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ABSTRACT The advancement of fifth generation (5G) cellular networks offers significant opportunities
for positioning services, yet the performance of these systems is currently hindered by the clock offset
among 5G base stations in commercial networks, here referred to as inter-cell clock bias (ICCB). These
biases introduce systematic errors in time of arrival (TOA) measurements, degrading localization accuracy.
This paper addresses this challenge by utilizing a stationary reference receiver to estimate and correct the
ICCBs. By aligning the timing references of multiple base stations, our single-difference correction method
enables accurate standalone positioning using opportunistically received synchronization signal block (SSB)
data. The proposed method was validated with three independent measurement campaigns at the same rural
location on broadcast signals from a commercial 5G network. The results demonstrate the effectiveness
of the ICCB correction, showing a 73%-84% reduction in positioning error compared to uncompensated
methods. Applying a smoothing filter to the ICCB corrections further improves the mean accuracy by about
18%-19%, achieving a mean error between 12.7m and 20.6m across the three tests. While this performance
is constrained by the limited bandwidth of the current commercial 5G deployment at 3.68 GHz, our findings
confirm the feasibility of leveraging public 5G signals for location-based services.

INDEX TERMS 5G mobile communication, cellular networks, clock bias, location-based services,
positioning.

I. INTRODUCTION

The evolution of fifth generation (5G) cellular networks has
unlocked new opportunities for positioning, complementing
traditional global navigation satellite systems (GNSS) and
giving rise to heterogeneous systems for localization and
navigation [1], [2], [3], [4]. The Ilatest releases of the
cellular communication standard have introduced enhanced
positioning functionalities to address the needs of connected
automated driving and industrial Internet of things (IIoT) use
cases [5], [6]. From the specification of dedicated cellular
positioning signals in the 3rd Generation Partnership Project
(3GPP) Release 16 [7], [8], up to the recent standardization of
bandwidth aggregation and carrier phase positioning in 3GPP
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Release 18 [9], 5G positioning emerges as a key asset and
facility for technologically-advanced industries [10].

While the roadmap for 5G positioning standardization is
defined, currently available network deployments still face
a low level of technological maturity and readiness, leaving
the assessment of commercial 5G positioning potentials to
a few research studies. Simulations offer valuable insights
into performance bounds and parameter sensitivity [11],
[12], [13], [14], [15], [16], [17], yet real-world signals are
necessary to validate the effectiveness of a cellular position-
ing service. To this end, approaches based on opportunistic
signal decoding from the public network [1], [18], [19], [20],
[21], [22], [23], [24], [25], [26] or the emulation through
software-defined radio (SDR) testbeds [27], [28], [29], [30],
[311, [32], [33], [34] have been adopted by researchers.
Complementary experimental measurement campaigns have
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also been conducted in adjacent low-power IoT cellular
technologies, such as NB-IoT path-loss characterization
in urban outdoor environments [35], providing empirical
context on commercial cellular signal propagation. Simulated
use cases are especially suitable for assessing the potential
performances at millimeter wave (mmWave) [36], [37],
where the hardware availability and its ease of use is a
challenge.

An SDR implementation of a local private network
offers the possibility of transmitting and receiving dedicated
positioning signals that are currently not implemented in
commercial networks, such as the positioning reference
signal (PRS) or the sounding reference signal (SRS),
in compliance with the 3GPP technical specifications [8].
While such signals are not yet available for public users
in real network deployments, literature works have shown
that it is possible to opportunistically detect synchronization
signals periodically broadcasted by cellular base stations
(BSs) (i.e., gNodeBs (gNBs)) for cell discovery purposes.
This is exactly the approach pursued in this work, where we
target the positioning of a user equipment (UE) through time
of arrival (TOA) measurements from multiple gNBs.

A primary obstacle arising when using signals from
multiple gNBs is the lack of precise synchronization. This
results in a significant clock offset between the gNBs, which
is referred to as inter-cell clock bias (ICCB), introducing
systematic errors into time-based measurements like TOA
and degrading the positioning accuracy. Indeed, experimental
analysis by Barbieri et al. [38] on operational 5G networks
has highlighted that current network synchronization insta-
bilities can lead to ranging errors in the order of £60 m or
more, resulting from TOA fluctuations exceeding 200 ns in
rural environments.

To address this specific issue, the literature has explored
advanced positioning techniques along with joint synchro-
nization and localization methodologies. The experimental
study in [19] was carried out by placing a network scanner in
several known locations, and computing receiver clock bias
based on the actual distance and the measured TOA. Such
compensation could significantly improve the positioning
accuracy, yet it is almost impossible to obtain in real
practice. The comprehensive carrier phase positioning (CPP)
technique proposed in Fan et al. [39] achieves precise clock
synchronization among base stations, though it relies on
the gNBs being able to measure signals from each other,
which is not always feasible in commercial deployments. The
work by Chen et al. [30] cleverly circumvents the issue of
ICCB by conducting experiments with only a single gNB, a
scenario that is unfortunately not scalable for general wide-
area positioning. A more practical approach for commercial
networks involves employing a stationary reference receiver,
a concept borrowed from high-precision GNSS. For example,
Fouda et al. [40] utilize a classic double-difference (DD)
method to cancel clock errors. However, this approach has
practical drawbacks, as it inherently amplifies measurement
noise variance.
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This paper presents a framework that relies on a refer-
ence receiver to address the above-mentioned limitations
through a single-difference (SD)-based correction method.
Our approach exploits the stationary receiver to first estimate
the raw clock biases existing between gNBs via SD operation.
We then apply a smoothing filter to this data stream to
generate a clean, low-noise correction signal. This correction
is then applied directly to the TOA measurements. By pre-
filtering noisy ranging measurements and then applying
the correction, our method improves positioning robustness
under real-world conditions. This allows us to leverage
existing commercial 5G signals for positioning without the
need for a fully synchronized network. To summarize, our
key contributions are as follows:

o A systematic analysis of single-difference ICCB cor-
rection for synchronization signal block (SSB)-TOA
positioning, demonstrating that the SD formulation
avoids the noise amplification inherent in DD methods,
which is particularly detrimental under the high-noise
conditions of opportunistic SSB measurements in com-
mercial networks;

« An investigation of the temporal characteristics of the
ICCB and a noise mitigation strategy based on moving
average smoothing applied directly to the raw SD ICCB
estimates, suppressing measurement noise prior to the
positioning solution;

o Empirical validation of the proposed framework using
measurements from an operational commercial 5G
network, providing experimental evidence that bridges
the gap between the theoretical ICCB characterization in
the literature and its practical correction for positioning.

In the remainder of the paper, Section II focuses on
the related work; Section III presents the methodology for
the 5G SSB-based opportunistic positioning algorithm using
ICCB; Section IV reports the results obtained with real
measurements; Section V is the conclusion and outlines
directions for future work.

Il. RELATED WORK

A main novelty for positioning foreseen by the forthcoming
cellular network is the introduction of advanced local-
ization algorithms that enhance the accuracy of solutions
employing traditional measurements. In this regard, the
concept of CPP [30], [39] has been introduced in 3GPP
Release 18 [41], [42], and researchers have benchmarked
the performance through simulations [39] or even through
data collection with an SDR measuring SSB from a single
indoor BS [30]. The carrier-phase positioning algorithm for
systems without synchronization (CPASS), proposed in both
batch and sequential real-time versions, was proven to enable
the estimation of the UE position overcoming the need for
BS synchronization [43]. In that work, authors perform field
experiments but not adhering to the 5G protocol. The CPASS
introduces a static reference station as a clock bias monitoring
(CBM) station and uses double-difference to eliminate clock
biases, requiring the presence of an additional network
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apparatus for positioning. A cooperative version of the CPP
has been presented as well [44], where the asynchronous
devices can be both static and mobile.

To offer cm-level positioning accuracy, all the above
discussed methods also call for a dedicated network unit
(preferably static) in charge of simultaneously measuring
the signals with a UE from multiple BSs and use them
for compensating the error introduced by the clock biases.
The external unit (i.e., the CBM in [43]), which is referred
as positioning reference unit (PRU) by 3GPP [45] has
the main functionality of removing the clock bias terms
of the BSs. To this goal, the PRU must be preferably
fixed and strategically placed in a known location, possibly
with good visibility to guarantee the signal reception from
multiple BSs. The PRU can assist the UE by providing
the required information for UE-based positioning, or report
measurements to a location measurement function (LMF)
embedded in the cellular network for UE-assisted LMF-based
positioning. Practically, in the perspective of a positioning
service, the role of the PRU is to provide sufficient correction
terms for improved positioning. From a network perspective,
it can be assimilated to a static UE. According to the PRU
availability, as well as on other contextual information on the
number of available BSs and their signal quality, the LMF of
the cellular network can choose the positioning algorithm to
be used.

This paper builds upon the PRU concept but diverges from
traditional CPP in two fundamental ways. First, whereas
CPP methods often assume the availability of dedicated
carrier phase reference signals, our framework is designed
to work with the opportunistically received SSB, a signal
that is broadcast by all commercial 5G base stations for
cell discovery. This makes our approach more practical
for immediate use in existing network deployments where
dedicated positioning signals may not be active.

Second, our method differs algorithmically from the DD
technique common in CPP and CPASS. We propose an SD
correction framework where the PRU first estimates the raw
ICCBs and, crucially, applies a smoothing filter to generate
a high-quality, low-noise correction signal. This correction
is then applied directly to the UE TOA measurements. This
SD architecture avoids the noise amplification inherent in DD
and eliminates the strict common view requirement, offering
a more robust and practical solution for positioning within
today’s commercial 5G networks.

Ill. 5G POSITIONING WITH ICCB CORRECTION
METHODOLOGY

The proposed localization system model is illustrated in
Fig. 1. It consists of 5G gNBs, a stationary PRU at a known
location, and a UE whose position is to be determined.
The PRU estimates the relative clock biases, referred to
as ICCB, between a reference BS and all other BSs. The
UE then uses these ICCB values to correct its raw TOA
measurements before solving its navigation equations, miti-
gating the error introduced by inaccurate BS synchronization.
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FIGURE 1. Illustration of the considered 5G positioning system
comprising BSs, a PRU for ICCB broadcasting, and a UE.

In the following, we first formulate the mathematical model
for TOA measurements and the associated rank deficiency
problem. Then, we detail the single-difference approach to
estimate the raw ICCB at the PRU and the smoothing filter
applied for noise mitigation. Finally, we derive the corrected
ranging equation that allows the UE to perform standalone
positioning.

A. TOA MEASUREMENT MODEL
The 5G TOA measurement is drawn by the UE using the
downlink signal received from the BS 7, and it is expressed as:

pug,i = Ryg,; + c(Atgg — AL) + nyg
= Ryg,; + 0y — 8; + nyg,;i
= Ryg,; + Sug,; + Nug,i» ey

where Ry, ; represents the geometrical distance between the
UE and BS i, Aty is the receiver clock bias, while Az, is
the clock bias of the i-th BS, with both biases referred to a
common timing system (e.g., the UTC time). c¢ is the speed
of light. For simplicity, the clock bias in the unit of second
is converted to meters, represented as Sy ; = Sy — 9; =
¢ (Aryg — Aty). nyg ; represents the measurement uncertainty
accounting for background noise and interference at the
receiver, along with multipath and propagation conditions. It
is noted that antenna-dependent effects, such as group-delay
and phase pattern variations, are also implicitly included
in this term. Since these effects depend on the angle of
arrival, the effective TOA may vary for different signal
directions, which implies that the PRU-derived correction is
most accurate when the PRU and UE observe the BSs from
similar angles.

The ICCB arises due to clock offsets among time
references at different 5G BSs. Since TOA-based positioning
assumes precise timing, any bias in the time source leads
to positioning biases. Assuming N TOA measurements are
available, the UE state for positioning includes pyp =
[xug Yur ZUE]T and different clock biases [§; &, --- SN]T,
totally (3+N) states. The rank deficiency in the design matrix
prevents standalone positioning from being achieved solely
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B. ICCB ESTIMATION VIA SINGLE-DIFFERENCE

To reduce the number of states to be estimated, ICCB
compensation is introduced. Assuming a 5G receiver at a
known position p_ ¢ = [X,. Vyef zref]T, which can be identified
in the PRU, and measuring the TOAs from multiple BSs
indexed over i = 1,..., N, similarly to (1), the individual
TOA from BS i is:

pref,i = Rref,i + 8ref - (Si + nref,i’ (2)

where the unknowns are § . and §;. Choosing one BS
as reference, and denoting it with subscript m, the ICCB
between a BS i and the reference m is defined as Si’m =
3;—8,,, which could be estimated based on (2) through single-
difference, written as:

31,m = (Ioref,l - Rref,l) - (Ioref,m - Rref,m)

52,m = (pref,Z - Rref,Z) - (pref,m - Rref,m)

SO NG

5m,m = (pref,m - Rref,m) - (Ioref,m - Rref,m)

l 8N,m= (pref,N - Rref,N) - ('Oref,m - Rref,m)

which describes the clock bias differences of different BSs.
For better understanding, Fig. 2 shows the relation between
ICCB and the clock bias of the UE and PRU.

C. ICCB SMOOTHING FOR NOISE MITIGATION

While (3) provides the raw ICCB, real-world TOA measure-
ments from SSBs are inevitably corrupted by noise. In a static
scenario, multipath reflections are largely time-invariant and
introduce a systematic bias that cannot be reduced by tem-
poral averaging. However, time-varying noise components,
such as thermal noise and receiver clock jitter, cause the
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ICCB estimates to fluctuate over time. These fluctuations
propagate directly into the ranging measurements, degrading
their accuracy.

To mitigate this noise, we apply a moving average filter.
Since the reference receiver is static, no motion dynamics
need to be modeled. As shown in Section IV-B, the
estimated ICCB exhibits rapid fluctuations dominated by
measurement noise. The moving average filter is adopted as
a model-free approach that suppresses this high-frequency
noise without requiring an explicit clock drift model. While
more sophisticated filtering techniques, such as a Kalman
filter with a clock state model, could be investigated, they
would require characterization of the specific oscillators
used in the commercial BS equipment. The moving average
provides an effective and practical solution for the static
scenario considered here. We therefore filter the ICCB
values using a moving average window of length T-second,
expressed as:

il

1 T—1
8i,m = Z Si,m(t - k)’ (4)
k=0

where /8: (& — k) represents the instantaneous ICCB mea-
surement acquired by the reference receiver at time ¢ — k,
which constitutes the input to the moving average filter. Such
a smoothed ICCB is used to align the clock bias between
different cellular signals while suppressing the noise from the
PRU. The choice of the window size T involves a trade-off
between noise suppression and the ability to track potential
ICCB drift. A sensitivity analysis over T is presented in
Section IV-C to quantify this trade-off.

D. UE POSITIONING
By accounting for the ICCB §; , , we rewrite the UE ranging
in (1) as:

pug,i = Ryg,i +0ug — Gim +8,) + nyg
=Ruyg,; + 01 — Sim + MUE,i > %)

where §; , is the ICCB compensation that can be measured
with a PRU receiver. 8, = §p — J,, represents the relative
clock bias between the UE and the reference BS. This implies
that the PRU assists UE positioning with the compensation
of the pairwise clock biases between BSs. This operation
reduces the number of UE positioning unknowns from (3+N)
to (3 + 1), at the cost of needing a PRU inside the cellular
positioning architecture.

In practice, given the observed UE ranging measure-
ment pyg ;, the corrected ranging measurement pgg'; using
smoothed ICCB is:

POE: = PUE.i + 8ims (6)

where Si . 18 the smoothed ICCB compensation calculated
via (4), which becomes the instantaneous correction when
T = 1s. Inpractice, for each UE TOA measurement at time 7,

the ICCB correction at the same time epoch is applied. In the
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smoothed case, §; ,, is computed by averaging the preceding
T seconds of ICCB estimates; in the instantaneous case
(T = 15), the single ICCB estimate at time 7 is used directly.
To estimate the UE location, we define the unknown state
vector as X = [pgE 8re1]". The problem can be formulated
as a non-linear least squares estimation:

- . 2
X = arg min ||p%°}§r — h(x)” o> @)
X
where p{jE" = [,olcj"]ﬂ:r’r1 e pfj"ErfN]T is the vector of corrected

TOA measurements, and €2 represents the covariance matrix.
The non-linear measurement model h(x) is defined as:

Py — Pyl + rel
h(x) = : : ®)
Py — Py ll + Srel
where p; denotes the known coordinates of the i-th BS.

IV. EXPERIMENT AND RESULT

A. DATA OVERVIEW

Data acquisition was performed using two Rohde & Schwarz
TSMAG6 network scanners configured to passively receive 5SG
SSBs broadcasted by BSs. Such professional equipment has
also been used in previous researches [1], [19], [38]. Field
measurements were conducted in a rural area featuring open
terrain in suburban outskirts. This rural open-terrain setting
features reduced multipath complexity compared to urban or
indoor environments, and it is used as a controlled baseline
to isolate the effect of the ICCB on positioning accuracy. The
two scanners were deployed at fixed positions, as shown in
Fig. 3, with ground-truth coordinates measured using real-
time kinematic (RTK) GNSS technology. The RTK GNSS
receiver used for ground truth is the multi-constellation Swift
Navigation Piksi Multi, which provides cm-level accuracy.
This accuracy is marginal with respect to the 5G positioning
results obtained in this work. One scanner is used as UE,
and the other as PRU. The SSB TOAs were measured with
respect to six BSs, two of them co-located, i.e., they refer
to two transmission reception points (TRPs) of the same
5G site, mounted on the same pylon. The physical cell
IDs (PCIs) uniquely identified the TRPs across the five
sites. The BSs belong to the same mobile operator. The
5G network operates at 3.68 GHz and it is compliant with
3GPP Release 15 standard. The use of Release 15 SSB
signals reflects the current state of commercial network
deployments, where dedicated positioning signals introduced
in Release 16 (e.g., PRSs) are not yet widely activated
by operators. The proposed ICCB correction framework is
signal-agnostic and directly applicable to higher-quality TOA
measurements from PRS or SRS in Release 16 and beyond,
where the reduced measurement noise would further enhance
the correction effectiveness. The 5G SSB configuration
follows the setup used in [1], [19], and [38], i.e., eight
beams are transmitted according to SSB pattern C for
numerology 1, with a periodicity of 20 ms. Each beam,
if received, is associated with a per-beam TOA measured by
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FIGURE 3. Geometrical settings of the positioning problem.

the scanner. Such TOAs are adjusted by the transmit symbol
time in the 5G slot as dictated by the transmit pattern. Signal
metrics like TOA, synchronization signal reference signal
received power (SS-RSRP), and signal-to-interference-plus-
noise ratio (SINR) were logged for all detectable SSBs. Three
independent measurement campaigns were conducted at the
same rural location on different days, referred to as Test 1,
Test 2, and Test 3, to assess the repeatability of the proposed
approach. A qualitative illustration of the scenario is outlined
in Fig. 3.

B. INTER-CELL CLOCK BIAS STABILITY
The ICCB characterization presented in this section is based
on Test 1 as a representative example, since the qualitative
behavior of the ICCB (stability, magnitude, and noise level)
is consistent across the three campaigns.

Equations (3) and (5) show that the synchronization
uncertainty measured at the PRU propagates to the UE
TOA through the ICCB. To assess this, the stability of
ICCB is analyzed using measurements from the reference
receiver over a 10-minute window. As shown in Fig. 4, the
single-difference clock bias §; , between the reference m
(PCI 3) and other BSs cellular signal exhibits stability yet
with a large variance due to inherent measurement noise. This
noise amplification effect is further quantified in Table 1,
where the standard deviations (stds) for different PCIs range
from 6.2m to 32.6m. A low standard deviation indicates
stable ICCB estimates from consistent and reliable TOA
measurements, while a high standard deviation reflects noisy
TOA measurements that lead to fluctuating ICCB estimates.
The variation across PCIs is attributed to differences in
received signal quality and propagation conditions. For
instance, PCIs 2 and 5, which are co-located and benefit from
favorable propagation conditions, exhibit the lowest standard
deviations (6.2 m and 7.1 m), while PCIs 1 and 6 show higher
values (29.4m and 32.6m) due to lower received signal
quality.

To mitigate these effects, the ICCBs are processed using a
smoothing filter, with the results illustrated in Fig. 4b. Both
the original and smoothed ICCB values are subsequently
evaluated within the positioning solution. Finally, Fig. 5
compares the ICCB estimates calculated at the PRU and
the UE (using ground-truth location for the latter). While
ICCBs are theoretically independent of the receiver,
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FIGURE 4. Estimated ICCB stability over time measured by the PRU with
respect to five BSs and a reference BS. Raw and smoothed versions are
shown. Values are converted into meter for an easier interpretability.

the results in Fig. 5 demonstrate that their respective
estimates diverge in practice due to local measurement noise,
confirming the propagation relationship defined in (5).

The 10 m UE-PRU separation adopted in our experiment
reflects a deliberate design choice rather than a limitation
of the correction itself. Since the ICCB is fundamentally
a transmitter-side impairment originating from BS clock
offsets, the PRU-derived correction is, in an ideal line-
of-sight (LOS) scenario, theoretically valid over arbitrary
UE-PRU separations. In practical deployments, the effective
correctability is bounded by spatial decorrelation effects,
angle-dependent antenna group delays, and different local
scattering clusters. The 10 m setup ensures a quasi-isotropic
local environment in line with the spatial consistency
principles of 3GPP TR 38.901, so that the PRU and
UE share nearly identical propagation conditions, allowing
the validation of the systematic clock-bias correction with
minimal confounding environmental effects.

C. POSITIONING ACCURACY
The considered ICCB compensation method is evaluated
under four distinct positioning configurations: SD weighted
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TABLE 1. Mean and standard deviation (std.) of the ICCBs.

PCI  Mean [m] std [m]
1 105.5 29.4
2 -33.3 6.2
3 0 0
4 18.4 10.1
5 -35.9 7.1
6 129.8 32.6

least squares (WLS) utilizing smoothed ICCB corrections,
where the weight for each BS measurement is derived from
the physical broadcast channel (PBCH)-SINR as w; =

+/1051NRi.as /10 following the approach in [19]; SD ordinary
least squares (OLS) incorporating the smoothed ICCB in (6);
SD OLS with the instantaneous ICCB measurements in (6)
when T = 1; DD OLS (reference PCI 3); and OLS without
ICCB compensation.

Concerning Test 1, Fig. 6 shows the positioning outcomes
over space as well as their error ellipses, while Fig. 7
illustrates the positioning performance across different time
epochs. Besides, Table 2 quantifies key statistical metrics
across the three tests. These comparative analyses reveal
several significant patterns.

Both SD and DD methods demonstrate substantial accu-
racy improvements over the uncompensated OLS solution,
which exhibited the necessity of dealing with the inaccurate
synchronization. Across the three tests, the mean error for
uncompensated OLS ranges from 75.9 to 79.8 m, while the
ICCB-enhanced methods achieve 12.7-29.5m, confirming
that ICCB compensation reduces errors by 73%—84%. The
consistent performance across Tests 1 and 2 (both yielding
a mean error of about 20 m for OLS with smoothed ICCB)
demonstrates the repeatability of the proposed approach,
while Test 3 shows even better performance (12.7 m mean
error), likely due to more favorable channel conditions at the
time of that experiment.

The SD solution can outperform the DD case because
forming double differences, while effectively eliminating
common clock errors, also amplifies the measurement noise.
Such DD operation generates an accurate solution when the
measurement noise is small, such as DD carrier phase [40].
However, the noise for SSB measurement could reach tens of
meters [38]. By differencing observations, the uncorrelated
noise from the reference BS is propagated into the final DD
observation, increasing its overall noise level.

Remarkably, in Tests 1 and 2, the smoothed ICCB
variants yield superior results to the instantaneous ICCB
implementation: the mean error is reduced from 25.2m
to 20.6m (Test 1) and from 24.9m to 20.1 m (Test 2),
corresponding to improvements of about 18%—-19%. These
gains underscore the value of the proposed smoothing
algorithm.

To further investigate the effect of the smoothing window
size, a sensitivity analysis is conducted on Test 1 over
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FIGURE 5. Mean and standard deviation of ICCB estimated at the UE and PRU. The time series is smoothed with a moving
average filter (window size: 10 s) and converted into meter for easier interpretability. The truncation of some time series is due
to intermittent signal availability, as the receivers may not detect SSB from all BSs at every time epoch.

T = 1,5,10,20,30,50, and 100s using the SD OLS
configuration, with performances reported in Table 3. The
selected T 100s is then applied to all three tests for
the aggregated performance summarized by the cumulative
density function (CDF) in Fig. 8. Increasing T consistently
reduces the mean and root mean square error (RMSE) errors,
with diminishing returns beyond T 30s. The 90th
percentile error stabilizes around 40 m for 7 > 10's. A longer
averaging window provides greater noise suppression but
may introduce lag when the ICCB drifts rapidly, as the
smoothed correction would reflect a past state rather than
the current one. In the considered static scenario, the ICCB
mean is relatively stable over the 10-minute observation
period, and the fluctuations are dominated by measurement
noise, which favors a larger 7. In this work, T 100s
is adopted as it provides the best overall performance
for the considered scenario. In deployments with faster
clock drift, a shorter window or adaptive filtering may
be necessary to balance noise suppression and tracking
responsiveness.

The WLS approach with smoothed ICCB achieves
performance comparable to OLS with smoothed ICCB,
with a marginally higher mean error across all three tests
(e.g., 21.0m vs 20.6m in Test I, and 13.4m vs 12.7m
in Test 3) and similar RMSE. In the considered static
scenario, the signal-quality-based weighting does not yield
significant improvement over OLS, as the dominant error
source after ICCB compensation is multipath-induced TOA
bias rather than thermal noise, and measurements with high
SINR may still be affected by specular reflections. The
comprehensive error distribution analysis in Fig. 8 reveals
that 90% of positions using ICCB compensation achieve
errors below 40 m, while uncompensated solutions exhibit a
90-th percentile error exceeding 80 m.

Finally, we note that the presented results are obtained in
a static rural/open-sky-like environment and should not be
directly extrapolated to more challenging propagation con-
ditions. Scenarios such as urban canyons, industrial indoor
environments, or non-line-of-sight (NLOS)-dominated set-
tings exhibit stronger multipath and interference effects,
which would introduce additional biases into the TOA
measurements and potentially degrade the effectiveness of
the PRU-derived ICCB correction. Validating the proposed
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FIGURE 6. 5G positioning estimation for different algorithms with their
error ellipses at 95% confidence. Axes are in meters relative to the
ground-truth position.
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FIGURE 7. Time series of UE positioning error [m] for different
algorithms. For a better visual clarity, the positioning error is plotted
using a 10-seconds moving average.

framework in such environments represents an important
direction for future work.
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TABLE 2. Static performance comparison across three independent tests
conducted at the same rural location on different days. Values are in [m].

WLS w. OLS w. OLS w. OLS OLS

Test Stat smoothed  smoothed instantaneous DD W.0.
ICCB ICCB ICCB ICCB

| Mean 21.0 20.6 25.2 29.5 75.9
RMSE 244 24.2 28.9 32.8 77.0

2 Mean 20.4 20.1 249 29.4 76.0
RMSE 23.8 23.6 28.6 32.6 77.1

3 Mean 134 12.7 13.7 17.9 79.8
RMSE 154 14.5 16.0 21.7 80.2

TABLE 3. Sensitivity analysis of the smoothing window size T.
Positioning error values are in [m].

T [s] Mean RMSE Max 90th pct.
1 25.68 30.01 111.96 46.38
5 23.38 27.07 132.86 41.71
10 22.44 25.98 103.45 40.31

20 21.88 2554 119.04 40.68
30 2145 24091 71.48 40.59
50 21.06 2453 66.43 40.75
100 2048  24.01 99.61 39.01

1.0
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0.2 WLS w. smoothed ICCB
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—— OLS w. instantaneous ICCB
_/ OLS DD
0.0 —— OLS w.0. ICCB
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Positioning error [m]

FIGURE 8. Cumulative density function of the UE positioning error [m]
aggregated across Tests 1, 2, and 3 for different algorithms.

V. CONCLUSION AND FUTURE WORK

This paper introduced a method to enable standalone posi-
tioning with opportunistic 5G SSB measurements. By using a
reference station to estimate the ICCB, the method mitigates
the synchronization error affecting the TOA measurements
at the UE. The experimental evaluation, based on three
independent measurement campaigns conducted at the same
rural location on different days and comparing four distinct
implementations, shows that ICCB compensation provides
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a 73%-84% reduction in positioning errors compared to
uncompensated solutions, with mean errors decreasing from
75.9-79.8 mto 12.7-25.2 m. Besides, the proposed smoothed
ICCB provides about an 18%-19% accuracy improvement
over instantaneous ICCB and DD implementations through
effective noise suppression. The results confirm that the
proposed ICCB compensation framework is highly effective,
paving the way for the practical use of 5G in location-
based services. The achieved mean error of approximately
20m is best understood as a feasibility demonstration
of moderate-accuracy positioning under the constraints
of opportunistic SSB-TOA measurements and the limited
effective bandwidth (7.2 MHz) of the current commercial
Release 15 deployment at 3.68 GHz. Finer TOA precision,
and consequently higher positioning accuracy, is expected
with the adoption of Release 16 PRS (which supports larger
bandwidths) and Release 18 features such as bandwidth
aggregation and carrier phase positioning.

In the future, we intend to investigate hybrid positioning
solutions fusing 5G TOA measurements with on-board
sensors, such as inertial measurement units (IMUs) and
GNSS, to provide a more resilient navigation suite for IIoT
applications. The potential for multi-level fusion network
structures and Bayesian approaches to dynamically adapt
to non-linear error sources also represents a promising
avenue for improving the accuracy. Besides, a study on
the optimal deployment and density of PRUs within a
commercial network is envisioned to understand the trade-off
between system complexity and the achievable coverage of
high-accuracy positioning services. Furthermore, investigat-
ing the spatial robustness of the PRU-derived correction by
varying the UE-PRU separation across multiple locations is
an important direction for future work.

LIST OF ACRONYMS
3GPP 3rd Generation Partnership Project.
5G fifth generation.
BS base station.
CBM clock bias monitoring.
CDF cumulative density function.
CPASS carrier-phase positioning algorithm for
systems without synchronization.
CPP carrier phase positioning.
DD double-difference.
GNSS global navigation satellite systems.
eNB gNodeB.
ICCB inter-cell clock bias.
IloT industrial Internet of things.
MU inertial measurement unit.
LMF location measurement function.

LOS line-of-sight.

mmWave millimeter wave.

NLOS non-line-of-sight.

OLS ordinary least squares.
PBCH physical broadcast channel.
PCI physical cell ID.
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PRS positioning reference signal.
PRU positioning reference unit.
RMSE root mean square error.
RTK real-time kinematic.
SD single-difference.
SDR software-defined radio.
SINR signal-to-interference-plus-noise ratio.
SRS sounding reference signal.
SSB synchronization signal block.
SS-RSRP  synchronization signal reference
signal received power.
TOA time of arrival.
TRP transmission reception point.
UE user equipment.
WLS weighted least squares.
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