than 10 mm, while for the other stations, the RMSs
are all less than 10 mm. The ISB-WN and ISB-RW models
have similar accuracies, with average station RMSs of 6.92
and 6.93 mm, respectively. The average station rms for the
ISB-FS model is 7.01 mm, which is approximately 1% lower
than that of the ISB-WM model. The slightly lower accuracy
of the ISB-FS model may be due to the added constraints on
the ISB parameters, which result in some unmodeled errors
being absorbed by the ZTD parameters.

As can be seen from Figs. 8, 9, and 12, the ISB parameter
estimation model significantly impacts time transfer. When the
ISB parameter estimation model is set to a CT model, the
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Fig. 11. ZTD differences for the MATE station compared with the IGS

products determined via the ISB-WN, ISB-CT, ISB-RW, and ISB-FS models
on DOY 154-157, 2024.

ZTD-RMS (mm)

BOR1| 69 | 6.88 | 6.89 | 6.99
BRUX | 5.66 | 5.68 | 566 | 5.76 b
IENG| 629 | 66 | 629 | 6.54 13
MATE | 10.2 | 10.03 | 10.2 | 10.19 12
ONS1 | 5.82 6 5.82 | 5.94 11
USUD | 6.36 | 6.67 | 6.36 | 6.58 110
WTZR | 652 | 6.77 | 6.52 | 6.69 lg
USN7 | 527 | 518 | 527 | 5.28 lq
OEINEN 1452 14.99 1453 14.58 |,
GODN| 862 | 861 | 865 | 86

Average | 6.92 | 7.04 | 6.93 | 7.01 1°

\6%'\N$ \‘5%'0( \6%'?\\& \%%X’%

Fig. 12. RMS values of the ZTD results calculated via the ISB-WN, ISB-CT,
ISB-RW, and ISB-FS models on DOY 154-157, 2024.

time transfer results exhibit obvious distortion, whereas the
positioning and ZTD accuracy remain largely unaffected.

VII. CONCLUSION

This study investigates the characteristics of ISB parame-
ters and introduces a stochastic model that incorporates the
frequency stability of these parameters. The ISB-FS model
is compared with three existing models (ISB-WN, ISB-RW,
and ISB-CT) in terms of multi-GNSS PPP solutions accuracy,
including positioning, time transfer, and ZTD estimation. The
detailed conclusions are as follows.

The differences in ISB parameters between different
receivers and different satellite navigation systems are at the
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subnanosecond level, whereas the differences between differ-
ent precision products are at the subnanosecond to nanosecond
level. Additionally, there are irregular nanosecond-level jumps
in the ISB parameters at the daily boundary, and the jumps
differ between different satellite navigation systems.

The ISB-FS model improves positioning accuracy by
approximately 3% compared to the ISB-WN, ISB-RW, and
ISB-CT models. Time transfer precision is enhanced by 13%,
83%, and 16% compared to the ISB-WN, ISB-RW, and ISB-
CT models, respectively. In terms of frequency stability, the
ISB-FS model shows slightly lower short-term performance
but significantly better mid-term and long-term stability, with
improvements of up to 11% and 38%, respectively. The ZTD
accuracy of the ISB-FS model is comparable to that of the
existing models.

This study primarily evaluates the robustness of the ISB-FS
model using static data from geodetic receivers. In practical
applications, especially with low-cost receivers and dynamic
environments, the short-term variations in receiver hardware
delays may be more complex [39]. Future research should
focus on assessing the robustness of the ISB-FS model across
diverse environments and receiver types to ensure its applica-
bility in various practical scenarios.

APPENDIX

Here, to enhance readability, we provide explanations for
frequently used abbreviations in nomenclature
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