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Abstract

Relative positioning using multi-GNSS (global navigation satellite systems) can improve accuracy, reliability, and availability
compared to the use of a single constellation system. Intra-system double-difference (DD) ambiguities (ISDDAs) refer to the
DD ambiguities between satellites of a single constellation system and can be fixed to an integer to derive the precise fixed
solution. Inter-system ambiguities, which denote the DD ambiguities between different constellation systems, can also be fixed
to integers on overlapping frequencies, once the inter-system bias (ISB) is removed. Compared with fixing ISDDAs, fixing both
integer intra- and inter-system DD ambiguities (IIDDAs) means an increase of positioning precision through an integration of
multiple GNSS constellations. Previously, researchers have studied IIDDA fixing with systems of the same frequencies, but
not with systems of different frequencies. Integer IIDDAs can be determined from single-difference (SD) ambiguities, even
if the frequencies of multi-GNSS signals used in the positioning are different. In this study, we investigated IIDDA fixing for
multi-GNSS signals of narrowly spaced frequencies. First, the inter-system DD models of multi-GNSS signals of different
frequencies are introduced, and the strategy for compensating for ISB is presented. The ISB is decomposed into three parts:
1) a float approximate ISB number that can be considered equal to the ISB of code pseudorange observations and thus can
be estimated through single point positioning (SPP); 2) a number that is a multiple of the GNSS signal wavelength; and 3) a
fractional ISB part, with a magnitude smaller than a single wavelength. Then, the relationship between intra- and inter-system
DD ambiguity RATIO values and ISB was investigated by integrating GPS L1 and GLONASS L1 signals. In our numerical
analyses with short baselines, the ISB parameter and IIDDA were successfully fixed, even if the number of observed satellites
in each system was small.

Keywords Multi-GNSS integration - Narrowly spaced frequencies - Inter-system bias - Inter-system DD ambiguity fixing -
Intra-system DD ambiguity fixing

1 Introduction the fully operational Global Positioning System (GPS) and
GLObal NAvigation Satellite System (GLONASS), new

Global navigation satellite system (GNSS) is a powerful  systems, such as the European Galileo, Chinese BeiDou
tool for precise positioning and navigation. In addition to ~ Navigation Satellite System (BDS), Japanese Quasi-Zenith
Satellite System (QZSS), and the Indian NAVigation with
Indian Constellation (NAVIC) systems, have been developed
(Montenbruck et al. 2014; Nadarajah et al. 2015). In total,
these systems incorporate more than 100 satellites and nearly
Faculty of Geosciences and Environmental Engineering, 20 carrier frequencies (Table 1). Integration of these multi-
g‘}’l‘i‘;zwe“ Jiaotong University, Chengdu, Sichuan 610031, GNSS signals can improve positioning accuracy, reliability,
and availability (Li et al. 2015; Wang et al. 2001; Force

and Miller 2013). In relative positioning mode, a double-
difference (DD) observation model between receivers and
satellites is used to reduce or eliminate the observation errors
in un-difference observations. In this paper, “intra-system”
refers to DD model/observations between satellites of the
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Table 1 Frequencies used by GNSS
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GLO-RF refers to a GLONASS FDMA frequency band; RC refers to a CDMA GLONASS frequency band; red squares indicate DDs of identical
GNSS signals; green squares indicate DDs of GNSS signals of the same frequencies from different GNSS systems; yellow squares indicate DDs

of GNSS signals of different frequencies with wavelength differences smaller than 4 mm, where Imm <O <2mm <A <3 mm < X < 4mm

same system. Intra-system DD fixing has been extensively
studied, especially for the GPS intra-system signals. “Inter-
system” denotes DD model/observations between different
satellite systems. Inter-system DD models enable observa-
tions from different systems to be processed together in a
single mathematical model. This results in improved inte-
ger ambiguity resolution, and consequently more reliable
positioning results (Julien et al. 2003; Odijk and Teunissen
2013a). However, fixing DD ambiguities to integer values in
inter-system DD models requires that the inter-system bias
(ISB) be known or estimated. The ISB is mainly composed
of hardware delays, resulting from different signal paths in
the GNSS devices (Odijk and Teunissen 2013b; Paziewski
and Wielgosz 2015; Wang et al. 2001).

In the construction of inter-system DD models, observa-
tions of the same frequencies, such as GPS and Galileo L1-E1
and L5-ES5a, are preferred (Odijk and Teunissen 2013a; Odijk
et al. 2014; Odolinski et al. 2014; Julien et al. 2003). In
this case, single-difference (SD) ambiguities from different
systems can be directly combined to produce integer DD
ambiguities. These integer inter-system DD ambiguities can
be resolved once the ISB is known. The ISB can be regarded
as a combination of an integer part and a fractional part. The
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integer part is a multiple of the wavelength of the GNSS
signal and can be combined with integer DD ambiguities
without affecting the performance of final positioning per-
formance. The fractional part (F-ISB) is a fraction of the
wavelength and needs to be accurately estimated. However,
when the F-ISB is estimated as an unknown parameter in the
DD model, the normal equation (NEQ) in the data process-
ing is rank deficient because the number of SD ambiguities
is one more than the number of DD equations. Methods
have been proposed to eliminate this rank deficiency prob-
lem. For instance, Odijk and Teunissen (2013b) estimated
the F-ISB by selecting a reference satellite for each system
and fixing only integer intra-system DD ambiguities (ISD-
DAs). Paziewski and Wielgosz (2015) added a constraint to
the equation by assigning the F-ISB parameter an a priori
value. Tian et al. (2016) proposed a particle filter approach,
which fixed both integer intra- and inter-system DD ambigu-
ities (IIDDAs) in F-ISB estimation via pregenerated F-ISB
samples.

However, in multi-GNSS applications, a large proportion
of GNSS signals have different frequencies. Many of these
frequencies are narrowly spaced, as shown in Table 1. For
instance, BeiDou B1 and GPS L1 have a wavelength differ-
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ence of 1.7mm, BeiDou B3 and Galileo E6 have a difference
of 1.9 mm, and Galileo E5Sb and GLONASS L3 have a differ-
ence of 1.1 mm. When GNSS signals of different frequencies
are used together in relative positioning, SD ambiguities
cannot be directly combined to form integer DD ambigui-
ties. This is similar to the case of processing data from a
frequency-division multiple access (FDMA) GLONASS sys-
tem (Leick 1998; Wang et al. 2001). Ambiguity resolution
in GLONASS data processing has been investigated previ-
ously. However, an inter-system model with narrowly spaced
frequencies has not yet been reported. Therefore, we inves-
tigated such a model and developed a strategy similar to that
of processing FDMA-based GLONASS data with corrected
ISB to fix [IDDAs. The developed strategy is generic and can
be applied to multi-GNSS integration with both FDMA and
CDMA (code-division multiple access) techniques.

We first analyzed the relationship between RATIO and ISB
variables to develop a strategy to determine ISB parameters in
an inter-system model. RATIO was defined as the ratio of the
secondary candidate of minimum ¢ () to the primary candi-
date of minimum ¢ (b) (Euler and Schaffrin 1991). g (b) =
(l; — b)T Q;I;l (l; — b), where b and Q;; are the float DD
ambiguity vector and the corresponding variance—covariance
(VC) matrix, respectively, and b is integer-ambiguity-vector
candidate. RATIO values reflect the closeness of the float
ambiguity solution to its nearest integer vector (Verhagen
and Teunissen 2013). Hence, they can be used to analyze
ambiguity resolution performance.

In the developed strategy, the ISB p in the inter-system
model is separated into three parts, the approximate ISB part
d, the integer part AN with A being the carrier phase wave-
length, and the remaining F-ISB éu. Therefore, we have
= d+AN+3 . Once the approximate ISB part is obtained,
it is used to remove the major effect of the ISB on the carrier
phase of the inter-system model. The integer part represents
the part whose value is an integer number of wavelengths and
can therefore be neglected since it becomes a part of integer
ambiguity. The remaining F-ISB value is estimated by locally
maximizing the RATIO value in integer DD ambiguity res-
olution. To obtain an accurate F-ISB value, the particle filter
approach (Doucet et al. 2001; Gordon et al. 1993; Tian et al.
2015) is used in this study. After the approximate ISB and
accurate F-ISB values are obtained, they are added together
to obtain a final ISB value, which enables the resolution of
integer IIDDAs.

In the experiments, we chose to use the GPS L1
(1575.42MHz) and GLONASS L1 (1598.0625-1605.375
MHz) signals to build the inter-system DD model. These
frequency bands were selected because the largest wave-
length difference between them is 3.55 mm, which is large
enough to study integer DD ambiguity resolution and F-ISB
estimation through the analysis of RATIO value characteris-

tics. In addition, larger wavelength differences require more
accurate initial SD phase ambiguities. If the wavelength
difference is too large, the initial SD phase ambiguities calcu-
lated from low-accuracy pseudorange observations may not
be sufficiently accurate. This wavelength difference allows
observing solution improvements for short baselines such
as 10—15km. Moreover, both GPS and GLONASS constel-
lations are fully operational. Therefore, a large number of
GPS and GLONASS satellites can be used to study inte-
ger DD ambiguity resolution, F-ISB estimation, and RATIO
value distribution characteristics. Furthermore, the strat-
egy developed for FDMA signals can also be applied to
CDMA signals, because CDMA signals can be regarded as
a special case of FDMA signals in terms of their hardware
delays.

This paper is organized as follows. Section 2 presents the
mathematic models for multi-GNSS integration. Section 3
details the relationship between RATIO and F-ISB values.
Section 4 describes the experimental and analytical results.
Our conclusions are given in Sect. 5.

2 Intra- and inter-system double-difference
models and estimation of F-ISB

Because of passing through different hardware channels or
being processed differently by the firmware of receivers,
GNSS signals from different constellations and different
GLONASS FDMA frequencies are affected by multi-GNSS
ISB and GLONASS inter-frequency bias (IFB), respec-
tively (Melgard et al. 2013). In DD observation models, the
between-receiver hardware delays do not cancel out and they
need to be estimated (Al-Shaery et al. 2012; Wanninger 2012;
Cai and Gao 2013; Odijk et al. 2014).

For GLONASS FDMA signals, the GLONASS IFB
present in the code pseudorange and carrier phase obser-
vations may be nonzero in the DD model. This effect has
been demonstrated using two receivers from different manu-
facturers (Wanninger 2012; Paziewski and Wielgosz 2015).
The effects of the remaining hardware delays on pseudor-
ange observations are difficult to model. However, the effects
on carrier phase observations have been found to be linear
with respect to the channel number and can be precisely
expressed by a constant value plus its rate term (Wanninger
2012; Tian et al. 2015). For instance, the carrier phase
IFB u/, for a station a and satellite i can be described as
N«Z = fig + kiAya,FDMA, where (1, is the constant and
Ay, rpMma 18 the rate of change with channel number k.

Considering the GLONASS IFB, the generic un-difference
GNSS observation model can be expressed as follows
(Teunissen and Kleusberg 1998):

@ Springer



876

Y.Tianetal.

P = g = ¢ (1 = 86°) + 51 + AL

_dsl,i + I(i],i _I_ T;l'i
+cals 4 MM 4 gsh (1a)

)le,i¢;l,i _ pzl,i —e <6ta . (Stsl,i) +ﬂ;l +kiAVa,FDMA
_Msl,i _ Igl,i + Tasl,i + Calzl’i +m;1,i
+)\'A‘l,l’N(§l,i + )‘-Sl’illf(il’i + S;l,i’ (lb)

where s1 denotes a GNSS constellation system, such as
GPS, GLONASS, or Galileo. P; is the pseudorange code
observation (m). @ jl is the carrier phase observation (cycles).
Superscript i and subscript a refer to the GNSS satellite and
receiver, respectively. A’ is the wavelength of the carrier phase
observation (m/cycle). p; refers to the geometric distance
between the phase centers of the satellite and receiver anten-
nas (m). c is the speed of light in a vacuum (m/s). 8¢, and 8t
are the clock offsets for the receiver and satellite, respectively
(s). d, and [La are the common parts of the receiver hard-
ware delays for all of the satellites in a constellation system
for pseudorange and phase observations, respectively (m).

i . .
Adj, ppyia represents the remainder of the receiver hardware

delay, on top of the d,, in pseudorange observations (m). k' is
the slot number of the GLONASS satellite. Ay, ppma is the
IFB rate for GLONASS phase observations (m). Ad[’;’FDM A
and Ay, rpma have values of zero for CDMA signals. d!
and ' represent the satellite bias delays in pseudorange
and carrier phase observations, respectively. I! and T, are
the ionospheric and tropospheric delays, respectively (m).
calé includes the errors such as earth tide, ocean loading,
relativity effects, antenna phase center offset/variation and
phase windup effects, and so on (m). Those errors can be
accurately modeled in the data processing. M/, and m!, are
the multipath effects in the pseudorange and carrier phase
observations, respectively (m). N, (’l is the carrier phase inte-
ger ambiguity, and w,i is the initial phase (cycles). 82 and Sé
refer to the measurement noise for pseudorange and carrier
phase observations, respectively (m).

Since the term cal’, can be accurately modeled, they will
be neglected in the following discussion. Multipath effects
are difficult to model and typically cannot be canceled by
differencing. Therefore, they are treated as white noise. The
satellite clock error can be canceled in the between-receiver
single difference. The initial phases are correlated with hard-
ware delays and thus are considered as a part of hardware
delays and are not parameterized separately. Hence, the
between-receiver SD model can be expressed as follows:

sl,i

sli _ sl, 751
Pab = Pyp _Catab +dab

sl,i

+ Adzib,FDMA + Iy + T;ﬁl'i + S;é’i (2a)
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where b represents the second receiver of a baseline. The DD
model between two stations a and b, and two satellites i and
Jj, can be given as follows:

sls2,ij _ sls2,ij Ts1s2 ij
Py 7 =y 7 Fdyy T+ Ady, ppma

s1s2,ij s1s2,ij s1s2,ij
+ 1, + T, + € (3a)

al

52,j 55250 sl gsli _ sls2,ij — 5152
A cDab —A cDab = Pab + Kap
C 2.7 Ar52.] 1i sl
+ (kj - k’) AYab poMA + AN — ASHING

B ];blxz’ij n TasblsZ,ij + S:JSZ,U (3b)

This is a generic DD model, where s1 and s2 can be either
the same GNSS system or different systems, with either the
same or different frequencies.

For GLONASS FDMA signals, the IFB in pseudorange
observations is usually stable over time (Kozlov et al. 2000).
Thus, it can be corrected using a lookup table of pseudorange
SD-IFB values. To generate such a lookup table, the pseudo-
range IFB is first set to zero in the pseudorange DD model,
and the processing residuals are obtained. These nonzero DD
residuals are regarded as DD pseudorange hardware delays
and modeled using SD pseudorange hardware delay param-
eters. The corresponding equation is rank deficient by one.
Assuming that the sum of all of the SD pseudorange hard-
ware delays equals zero, the rank deficiency problem can
be resolved and the SD pseudorange hardware delays can be
determined. This method of eliminating rank deficiency is the
same as that utilized by Alber et al. (2000), where single-path
phase delays of atmospheric water vapor were obtained from
the DD values in GPS data processing. The GLONASS IFB in
carrier phase observations can be estimated using the method
proposed by Tian et al. (2015). After the IFB is removed in
the SD or DD models, integer DD carrier phase ambiguities
can be resolved.

If the GLONASS pseudorange SD-IFB and the GLONASS
phase IFB have been corrected using the pseudorange IFB
lookup table and the phase IFB rate, respectively, the corre-
sponding parameters in the SD model (2) and the DD model
(3) are eliminated. Therefore, these models can be rewritten
as follows:

sl,i sl,i sl, 751 sl,i sl,i sl,i
Py =P — C(S[ab + dzib 1y + Ty + ey (4a)
sligsli sl sl, —s1
A ¢ab =P — Cgtab + Hap

RN [ T gl (@b)
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and
Pasbls2,ij_ 313211+d;1y2 blA21]+TAl32,l]+ 31A21]
(5a)
)Lsz,jq);z,j _ /\sl,iq;:g,i _ pj;slu + i —5152 +)L52,jN§§»j
R I e s“” v, (5b)

2.1 Intra-system DD model

For intra-system DD models, s1 and s2 represent the same
system (s1 = s2). Thus, the common parts of the hardware
delays dYIYZ and ;Lmz in Eq. (5) cancel each other. The
remaining equations for FDMA and non-FDMA satellite sys-
tems are presented in this section.

2.1.1 Intra-system DD model for non-FDMA satellite
systems

For the intra-system DD model, the two satellite systems in
Eq. (5) are the same (s1 = s2). If the single GNSS satel-
lite system is a non-FDMA system, and at the same time
the GNSS signals are generated at the same frequency, the
two ambiguity terms in Eq. (5b) combine to form the DD
ambiguity. Thus, the intra-system model can be expressed as
follows:

slsl,ij vlvlt slsl,ij slsl,ij Yl&‘ll
Py = Y T e, (6a)
)L®2slllsl,ij _ slsl Jij + )\.NSISI Jj
Islsl Jj + Tslsl Jj + %_slsl lj. (6b)

In this case, the DD ambiguity N;;“’ij is an integer. If the

float values of N $151:/ and the corresponding VC matrix are

estimated, the 1nteger DD ambiguities can be fixed using the
integer least squares method.

2.1.2 Intra-system DD model for FDMA satellite systems

When two FDMA signals are used to form DD, the difference
between their wavelengths disallows the formation of an inte-
ger DD ambiguity by differencing between the two unknown
SD ambiguities in Eq. (5b). Therefore, the DD model shown
in Eq. (5) becomes Eq. (7).

Pall!;R,ij_ RRt]+IRR11+TRsz+ RRt]7 (73.)
R.jpRJ R, RR.ij R,j
aRI@RT _jRigRT _ pRII G RN
i a7 R, RR,i RR RR,
_)‘RJNabl o Iab ij + T A +€ l/’ (7b)

where R indicates that the SD observations are from
GLONASS, while R R refers to that the DD observations are

from GLONASS. This model is not the only approach to solv-
ing a GLONASS baseline (Leick 1998; Wang et al. 2001).
For example, the observation model can also be expressed
in units of cycles, so that the SD ambiguity parameters can
be directly combined. In that case, the receiver clock param-
eters cannot be canceled out, and they must be calculated.
However, these various models are similar and can be easily
transformed between each other. Moreover, they have been
found to exhibit similar performances (Li and Wang 2011;
Al-Shaery et al. 2012). Therefore, in this study, we only use
the model shown in Eq. (7). '

The SD ambiguities Nﬁ)’i and N;f)’] in Eq. (7b) are
unknown, and the number of those SD ambiguities is larger
than the number of the carrier phase DD observations by
one. Thus, the NEQ derived from Eq. (7) is rank deficient.
However, the pseudorange observations can be used to calcu-
late the initial values of SD ambiguities, eliminating the rank
deficiency problem. From the SD models described in Eq.
(2b), the SD ambiguity NE ab ' can be calculated as follows:

. 1 , , 1 /- ,
R, R, R, R _ - R,
]Vabl = _mpabl + q§abl + AR (dab — Hgp T 2Iabl) :
(8)
The error in Eq. (8) is as follows:
‘ 1 /- B . . .
SN = (af - alk +215 = el +e8). O
InEq. (9), in addition to the hardware delays (dX — iR, the

ionospheric delay term 21ab " and the pseudorange observa-
tion noise S;%i are the main contributors to the ambiguity
estimation error 8N£’i. The 21£’i term can be corrected
based on multi-frequency observations, or can be neglected
in the case of short baselines. The remaining pseudorange
observation noise term eab’ depends on the satellite system
and the quality of the receivers. _

After the SD ambiguities N, Ié’i and N, IE’] and the corre-
sponding VC matrix (cycles) in the DD model of Eq. (7b)
are solved, their DD ambiguities N / and corresponding
VC matrix can be Calculated The Wavelength corresponding
to the DD ambiguity N is neither A% nor A%/, but a
wavelength between AR ; and A%/, Moreover, the calculated

N, ;I:R value is affected by the error terms in Eq (9). This can

be clarified by writing the terms (AR’/ NI RiNE. ') in
Eq. (7b) as (R N — (R4 —3R7) NIT).

The term (daff3 — ﬁab), the difference between the between-
receiver SD hardware delays for pseudorange and carrier
phase observations of a channel, in Eq. (9) is involved in
GLONASS data processing if the pseudorange observations

are used to determine initial values for SD ambiguities or
to calculate the receiver clock errors. Thus, the between-
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receiver IFB should be corrected if these terms are nonzero.
However, the (X — iR ) term in Eq. (8) is usually unknown
and not considered in analyses. By ignoring (d “ab)
ISDDASs can be resolved in GLONASS FDMA data pro-
cessing (Kozlov and Tkachenko 1998; Tian et al. 2015;
Banville 2016). Thus, it is reasonable to consider the value of
(dR — iR} to be negligible in Eq. (9), and thus df ~ ik .

2.2 Inter-system DD model for narrowly spaced
frequencies

In this section, we present the inter-system DD model used
for observations from different satellite systems with nar-
rowly spaced frequencies. In this case, the SD hardware
delays do not cancel each other in the DD model. The inter-
system DD model has the form of Eq. (5), with s1 and 52
representing different systems.

As in GLONASS data processing, the resultant normal
equation is rank deficient because the number of SD ambi-
guity parameters in Eq. (7) is one larger than the rank of the
DD equations. Hence, the initial SD ambiguity values are
necessary to solve the equations. In addition, the initial SD
ambiguity value of s1 can be calculated from pseudorange
observations based on the SD model (2) and can be expressed
as follows:

1 sl,i
asLi ab

sli
Nab -

1 - _
+on + (dgg sLpopsh ’). (10)
Considering the unknown values of dgg, Mab’ and I;bl l, the

error of ng "in (10) is denoted as SN;bl i

SNZdl = )lez (dab _Sl+2ljbll_ Yt1>t+gcfl:l)' (1)

Equations (10) and (11) are generic and are equivalent to Eq.
(8) and (9) for GLONASS data processing. In GLONASS
FDMA data processing, the SD ambiguities N, b " and N

in Eq. (5b) are determrned and then differenced to produce
the DD ambiguity N, bs i . The errors in the initial values of
the SD ambiguities N, b " and N
will produce errors in the DD amblgulty N;ész "/ because
of the wavelength difference. The maximum wavelength dif-
ference among the GLONASS L1 frequencies is 0.85 mm.
When the GPS L1 and GLONASS L1 signals are integrated,
the maximum wavelength difference (AG’j — AR ) between
the two signals is 3.55 mm, 4.18 times larger than that for the
GLONASS system alone. This implies that when the GPS
L1 and GLONASS L1 s1gnals are 1ntegrated the error in
the initial SD ambiguities N, b " and N 7 is also 4.18 times
greater than that for the GLONASS L1 data alone. Therefore,

/ as presented in Eq. (11)
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its effect on the determination of the DD ambiguity N7/

is also much greater in the GPS L1 and GLONASS L1 mte—
gration case. The effect will be detailed further in Sects. 3.2
and 3.3.

If the hardware delay terms ds 152 and iy~ in Eq. (5) are
known, the same processing procedure as that for GLONASS
single-system FDMA data can be used to estimate the SD
ambiguities in Eq. (5), and thus the DD ambiguities can
be calculated. The (d;g — /lfié) term in Eq. (11) is equiva-
lent to (dX — /iX) in GLONASS FDMA data processing.
GNSS CDMA signals may be regarded as special cases of
GLONASS FDMA signals. Therefore, the (d3} — i5}) term
is approximately negligible in Eq. (10) and (11), and thus
B~ fish and 432 ~ i3

—sls2 -

2.3 Inter-system bias (ISB)

The between-receiver hardware delays in the DD models
result in ISB. Therefore, we used ISB, denoted as dgﬁsz and
,u,;tl)*z to characterize the errors resulting from differences
between systems. The ISB g;gsz for pseudorange observa-
tions can usually be calculated using single point positioning
(SPP). The value of /1;;11)“2, for carrier phase observations, can

be numerically decomposed into two parts:

M;'I)Q — ~v1v2 +)LN 5152’ (12)

where /ﬁ“z is the fractional part of the ISB (F-ISB) and is
shorter than one wavelength of the signal, A is the wavelength
corresponding to the [IDDAs, and N - sls2 is an integer.

When GNSS observations of the same frequency are inte-
grated, the integer part of the ISB does not affect ambiguity
resolution because the integer N sls? in Eq. (12) combines
with the integer DD ambiguity; therefore, the sum is also
an integer. The F-ISB disrupts integer ambiguity resolution
when it combines with the DD ambiguity. Therefore, the F-
ISB needs to be either removed or estimated.

When GNSS observations of different frequencies are
integrated, the integer part of the ISB cannot be neglected.
The wavelength corresponding to the DD ambiguity N, *>"/
determined from the SD ambiguities in Eq. (5b) is not a
fixed value, but a value variable between 2517 and A’%/.
The wavelength A in Eq. (12) can change within a single
observation period, such as the results presented at the end
of Sect. 3.2, because the number of observed satellite varies.
Thus, the F-ISB ,&fﬂivz in Eq. (12) is also variable. However,
we expect ﬂfﬂg‘z to be stable; therefore, its estimated value
can be applied to correct observations of multiple observa-
tion sessions. Fortunately, the magnitude of the wavelength
variation is between A*1 and A*%/: thus, this variation is
small in our experiments because the frequencies are nar-
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rowly spaced. If the integer N sl in Eq. (12) is also a small

value, the ;l:;tl)ﬂ term will be stable, at least in short term.
Although it is difficult to determine N asls? in Eq. (12)

directly, the value of i}, 152 is approximately equal to the pseu-
dorange hardware delay d3; 15152 (see Sect. 2.2), and d,, 1520~

s1s2

il ab 2.J Therefore /i My’ can be expressed as follows:

M;évz d&‘l?Z S—Zész’ (13)
where ﬁg;s 2 is the pseudorange ISB, determined from pseu-

dorange observations, which can be regarded as an approx-
imation of the carrier phase ISB.§ Mmz is the difference
between the true values of i}y 152 and d;; " .The term § ,u” 52§
unknown, but it will not be large because d;bg J [L;tl)yz J .
8 ﬁzﬂgsz can be separated into an integer part and a fractional
part. Therefore, the phase ISB can be written as follows:

_5152

Th + ANy, (14)

TS dSlS2
S=sls2. . .

where § i’ is a fractional part that is smaller than one wave-

length. N sl is the integer part, which is neglected. X is the

wavelength correspondlng to the DD ambiguity N, $152:47 and

has a value between A* 1/ and 152/ (Eq. (5b)). The fract10nal
part 371;11;2 is the only value that needs to be accurately esti-
mated and is denoted as F-ISB in the following sections.

2.4 Estimation of F-ISB

The F-ISB defined in Sect. 2.3 can be estimated using the
particle filter approach proposed by Tian et al. (2016). The
particle filter method is based on a Bayesian filter imple-
mented using the Monte Carlo method, which approximates
the variables via a simulation with weighted samples. The
particle filter-based F-ISB estimation approach is closely
related to RATIO value proposed by (Euler and Schaffrin
1991). The RATIO value is calculated by

RATIO — - (I;/> _ IIIE —~ I;V/HZQ%
a(b)  1b—bIPs;

where b is the estimated float DD ambiguity vector, b is the
primary candidate of the DD integer ambiguity vector, b is
the secondary candidate of the DD integer ambiguity vector,
and Qj; is the VC matrix of b.

The particle filter-based F-ISB estimation approach can
be summarized as follows. Firstly, the initial range [—0.1,
0.1] is randomly sampled. The generated samples are used
as F-ISB values which substitute 571;11)52 in Eq. (14) stepwise
to generate /Ljﬂlasz samples. Secondly, ,u;éﬂ samples are sub-
stituted into Eq. (5b) or its normal equation. The LAMBDA

method is then used to derive the corresponding RATIO val-
ues. Thirdly, the weights of the gﬁillfz samples are updated
with the normalized RATIO value. Finally, the resampling
and prediction steps are conducted, and the cluster analysis
method is used to find a solution to the half-cycle problem
(Tian et al. 2016). If the filtering converges, the F-ISB § /1211,52
is considered to be accurately estimated and can then be used
to calculate the ISB & "’132 in Eq. (14). If the observations
are contaminated by errors such as the multipath effects and
remaining atmospheric delays, the ambiguity fixing will fail
even if the ISB is accurately known. In this case, the RATIO
distribution cannot show the ISB’s information clearly and
the filtering may not converge.

3 Investigating the relationship between
RATIO and ISB

In short baseline data processing, DD models can cancel
many types of errors, which leaves the unknown between-
receiver ISB and the DD ambiguities for analysis. If the ISB
can be sufficiently approximated, the remaining DD ambi-
guities will be integers, and a large RATIO value can be
obtained in the ambiguity fixing. Thus, analyzing the rela-
tionship between RATIO and ISB may provide information
regarding the remaining ISB or F-ISB in the observation
equations.

In this section, the data used in our experiments are first
introduced. Then, our investigations into the RATIO distri-
bution with different F-ISB values, and the corresponding
ambiguity fixing solutions, are described.

3.1 Data description

This section describes the GNSS data (GPS and GLONASS
observations) used in this study. These data were obtained
from two IGS stations (KOSG and KOSI, located in the
Netherlands), separated by about 814 meters. KOSG is
equipped with a Leica GRX1200 GG PRO receiver and an
AOAD/M_B antenna. KOS1 is equipped with a Septentrio
PolaRx4 receiver and a Leica AR25.R3 antenna. The data
were collected on day of year (DOY) 048 of 2014 with a
sampling interval of 30s.

The pseudorange IFB is corrected using the lookup table
method described in Sect. 2.1.2. The baseline solutions
obtained from pseudorange observations with and without
GLONASS IFB corrections are shown in Fig. 1. The assump-
tion that the sum of the SD pseudorange IFBs is zero does
not affect the GLONASS solutions, because the DD model
rather than the SD model was used for the baseline solu-
tions. In the inter-system DD models, the bias resulting from
the zero-sum assumption is combined with the pseudorange
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Fig. 1 Positioning errors in the three components of baseline KOSG-KOS1 determined from GLONASS L1 code pseudorange observations a

without and b with pseudorange IFB correction by pseudorange SD

ISB. This bias can be ignored, because the pseudorange ISB
approximates the phase ISB only.

3.2 Relationship between RATIO and F-ISB

The investigation of the RATIO distribution with differ-
ent carrier phase F-ISB values in GPS L1 and GLONASS
L1 integration is detailed in this section. First, a range of
minimum and maximum carrier phase F-ISB values was
defined, from which samples were taken and they were
regarded as the actual values of carrier phase F-ISBs. The
intra- and inter-system models were used to estimate float
ambiguity solutions corresponding to each sample of carrier
phase F-ISB. By introducing the initial SD ambiguity val-
ues, float DD ambiguities were derived. The RATIO values
were then calculated during the ambiguity resolution. The
data were processed epoch by epoch, and the satellite (GPS
or GLONASS) with the highest elevation was selected as the
reference satellite.

Although the carrier phase F-ISB is smaller than the sig-
nal wavelength, in the simulation analyses we used a very
large F-ISB sampling range of [— 20, 20] m, about 200 times
greater than the GPS L1 wavelength (0.19 m). Using a sam-
pling interval of 2cm, 2000 F-ISB values can be sampled.
This enabled an investigation of the influence of F-ISB on
RATIO distribution, and the characterization of the periodic
characteristics of RATIO distribution. We assumed that the
pseudorange and carrier phase ISBs had similar values. The
approximate carrier phase ISB was estimated as —16.2764 m,
by the SPP method using pseudorange observations. This
value was added to the sampled F-ISB values, to reduce the
effect of ISB on float DD ambiguity estimation. The corre-
sponding RATIO value was calculated corresponding to each
carrier phase ISB value (Fig. 2).
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Fig.2 Three-dimensional plot of RATIO distribution based on GPS L1
and GLONASS L1 integration and inter-system models for the KOSG—
KOST1 baseline

3.2.1 Approximate ISB and F-ISB affect the magnitude of
RATIO

Figure 2 shows a ridge composed of local maximum RATIO
values in the 3-D RATIO distribution. Local maxima of tem-
porally averaged RATIO values corresponding to each carrier
phase F-ISB are evident in Fig. 3a. The local maxima are
particularly large when the F-ISB values are small. To bet-
ter observe the details in Fig. 3a, a smaller sampling range
of [-1, 1] m, and a smaller sampling interval of 1 mm,
was defined. In the resulting graph (Fig. 3b), the periodic
characteristics of some local maxima can be clearly identi-
fied. Because the carrier phase F-ISB was sampled over a
large range ([— 20, 20] m), many samples contained an inte-
ger multiple of the GNSS signal wavelength. These integer
multiples were incorporated into integer ambiguities. When
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Fig. 3 a RATIO results temporally averaged over 24 hours, corresponding to each carrier phase F-ISB value tested. b Magnified region of a
corresponding to F-ISB vales of —1 to 1. The red line indicates a RATIO value of 3

the F-ISB samples had values equal to an exact integer mul-
tiple of the wavelength, the estimated DD ambiguities had
values close to integers, and the corresponding RATIO val-
ues reach local maxima.

The F-ISB samples near the endpoints of the sampling
range were affected by larger errors than the samples taken
from near the center of the sampling range. These errors
affected the estimated SD ambiguities, the [IDDAs, and the
GLONASS FDMA ISDDAs. Because the wavelengths of
these DD ambiguities differ, the F-ISB sample value cannot
be a multiple of all of the different wavelengths simulta-
neously. Thus, the performance of the ambiguity resolution
degraded at these extremely large F-ISB values. In contrast,
a ridge of larger RATIO values occurs when F-ISB values
are sampled near the central sampling range (Figs. 2 and 3a).
Considering that the approximate ISB has been added to the
F-ISB samples in the experiments, it is clear that the approx-
imate ISB also affects the magnitude of the RATIO. The true
ISB value can maximize the RATIO value. However, only the
approximate ISB is known and employed. This can probably
explain the ridge’s shift from F-ISB’s zero value in Fig. 3a.

3.2.2 Approximate ISB affects the stability of the local
maximum RATIO’s location

The wavelength A corresponding to the DD ambiguity is not a
fixed value. For example, the distance between two neighbor-
ing peaksin Fig. 3bis 18.87 cm, which is approximately equal
to the average value of the GPS L1 and GLONASS L1 wave-
lengths. This is because in the GNSS baseline resolution, the
contribution of each GNSS system is similar. For instance,
both systems have a similar number of observed satellites

and observation weights. If one of the systems is dominant,
the distance between two neighboring peaks will change.
For example, if there is a full constellation of GPS satellites,
but only a single GLONASS satellite, the float SD ambiguity
solution will have a small effect on the GPS data, but a signif-
icant effect on the GLONASS data, and the distance between
two neighboring peaks will approach to the GLONASS L1
wavelength. However, if neither system is dominant, the ISB
biases in the inter-system model will affect the SD ambiguity
solutions more evenly, and the distance between two neigh-
boring peaks tends toward a value in the middle of the GPS
L1 and GLONASS L1 wavelengths.

Experiments with a dominant constellation were imple-
mented using the first hour data collected at KOSG and KOS|1
on DOY 048 of 2014 to prove the above description. First, the
full GPS constellation and a single GLONASS satellite were
selected to estimate the solution. The corresponding RATIO
values for each single-epoch solution are shown in the top
panel of Fig. 4. RATIO values obtained using data from a
single GPS satellite and the full GLONASS constellation are
shown in the bottom panel of Fig. 4. For comparison purpose,
the RATIO values obtained using full GPS and GLONASS
constellations are also shown in both panels. The wavelength
of the GLONASS L1 frequency at channel zero is 18.71 cm,
and the GPS L1 frequency is 19.03 cm. Thus, the peaks of the
two plots have different F-ISB values on the abscissa axis.

Because, in our analytical method, the approximate ISB
dAgblsz is subtracted, the neglected integer part N isls2 in Eq.
(14) is small. This integer part corresponds to the FASB sam-
ples near to the zero value on the right end of the both panels
in Fig. 4. Therefore, regardless of whether the observations
from a constellation system are dominant, the RATIO values
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Fig. 4 Comparisons of RATIO values obtained from integrating full
GPS and GLONASS constellations with a those obtained from inte-
grating the full GPS constellation and a single GLONASS satellite, and
b those obtained from integrating a single GPS satellite and the full
GLONASS constellation

will exhibit peaks in similar locations to those in Fig. 4. On
the right end of the both panels in Fig. 4, the F-ISB is stable
and can be estimated from a single scenario and used to cor-
rect other scenarios, regardless of the observed constellation.
If N Asls? is large, such as in the case where the approximate

ISB c?;g“z is not subtracted, the locations of the RATIO peaks
on the abscissa axis will vary with different satellite scenar-
ios, as shown on the left end of the both panels in Fig. 4.
In this case, the estimated F-ISB value may change with the
satellite scenario.

Therefore, both the approximate ISB and F-ISB affect
the magnitude and the location of the maximum RATIO.
The RATIO value indicates how well the ambiguity’s inte-
ger nature is recovered. Thus, both the approximate ISB and
F-ISB should be considered in the data processing.

3.3 Fixed baseline solutions

The ISB remaining in the DD models may result in errors
to baseline solutions. Therefore, it is necessary to investigate
the variation of baseline solutions with the ISB correction as
different values. As in Sect. 3.2, it is necessary to obtain the
F-ISB samples and then correct the DD observations using
the sampled values plus the approximate ISB. Initially, the
F-ISB values are evenly sampled at an interval of 2cm over
a sampling range of [—20, 20]m. As a typical example, the
baseline fixing solutions at the epoch 2871 are presented in
Fig. 5.

In Fig. 5, fixed solutions can be obtained with most of
the F-ISB samples, except for samples near the endpoints of
the range. At the endpoints shown in Fig. 5, the ISB values
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Fig. 5 Plots showing the influence of the F-ISB value on the baseline
fixing solutions of 3-D positioning with respect to a reference 3-D solu-
tion. The positioning was conducted at epoch 2871 on DOY 048, 2014,
at the KOSG-KOS1 baseline. The reference 3-D positioning solution
of this baseline was obtained from a GPS L1 ambiguity-fixed solution.
The F-ISB was sampled at an interval of 2cm in a sampling range of
[—20,20]m

have relatively large errors. This reduces the accuracy of the
float solutions of the SD ambiguities and results in relatively
small local maximum RATIO values, and larger errors in
the residuals after the DD ambiguities are fixed as integers.
Furthermore, the large residual errors significantly affect the
fixed baseline solutions, which are estimated with known
integer ambiguities. Therefore, the plots in Fig. 5 are not
parallel to the abscissa axis. However, the maximum bias in
the fixed solutions is only a few millimeters in magnitude,
even though the sampled F-ISB value may be as large as 20 m.
The plots shown in Fig. 5 indicate that if the F-ISB is smaller
than the signal wavelength, which is likely in real-world data,
the positioning solutions will have small errors.

To observe the data shown in Fig. 5 in detail, the F-ISB val-
ues were resampled over a sampling range of [— 1, 1] m, with
a sampling interval of 1 mm. The biases of the ambiguity-
fixed solutions for the epoch 2871 with respect to the
reference solution are shown in Fig. 6. From these plots,
it is evident that ambiguity-fixed solutions can be obtained
from most F-ISB values and that the magnitude of the largest
bias in these solutions is only a few millimeters.

To preserve the integer nature of DD ambiguities of differ-
ent GNSS frequencies in the inter-system model, the carrier
phase ISB value needs to be known or estimated. The ISB can
be regarded as the sum of an approximate ISB and an accu-
rate F-ISB value. The approximate part can be estimated from
pseudorange observations alone using the SPP method. The
F-ISB, which is shorter than the signal’s wavelength, needs
to be accurately estimated. The approximate ISB value is
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Fig.6 Plots of the influence of F-ISB on ambiguity-fixed 3-D position-
ing solutions with respect to a reference 3-D solution. The positioning
was conducted at the epoch 2871 on DOY 048, 2014 at the KOSG—
KOSI baseline. The reference 3-D positioning solution was obtained
from a GPS L1 ambiguity-fixed solution. The F-ISB values were sam-
pled from a sampling range of [— 1, 1] m at an interval of | mm

important for achieving larger RATIO values (Fig. 3a), and
for obtaining more accurate positioning solutions (Fig. 5).

The pseudorange observations were used to calculate the
initial SD ambiguity values in the model of Eq. (5b), and
thereby eliminate the rank deficiency problem. In the cases
of GNSS systems with different frequencies, the errors in the
pseudorange observations will be introduced into the initial
SD ambiguity values, which will then affect the float DD
ambiguities. However, the tolerance of DD ambiguity fix-
ing to the bias in the initial SD ambiguity values is large.
As indicated by the red lines in Fig. 3b, the widths of the
RATIO peaks at a RATIO value of 3 are 10 ~ 12 cm. This
can be regarded as the bias tolerance in the inter-system DD
model. Considering the formulation of the model shown in
Eq. (10), and that the maximum difference between GPS L1
and GLONASS L1 wavelengths is 3.55 mm, ambiguity-fixed
solutions can be obtained if the bias in the initial SD ambigu-
ity value is smaller than 14 m. However, a bias smaller than
14 m does not guarantee the success of ambiguity fixing.
Fixed ambiguity solutions also require the use of the intra-
system model and adequate observations. Meindl (2011)
suggested that the uncertainty of the initial SD ambiguity
value should be less than seven cycles (around 1.3 m, in the
present study), so that the DD ambiguities can be determined
with an error smaller than 0.1 cycles. This condition may be
too strict when some intra-system models are included in
the estimation. In cases with short baselines and initial SD
ambiguity values calculated from pseudorange observations,
DD ambiguity fixing can be improved by introducing inter-
system DD ambiguity.

4 F-ISB estimation and application

This section evaluates the performance of the proposed strat-
egy for fixing both intra- and inter-system DD ambiguities.
First, the ISB parameters are estimated where the approxi-
mate ISB is calculated from pseudorange observations using
the SPP method and is then set as a fixed number. Then, the
F-ISB part is derived using the particle filter approach pro-
posed by Tian et al. (2015). At last, the positioning results
are analyzed with the calculated F-ISB value, using different
elevation masks and constellation geometries.

4.1 Estimated F-ISB

Asdescribedin Sect. 3, integration of GPS L1 and GLONASS
L1 signals using the inter-system models requires knowl-
edge of the ISB value, which can be decomposed into
an approximate ISB value plus an accurate F-ISB value.
In this experiment, the approximate ISB was estimated as
—16.2764m from pseudorange observations using the SPP
method. Then, the F-ISB was estimated using the particle
filter method with 24-h data collected at the KOSG-KOS1
baseline on DOY 048 of 2014. The standard deviation of the
state noise was set to 1 mm. The estimated F-ISB results are
very stable over the 24-h period, as shown in Fig. 7. The
insignificant fluctuations were attributed to changes in the
observed satellites and atmospheric variations. The average
of the estimated F-ISB values was found to be —0.0090 m,
and thus the resulting ISB value is — 16.2854 m.

An additional experiment was conducted, in which F-ISB
values were estimated at the TLSG-TLSE baseline on DOY
001 of 2015, using the inter-system model with GPS L1
and GLONASS L1 integrated observations. The length of
baseline TLSG-TLSE is 1266 m. The approximate ISB esti-
mated from pseudorange observations using SPP method is
—4.9430m. The average of the estimated F-ISB values is
—0.0191 m, resulting in an ISB value of —4.9621 m.

® Estimated F-ISB
® 3'STD

4 8 12 16 20 24
Epoch time (hour)

Fig. 7 Time series of F-ISB values estimated from the integration of
GPS L1 and GLONASS L1 data obtained at the KOSG-KOS|1 baseline
on DOY 048, 2014. The 3 x standard deviation values of the F-ISB is
also shown
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Fig. 8 3-D epoch-wise positioning performance using the IIDDA and
ISDDA fixing strategies in the analyses of GPS L1 and GLONASS L1
data collected on DOY 001, 2015. The GPS-only static solution was
used as a reference solution. The results for the KOSG-KOS]1 baseline

4.2 Baseline solutions for GPS L1 and GLONASS L1
using inter-system models

This section presents the baseline solutions resolved with
known ISB parameters using different ambiguity resolution
strategies: fixing IIDDA, i.e., GNSS tight integration and
fixing only ISDDA, i.e., GNSS loose integration. The base-
lines were processed using two strategies: (1) using different
satellite elevation masks in the data processing and (2) in
a challenging observation environment by simulating very
severe GNSS satellite signal obstructions. To evaluate the
performance of the ambiguity fixing of each testing scenario,
we used the empirical availability rate (EAR) used by Li et al.
(2015), which is also named success rate such as in Han
(1997). EAR is defined as the ratio of the number of epochs
with fixed solution to the total number of epochs. Higher
EAR values indicate better ambiguity fixing performance.
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are shown in a and b, and the results for the TLSG-TLSE baseline are
shown in ¢ and d. Plots b and d show the EARs of integer ambiguity fix-
ing at different elevation masks for the two ambiguity fixing strategies
and different satellite constellations

4.2.1 Performance of different ambiguity fixing strategies
with different mask angles

Two baselines were solved with both GPS L1 and GLONASS
L1 observations by either fixing IIDDA or fixing ISDDA. The
results for the KOSG-KOS1 and TLSG-TLSE baselines are
shown in Fig. 8a and c, respectively. The two sets of results
obtained using the two fixing strategies agree well with each
other.

Initially, the elevation mask was set to 10° , which enabled
100% of integer ambiguities to be fixed using both strategies.
As the elevation mask increases, the number of observed
satellites decreases. To investigate how the performance
of the strategies varied with different elevation masks, the
change in EAR with elevation mask was analyzed (Fig. 8b).
The IIDDA fixing strategy performed slightly better than the
ISDDA fixing strategy. The GPS L1-only baseline solution
has a much lower EAR than the GPS L1 and GLONASS L1
integration solution. The GLONASS L1-only baseline solu-
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tion is significantly worse than the integrated solution. When
the elevation mask was increased significantly, for example,
to 40°, the position biases in these solutions are larger than
2cm horizontally or 3 cm vertically. In this case, the integer
ambiguity fixing was considered to be unsuccessful.

The same testing procedure was applied to analyze the
TLSG-TLSE baseline with data collected on DOY 001,
2015. With the elevation mask set to 10°, the EAR val-
ues obtained from fixing IIDDA and ISDDA were 99.8 and
99.1%, respectively (Fig. 8c). The changes in EAR with
different elevation masks for the TLSG-TLSE baseline are
shown in Fig. 8d. The EAR obtained from fixing IIDDA was
greater than that obtained from fixing ISDDA. The results
also show that the GPS and GLONASS integrated solutions
are significantly better than GPS-only solutions.

4.2.2 Performance of ambiguity fixing strategies under
signal obstruction conditions

To assess the performance of the IIDDA fixing strategy under
challenging observation conditions, three analyses were con-
ducted for the KOSG-KOSI1 baseline with GPS L1 and
GLONASS L1 data collected on DOY 048 of 2014. The
obstruction of satellite signals was simulated by disabling
the use of some of the satellite data in the GNSS data pro-
cessing. During data processing, the float SD ambiguities are
propagated from one epoch to the next, and DD ambiguity
fixing is carried out for each epoch.

In the first simulation, three satellites with elevation angles
greater than 20° were selected from each system. The biases
of the baseline solutions are shown in Fig. 9. The IIDDA
fixing strategy exhibited excellent performance, with an
EAR of 93.6%. It is 22.8% higher than the EAR (70.8%)
achieved using the ISDDA fixing strategy. The root-mean-
square errors (RMSEs) of the positioning results for the two
strategies are shown in Table 2. The RMSEs of the results
from the IIDDA fixing strategy are significantly smaller than
those of the ISDDA strategy results.

Two other obstruction schemes were simulated for the
KOSG-KOSI baseline. First, only data from satellites in the
western half of the sky (azimuth 180° ~ 360°) were used;
satellites in the eastern half of the sky (azimuth 0° ~ 180")
were considered to be obstructed. Conversely, in the second
simulation, only data from the satellites with azimuth 0° ~
180° were used. In both scenarios, the elevation mask was
setto 15 , and the results of these two simulations are shown
in Fig. 10.

Using the IIDDA fixing strategy, the EAR improved from
85.3 to 90% in the western-sky simulation, and from 81.7 to
93% in the eastern-sky simulation, compared with the results
obtained using the ISDDA fixing strategy. The RMSEs of
these results are shown in Table 2. Overall, the results of
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Fig. 9 3-D positioning errors of baseline solutions with respect to the
GPS-only static reference solution for the KOSG-KOS1 baseline. To
simulate challenging observation conditions, data from only three GPS
satellites and three GLONASS satellites were used

IIDDA fixing were found to be more accurate and reliable
than those of ISDDA fixing.

The IIDDAs of the inter-system model can be fixed as
integers in the same way as other multi-GNSS signals of dif-
ferent frequencies are integrated. In the present study, GPS
L1 and GLONASS L1 signals were used, with frequency dif-
ferences of 3—4 mm. The GNSS signal frequencies shown in
Table 1 demonstrate that the wavelength differences between
different signals may be smaller. The integration of GNSS
signals with smaller wavelength differences would improve
3-D GNSS positioning performance.

5 Conclusions

In the present study, we developed an approach to estimate
the ISB of narrowly spaced frequencies in multi-GNSS signal
integration. After the carrier phase ISB is estimated, it can
be used as known value in the inter-system model. Thus,
the performance of fixing both ISDDA and IIDDA can be
improved. The ISB can be decomposed into an approximate
ISB, an integer part and an accurate fractional ISB (F-ISB)
value. The approximate ISB can be estimated from SPP using
pseudorange observations. The integer part combines with
the DD ambiguities. The F-ISB can be estimated using the
particle filter approach.

Compared to the strategy of fixing ISDDA, where ISB
does not exist, the strategy of fixing [IDDA using the
estimated ISB in multi-GNSS integration achieves better per-
formance. This approach was tested at the KOSG-KOS1
baseline (length: 814 m) using GPS L1 and GLONASS L1
integration. When three satellites with elevation angles > 20
are available from each system, the rate of IIDDA fixing is
93.6%, which is 22.8% higher than the rate for ISDDA fixing
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Table 2 RMSEs of 3-D GNSS
positioning using ISDDA and
IIDDA fixing strategies

RMSEs of ISDDA fixing (m) RMSEs of IIDDA fixing (m)

E N U 3D E N U 3D

3 GPS +3 GLO
GPS + GLO (azimuth 0° — 180°)

GPS + GLO (azimuth180° — 360°)

6.4 4.8 10.9 13.5 2.0 0.7 2.4 32
43.8 8.1 44.9 63.2 1.9 1.7 3.7 4.5
5.6 2.8 6.6 9.1 2.3 1.9 25 39
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Fig. 10 Coordinate differences of the KOSG-KOS]1 baseline solutions
with respect to the GPS-only static reference solution, for satellites
observed a in the western half of the sky, and b in the eastern half of
the sky

alone (70.8%). In the GNSS signal obstruction simulations,
the empirical success rates of the IIDDA fixing strategy were
4.7 and 11.3% higher than those of ISDDA fixing, when using
data from satellites in the eastern and western halves of the
sky, respectively. Those improvements may vary for differ-
ent baselines depending on the multipath effects and baseline
lengths.

Besides, the performance of ambiguity fixing (either inter-
system ambiguity fixing or intra-, inter-system ambiguity
fixing) for narrowly spaced frequencies in multi-GNSS inte-
gration can be degraded by errors in the initial SD ambiguity

@ Springer

values. These values are used to remove the rank deficiency
problem and are typically estimated by SPP using pseudor-
ange observations. Therefore, minimizing the errors in these
initial SD ambiguity values requires further research.
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