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Abstract: Autonomous vehicle technologies are useful for unmanned ground vehicles, mobile robotics, micro-air
vehicles, and logistics which become one of the key research points in recent years. Real-Time Kinematic/Inertial
Navigation System (RTK/INS) tightly coupled systems are widely used in navigation systems. They use
complementary information of Global Navigation Satellite System (GNSS) and INS to provide continuous and robust
positioning and navigation solutions in various application scenarios. In this paper, we extend time-differenced carrier
phase (TDCP) in RTK/INS tightly coupled algorithm to achieve low-power consumption navigation system, which can
aid autonomous vehicles getting high accuracy position. In conventional RTK/INS tightly coupled systems, the
pseudorange, Doppler, and carrier phase of GNSS are used to integrate with INS complementarily, which has high
power consumption. Because the sampling rate of Inertial Measurement Unit (IMU) is usually around hundreds of hertz
and the RTK/INS tightly coupled algorithm is complicated. Unlike conventional RTK/INS tightly coupled system, this
system adaptively utilizes TDCP positioning module to work independently at lower sample rates and simple structure
getting high-precision position in some good condition like open-sky. RTK/INS tightly coupled module will stop work
at this time to save power consumption and computation. In addition, considering the positioning error of TDCP will
drifting, this system will adaptively use RTK/INS tightly coupled module to correct the drifting error of TDCP
periodically to help system maintain high-precision navigation continuously. Experimental results show the positioning
error of TDCP remained within relatively acceptable bounds for general navigation scenarios despite the drift. The
maximum errors over 30 minutes in east, north, and up direction are around 0.333 m, -0.446 m, and 3.598 m,
respectively. Besides, RMS significantly decreases with calibration by RTK/INS tightly coupled system compared to
cases without calibration, which demonstrates the effectiveness of periodic correction in mitigating cumulative drift for
TDCP.
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Kubo, 2016). A feasible solution is to integrate the data
from other sensors, like the Inertial Navigation Systems
The rapid advancement of autonomous vehicle  (INS).

technology has created an urgent demand for highly
reliable and precise navigation systems, particularly in
challenging environments (Van et al., 2018). Global
Navigation Satellite System (GNSS) technology is a very
effective way to get accurate position, which is critical

1. Introduction

RTK/INS tightly coupled system can mitigate these
problems in some certain. In the conventional RTK/INS
tightly coupled algorithm, the pseudo-range, Doppler, and
carrier phase generated from the GNSS receiver are used
ay i - to form the Kalman Filter (KF) measurement equation. It
for the navigation of autonomous vehicles (Hegarty and  qffers superior positioning accuracy while introducing
Chatre, 2009). several significant technical challenges like complex
Real-Time Kinematic (RTK) positioning is widely  system architecture, high computational demands, and
adopted for positioning tasks requiring higher accuracy. excessive power consumption.

Since RTK requires a fixed base station or access t0 @ Time-differenced carrier phase (TDCP) can provide

continuously operating reference station (CORS) network — precise relative positioning since it does not rely on fixed
(Zeybek, 2021). It may not always be available,  pye station or external correction services as the case in
particularly in remote areas. Its accuracy also degrades  RTK techniques (Soon et al., 2008). By differencing the
with increase of distance from the base station due to the  GNSS carrier phase measurements over time (Li et al.
growing impact of atmospheric and signal propagation  502) the TDCP-based technique can cancel out the
errors (Feng and Wang, 2008). In addition, in challenging  jonogpheric delay, tropospheric delay, satellite clocks and
environments, GNSS signals encounter —significant it errors. This algorithm has been applied to estimate
challenges, including the number of visible satellites, 0 velocity with high accuracy (Suzuki, 2022). While
multipath ~ and  none-line-of-sight (NLOS), = signal  TpCP techniques offer improved short-term stability
attenuation, and interference from buildings (Tokura and compared to standalone GNSS, they remain susceptible
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to cumulative error drift over extended periods, limiting
their effectiveness for long-duration autonomous
operations.

To address these limitations, this paper presents the
development of a tightly coupled RTK/INS-aided TDCP
navigation system, designed to deliver low power
assumption and high-precision positioning in GNSS-
challenged scenarios. By integrating RTK's centimeter-
level accuracy, INS's high-rate motion tracking, and
TDCP's resistance to cycle slips, the tightly coupled
architecture enables real-time sensor fusion, leveraging
Kalman filtering to optimally estimate and correct errors
across all subsystems. The results suggest that while
TDCP alone provides reasonably accurate positioning,
integrating periodic correction significantly refines
performance, particularly in environments where error
accumulation would otherwise degrade precision over
time. This approach not only improves positioning
consistency but also supports energy-efficient navigation
by reducing the need for excessive computational
corrections.

2. Methodology

2.1 TDCP measurement model

The carrier phase measurements model can be written as
follows:

1 S s
¢=z(pu +edt, —cdt —1,+T,)+N+g, (1)

where ¢ is the carrier phase measurement in cycles, A is
the carrier wavelength, p’ 1is the geometric range
between the satellite and the receiver antenna, ¢ is the

speed of light in a vacuum, d¢, is the receiver clock bias,
dr’ is the satellite clock bias, /, is the ionospheric delay,
T, is the tropospheric delay, N is the carrier phase
integer ambiguity in cycles, &, is the measurement errors
of carrier phase.

The carrier phase measurement equation at epoch ¢, can

also be expressed as follows:

$(t0) =5 o)+t (1) =cdr 1) ]+

Hn )+ J+es(s)

Similarly, the carrier phase measurement equation at

epoch ¢, ,, can be expressed as:
1

¢(tk+l):_ o, (tk+l)+Cdt (k+1)_CdtS (tk+l) +
il ] (3)

%[_Itff( k+1)+T ( k1 )]+N(tk+1)+g¢ (tk+l)

The difference between two successive carrier phase
measurements at epochs ¢, and 7, can be calculated.

(2)
t, )]+N(tk

k+1

20f7

A¢:¢(tk+l)_¢(tk)

4)
= %(Ap: +cAdt, —cAdt’ -

Al +AT,)+Ag,

where A represents the differencing operation between
two successive epochs. The carrier phase integer

ambiguity N(z, ) is equal to N(z,,,) when the cycle slip

is handled, the difference of the satellite clock bias Adt*,
the ionospheric delay Al,, and the tropospheric delay

AT, vary slowly which approximated at zero. Therefore,

the TDCP measurement can be written as:
Ag=— (Ap +cAdt, )+ Ag, (5)

The geometric range between the satellite and the
receiver antenna can be formulated.

Pa (tk) = e(tk )'[r‘g (tk)_ru (tk ):|
o, (tk+1 ) = e(tkﬂ )'[rs (tkH)_ru (tk+1 )]

is the satellite position, r,

(6)
where r* is the receiver

position, e is the line-of-sight unit vector from receiver
antenna to satellite which can be calculated as:

e(t,)= ”"S ()= (4)

3
e _ r (t/m )_r“ (t"+1)
(tr) I (t) =, (8|

Therefore, the term Ap’ in equation (5) can be expressed

()

Ap; = p; (t) = Pu (t,)
=e(te)-[ 7 (1) =1 ()]
~e(,)[r (6)-r.(1)] (8)
=[e(tk+l)~r‘v(tm)—e(tk)-rs(tk)]
~[e(ten)r (tn)—e(t)r (1))

Besides, the relationship between the receiver positions at

epoch 7, ., and epoch ¢, can be expressed as:

';4 (tk+1) u ( )+Ar (9)
where Ar, is the receiver position change between ¢,
and ¢, .

Substituting equation (9) in (8):
Ap; ={e(tn) r () —e () v (1)
el (n () an) =) ()] (o)
={e(te) v () —e(t)-r ()]
(i) () —e (1)1 1) ey, )

The equation (5) can be written as:
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A¢_%[e(t"“)'rs () —e(t)r (1, )]+
%I:e(tkﬂ)'ru (t,)—e(t,)r, (tk)] (11)

1 c
=—Ze(tk+l)-Aru +2Adtu +Ag,

Let the left part of the equation (11) equal to A¢7 .
Equation (11) can be rewritten in the vector form.

Ar, ~
[—e(t) IJLAdtM } = AAg—AAe, (12)

2.2 INS algorithm for displacement increments

estimation

The initial attitude can be got by accelerometer leveling
and gyroscope compassing. The initial attitude angles
including roll, pitch, and azimuth in ENU frame can be

written as [r, p,a]. Consequently, the initial rotation
matrix C, using right-handed system where X is right,
Y is forward, and Z is pointing up can be obtained as:

Cll CIZ C]3
G =G Cy Cy (13)
C3l C32 C33
where,

C,, =cosacosr +sinasin psinr

C,, =sinacos p

C,, =cosasinr—sinasin pcosr

C,, =—sinacosr+cosasin psinr

C,, =cosacos p (14)

C,, =—sinasinr —cosasin pcosr

C,, =—cos psinr

C,, =sinp

C,; =cos pcosr
The quaternion parameters at #, can be computed from

the rotation matrix C, , which can be written as:

(1) 025(Cy, = Cyy )/, (1)

(%) _ 0.25(C;s = Cyy)/a, (1) 15
4 (1) 1025(G, - Cp,)/a4 (1) (13)
q,4 (tk)

0.5«/1 +C, +C,, +C;;

Due to computational errors, the quaternion parameters
should be normalized. The normalized quaternion
parameters can be written as:

i=a/\NG +i+¢+a; (16)
The rotation matrix C, can be obtained using the
quaternion parameters:
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2(d14; + 4244
2(92‘?3_‘?1‘?4) (17)
=4 =4+ 45 +4;

2(‘)1(22 - 4364)
—4+4; =45+
2(G295 +44.)

@ -4-4 -4
C/:l = 2(‘?@3 +ézé4)
2(‘?1‘}3 - 6}2@4)
The correction terms are used to compensate for the
Coriolis Effect and can be calculated as:

_ L ;
R, +h
b b Vg
o =C +@. Ccos 18
mn n Rn + h le ¢ ( )
YE_tan d+ @, sing
| R, +h T

where R is the meridian radius, R, is the prime vertical
radius, / is the altitude, ¢ is the latitude, v, is the
velocity in East direction, v, is the velocity in North

direction, @, is the angular velocity of the earth rotation.

Consequently, the angular changes corresponding to @,
can be determined as:

0, =, At (19)
where is the sampling time interval.
Then the

compensated for @) in order to get the actual angular

measured angular increments §, is

changes of carrier 6°, as follows:

nb

AO

0, =6,-6, =AY, (20)
AG

The update attitude at 7, , expressed by quaternion can
be written as follows:

9, (lk+1) q, (tk) 0 AQ,

. —AG, AG, ql(tk
‘Iz(tm) _ qz(tk) 1| -Ab, 0 A6, A, |l q
q3(tk+1)

qs ([k) ) 1
94 (tk+l)

)

21

~— — —

1 (4

2| AO, -AO, 0 A6, (.
a,(1) -A0, A0, -AG. 0 | q,(z)
After normalization, rotation matrix can be computed
from the updated quaternion parameters using equation
17).

The velocity increments can be written as:
AV =C) AV - (2000 420 )" At + g At (22)

=
o

where £2” and (2" represent the skew symmetric matrix

corresponding to the angular velocity vector @; and @,

respectively, g" =[0 0 —g]T represent the normal

gravity vector in the navigation frame. C; -Av" is the
measured velocity increments after transformation into
the navigation frame, (2.(23" +20 )v" -At is the Coriolis
correction that compensates for the earth rotation and the
navigation frame change of orientation, g”-At is the
gravity correction.
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The update velocity in navigation frame can be computed
as:

v (60,) =" (2,) +%(Av" (1) + 0 (1)) @3)

The update position including altitude %, latitude ¢, and
A can be computed as:

(vy (e )+ vy (2,)) At

l("zv (tk)+vN (tkH)JAt (24)

N | —

h(t,,)=h(t)+

¢(tk+1):¢(tk)+2 R +h

ﬂ(%):wml[v,g(tk)+v5(tk+l)JAt

2\ (R, +h)cosg

2.3 RTK/INS tightly coupled system
The state vector of RTK/INS tightly coupled system

including 9 navigation error states and 6 sensor bias states:

x=[or" " ¢ & V' sdt sdf  (25)
Where or" =[or,,0r,,0r, 1" is the position error vector

north, and wupward directions.
V" =[6v,.0v,,0v,]" is the velocity error vector.

¢ = [¢E’¢N’¢U ]T is the

£b=[gx,gy,gz]r is the

along the ecast,

misalignment  vector.

gyroscope bias  vector.

V' = [V..V,.,V.]" is the accelerometer bias vector. Jdt
is the receiver clock error. ddf is the receiver clock drift.
The system dynamic model can be written as

x=Fx+Gw (26)
where F is the system dynamic matrix, G is the design
matrix. w is the process noise.

The measurement model can be written as

zP — HP vl’ 27
% B H, * Yo @7

And it can be written simply as

z=Hx+v (28)
Where p represents the pseudorange observation. p
represents the pseudorange rate observation. z is the
measurement vector. H is the design matrix. v is the
measurement noise.

Kalman filter is used to estimate the state vector. The
time update can be written as

&k‘kﬂ =D, X, (29)
Py =By P @+ 10T (30)
The measurement update can be written as
K, =Py H[(HP, H] +R, )71 31)
X =%y, + K (Z,-H, %) (32)

P, =(I—Kka)P

Klke-1

(I-K.H,) +KRK (33)
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3. Test and Results

In the test, numerical analysis is conducted using a
dataset provided with the GINav library (Chen et al.,
2021). This vehicle based, driving dataset was collected
in a suburban environment. A Trimble R10 receiver is
used to collect GNSS measurements. The Inertial
Measurement Unit (IMU) measurements are collected
from a tactical grade sensor. The NovAtel SPAN-CPT
system provides accurate solutions as the ground truth
(GT). Figure 1 shows the number of visible satellites
from GPS, Galileo, and Beidou constellations in test
period for 30 minutes plotted by rtkplot (Takasu and
Yasuda, 2009). There are 7 to 14 available satellites that
can be stable used in RTK/INS tightly coupled system
during the test shown in Figure 2.
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Figure 1. The number of visible satellites during test.
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Figure 2. The number of satellites used in RTK/INS tightly
coupled system.

Figure 3. is the sky-plot of visible satellites during the
test for 30 min. There are more than 17 satellites
elevation angles consistently greater than 15 degrees
during the test. The geometric distribution of visible
satellites is even in terms of elevation, which is beneficial
for positioning.

The horizontal trajectory of the vehicle in the East-North
plane during the test is presented in Figure 4. As shown
in the figure, the trajectory forms two complete circular
loops, total of approximately 30 minutes. This long-term
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test was intentionally designed to verify the accuracy of
the system's positional tracking capabilities.
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Figure 3. The sky-plot of visible satellites.
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Figure 4. Horizontal trajectory in the test.
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Figure 5. Positioning errors of TDCP.

The positioning errors of TDCP in East, North, and Up
directions are shown in Figure 5. After providing an
initial position by RTK/INS tightly coupled system,
TDCP can get high-precision position and its error
exhibited a gradual drift over the 30 minutes test
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duration, as expected due to the accumulation of
displacement error. However, despite this drift, the
positioning error remained within relatively acceptable
bounds for general navigation scenarios. The maximum
errors over 30 minutes in east, north, and up direction are
around 0.333 m, -0.446 m, and 3.598 m, respectively.
Over short time spans, the TDCP solution maintained
high accuracy, but over extended periods, the
accumulated drift became noticeable, highlighting the
need for periodic error correction or integration with
additional sensors for long-duration applications. In
addition, the Up-position errors show the largest error
drifting over time mainly due to the poorer geometric
distribution of the visible satellites in vertical direction
than that in horizontal.

Although TDCP error remains relatively small, its
cumulative effect over time prevents the system from
achieving high-precision positioning. To mitigate this
issue, periodic error correction must be applied, through
external aiding sources. RTK/INS tightly coupled system
is applied to correct the error. The positioning errors of
TDCP with correction by RTK/INS tightly coupled
algorithm at a 5-minute cycle, 10-minute cycle, and 15-
minute cycle are illustrated in Figure 6, Figure 7, and
Figure 8, respectively. As noted in purple rectangle in
Figure 6, the accumulation errors of TDCP at the end of
5% minute reach to 0.144 m, -0.051 m, and 0.596 m in
East, North, and Up directions, respectively. Then
RTK/INS tightly coupled algorithms correct the errors to
0.034 m, approximately 0 m, and 0.012 m, respectively.
Other calibration points have the same error correction
effect. Especially in Figure 8, RTK/INS tightly coupled
algorithms correct the accumulation error of 20-minute
TDCP drifting significantly. the accumulation errors of
TDCP at the end of 20™ minute reach to 0.219 m, -0.116
m, and 1.496 m in East, North, and Up directions,
respectively. Then RTK/INS tightly coupled algorithms
correct the errors to -0.011 m, -0.011 m, and -0.017 m,
respectively.

03 T
RNIS: 0.089m
= 02l 1= ]
W,.-V" i 1
5° 1
% 1 \! V 1 k
F
& 1
| "VA"‘
I 1
asz sl ase  Tosw asd Py B 594 Py Iy 36
1 1 1 1 GPSTInie( 1 1 \ 1 105
1 ] 1 | 1
| T LI I LI L RNS: 0.074m
g o1 1 I 1 I 1 1 1 I 1
§ or R, I Pd 1 1) 1
£ i ! ! P! ! W 1
5
2 02k I I .
1! 1! ! 1 1
03l L L - Il - 1 L |
358 3582 358k 3ss6 | 3see 35d 3se2 350 3500 3598 36
| 1 | 1 GPsTnie(g 1 1 1 1 108
08y T T+ — — =t
RNIS: 0.287m
_osf- | I | S rusem])
£ I
g 04r 1 1 1 .
s
S 02 1 1 I 7
B
o 1 1
02!

r . I I | I I I
3.58 3.582 3.584 3.586 3.588 3.59 3.502 3.594 3.596 3.598 36
GPS Time (s) <105

Figure 6. Positioning errors of TDCP with correction by
RTK/INS tightly coupled system at a 5-minute cycle.
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Figure 8. Positioning errors of TDCP with correction by
RTK/INS tightly coupled system at a 15-minute cycle.

Table 1. RMS of positioning errors of TDCP, and TDCP with

correction.
Correction RMS of positioning errors
Methods cycle (m)
(minutes) East North Up
TDCP
without 0202 | 0.192 | 1.688
correctl
on
TDCP 5 0.069 0.074 0.287
with 10 0.106 | 0.073 | 0578
correctl
on 15 0.099 0.120 0.850

By incorporating periodic corrections, the system can
reset its error accumulation, significantly improving
positioning accuracy. This approach is particularly
beneficial for long-duration operations, which adaptive
correction intervals triggered by time thresholds can
further optimize performance, ensuring that corrections
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are applied only when necessary. For the complexity of
RTK/INS tightly coupled algorithm is much more than
TDCP, TDCP-based navigation systems can reduce
computational burden and power consumption. The
periodic correction can help system maintain relative high
precision positioning.

The RMS of positioning errors of TDCP without-, and
with-correction for 30 minutes are shown in Table 1.
RMS significantly decreases with calibration by
RTK/INS tightly coupled system compared to cases
without calibration, which demonstrates the effectiveness
of periodic correction in mitigating cumulative drift for
TDCP. The most notable improvement occurs in up
direction with the highest error (1.688 m), where
correction reduces the deviation by approximately 1.401
m, highlighting its critical role in enhancing long-
duration positioning reliability. Although theoretically,
reducing the cycle time can decrease the RMS,
comparing the TDCP results of 5-minute cycle correction,
10-minute cycle correction, and 15-minute cycle
correction, the reduction of cycle time cannot decrease
RMS in all directions. Therefore, a proper cycle should
be set considering power consumption and performance
in practical work.

4. Conclusions

In this paper, we develop a tightly coupled RTK/INS-
aided TDCP navigation system to reduce power
assumption while maintain high positioning precision for
autonomous vehicles in challenging environments. The
proposed system leverages the complementary strengths
of RTK/INS, and TDCP to mitigate the limitations of
standalone =~ TDCP  navigation, particularly its
susceptibility to cumulative error drift over time.
Experimental results demonstrate significant
improvements in positioning precision across all three
coordinate directions. These enhancements are achieved
through periodic correction, which effectively suppress
the drift in TDCP positioning. While TDCP alone
provides reasonably accurate positioning for short
durations, the results confirm that integrating RTK/INS
aiding and periodic correction substantially refines long-
term performance. The proposed system not only
improves positioning consistency but also promotes
energy-efficient navigation by minimizing the
computational. Future work could explore adaptive
correction intervals to further optimize accuracy and
resource usage.
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