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Abstract—Global navigation satellite system (GNSS) carrier
phase measurement is highly vulnerable to signal attenuation,
multipath, and blockage in urban environments, which signifi-
cantly degrades the availability of precise GNSS positioning. Long
coherent integration (LCI) serves as an effective approach to sup-
press thermal noise and mitigate multipath interferences within
phase-locked loops (PLLs); however, its performance is con-
strained by the dynamic stress resulting from satellite–receiver
motions. This study proposes a GNSS/inertial navigation system
(INS)/odometer (ODO) deeply coupled (GIO-DC) system with
LCI PLLs. An (ODO) distance increment measurement model is
integrated with a MEMS IMU to estimate and compensate for
the PLLs’ dynamic stress with enhanced accuracy and reliability,
thereby enabling extended coherent integration time. In addition,
a four-quadrant phase discriminator is adopted to expand the
PLL pull-in range and reduce the likelihood of cycle slips. Field
tests on a wheeled vehicle in typical urban complex environments
were conducted to evaluate the performance of the GIO-DC
system from multiple perspectives. The results confirmed the
superiority of the proposed approaches. A coherent integration
time of 800 ms was achieved, realizing continuous carrier
phase measurement and robust centimeter-level positioning. The
proposed deeply integrated system, built on the low-cost MEMS
IMU and ODO, delivers performance on par with that of a system
based on a navigation-grade IMU.

Index Terms—Carrier phase, deep integration, global nav-
igation satellite system (GNSS)/inertial navigation system
(INS)/odometer (ODO), long coherent integration (LCI), phase-
locked loops (PLLs).
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NOMENCLATURE

ESKF Error-State Kalman Filter.
FLL Frequency-locked loop.
GIO-DC GNSS/INS/ODO deeply coupled.
IF Intermediate frequency.
I/Q In-phase and quadrature.
LCI Long coherent integration.
NCO Numerically controlled oscillator.
NHC Nonholonomic constraint.
ODO Odometer.
PLI Phase lock indicator.
PLL Phase-locked loop.
rms Root mean square.
RTK Real-time kinematic.
SNR Signal-to-noise ratio.

I. INTRODUCTION

THE global navigation satellite system (GNSS) serves
as a cornerstone for comprehensive positioning, navi-

gation, and timing (PNT) systems by providing continuous,
high-precision spatiotemporal reference information. It plays
a critical role in various applications such as intelligent
robots, traffic monitoring, and autonomous vehicles [1],
[2]. High-precision GNSS positioning algorithms, including
RTK, precise point positioning (PPP), and PPP-RTK, enable
decimeter-level or even centimeter-level dynamic positioning
accuracy through the use of carrier phase observations [3]. The
availability of high-quality carrier phase observations relies
heavily on the GNSS receiver’s ability to maintain accurate
and continuous signal tracking via its PLLs. However, GNSS
signals are susceptible to attenuation, multipath, and blockage,
making PLLs difficult to sustain stable signal tracking in
challenging environments such as urban canyons or dense
foliage canopies [4], [5]. These factors hinder the acquisition
of precise carrier phase observations, thereby compromising
the reliability and accuracy of positioning solutions. Therefore,
overcoming these limitations is essential for precise GNSS
positioning in dynamic and complex scenarios.

LCI in tracking loops can enhance the continuity and accu-
racy of carrier phase observations significantly. Compared to
extending noncoherent integration time, extending the coherent
integration time avoids the issue of squaring loss [6]. In com-
plex environments, where signals are frequently attenuated,
LCI fundamentally increases the signal energy and enhances
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the SNR, thereby effectively improving the tracking sensitivity
under degraded signal conditions [7], [8]. In addition, LCI
enhances the resolution of multipath components with different
frequencies, thereby aiding in the mitigation of multipath
effects [9]. However, practical implementation of LCI is con-
strained by navigation bit sign transitions, oscillator instability,
and satellite–receiver dynamics. The issue of navigation bit
sign transitions can be addressed by employing unmodulated
pilot signals, using external bit-aiding techniques, and utilizing
bit estimation methods. As the coherent integration time
increases, oscillator instability introduces phase errors that
lead to signal energy loss, thereby degrading the performance
of coherent integration. The impact of oscillator instability
can be mitigated through difference-based [10] or estimation-
based [7], [11] techniques. Moreover, LCI faces a tradeoff

between dynamic stress and thermal noise. On the one hand,
the user dynamics constitute one of the primary error sources
that the tracking loop must handle. To support high-dynamic
user motion, a wider loop bandwidth is required to enhance
the loop’s tolerance to frequency tracking errors induced by
dynamic stress. On the other hand, longer coherent integration
periods suppress thermal noise and enhance tracking precision
[12]. However, longer coherent integration inherently requires
a narrower tracking-loop bandwidth, increasing the impact
of dynamic stress on the loop performance. As a result, the
relative satellite–receiver dynamics become the primary factor
that limits the extension of coherent integration time.

To address these challenges, deep integration of GNSS
and the INS has emerged as an effective solution. GNSS
provides precise long-term positioning but suffers from low
update rates and vulnerability to environmental interference.
Inertial measurement units (IMUs) offer high update rates,
strong dynamic responsiveness, and good short-term accuracy,
but their errors accumulate rapidly with time and eventually
cause divergence. Their complementary characteristics enable
mutual assistance [13], [14], and deep integration further
enables the inertial system to aid GNSS at the signal level.
By adopting GNSS/INS deep integration, the dynamic stress
encountered in tracking loops can be compensated, allowing
the loops to work under quasistatic conditions and enabling
the realization of LCI [15], [16]. As mentioned above, if the
oscillator instability is mitigated, the accuracy of dynamic
stress estimation becomes the primary constraint on further
extending the integration time, which is the core issue that
this article aims to address.

Many studies have been conducted on LCI techniques for
FLLs. Luo et al. [17], [18], [19] proposed a method based on
the fractional Fourier transform (FRFT), projecting the signal
into the FRFT domain to enable an ultra-LCI time without the
need for external IMU assistance. This approach estimates the
frequency rate variation caused by receiver dynamics purely
through signal transformation. Ren and Petovello [20] utilized
a maximum likelihood (ML) method to estimate navigation
bits and implemented a GNSS/INS deeply integrated vector
tracking structure, achieving a coherent integration period
of up to 100 ms. Pany et al. [21] employed multisensor
fusion to assist the tracking loop, enabling up to a 2 s of
coherent integration time and successful tracking of signals
as weak as 1.5 dB-Hz in dynamic environments. Cheng et al.
[22] introduced a sensor-aided long integration (SALI)

approach and allowed a coherent integration time of up to 1 s
with sensor assistance, enabling the tracking of code phase
and Doppler, along with effective multipath separation and
mitigation. However, these studies primarily focus on improv-
ing the performance of pseudo-range and Doppler, without
incorporating effective carrier phase aiding mechanisms.

A study [23] quantitatively assessed the effectiveness of
inertial sensors of different grades in assisting PLLs. Com-
pared to frequency and code tracking loops, PLLs are more
sensitive to errors and more prone to loss of lock in chal-
lenging environments. As a result, PLLs impose stricter
requirements on the accuracy of aiding information. Soloviev
and Jeffrey Dickman [24] demonstrated the feasibility of long
coherent carrier phase tracking in indoor weak-signal environ-
ments using consumer-grade IMUs. However, carrier phase
observations were frequently interrupted, and high-precision
positioning could not be achieved using these observations
under dynamic conditions. Zhang et al. [25] used industrial-
grade MEMS IMUs to assist loop tracking for LCI, showing
that MEMS IMUs can alleviate the dynamic stress in tracking
loops to some extent, realizing a 100 ms of coherent integra-
tion time, but the positioning errors were at the decimeter level.
Dampf et al. [26] and Bochkati et al. [27] proposed synthetic
aperture processing (SAP) schemes that utilize inertial sensors
to measure and compensate for antenna motion. However, their
approaches focused solely on bandwidth compression without
extending the coherent integration time, and their experiments
were conducted in open-sky environments without verifying
the carrier tracking performance under signal-challenged con-
ditions. Overall, research on LCI specifically for carrier phase
tracking remains limited. Moreover, low-cost MEMS IMUs
suffer from rapid error drift for their drawbacks concerning
design principles and production processes [28], [29], mak-
ing it difficult to maintain sufficient accuracy over extended
coherent integration periods. The navigation-grade IMUs are
capable of providing high-precision aiding information for
their lower bias drift and superior noise characteristics. How-
ever, their use is often limited by cost constraints in practical
applications.

As an inherent sensor on wheeled vehicles, the ODO pro-
vides distance increment information in the forward direction
[30], effectively enhancing the dead reckoning performance
of INS and suppressing error divergence. The integration of
the MEMS IMU and ODO (INS/ODO) significantly enhances
the accuracy of dynamic stress estimation, thereby enabling
longer coherent integration time of PLLs. In terms of the ODO
measurement model, the velocity measurement model [31],
[32] represents the classical approach, whereas our previous
study [33] introduced the distance increment measurement
model. The study showed that the distance increment mea-
surement model exhibits lower measurement error than the
velocity measurement model. Moreover, in short-term GNSS
outage tests, the forward positioning errors of the distance
increment measurement model were statistically reduced by
67% compared to those of the velocity measurement model.
Therefore, when applying INS/ODO to assist the PLLs for
LCI, the distance increment measurement model is preferable.

Moreover, the signal will be sent to the phase discriminator
to estimate the phase error after coherent integration. The
discrimination result represents the time-averaged phase error
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of the signal during the coherent integration period. The pull-in
range of the traditional Costa two-quadrant phase discrimina-
tor is only [−π/2, π/2] [34]. In complex environments, various
interferences can induce phase errors exceeding π/2, causing
the replica and received signals to shift from an unbiased
estimate toward a π phase offset, or vice versa, ultimately
resulting in half-cycle slips of the carrier phase. In more severe
environments, such conditions may cause the tracking loop to
lose lock entirely. Therefore, it is necessary to adopt a phase
discriminator with a wider pull-in range to improve the loop’s
robustness.

Based on the rigid requirement of high-precision dynamic
aiding information in PLL LCI, this article proposes a
GIO-DC system. The system enhances the accuracy of aiding
information by integrating a low-cost MEMS-IMU with a
wheeled ODO distance increment measurement model. Addi-
tionally, a four-quadrant phase discriminator is used to extend
the phase error detection range. This approach enables LCI
tracking of the carrier phase in complex environments, pro-
viding continuous and stable carrier phase observations and
positioning. This system can be applied to a variety of practical
scenarios requiring continuous and reliable positioning, such
as autonomous driving, precision agriculture, and intelligent
urban navigation. These applications highlight the potential of
the proposed method to enhance the robustness and accuracy
of GNSS tracking in challenging environments.

The main contributions of this article are listed as follows.
1) A GIO-DC system with LCI PLLs is proposed, wherein

a four-quadrant phase discriminator is employed to
extend the pull-in range of the LCI PLLs, improving
the stability of carrier phase tracking.

2) The integration information of a consumer-grade MEMS
IMU and an ODO distance increment measurement
model is employed to aid PLLs, enabling accurate
estimation of dynamic stress and realizing PLLs’ LCI.
Meanwhile, the accuracy of the aiding information is
quantitatively evaluated to verify its effectiveness in
supporting LCI.

3) The impacts of phase discriminators, integration models,
and coherent integration times on the LCI PLLs are thor-
oughly evaluated in dense foliage canopies scenarios.
We can achieve an 800-ms coherent integration period
and centimeter-level positioning accuracy with the aid
of the proposed LCI PLLs, which are comparable to
the results obtained utilizing navigation-grade inertial
sensors.

II. METHODOLOGY

A. Overview of the GIO-DC System
Fig. 1 shows the architecture of the GIO-DC system. Each

satellite’s signal is processed in an independent tracking
channel. The incoming IF signal is mixed and correlated
with local replicas to produce 1-ms correlation outputs. For
pilot channels, these results can be directly used for LCI,
while nonpilot signals require bit wipe-off before coherent
integration. The I/Q components of the LCI are fed into a
phase discriminator that supports both two-quadrant and four-
quadrant discrimination modes. In challenging environments,
the four-quadrant phase discriminator is employed to improve
tracking robustness. The estimated phase error is filtered and

Fig. 1. Overview of the GIO-DC system.

fed back to the NCO for continuous carrier phase replica
adjustment.

Each tracking channel independently produces pseudo-range
and carrier phase observations, which are jointly processed
by an RTK module for precise positioning. Meanwhile, IMU
and ODO measurements are processed separately: IMU data
are utilized to propagate the system’s navigation and error
state estimates over time, while ODO readings and NHC are
incorporated to formulate a distance increment measurement.
These outputs, together with the RTK positioning results, are
integrated with a Kalman filter. The Kalman filter ultimately
outputs the vehicle’s velocity, position, and acceleration,
which are further projected to the antenna phase center via
lever-arm compensation and then forwarded to the aiding
information generation module.

We proposed the multichannel cooperative tracking loop to
estimate the oscillator phase errors in our previous research
[7], which is also employed in this system. The correlator
values of different channels are utilized to estimate the clock
phase errors jointly, which will be fed back into the channels’
carrier phase NCO to mitigate the oscillator instability.

The relative motion between the receiver and satellites
becomes the primary constraint as the coherent integration
time increases. An aiding information generation module is
designed to mitigate the loop dynamics. With the integrated
GNSS/IMU/ODO navigation solution, the receiver’s position,
velocity, and acceleration can be accurately estimated, and
the satellites’ positions and velocities are computed through
broadcast ephemeris during RTK processing. Based on both
sets of dynamic information, the Doppler caused by the
relative motion between the receiver and satellites can be
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Fig. 2. Diagram of LCI carrier phase tracking.

estimated. To promptly compensate for the dynamic stress in
the tracking loop, the aiding Doppler is linearly extrapolated
and updated at a high rate, which will be injected into the
loop NCO, effectively eliminating most of the dynamic stress.
As a result, the tracking loop should only handle the residual
dynamics, enabling further extension of coherent integration
time.

To further demonstrate the practicality of the proposed
architecture, we also evaluated its implementation complex-
ity and real-time feasibility. Although the proposed system
architecture contains multiple synchronized modules, its actual
implementation is divided into two main subsystems: the
GNSS baseband processing subsystem and the multisource
fusion subsystem. The oscillator phase noise estimation mod-
ule is embedded within the GNSS subsystem and has a
negligible impact on overall throughput. The GNSS baseband
processing has been widely validated to support real-time
execution, while the fusion subsystem primarily involves linear
computations with low computational overhead. Moreover, the
aiding information is generated during time-synchronized data
exchange, introducing negligible latency. Analysis indicates
that all modules operate well within real-time constraints
on typical vehicular processors, indicating that the proposed
system is readily deployable in real-world high-throughput and
large-scale urban navigation scenarios.

Sections II-B–II-D will provide a detailed description of
the principles and implementation of each component in the
proposed system architecture.

B. LCI Carrier Phase Tracking Design
As shown in Fig. 2, the LCI carrier phase tracking archi-

tecture is composed of the carrier phase tracking loop and
the multichannel cooperative tracking loop. The former will
process the input IF signal by a carrier mixer and a code
correlator first, followed by a 20-ms short-term integration.
The resulting in-phase IP(t) and quadrature QP(t) signals are
then forwarded to the LCI module and the multichannel
cooperative tracking loop, respectively.

The multichannel cooperative tracking loop is designed
to estimate the common oscillator phase error by jointly
processing the correlator outputs from all channels. The loop
chooses the suitable channels based on loop parameters such
as the carrier-to-noise ratio and the satellite elevation, thereby
ensuring that the channels employed for clock error estimation
maintain low thermal noise levels. Since oscillator instability
imposes identical effects on all channels, the oscillator dis-
criminator derives an estimation of the clock-induced phase
errors through averaging the measurements collected across all
channels. The phase error output of each channel is derived

from the product of the I/Q components, and the sum phase
error output of all channels will be normalized by the signal
amplitudes squared

θ̃e =

PN
n=1 I(n)Q(n)PN
n=1

�
I(n)
�2 (1)

where θ̃e denotes the estimation of clock phase errors. I(n) and
Q(n) are correlator values of different channels.

Compared to the local loops, the multichannel cooperative
tracking loop employs a wideband filter to process the oscil-
lator discriminator outputs, and the filtered results are fed into
different local loops. This approach mitigates the influence of
oscillator instability, leaving satellite–receiver dynamics and
thermal noise as the dominant factors affecting LCI tracking
performance.

For pilot channels, which are not modulated by navigation
bits, the influence of bit sign transitions can be ignored.
Therefore, the 1-ms correlation results can be directly accu-
mulated to perform LCI. In contrast, for signals modulated by
navigation bits, a bit wipe-off operation is applied to remove
the modulated navigation data based on an external bit aiding
source. The resulting bit-synchronized I/Q signals serve as the
fundamental units for subsequent LCI. The I/Q outputs of the
LCI module are then passed to a local phase discriminator for
carrier phase error detection.

At this stage, the integrated in-phase signal IP,Long(t) and
quadrature signal QP,Long(t) can be expressed as

IP,Long (t) = A cos (ωet + θe) (2)
QP,Long (t) = A sin (ωet + θe) (3)

where A represents the magnitude of the signal and ωe and
θe represent the carrier frequency offset and the initial phase
difference between the input signal and the replica signal,
respectively.

In tracking loops, the two-quadrant arc-tangent phase dis-
criminator is one of the most commonly adopted techniques
for phase error estimation due to its simplicity and effective-
ness. The phase error output of the two-quadrant discriminator
can be expressed as

ϕe (t) = arctan
�

QP,Long (t)
IP,Long (t)

�
(4)

where ϕe(t) denotes the phase error output of the discriminator,
while QP,Long(t) and IP,Long(t) represent I/Q components of the
LCI signal, respectively.

When the actual phase errors lie within the range of
[−π/2, π/2], the output of the two-quadrant phase discrimi-
nator exhibits a linear relationship with the true phase error.
Moreover, as shown in (2)–(4), the two-quadrant discrimina-
tor is inherently insensitive to the π carrier phase reversals
caused by navigation bit sign transitions, making it well-
suited for nonpilot signals without bit wipe-off. However,
when the actual phase error exceeds π/2, the discriminator
output becomes nonlinear and ambiguous. In such cases, the
loop adjusts the replica carrier phase in the wrong direction,
increasing the phase error and eventually leading to loss of
lock [35].

The phase detection equation of the four-quadrant phase
discriminator is given as

ϕe (t) = arctan 2
�
QP,Long (t) , IP,Long (t)

�
. (5)
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Fig. 3. Comparison of the two-quadrant and four-quadrant discriminators.

As shown in the above equation, the four-quadrant phase
discriminator is sensitive to navigation bit sign transitions.
When LCI is not employed, the external bit aiding source
is employed to eliminate the influence of bit sign transitions
before applying a four-quadrant phase discriminator. Com-
pared to the two-quadrant method, the four-quadrant phase
discriminator offers a doubled effective pull-in range. Fig. 3
illustrates a comparison of the phase detection characteristics
of both methods, where the four-quadrant discriminator has
a detection range of [−π, π]. In challenging environments,
carrier phase errors often fall outside the linear pull-in range of
the two-quadrant discriminator, but remain within [−π, π]. In
such cases, the four-quadrant phase discriminator can maintain
stable and correct estimation, avoiding the occurrence of
half-cycle slips. In contrast, the two-quadrant phase discrimi-
nator yields incorrect phase adjustments, causing the loop to
diverge and potentially leading to loss of lock due to error
accumulation.

The proposed tracking strategy requires a progressive tran-
sition from short to LCI. Initially, a 20 ms integration time is
adopted. Once the INS is initialized and aligned, the system
tries to enter deep integration mode, wherein dynamic aiding
information is employed to control the loop NCO, and the loop
bandwidth is subsequently compressed. After the tracking loop
is stabilized in deep integration mode, the clock error estimated
by the multichannel cooperative tracking loop is applied to
eliminate the oscillator instability. At this stage, most of the
dynamic stress and clock errors are removed, and the local
loop NCO only needs to track the residual errors, enabling
LCI. The selection of coherent integration time Tcoh and
loop bandwidth Bn must strictly satisfy the stability constraint
to ensure reliable loop behavior, which requires the product
of Tcoh and Bn (NENB) to be less than 0.5 [36], [37]. To
further ensure loop stability, a stepwise integration strategy is
adopted to extend the coherent integration time. Specifically,
the coherent integration time is gradually increased in discrete
steps. Once the loop maintains stable tracking for a predefined
number of epochs at the current integration time, the loop
switches to the next longer integration time. This process
continues iteratively until the target LCI time is achieved.
Throughout this tracking process, if the signal strength falls
below a predefined threshold, the loop switches to either

the reacquisition mode or the open-loop prediction stage,
depending on the loop state.

C. ODO/NHC Distance Increment Measurement Model

The ODO measures the forward distance of a wheeled
vehicle by counting wheel encoder pulses. Currently, two
primary models are adopted for ODO integration: the distance
increment measurement model and the velocity measurement
model. The distance increment model directly uses the accu-
mulated travel distance as the measurement, while the velocity
model estimates velocity by differentiating distance over time.
Based on theoretical modeling and experimental data analysis
[33], the ODO distance increment measurement model yields
lower measurement error compared to the velocity measure-
ment model, rendering it more suitable for assisting tracking
loops under high dynamics and degraded signal conditions.
In light of this, the proposed system adopts the distance
increment measurement model to mitigate the divergence
of INS, particularly during GNSS outages. Additionally, the
NHC is incorporated to constrain lateral and vertical motion
during calculation, under the assumption that wheeled plat-
forms exhibit negligible displacement in these directions. By
jointly applying the forward distance increment from ODO and
lateral/vertical constraints from NHC, a 3-D constraint model
is constructed.

A Kalman filter is employed to fuse GNSS/INS/ODO
measurements for navigation state estimation. The system is
formulated within an error-state Kalman Filter (ESKF), where
the error state vector is defined as

δxn =
�
(δvn)T , (δrn)T ,ϕT , δbT

g , δb
T
a , δk

�T
(6)

where δr n denotes the position error of the INS, δv n is the
velocity error, and ϕ represents the attitude error. δbg and
δba are the bias errors of the gyroscope and accelerometer,
respectively. δk represents the scale factor error of the ODO.

The error state propagation equation is given as

δxn = Φn/n−1δxn−1 + ξn−1 (7)

where δxn denotes the system error state vector at epoch n,
Φn/n−1 is the error state transition matrix from tn−1 to tn, and
ξn−1 represents the process noise during state propagation.

The ODO/NHC velocity measurement equation is given as

zv = Hvδxn + ev (8)

where zv denotes the velocity measurement innovation, Hv is
the velocity measurement matrix, and ev represents the velocity
measurement error.

Thus, the velocity measurement matrix Hv can be expressed
as

Hv =
�
−KCv

b

��
Cb

nvn�×� −KCv
b

�
lb×

� ��
Cb

nω
n
in

�
×
�

−KCv
bCb

n, 03×3,−KCv
b

�
lb×

�
, 03×3

− exCv
b

�
Cb

nvn +
�
ωb

nb×
�

lb
��

(9)

where K = diag[1 + k 1 1] is the scale factor matrix of
the velocity. lb represents the lever arm vector and ex =

diag[1 0 0].
Given the high update rate of the INS, the velocity between

two consecutive INS update epochs can be assumed to vary
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linearly. Therefore, based on the velocity output from the INS,
the estimated distance increments in the three directions of the
v-frame from ti−1 to ti can be computed as follows:

∆ŝv =

Z tn

tn−N+1

v̂v dt ≈
nX

i=n−N+1

1
2
�
v̂v

i−1 + v̂v
i

�
∆ti (10)

where v̂v
i denotes the velocity estimate computed from INS

at epoch i and ∆ti represents the time interval between two
consecutive epochs.

The velocity measurement model derives the velocity mea-
surement by differentiating the distance increment over time.
However, the distance increment measurement model employs
the raw distance increment as measurement directly, thereby
reducing the impact of quantization noise and avoiding the
amplification of high-frequency errors introduced by differen-
tiation. The ODO/NHC distance increment measurement ∆s̃v

can be calculated as

∆s̃v =
�
∆s̃odo 0 0

�T (11)

where ∆s̃odo denotes the distance increment measurement of
the ODO in the forward direction.

The measurement equation of the ODO/NHC distance incre-
ment measurement model is given as

zs = ∆ŝv − ∆s̃v =

nX
i=n−N+1

δ∆sv
i + es

=
1
2

nX
i=n−N+1

�
v̂v

i−1 − vv
i−1 + v̂v

i − vv
i

�
∆ti + es (12)

where δ∆sv
i denotes the estimated distance increment error

from ti−1 to ti, vv
i is the truth vehicle velocity in the

v-frame at epoch i, and es is the ODO/NHC distance increment
measurement error.

According to the above equations, the measurement matrix
of the ODO distance increment measurement model can be
derived as

Hs =
1
2

Hv,n−N∆tn−N+1Φ−1
n/n−N

+

nX
i=n−N+1

Hv,iΦ
−1
n/i∆ti −

1
2

Hv,n∆tn (13)

where the state transition matrix Φn/i is calculated as follows:

Φn/i = Φn/n−1 · · ·Φi+1/i. (14)

The measurement matrix is derived and used in the
ODO/NHC distance increment measurement model. This
enables the correction of the accumulated INS errors within
each update interval, effectively constraining drift in both
the forward and nonholonomic directions and improving the
overall dead reckoning robustness.

D. Loop-Aiding Doppler Generation and Accuracy Analysis
To mitigate the dynamic stress imposed on the tracking

loop, the Doppler induced by satellite–receiver relative motion
is estimated and fed into the carrier phase NCO. Therefore,
the tracking loop can handle only residual dynamic errors,
enabling longer coherent integration time and supporting fur-
ther bandwidth compression.

In this process, the navigation states of the vehicle, such as
position, velocity, and acceleration, are propagated by INS,
while GNSS and ODO measurements are used to periodi-
cally update the Kalman Filter, correcting the INS errors.
The satellites’ positions and velocities are derived from the
broadcast ephemeris during RTK processing. Afterward, the
relative motion between the satellite and receiver is computed,
and the corresponding Doppler is derived and injected into the
tracking loop to compensate for the dynamic stress.

The loop-aiding Doppler is denoted as

fAid = fR + f (i)
S = I(i),e

Los

�
−

vRS (i)

λ

�
(15)

where fR and f (i)
S represent the Doppler caused by the motion

of the receiver and the ith satellite, respectively. I(i),e
Los is the

unit line-of-sight (LOS) vector between the receiver and the
ith satellite. vRS (i) represents the relative velocity between
the receiver and the ith satellite. And λ is the wavelength of
the satellite signal. The LOS unit vector I(i),e

Los is derived based
on the relative positions of the satellite and the receiver

I(i),e
Los =

P(i),e
S − Pe

R


P(i),e
S − Pe

R




 (16)

where P(i),e
S and Pe

R denote the position of the ith satellite and
the receiver in the Earth-centered Earth-fixed (ECEF) frame,
respectively.

To promptly compensate for the dynamic stress in the
tracking loop, the update rate of the loop-aiding Doppler must
be sufficiently high. To achieve a high-rate output of loop-
aiding Doppler, it is necessary to apply a linear extrapolation to
the Doppler information of both the receiver and the satellite.
In terms of the Doppler caused by the receiver motion, a
constant-acceleration linear extrapolation model is applied as
follows:

fR (nTI + ∆t) = fR (nTI) −
∆t
λ

I(i),e
Los · aR (nTI) (17)

where TI denotes the IMU update interval, n is the index of
the current update epoch, ∆t represents the time offset between
the extrapolation moment and the previous update epoch, and
aR(nTI) is the acceleration estimated at the current epoch based
on the INS propagation.

Similarly, a constant-acceleration linear extrapolation model
is applied to the Doppler caused by the satellite motion.
Assuming that the Doppler of the satellite varies linearly
within the update interval, the Doppler value at the extrap-
olation time can be predicted by using the time derivative of
Doppler between two adjacent epochs

fs (nTR + ∆t) = fs (nTR)

+
fs (nTR) − fs ((n − 1) TR)

TR
· ∆t (18)

where TR represents the update interval of the RTK processing,
which is typically 1 s. The linear extrapolation is based
on the assumption that both the receiver and the satellites’
motion follow the constant acceleration model between two
consecutive update epochs. In addition, the change in the LOS
vector due to motion is assumed to be negligible.

To elucidate the impacts of different types of multisensor
aiding information on the tracking loop, we analyze the aiding
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Fig. 4. Variance of system error states with different sensor fusion.
(a) Variance of δvN from the P matrix. (b) Variance of ϕy from the P matrix.

performance of a standalone MEMS IMU and that of a MEMS
IMU/ODO integration on the carrier phase tracking loop.
During the coherent integration accumulation stage, only the
aiding information is used to control the loop NCO. As a
result, the local loop can be regarded as operating in an
open-loop mode in this case. The local tracking errors are
completely determined by the aiding Doppler error. According
to (15), the Doppler aiding error can be expressed

δ fAid (s) =
δvAid (s)

λ
I(i),e

Los (19)

where δvAid(s) denotes the velocity error during a coherent
integration interval.

According to [23], [38], the initial velocity and attitude
errors are the dominant factors influencing the performance of
deep integration tracking loops. Therefore, this study focuses
on analyzing the velocity and attitude errors of standalone
INS and INS/ODO systems, which determine the effectiveness
of dynamic stress compensation during the LCI accumulation
process. As the INS/ODO integration is highly nonlinear, a
simulation test was conducted. We used experimental data
collected along a north–south trajectory in an open-sky envi-
ronment and compared the covariance matrix (P) of the
system error states estimated by the ESKF under different
sensor integration schemes. Fig. 4 shows the variance of
the north velocity and heading errors of a GNSS/INS and a
GNSS/INS/ODO system, respectively, over a 40-s interval. As
shown in the figure, the errors grow rapidly in the GNSS/INS

Fig. 5. Variance of system error states of the MEMS IMU over 1 s.
(a) Variance of δvN . (b) Variance of ϕy.

system because the navigation relies solely on INS propagation
during two GNSS update epochs. The integration of the INS
and the ODO distance increment measurement can suppress
the divergence of velocity and heading errors.

To further investigate the impact of different aiding informa-
tion on the extension of coherent integration time, we analyzed
the divergence characteristics of the error state variance at a
1-s interval under different sensor fusion schemes. Assuming
that the GNSS corrections are accurate, the variance of the
error states is set to zero. Based on the results in Fig. 4,
60 1-s samples were selected, and the corresponding results
are plotted in Figs. 5 and 6. In the absence of external
corrections, the standalone INS exhibits rapid error divergence
in both velocity and heading, whereas the ODO’s distance
increment measurement provides significant corrections to the
INS, thereby mitigating the error divergence. Since the ODO
distance increment measurement relies on the distance in the
forward direction, which is relatively stable, each correction
maintains a fairly consistent magnitude.

Moreover, in our previous study [33], we compared the
ODO distance increment measurement model with the con-
ventional velocity measurement model. It was derived that the
distance increment measurement error decreases by approxi-
mately 72% compared with the velocity measurement error.
By modeling the lateral and vertical speed errors as random
white noise, the theoretical error decrease of the lateral and
vertical distance increment is 93%. These results confirm
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Fig. 6. Variance of system error states of INS/ODO over 1 s. (a) Variance
of δvN . (b) Variance of ϕy.

Fig. 7. Snapshot of experimental scenarios.

that the distance increment formulation effectively suppresses
measurement noise and improves Doppler prediction accuracy.

Based on the above results and analysis, it is evident that
the MEMS IMU/ODO distance increment measurement model
integrated system introduces smaller velocity and attitude
errors, thereby providing more accurate aiding Doppler to
mitigate the dynamic stress during coherent integration.

III. EXPERIMENTAL SETUP

To evaluate the performance of the proposed GIO-DC
system, a field experiment was conducted on the campus of
Wuhan University. The experimental environment, as illus-
trated in Fig. 7, includes dense foliage canopies and building
obstructions. The tree canopies and trunks result in attenua-
tion and frequent blockage of satellite signals. The building

Fig. 8. Distribution of satellites.

obstructions lead to severe multipath effects and signal degra-
dation. Such challenging scenarios serve as a comprehensive
and realistic testbed to validate the carrier phase tracking
accuracy and robustness of the GIO-DC system.

The experimental data were collected using a wheeled
robotic platform equipped with a variety of navigation sensors.
The satellite signals received by the antenna were distributed
via a power splitter to different devices. A Spirent GNSS
signal record and playback system GSS6450 [39] was used
to record the RF signals and downconvert them to IF signals.
The IF signals were subsequently processed by a software-
defined GNSS receiver. Fig. 8 shows the satellite distribution
during the experiment. Only GPS and BDS L1 signals were
utilized. A high-precision positioning and orientation system
(POS), the Leador A15, integrating a multifrequency and
multiconstellation GNSS receiver and a navigation-grade IMU,
was used to provide postprocessed navigation results as the
reference ground truth for evaluation. Additionally, a geodetic
GNSS receiver, the NoVatel 718D, was employed to collect
satellite signals for comparative analysis. The platform was
also equipped with a low-cost MEMS IMU (ICM20602) and
an ODO mounted on the wheeled robot. The IMU and ODO
are both sampled at 200 Hz. The ODO wheel has a diameter
of 0.147 m and a resolution of 800 pulses per revolution. All
sensor data were synchronized to GPS time.

The static base station used in the experiment was deployed
on a rooftop under an open-sky environment to provide high-
quality reference data. A geodetic GNSS receiver, the Panda,
was used to collect base station observations, which were
subsequently utilized for RTK positioning processing. The
software-defined GNSS/INS/ODO deeply integrated receiver
I2xSNR, developed by the I2Nav team, was employed to
process the data of the ICM20602, ODO, and GSS6450.
The performance of the GIO-DC system will be evaluated
across multiple levels. The key parameters of the reference
navigation-grade IMU (Leador A15) and the tested MEMS
IMU (ICM20602) are summarized in Table I.

IV. RESULTS AND DISCUSSION

This section presents dynamic test results of the GIO-DC
system in typical challenging scenarios with dense foliage
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Fig. 9. Comparison of the two- and four-quadrant phase discriminators. (a) SNR of BDS13. (b) Discriminator output of BDS13. (c) SNR of GPS28.
(d) Discriminator output of GPS28.

TABLE I
PARAMETERS OF TESTING IMUS

canopies and building obstructions. The evaluation includes:
the performance assessment of the carrier phase discriminator,
the impact of INS/ODO assistance on LCI performance, the
influence of different LCI times, the carrier phase observations,
and the positioning performance of the proposed system.

A. Four-Quadrant Phase Discriminator Performance
Analysis

The four-quadrant phase discriminator is introduced to
extend the phase error detection range and reduce the risk of

losing lock in complex environments. This test will compare
the performance of the two-quadrant and four-quadrant phase
discriminators in challenging environments.

Fig. 9 presents the outputs of the two types of discriminators
of BDS13 and GPS8 using the GIO-DC system configured
with a 20-ms coherent integration time and a 3-Hz loop
bandwidth. The estimation of the SNR is based on an FFT
operation that calculates the ratio between the signal and noise
components in the frequency domain. More details can be
found in [40].

In Fig. 9(a) and (b), during the interval from 531 666 to
531 672 s, the SNR of BDS13 dropped below 6 dB, resulting
in a temporary loss of lock when using the two-quadrant phase
discriminator. In contrast, the four-quadrant phase discrimina-
tor exhibited a significant phase error of approximately 150◦

during this low-SNR period, which did not exceed its pull-in
range, enabling continuous carrier phase tracking.

In Fig. 9(c) and (d), a more challenging scenario occurred
between 532 456 and 532 461 s, where the SNR further
degraded to 6 dB or even below 3 dB. While the four-quadrant
phase discriminator experienced several large instantaneous
phase discrimination errors, it was still able to maintain
continuous tracking. As the SNR subsequently improved, the
discriminator rapidly returned to accurate and stable tracking.

Authorized licensed use limited to: Wuhan University. Downloaded on January 28,2026 at 01:42:12 UTC from IEEE Xplore.  Restrictions apply. 



8500114 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 75, 2026

Fig. 10. Signal energy of different aiding methods. (a) Energy in the ICM20602-aided loop. (b) Energy in the IMU/ODO velocity model-aided loop.
(c) Energy in the IMU/ODO distance increment model-aided loop.

In contrast, the two-quadrant phase discriminator completely
lost lock during this period and failed to recover within the
interval.

The comparison demonstrates that the four-quadrant phase
discriminator is obviously superior to the two-quadrant
phase discriminator in complex environments. It can avoid
the loss of lock caused by the phase errors falling into
[−π,−π/2] and [π/2, π]. This enhanced stability allows
for more stable loop tracking and supports the consis-
tent output of carrier phase observations for high-precision
positioning.

B. ODO/NHC Distance Increment Measurement Model
Performance Analysis

In this test, the primary objective is to evaluate the influence
of different ODO implementation strategies on the perfor-
mance of the LCI tracking loop. The inertial sensor used in this
study is a low-cost MEMS IMU (ICM20602), representing a
typical consumer-grade sensor configuration in cost-sensitive
applications.

As mentioned before, as the coherent integration time
extends, the loop is more sensitive to the dynamic stress. To
thoroughly evaluate the influence of different aiding strategies
on the performance of LCI tracking, the GIO-DC system
was tested under an integration period of 1 s. This extreme
configuration amplifies the dependence on precise dynamic
assistance and serves as a robust benchmark for assessing the
effectiveness of various aiding methods.

The energy of a predetection signal after coherent integra-
tion is defined as

E = I2 + Q2 (20)

where I and Q represent the in-phase and quadrature com-
ponents of the signal output after coherent integration,
respectively.

To facilitate quantitative analysis, the normalized energy is
used to express the signal strength [25]. First, a reference
energy is established by selecting up to N epochs in which the
PLI exceeds a predefined threshold, indicating stable signal
tracking. The mean energy over these N epochs is taken as
the reference energy, establishing an energy benchmark under
a specific loop configuration. The dimensionless normalized

energy is then defined as the ratio between the instantaneous
energy and the reference energy

Enorm =
E

Eref
(21)

where Eref is the reference energy established from the stable
tracking epochs.

The normalized energy serves as an indicator of the relative
signal strength with respect to the energy observed under
stable tracking conditions. Higher normalized energy values
indicate stronger signal stability and more reliable tracking
performance. Conversely, a notable decline in normalized
energy typically reflects the occurrence of interference within
the tracking loop.

Fig. 10 shows the normalized energy output of different
satellites with a 1-s coherent integration period. Three different
strategies are compared: the stand-alone ICM20605 IMU
assistance, IMU/ODO assistance using the velocity measure-
ment model, and IMU/ODO assistance using the distance
increment measurement model.

The 1-s coherent integration loop operates with an ultra-
narrow bandwidth of 0.2 Hz, making it highly sensitive to
the dynamic residuals after deeply coupled integration is
applied. When the stand-alone IMU assistance is adopted,
the normalized energy of all satellites drops to nearly zero
after 531 600 s, indicating a complete loss of lock on all
channels [Fig. 10(a)]. When IMU/ODO assistance based on
the velocity measurement model is adopted, only a limited
number of channels can maintain stable tracking of the carrier
phase signals throughout the whole experiment, and the other
channels lose lock [Fig. 10(b)]. This is because the IMU/ODO
assistance based on the velocity measurement model can-
not fully compensate for dynamic stress, resulting in large
dynamic residuals that must be tracked by the LCI loop.
In this case, even a minor extra interference can cause the
loop to lose lock. In contrast, when the IMU/ODO assis-
tance based on the distance increment measurement model is
adopted, all channels achieve continuous and stable satellite
signal tracking [Fig. 10(c)]. This performance improvement
is attributed to the fact that the IMU/ODO integration based
on the distance increment measurement model can provide
more accurate loop-aiding information. As discussed in the
ODO/NHC Distance Increment Measurement Model section,
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Fig. 11. Carrier phase observation errors of the GIO-DC system under
different integration periods. (a) Carrier phase observation errors of GPS28.
(b) Carrier phase observation errors of BDS8.

the distance increment measurement model introduces lower
measurement errors than the velocity model, making it more
effective in mitigating dynamic stress within the tracking loop
and enabling longer coherent integration time. As a result,
the distance increment measurement model is adopted in the
GIO-DC system for the subsequent tests.

C. Effect of Integration Times on Tracking Performance
In Section IV-B, an ultralong integration period of 1 s

was used, representing an extreme experimental condition for
evaluating the accuracy of the aiding information. However,
the settings of the integration time and loop bandwidth face
a tradeoff between the residual dynamic response and thermal
noise mitigation. On one hand, the coherent integration time
should be as long as possible to maximize its effectiveness in
weak signal tracking and multipath mitigation. On the other
hand, excessively long LCI time increases the loop’s vulnera-
bility to residual dynamic stress and aiding errors, potentially
leading to tracking degradation or loss of lock. Considering
this tradeoff, an integration time of up to 800 ms is adopted in
practical applications. In this subsection, the observation errors
of both the GIO-DC system and the ICM20602-aided deep
integration system are compared under different coherent inte-
gration periods (20, 100, and 800 ms) to evaluate their practical
effectiveness in supporting LCI. The carrier observation errors
are derived using the GNSS triple-difference method.

Fig. 11 presents the carrier phase observation errors of
GPS28 and BDS8 with coherent integration periods/loop band-
widths of 20 ms/3 Hz, 100 ms/1 Hz, and 800 ms/0.3 Hz. It is
evident that increasing the integration time leads to a reduction
in carrier phase observation errors. Compared to the 20-ms
coherent integration period, the occurrence of cycle slips is
significantly reduced under both the 100- and 800-ms settings.
It is noteworthy that while a few cycle slips remain when the
coherent integration time is 100 ms, they are nearly eliminated
under the 800-ms configuration.

Fig. 12 shows the carrier phase observation errors of GPS28
and BDS8 using the ICM20602-aided deep integration system
under the same coherent integration periods. It can be observed
that the carrier phase observation errors are significantly
reduced when the coherent integration time increases from 20
to 100 ms. However, when the coherent integration period
is further extended to 800 ms, most satellites lose lock,
resulting in either missing carrier phase observations or large
outliers. This indicates that the pure MEMS IMU-aided deep

Fig. 12. Carrier phase observation errors of the ICM20602-aided deep
integration system under different integration periods. (a) Carrier phase
observation errors of GPS28. (b) Carrier phase observation errors of BDS8.

Fig. 13. RMS of different integration periods.

integration system is constrained by the accuracy of MEMS
IMU aiding, limiting its ability to support 800-ms coherent
integration. Therefore, the following analysis focuses on the
observation errors of the GIO-DC system under different
coherent integration periods to further evaluate its robustness
and LCI performance.

Fig. 13 presents the rms of the carrier phase observation
errors of the GIO-DC system under three different coherent
integration periods. The results demonstrate that as the inte-
gration period increases, the rms error of the carrier phase
observations progressively decreases. Notably, the 800-ms
integration period achieves an rms error below 0.1 cycle.
Longer coherent integration time improves the SNR signif-
icantly and leads to better discrimination of error signals,
thereby enabling more stable signal tracking in challenging
environments. The results presented in this subsection validate
the effectiveness of the GIO-DC system in supporting LCI,
thereby enhancing the accuracy of carrier phase observations
and reducing the occurrence of cycle slips. The 800-ms coher-
ent integration time and 0.3-Hz loop bandwidth present the
best overall performance, which will be used in the subsequent
performance evaluation.

D. Carrier Phase Observation and Positioning Performance
Evaluation

In this section, the overall performance of the proposed
GIO-DC system is evaluated. The use of a four-quadrant
phase discriminator extends the pull-in range of the LCI
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TABLE II
CARRIER PHASE OBSERVATION ERROR STATISTICS OF

DIFFERENT SOLUTIONS

tracking loop. This significantly reduces the likelihood of
losing lock in complex environments. Integrating the ODO dis-
tance increment measurement with the MEMS IMU provides
more accurate dynamic aiding information. This effectively
mitigates most of the dynamic stress within the tracking loop.

To validate the effectiveness of the system, we compare
three solutions: 1) the geodetic GNSS receiver (NovAtel
718D); 2) the GIO-DC system with an 800 ms coherent inte-
gration time; and 3) the deeply integrated GNSS/navigation-
grade IMU (Leador A15) system with the same integration
time.

Table II summarizes the rms error, 95% circular error
probable (CEP95), and the proportion of valid epochs of GNSS
carrier phase observations across various positioning solutions.
A five-cycle carrier phase error corresponds to approximately
1 m in positioning error. In high-precision GNSS applications,
such an error is considered a large gross error. Therefore,
the observation errors of less than five cycles are regarded
as valid epochs. As shown in Table II, compared with the
standalone geodetic GNSS receiver, the deeply integrated
system substantially reduces carrier phase observation errors
for all satellites. Compared with the reference NovAtel 718D
system, the proposed GIO-DC system reduces rms and CEP95
errors by 70.7% and 51.6%, respectively, averaged over all
satellites. It also significantly increases the proportion of
valid epochs. Moreover, the results indicate that the GIO-DC
system achieves a GNSS carrier phase measurement accu-
racy comparable to that of the navigation-grade IMU-based
deeply integrated system. This confirms the effectiveness
of low-cost MEMS IMU/ODO assistance in enhancing the

Fig. 14. Positioning errors of different solutions. (a) Horizontal positioning
errors. (b) Vertical positioning errors.

continuity and reliability of carrier phase observations in
complex environments.

We employ a common RTK positioning algorithm, PLAN-
Soft, developed by the Position, Location and Navigation
(PLAN) team at the University of Calgary [41], to process the
observations from the above configurations. The positioning
performance of the three solutions is analyzed, and the cor-
responding positioning errors in both horizontal and vertical
directions are shown in Fig. 14. The NovAtel 718D positioning
solution exhibits many instances of both nonfixed and fixed
errors, whereas the GIO-DC and the GNSS/navigation-grade
IMU deeply integrated systems show only a few cases of fixed
errors.

In the horizontal direction, the CEP95 errors of the NovAtel
718D, the GIO-DC system, and the deeply integrated
GNSS/navigation-grade IMU system are 1.170, 0.074, and
0.069 m, respectively. The corresponding CEP68 errors are
0.676 0.030, and 0.026 m. Both the GIO-DC system and
the GNSS/navigation-grade IMU deeply integrated system
achieve centimeter-level positioning accuracy. The positioning
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error comparison further demonstrates that MEMS IMU/ODO
assistance can achieve dynamic stress mitigation performance
comparable to that of a standalone navigation-grade IMU.
This enables significantly extended coherent integration times
and supports reliable high-precision positioning in complex
environments.

V. CONCLUSION

We propose a GIO-DC system that leverages a MEMS IMU
and an ODO to assist the PLLs, realizing effective LCI carrier
phase signal tracking. The ODO/NHC distance increment
measurement model produces lower velocity errors compared
to the traditional velocity measurement model, enabling to pro-
vide more accurate dynamic aiding information. By combining
a low-cost consumer-grade MEMS IMU (ICM20602) with
the ODO/NHC distance increment measurement model, the
system effectively estimates and compensates for the dynamic
stress arising from satellite–receiver relative motion, thus
enabling a substantial extension of coherent integration time.
Moreover, a four-quadrant phase discriminator is employed
to extend the pull-in range of the tracking loop, significantly
enhancing the robustness of the LCI carrier phase tracking
architecture.

To validate the performance of the proposed system, a
series of experimental tests was conducted. The proposed
GIO-DC system is capable of achieving a coherent integration
time up to the 1 s limit even under challenging conditions.
Under an optimized configuration with an 800 ms coherent
integration time and a 0.3 Hz PLL bandwidth, the system
achieves carrier phase tracking and positioning performance
comparable to that of a navigation-grade IMU-based solution,
enabling centimeter-level accuracy in complex environments.
These results confirm the effectiveness of fusing a consumer-
grade MEMS IMU with an ODO/NHC distance increment
measurement model in facilitating LCI.

In practical applications, the proposed system shows strong
potential for autonomous driving, precision farming, and urban
navigation. The improved tracking robustness and positioning
accuracy of the GIO-DC architecture enable reliable naviga-
tion even in GNSS-challenged environments such as urban
canyons and areas with severe multipath interference. In future
work, additional sensors such as LiDAR may be integrated
into the deeply coupled architecture to further improve the
performance of LCI tracking loops and enhance robustness
against multipath effects in challenging environments.
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