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Abstract: The integration of global navigation satellite system (GNSS) precise point positioning (PPP)
and inertial navigation system (INS) is widely used in navigation for its robustness and resilience,
especially in case of GNSS signal blockage. With GNSS modernization, a variety of PPP models have
been developed and studied, which has also led to various PPP/INS integration methods. In this
study, we investigated the performance of a real-time GPS/Galileo zero-difference ionosphere-free
(IF) PPP/INS integration with the application of uncombined bias products. This uncombined
bias correction was independent of PPP modeling on the user side and also enabled carrier phase
ambiguity resolution (AR). CNES (Centre National d’Etudes Spatiales) real-time orbit, clock, and
uncombined bias products were used. Six positioning modes were evaluated, including PPP, PPP/INS
loosely coupled integration (LCI), PPP/INS tightly coupled integration (TCI), and three of these
with uncombined bias correction through a train positioning test in an open sky environment and
two van positioning tests at a complex road and city center. All of the tests used a tactical-grade
inertial measurement unit (IMU). In the train test, we found that ambiguity-float PPP had almost
identical performance with LCI and TCI, which reached an accuracy of 8.5, 5.7, and 4.9 cm in the
north (N), east (E) and up (U) direction, respectively. After AR, significant improvements on the
east error component were achieved, which were 47%, 40%, and 38% for PPP-AR, PPP-AR/INS LCI,
and PPP-AR/INS TCI, respectively. In the van tests, frequent signal interruptions due to bridges,
vegetation, and city canyons make the IF AR difficult. TCI achieved the highest accuracies, which
were 32, 29, and 41 cm for the N/E/U component, respectively, and also effectively eliminated the
solution re-convergence in PPP.

Keywords: GPS/Galileo; PPP/INS integration; real time; uncombined bias correction; ambiguity resolution

1. Introduction

GNSS Precise Point Positioning (PPP) emerged in the late 1990s and was originally for
analysing GPS data from large networks [1]. It was well-known for its flexibility of single
receiver and capability of centimeter-level high-accuracy positioning. However, PPP requires
a convergence process to obtain such high accuracy, which is typically approximately 30 min,
but it can vary from minutes to hours, depending on the specific observational conditions[2].

The carrier-phase ambiguity resolution in PPP was then exploited to accelerate the con-
vergence time and improve the positioning accuracy for the GPS legacy L1/L2 frequencies.
This technique required the computation of satellite phase biases from a network of stations,
which were then disseminated as a correction stream to a user side to enable PPP ambiguity
resolution (AR). The satellite phase biases were usually represented in a combined form:
the wide-lane (WL) un-calibrated phase delays (UPDs), and the narrow-lane (NL) UPD [3]
or the WL satellite biases (WSB) and the “integer” phase clocks [4] or the "decoupled” clock
model [5]. This bias form assumed that the phase ionosphere-free (IF) combination was
used at the user end, and after having this bias had been applied, the NL ambiguity with a
wavelength around 10 cm could be resolved.
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As GNSS evolved, including the modernization of GPS and GLONASS and the newly
deployed Galileo and BeiDou, the aforementioned dual-frequency PPP AR methods using
combined bias products were extended to other constellations [6-9]. In the GPS triple-
frequency case, the inter-frequency clock bias (IFCB) between the L1/L2 and the L1/L5
clock offset varied with peak-to-peak amplitudes of 10-40 cm [10], and therefore, many
studies investigated the estimation of IFCB for its compensation in GPS triple-frequency
(TF) PPP [8,11,12] and also demonstrated the GPS TF AR accordingly [13,14]. For Galileo
E1/E5a/E5b PPP, it was found that the magnitude of the time-varying IFCB was negligi-
ble, and the ambiguity-fixed solutions have also been presented in many studies [13-15].
In [16], a Galileo five-frequency PPP with AR by using pairs of classical ionosphere-free
combinations on different frequencies was demonstrated.

However, the combined bias formulations were inconvenient when extended for
multi-frequency conditions since there were many more possible combinations [17,18], so
a new uncombined phase bias representation was proposed in [17,18], which used the
same adding convention as the existing RTCM (Radio Technical Commission for Maritime
Services) standard for the code biases. This uncombined bias formulation was extended
for multi-frequency code and phase observations easily, and it also considered the IFCB
effect of GPS Block IIF satellites [17]. Most importantly, the phase ambiguity or its linear
combination could still preserve the integer property [19]. Currently, many other studies
have also demonstrated the estimation of the uncombined bias products for PPP AR [20-23].

The inertial navigation system (INS) is an autonomous system that does not require
measurements for external signals. It provides high-accuracy short-term position, velocity,
and attitude at a high data rate. The integration of GNSS (e.g., PPP) and INS uses the
advantages of each system and has good resilience in navigation. The loosely coupled
integration (LCI) of GNSS and INS has been used in the domain of solutions [24,25], and
the the GNSS receiver was treated as a ‘black box’. However, if there were a GNSS signal
outage, the inertial sensor would immediately fail to obtain the calibration from GNSS and,
thus, output drifted solutions that may not be acceptable. The the coupled integration (TCI)
is in the GNSS measurements domain. A TCI structure limits the problems due to signal
blockage and benefits from GNSS measurement updates, even when there are less than
four satellite. It is then possible for a TCI system to retain high positioning accuracy in
harsh GNSS reception environments. In terms of PPP/INS integration, the development of
the PPP technique has led to a great variety of PPP/INS TCI models. In [26], the model of
a tightly coupled GPS dual-frequency ionosphere-free (IF) PPP and INS integration was
first proposed. It was an undifferenced PPP model, as in [27,28] and the phase ambiguities
were real values. In [29], the GPS PPP/micro-electro-mechanical system (MEMS) IMU TCI
was investigated, and it was found that the between-satellite single-difference (BSSD) IF
model performed better, in general, than the undifferenced model. In [30], the results of
the TCI of GPS/BeiDou PPP and four different grades of INS were evaluated. Their model
was an ionosphere-estimated model and the a priori constraints on the slant ionospheric
delays were from the IGS global ionosphere maps (GIM) products. In [31], the tightly
coupled GPS/GLONASS/Galileo/BeiDou PPP/MEMS IMU integration was assessed with
a dual-frequency IF model for PPP.

As PPP with (AR) has been increasingly studied, PPP/INS integration with AR has
also been demonstrated. In [32,33], the GPS PPP/INS TCI with AR was studied. The
between-satellite single-difference PPP model is used and the CNES WSB and “integer’
phase clock products were applied for phase-bias correction. In [34], they studied the
ambiguity-fixed GPS PPP/INS TCI. The UPD products were used for AR, and their model
was also single-differenced and ionosphere-free. Recently, undifferenced and uncombined
PPP models using external precise atmospheric information for integrated navigation were
also demonstrated [35-38], which was also referred as PPP-RTK.

Based on the above review of PPP and PPP/INS methods, the application of un-
combined bias products to real-time zero-difference PPP/INS integration has not been
comprehensively studied. This uncombined bias correction has been independent of PPP
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models on the user side and also enabled the resolution of phase ambiguity or its linear
combinations. In this study, we applied the real-time uncombined bias products to an IF
PPP/INS integration and evaluated its positioning performance, including LCI and TCI,
through three real navigation tests.

This study is organised as follows: Section 2 gives the detailed mathematical model for
PPP/INS integration with uncombined bias correction; the integrated results are presented
in Section 3, followed by a brief discussion in Section 4. Finally, the results are summarised
in Section 5.

2. Methods

The uncombined code and phase bias products were designed to add the raw code
and phase measurements, enabling phase ambiguity resolution of the arbitrary linear
combination on the user’s side. This section presents the GPS/Galileo ionosphere-free PPP
AR model using uncombined bias products first; then its integration with INS including
LCI and TCI follow.

2.1. GPS/Galileo Dual-Frequency lonosphere-Free Observational Model Using Uncombined Biases
2.1.1. Uncombined Formulation

Based on CNES uncombined bias formulations [19,39], the basic GPS code and phase
observables from satellite s tracked at receiver r were modelled as:
Pr=p+h —h +bp,—bp +14+T+Gp
Py=p+h —h*+bp,, — %2+721+T+§p2
MLy=p+h =W +by,,—bj, —I+T+MW+AMN +1,
MLy =p+hy =W +bp,, —bj, =72l + T+ AW+ ANy + 1,

)

where:

Variables P and L denote the code (in meter) and phase (in cycle) measurements, respectively.
The variable p is the geometric propagation distance of the GPS radio wave between s
and r antenna phase center including PCO (phase centre offset) corrections on different
frequencies(fi, f2).

Variables i, and h® are the receiver and satellite clock offsets, respectively.

The variable [ is the slant ionospheric delay at f; for code and is inversely corrected for
phase. v, = 2/ f2.

The variable T is the slant tropospheric delay.

Furthermore, A; = ¢/ f;(i = 1,2) is the signal wavelength at frequency f; with ¢ the speed
of light.

The variable W is the phase wind-up effect (cycle) which is caused by the relative orientation
change between transmitter and receiver antenna for the right circularly polarized GNSS
signals [40].

The variable N is the carrier phase ambiguity and has the integer property (cycle) by
definition.

Variables b, and b® denote the signal hardware delays from receiver and satellite, respec-
tively. These delays are also dependent on the specific observables, i.e., bp, r, b}, b, s
and bj .

The variable ¢ groups the unmodelled errors, such as noise and multipath (m).

The geometric distance between r and s was computed as:

p= /(X = X2+ (- %P + (22 - 2 @

where (X°,Y*,Z°%) and (X}, Y, Z,) are the satellite s and receiver r coordinates, respectively,
in a Earth-centered-Earth-fixed (ECEF) frame.The satellite coordinates were obtained from
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the satellite ephemerides, such as the CNES precise orbit products, and this equation had
to be linearised before estimating (X;, Y;, Z;).

After applying CNES real-time precise satellite clock products and also the uncom-
bined bias products, the terms /*, b}, and b were eliminated from the above equations. As
a consequence, one receiver clock per observable had to be re-parameterised on the user’s
side. Alternatively, a common receiver clock offset with additional receiver clock biases
was defined in these equations as:

Py =p+dt°+1+T+¢p,

Py = p+dt® +bp, + 721 + T + &p,

MLy = p+dtC + by, — T+ T+ MW+ ANy + &L,
MLy = p+dt® + by, — 2l + T+ AW + AaNa + &1,

®)

where dt¢ = h, + bp, ; is the common GPS receiver clock offset. bp, = bp, , — bp, +, by, =
bL],)’ - bpl,r/ bLz = bLz,T - bpl,r'

2.1.2. Combined Formulation

Making the standard ionosphere-free (IF) combination on the two frequencies, the IF
code and phase observation equations were, as follows:

P[F:DCP1+ﬁP2:p—|—dtI§+T+(§p1F (4)
ArpLip = aA Ly + ,3/\2L2 =p+ dtf + T+ AW+ Bip + CL,F
2
where o = %,[3 =1—u, dtlg = dtC + Bbp,; dtf =dtC + (abr, + Bbr,); Bir = ApNip =
1 2
a®A1N1 + BA2Np, which can be decomposed as widelane (WL) ambiguity Ny and nar-
rowlane (NL) ambiguity Nj:

A
Bir = ArpNir = ANL(N1 + /\lzLNWL) ®)
where ANy = e 11 cm is the NL wavelength; Ay = ﬁ ~ 86 cm is the

WL wavelength.
The WL ambiguity Ny was resolved in advance using the classical Melbourne—
Wiibbena (MW) combination [41,42] with uncombined bias corrections:

MW = (Ly = b} ) = (La = b}) + a1 (Py — b, ) + a2 (P — b))

G (6)

= Nwr + iy +Smw
where & = =0y, = MM LG by by + arbp, is the receiver WL bias
1= M "2 = Gy’ Br = 70— 22 7 420p :

Similarly, Galileo E; and Es, ionosphere-free PPPs using uncombined bias products were
modelled as:
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— _ E
C1F£1£5ﬂ = &g, E5,CE, + BEE5, CEs, = p Hdtc + T+ CCH:ElESu
)LIFElESH LIFE1E5a = &E E5,AE LE + PEEs, AEs, LEs,

_ E
=p+dif +T+ AIFglssaW + B1F5155,, + gLIF,;lESa

AWLE ¢
BIFElESa - /\NLElESIJ <NE1 T )\Esla : E1E5a) (7)
_ q q
MWE1E5a = (LEI - bL,;l) - (LESa - bLESH)

q q
+ X1 ke, (CEl - bCEl )+ X2 ke, (Ces, — bCESQ)
E
- NWLEIESa T T (‘:Mwﬁ Esq

where « —i‘B =1—ua —_i-,x B s T —
EvBse = E2-p2 7 PERiEse — ErBse = TECEZ MlEiEs, — (Ap +AEs, AR,/ PEiEsa
Ap, —A . .
m ; Cg, and L, are the Galileo code and phase observation on frequency Ey, the
1 5a 5a
same for Cg,, and Lg,,; yf is the Galileo receiver WL bias, such as ‘urG .

2.2. PPP/INS Integration

The discrete extended Kalman filter was used for PPP/INS integration. In the predic-
tion step, the state transition matrix ® was an exponential series of the dynamic matrix
F multiplying the time step At as ® = ef*!, and the process noise matrix Q; was approx-
imated as Q; ~ GQGT At [25], where G maps the disturbing forces to the states and Q is
the spectral density matrix containing IMU sensor noises, standard deviations of sensor
biases, and scale factors, (see Equations (10) and (18)). This section provides the detailed
expression of F, G, Q and the design matrix H in the measurement update step for both the
loosely coupled integration and the tightly coupled integration.

2.2.1. Loosely Coupled Integration
For the loosely coupled integration (LCI), the estimated states were expressed as:

x=[or" 60" € by by sa sg}T 8)

where 6r" and Jv" are the error states of position (¢ A h) and velocity (vy vE vp), respec-
tively; or" = [0 A Sh|T, 60" = [Suy dvg dup)T; € is attitude error in the form of Euler
angle and € = [ey €E eD]T; b stands for biases of IMU sensors; b; = [bay bay baZ]T is the
IMU accelerometer bias vector in the IMU XYZ frame; by = [bg, by, by, ]T is the IMU gyro
bias vector in the IMU axis tripod; s, and s, denotes for scale factor of the accelerometer
and gyro, which were optional for tactical-grade IMU.
The dynamic matrix was formed as:

[ Fr Fro 03x3  O3x3 03x3 0O3x3  O3x3 |
For F (]mx> CZ,Z 03x3 Clr,lfb 03x3
Fer Fep (_wlnnx) 03x3 CZ 03x3 ngflb
F=|03x3 03x3 03x3 M, 03x3 03x3  0O3x3 )
03x3 03x3  03x3  03x3  7p, O3x3  O3x3
03x3 03x3  03x3  03x3 O3x3 75,  0O3x3
1033 03x3  0O3x3  0O3x3 0O3xz O3x3 7,

where the partial derivatives F,;, Fy, For, Fyo, Fer and Fep can be obtained from the INS error
dynamics [43]; f is the accelerometer measurements; C;/ is the rotation matrix from body
frame b to navigation frame n; w}; is the rotation vector of navigation frame to inertial
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frame i resolved in the navigation frame; and 7 is the self-correlation time matrix for IMU
sensor bias and scale factor parameters. The spectral density matrix was defined as:

Q =diag{n, ng U,fﬂ U,fg Usza (7528} (10)
where 1, and n4 are accelerometer and gyro noises,respectively, and ¢ are the corresponding

standard deviations. These values were found in the IMU profile [44]. Furthermore, the
disturbance mapping matrix was, as follows:

[03x3 03x3 03x3 0O3x3 0O3x3 03x3]
Cy 03x3 03x3 03x3 03x3 O3x3
O3x3  Cp  03x3 03x3 03x3 0O3x3

G = |03x3 03x3 I3x3 0O3x3 03x3 O3x3 (11)
03x3 03x3 03x3 I3x3 0O3x3 O3x3
03x3 03x3 0O3x3 03x3 I3x3 Osx3

103x3  03x3 03x3 O3x3 O3x3 I3x3]

The measurements in LCI were the position and velocity difference between PPP and
INS, which were expressed as:

b
S(rppp — T1ns) — Cpl
z= n n n b lb (12)
UDoppler — VINS — G (wnb x)
where 1Y is the lever arm from IMU center to the antenna phase center; S is a scale matrix to
convert radian to meter:

RN +h 0 0
S= 0 (RE+h)cosp 0 (13)
0 0 1

where RN and RE are the radii of curvature in the meridian and prime vertical. The design
matrix was then formed as:

H—| 5 03 033 O3xs O3x3 O3x3 Osxs (14)
03x3 I3x3 03x3 03x3 03x3 03x3 Ozx3

The measurements noise matrix was expressed as:

R = diag{c? o2
g{ r?’PP vnDappler} (15)
where the Urzn (75,1 can be from the co-variance matrix of parameters estimated in a
PPP Doppler

PPP filter with Doppler measurements.

2.2.2. Tightly Coupled Integration
Assuming m GPS satellites (p1, ..., p2) and n Galileo satellites (41, ..., gn) were tracked

for an epoch, the states to be estimated in the tightly coupled integration (TCI) could be:
x=[6r" 60" € by, by s, s; ZTD dt§ dtS A atf af di

pl pm q1 qn T
Nfp oo NEONf oo N

(16)

where ZTD is the zenith tropospheric delay. diG and dtE are the GPS and Galileo re-
ceiver clock bias rate, respectively, which were used for modelling GPS and Galileo
Doppler measurements.
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The dynamic matrix in this TCI case was formed as:

F O
Frci = [ ] (17)
0 0

where F is the same as Equation (9). The spectral density matrix for sensor noises, sensor

biases and scale factors, ZTD, and clock and phase ambiguities was formed as:
Q = diag{n, ny Ugﬂ Ugg o2 0523 %D thg Ugtf

2 2 2 2 9 (18)

% i Cag a0

where the spectral densities of all the ambiguities are set to zero. The disturbance mapping

matrix was:

G o
Grer = (19)
I
where G is equal to Equation (11). Assume the measurement vector was arranged as:
1 1 1
z= [P}y ALy ALD[ ... P ALy A D] 20)
q1 q1 q1 qn qn qn T
CIFh-lESa AIFE]ESHLIFEIE&I )LElDE] CIFh-lESa AH:E]ESHLIFEIESQ )LElDE1 }
and the design matrix would be:
B2 pl pl rl ]
H, o HY HY, o H .. 0 0 ... 0
g |He O HY' HRZ 0 0 ... Hp,o 0 ... 0 1)
H, o H' o HY o .. o H", 0
|H)5 0 HI' o H, 0 .. 0 0o ... H" |

where H, , contains the partial derivatives of code, phase, and Doppler measurements with
respect to position and velocity; Hr groups the wet mapping functions for ZTD; H flk and
Hglk denote the coefficients for GPS and Galileo clock and clock rates, respectively; and
H,,. groups the coefficients for ambiguity parameters.

3. Results
3.1. Experiment Description
Test Settings

Three tests were conducted in this study using a test train and a test van at Nottingham
Geospatial Institute (NGI), as shown in Figures 1 and 2.

The LEICA GS10 [45] GNSS receiver was used for collecting GNSS measurements.
The NovAtel SPAN UIMU-LCI [44] was used for measuring acceleration and rotation, and
it is a tactical grade IMU. Table 1 lists the data sampling rate information.
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(a) Train
Figure 1. NGI test train.

(a) Van (b) Sensor configuration
Figure 2. NGI test van.

The train operated on the roof of the Nottingham Geospatial Building (NGB), along a
circular path and had good satellite visibility. The van tests were designed on a complex
road at the city center, where frequent signal blockage occurred due to bridges, high-rises,
and vegetation. Figure 3 shows the van motion trajectories, and Figure 4 summarises the
experimental characteristics according to the difficulty level of the GNSS signal reception.

(a) Complex road test

Figure 3. Cont.
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(b) City center test

Figure 3. Trajectories of two van positioning tests.

Table 1. Sensor sampling rates, lever arm, and installation angles from the two tests.

Train Test

GNSS data rate

10 Hz

IMU data rate

200 Hz

Installation angle

180° (roll), 0° (pitch), 0° (yaw)

from IMU frame to vehicle frame

Lever arm 0.783 m, 0.156 m, —1.011 m —0.626 m, 0.307 m, —0.543 m

Test name Characteristics Satellite Observability

i Open sky on building
Train test roof; Circular path Good
Brid dt |
Complex road test thr; r?fda“ unnets on
. High-rise canyons and P
Clty center test vegetation on the road oor

Figure 4. Principle of experimental design.

The POINT (Position Orientation and INTegration) software [46,47] was used to
compute the real-time GPS/Galileo PPP/INS integration. A PPP settings were, as follows
in Table 2:

Table 2. POINT PPP settings.

Constellation GPS & Galileo

Frequency L1/L2E1/E5a

Meas. noise Code: 0.2 m; Phase: 0.01 cycle
Parameter estimation Extended Kalman Filter

Orbit and clock CNES real-time products

Biases CNES real-time uncombined bias products
Ambiguity resolution Bootstrapping

Elevation cut-off 10°

1.001 . : .
——=.___ where 0 is the elevation angle (radian
1/0.002001 +sin20 ere v1s the elevatio gle ( )

Antenna PCO/PCV correction  igsl4_2188.atx

Weighting function
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Table 2. Cont.

Site displacement

Pole tides and solid earth tides corrections
Earth orientation parameters: IERS EOP 14 C04
(IAU2000A); Solar system body ephemerides:

NASA NAIF SPICE files
Phase windup [40]
Phase cycle slip detection [48]

Saastamoinen model for the hydrostatic delay
Niell mapping function

Troposphere Estimation on the zenith wet delay
Initial variance: 0.5 m; Model noise: 0.005 mm/s
Tonosphere Higher-order terms are ignored

Ionosphere-free combination (see Equations (4) and (7))

Estimated as white noise; Model noise 1000 m/s

Model noise: 10 m/s for XY Z

Receiver clock offset

Receiver state

The commercial software Inertial Explorer was used for reference computations with
smoothed GNSS differential positioning and INS TCI modes. Its solution quality or state
number indicated different positioning accuracy. Quality 1 had a 3D accuracy of 0-15 cm,
Quality 2 of 5-40 cm, and Quality 3 of 20-100 cm [49].

Six positioning modes are compared in this section, of which the advantages and
disadvantages are listed in the chart Figure 5.

Pros Cons
PPP
High accuracy Convergence process at the initial stage
Reconvergence due to signal interruption
PPP-AR 9 fgnatt Pt
Faster convergence
PPP/INS LCI
High accuracy Convergence process at the initial stage
Good positioning continuity Reconvergence due to signal interruption
PPP-AR/INS LCI Positionning drift during long PPP absence
........... Faster convergence oo ———————
PPP/INS TCI High accuracy Convergence process at the initial stage
Good positioning continuity Reconvergence due to signal interruption
Mitigation of positioning drift Positionning drift during long PPP absence
PPP-AR/INS TCI Parameters are tightly coupled in estimation
Faster convergence

Figure 5. Advantages and disadvantages of six positioning modes.

3.2. Train Positioning Test Results
3.2.1. Positioning Error Evaluation

The train test had good satellite observability and low DOP (dilution of precision)
values, as shown in Figure 6. It started moving forward at around 17:05 and stopped at
around 17:55 for about five minutes. Then, it reversed until 18:15, followed by 10-minute
static periods until the end. The positioning results of the six positioning modes are shown
in Figure 7.
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S

(b)
Figure 6. GPS/Galileo satellite information (elevation angle above 10 degrees) of train test on 7
March 2022. (a) Number of satellites and DOP values. (b) Skyplot. (Different color stands for the
availability of different frequencies, generated by RTKLIB [50]).

For both ambiguity-float (left column) and ambiguity-fixed (right column) solutions,
the integrated results conformed well to the PPP-only solutions. The converged PPP results
maintained high positioning accuracy within 10 cm during the test period, mainly because
of the optimal observational conditions.With the phase ambiguity resolution (AR), the east
component of the three fixed solutions achieved a noticeable improvement, as compared to
the related ambiguity-float solutions. However all the solutions still require approximate
25 min to obtain converged solutions. Figure 8 shows the status of the fixed ambiguity for
each observed satellite during the train test. More GPS satellites had fixed ionosphere-free (IF)
or narrowlane (NL) ambiguities while only two Galileo satellites had fixed IF ambiguities.
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—— North ——— East — Up

PPP PPP-AR
0.4

0.2
0.0 1
—0.2 1
-0.4

04 PPP/INS LCI PPP-AR/INS LCI

0.2
0.0 4

Error (m)

—0.2 1
-0.4

04 PPP/INS TCI PPP-AR/INS TCI

0.2
0.0
—0.2

-0.4
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Figure 7. PPP/INS results of the train positioning test on 7 March 2022.
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Figure 8. Time span of observed satellites and the fixed ambiguity states of PPP-AR train positioning

test on 7 March 2022.

The positioning error RMS of each mode is given in Figure 9. All the real-time PPP/INS
solutions obtained an accuracy below 10 cm in each direction. After AR, all the solutions
achieved significant improvements on the east component, which were around 47%, 40%,
and 38% for PPP-AR, PPP-AR/INS LCIL, and PPP-AR/INS TCI, respectively, as compared
to the related ambiguity-float solutions. It should be noted that GNSS data had a lower
sampling rate than the IMU, and the integrated solutions were entirely determined by INS
before the GNSS and INS time were aligned. Therefore, the PPP-solutions had a smaller

data size though PPP-AR slightly outperformed LCI and TCL
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Figure 9. PPP/INS positioning error RMS of the train test on 7 March 2022 with respect to IE
RTK solutions.

3.2.2. Velocity and Attitude Errors

Figure 10 shows the estimated velocity errors. The velocities from the Doppler esti-
mation were much more noisy than that of the integrated solution, especially on the up
component. The integrated velocity results had higher accuracy with nearly all components
below 5 cm/s, as shown in Figure 11.
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Figure 10. Velocity errors of PPP/INS train positioning test on 7 March 2022.
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Figure 11. PPP/INS positioning velocity error RMS of the train test on 7 March 2022.

p p P p
ar PG " Pary e, PTG P

The heading direction in Figure 12 shows frequent spikes because the heading angles
of the train included dramatic changes in the movement along the curved path, and the
interpolated results were also affected, as compared to the reference. The accurate heading
determination required additional alignment for this PPP/INS system. The roll and pitch
errors were below 0.1°, as shown in Figure 13.

—— Roll ——— Pitch — Yaw
PPP/INS LCI PPP-AR/INS LCI
0.5 1
0.0 4 -+
_05-
0.5 1
g w— ]
10
] | ||| | ” T ||| IIJ
~ 2] || | ||| ||||| . il ||||
5 ] odilnd || adiled |
[ . Il |
g PPP/INS TCI PPP-AR/INS TCI
35
£ 0.5+
< 0.0 4 M-+ NN
_0_5-
0.5
iy — —
10
5 l
0-
_5-
-10 T T g T T
16:49 17:19 17:49 18:19 16:49 17:19 17:49 18:19

HH:MM

Figure 12. Attitude errors of PPP/INS train positioning test on 7 March 2022.



Sensors 2023, 23, 2396

15 of 29

2.5 1

= = N
<] ] <)
| ) !

The 68th-percentile Attitude Error ( )

o
0
)

0.0-

P A A P
o Parg, P Py

Figure 13. PPP/INS positioning attitude error RMS of the train test on 7 March 2022.

3.3. Complex Road Positioning Test Results
3.3.1. Positioning Error Evaluation

Figure 14 shows the number of observed satellites had a number of significant drops,
and the frequent spikes were in the DOP values in this van test. From the ambiguity
status in Figure 15, only G24 and E01 had fixed ionosphere-free (IF) or narrow-lane (NL)
ambiguities. These two IF ambiguities were actually fixed as data, but the remaining
ambiguities could not be fixed due to the frequent interruptions. Single WL ambiguity
resolution (AR) was not beneficial to the solution because the WL ambiguity was estimated
from the geometry-free MW combination. As a consequence, the PPP-AR results were
equivalent to PPP only with an uncombined bias correction. We used the new notation
"PPP + bias’ to indicate this condition.
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Figure 14. GNSS satellite information of complex road test on 11 February 2022.

Figure 16 shows the six modes of positioning results. The van started moving at
around 10:45. A total of 79.6% of the reference Inertial Explorer solutions were ambiguity-
fixed. The PPP and PPP + bias solutions suffered from frequent noisy divergence in all
directions during the movement but still re-converged rapidly. The solution divergence
was caused by a drastic drop of observed satellite numbers and GNSS signal gaps as the
van passed through a bridge or a tunnel. The PPP/INS integrated results for both LCI and
TCI effectively eliminated the noisy spikes and conserved high accuracy throughout the
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test. The INS acted as a good complement for the short GNSS signal blockage. Moreover,
the TCI solutions achieved the best accuracy. In particular, the additional uncombined bias
correction improved the related PPP, LCI, and TCI further, especially for the up component.
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Figure 15. Phase ambiguity status of road bridge test on 11 February 2022.
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Figure 16. GPS/Galileo PPP/INS results of complex road test on 11 February 2022. Different
background color indicates different quality or flag of reference solutions (Ref. flag in the figure). The
same below.

Figure 17 is a two-minute example of the signal outage due to bridges from Figure 16.
It was clear that after each bridge epoch (red vertical line), the PPP converged rapidly within
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a couple of seconds. The LCI and TCI solutions maintained a high precision (decimeter-
level) horizontally, and TCI obtained more accurate and steady height solutions. With the
real-time uncombined bias correction, all solutions were more aggregated, especially for
the height component, and TCI achieved the highest accuracy. Nevertheless, PPP + bias
also converged at a comparably high accuracy at the end of the session. It was also shown
that at the forth red-line epoch (10:53:50), the TCL and LCI solutions had significant drifts.
TCI took around 6 s to recover steady solutions and about 12 s for the LCI to fall below
1 m. The TCI solutions also maintained a higher accuracy of less than 1 m in all directions
during the drift.This drift was caused by a 4 s data gap when the van travelled through
a tunnel instead of a short bridge, which is illustrated in Figure 18. The PPP solutions
drifted severely after entering the tunnel while the TCI solutions were consistent with the
reference solutions.

Figure 19 provides another example of the PPP re-convergence after the bridge epochs.
In this case, the additional uncombined bias correction accelerated the PPP convergence to
a few seconds horizontally and also improved the PPP, LCI, and TCI positioning accuracy.
TClI, as expected, achieved the best performance and preserved a decimeter-level accuracy
during the session. Figure 20 is the related satellite view of the first two bridge epochs. As
in Figure 18, the PPP-only solutions showed large drifts while under a bridge at 11:15:26
while the TCI solutions provided the best consistency with the reference.
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Figure 17. Re-convergence example 1. The red lines indicate the epochs under bridges (The same below).

Figure 21 shows the overall error RMS of each positioning mode. The comparison was
divided by the quality of the reference solutions, e.g., 1 and 2. The quality or state 1 solution
was the majority, as shown in Figure 16, and usually corresponded to epochs with good
satellite visibility. The quality 2 reference solution usually had poor observation conditions,
e.g., under bridges. For quality 1, without bias correction, TCI achieved the best accuracy
in the north (N), east (E), and up (U) directions, at 38, 48 and 67 cm, respectively, and had
an improvement of 25%, 21%, and 32%, respectively, as compared to the PPP results of 51,
61, and 99 cm, respectively. After applying the uncombined biases to PPP, LCI, and TCI,
a higher positioning accuracy was obtained, as compared to the uncorrected solutions.
TCI still offered the highest accuracy of 32, 29, and 41 cm for the N/E/U component,
respectively, which was improved by 18%, 40%, and 39%, respectively, as compared to
uncorrected TCI and by 37%, 52%, and 59% with PPP-only solutions, respectively. The
east accuracy after bias correction was almost identical for the three modes, and the up
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component was the most improved. The LCI performance was in between that of PPP
and TCL For quality 2, the integrated solutions had a substantial improvement, especially
for the height component, which was 94%. The horizontal accuracy was improved from
around 2.5 m to a decimeter level. LCI and TCI had comparable accuracy, which bias
correction improved further.
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(b) POINT PPP/INS TCI solutions

Figure 18. Re-convergence example 1 on Google Earth. The red epoch 10:53:51 signifies when the
van entered a tunnel. IE stands for the reference software Inertial Explorer (The same below).
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Figure 19. Re-convergence example 2. The red epochs 11:15:14 and 11:15:26 signify that the van was
under a bridge.
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Figure 20. Re-convergence example 2 on Google Earth.
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Figure 21. Error RMS of real-time GPS/Galileo PPP/INS results of road bridge test on
11 February 2022.
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3.3.2. Velocity and Attitude Error Evaluation

Figure 22 shows the estimated velocity errors of the GNSS antenna. It was clear that
the integrated solutions were more aggregated than the Doppler estimation. The effect of
the bias correction was not significant. As shown in Figure 23, the PPP or Doppler velocity
accuracy was 0.31, 0.42, and 3.39 m/s in the N/E/U directions, respectively, and 0.15, 0.11,
and 0.03 m/s for that of LCI, respectively. The TCI results were nearly identical to the LCL
The integrated solution achieved an improvement of 52%, 74%, and 99%, respectively.
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Figure 22. GPS/Galileo PPP/INS velocity results of road bridge test on 11 February 2022 with respect
to IE RTK/INS TClI solutions.
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Figure 23. Velocity error RMS of real-time GPS/Galileo PPP/INS results of road bridge test on 11
February 2022.
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Figure 24 shows the attitude errors. The yaw (heading) errors had many spikes, as
shown in Figure 12, corresponding to dramatic change of heading during the movement.
As shown in Figure 25, the LCI attitude accuracy was 0.06, 0.05, and 1.89° for roll, pitch,
and yaw angles, respectively. The TCI attitudes had an improvement of 10% in the heading
accuracy. The effect of the bias correction was still negligible.
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Figure 24. GPS/Galileo PPP/INS attitude results of road bridge test on 11 February 2022 with respect
to IE RTK/INS TCI solutions.
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Figure 25. Attitude error RMS of real-time GPS/Galileo PPP/INS results of road bridge test on 11
February 2022.

3.4. City Center Positioning Test Results
3.4.1. Positioning Error Evaluation

Figure 26 shows that the number of tracked satellites in the city center test had a sig-
nificant decrease at around 16:00 and 16:30 and required more time to recover peak values,
as compared to Figure 14, which indicated harsh signal reception in the city center. Due
to vegetation and high-rise canyons, GNSS signal blockage or gapes frequently occurred
during the city test. As in Figure 27, the ambiguities of the tracked satellites were not
consecutive and had frequent and long interruptions, which made it difficult to fix the IF or
NL ambiguities, as shown in Figure 15.
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Figure 26. GNSS satellite information of city center test on 27 January 2022.
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Figure 27. Phase ambiguity status of city center test on 27 January 2022.

The van started moving at around 15:35 and stopped for about 15 min from around
16:35. As shown in Figure 28, the PPP solutions re-converged significantly several times. PPP
+ bias improved the results to some degree, but the frequent re-convergence continued to
be an issue.The LCI solution mitigated the noisy spikes of the PPP, but the improvement
were marginal. The bias correction added more aggregation in the up component. The TCI
solutions, however, eliminated the divergence effectively and obtained the best performance
during the test. TCI with bias correction improved the results further, especially for the
up component.

Figure 29 is an example of satellite view from 16:31:02 to 16:32:52. Vegetation was
clustered along the curved path, and the reference solutions showed a lot of red states,
indicating a challenging signal reception environment. As expected, the PPP solutions
as well as as the bias corrected solutions had substantial inconsistencies along the path.
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The LCI solutions were better, yet they still had a clear shift from the reference. The TCI
solutions again provided the best consistency.
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Figure 28. Real-time GPS/Galileo PPP/INS results of city center test on 27 January 2022 with respect
to IE RTK/INS TCI solutions.
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Figure 29. Example 1 of city center test on Google Earth.
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In terms of overall error RMS, as shown in Figure 30, the contribution of the bias
correction was mainly for the up component, and the horizontal accuracy was almost
equivalent to the solutions without biases for PPP, LCI, and TCI. With respect to the
reference state or quality 1 solutions, TCI after bias correction achieved the best performance
with an accuracy of 47, 26, and 55 cm in the N/E/U directions, respectively.
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Figure 30. Error RMS of real-time GPS/Galileo PPP/INS results of city center test on 27 January 2022
with respect to IE RTK/INS TCI solutions.
3.4.2. Velocity and Attitude Errors

From Figures 31 and 32, the integrated velocity solutions have higher accuracy than
Doppler estimation in all directions as in Figures 22 and 23.

—— North —— East —— Down

PPP+bias

PPP/INS LCI

0.2
-0.2 4

St i et b
et o] et

PPP/INS TCI PPP+bias/INS TCI

1 e R B Rt
R R e
—jrimlprmmndfd—opssnl (—frerrdpemnom e} st

15:20 15:50 16:20 16:50 15:20 15:50 16:20 16:50 17:20

Velocity Error (m/s)
o
o

Soodooboo
ONNONNON

HH:MM

Figure 31. Real-time GPS/Galileo PPP/INS velocity errors of city center test on 27 January 2022 with
respect to IE RTK/INS TCI solutions.
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Figure 32. Velocity error RMS of real-time GPS/Galileo PPP/INS positioning of city center test on 27
January 2022 with respect to IE RTK/INS TCI solutions.

The attitude heading errors also show several spikes in Figure 33, which is similar to
Figures 12 and 24. The LCI and TCI attitude solutions are almost identical from Figure 34.
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Figure 33. Real-time GPS/Galileo PPP/INS attitude errors of city center test on 27 January 2022 with

respect to IE RTK/INS TCI solutions.
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Figure 34. Attitude error RMS of real-time GPS/Galileo PPP/INS positioning of city center test on 27
January 2022 with respect to IE RTK/INS TCI solutions.

4. Discussion

The dramatic change in heading increased the difficulty of precise yaw angle deter-
mination in this PPP/INS integrated system. External heading alignment was required to
improve this defect. The GPS/Galileo multi-frequency IF PPP model using uncombined
bias products should be further evaluated, as the current dual-frequency model may still
require more than 15 min to converge to high accuracy. The TCI of the PPP and the tactical-
grade IMU preserved the decimeter-level accuracy during the short signal intervals, but
the IF PPP integration with the low-cost IMU requires further investigation.

5. Conclusions

In this study, we evaluated the GPS/Galileo PPP/INS positioning performance with
CNES real-time orbit, clock, and uncombined bias products through a train positioning
test in an open sky environment and a van positioning test on a complex road with bridges
and tunnels. The uncombined bias products were used for the resolution of dual-frequency
ionosphere-free ambiguity.

In the train test, it was found that ambiguity-float PPP had an almost identical per-
formance with either LCI or TCI and reached an accuracy of 8.5, 5.7, and 4.9 cm in the
north (N), east(E) and up (U)directions, respectively. After the phase ambiguity resolution
(AR), significant improvements on the east error component were achieved, which were
47%, 40%, and 38% for PPP-AR, PPP-AR/INS LCI, and PPP-AR/INS TCI, respectively.
Under good observational conditions, the benefit of the additional inertial measurements
for the positioning results was marginal. However, for the van tests in the complex road
and city center, frequent drops of a number of visible satellites directly caused multiple
re-convergences in the PPP solutions, in which the IF AR was not feasible to obtain, though
the phase biases were corrected. The TCI achieved most accurate results, which were 32,
29, and 41 cm for the N/E/U components, respectively, and also effectively eliminated the
solution re-convergence in PPP.
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