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Abstract—The ongoing development towards autonomous traffic
requires detailed context information, including highly accurate
position estimates. The 5G standard has therefore extended its
feature support for positioning and defined six service levels (SLs)
to cater to the various commercial use cases. User position-
ing at millimeter-waves (mmWaves) is considered particularly
promising due to the inherent support for angle measurements
and the contiguous broad bands. However, in the literature, a
comprehensive classification of the achievable SLs with different
positioning algorithms under different parameter measurement
errors is missing. Based on ray-tracing data, we find that only
the lower SLs can be achieved in an urban scenario, whereas
SLs 4 to 6 are hard to meet due to the high availability require-
ments. For such use cases, hybrid positioning is needed to shorten
the tail of the error distribution further: We show that positioning
with a single base station (BS) is particularly well-suited because
the identified network time synchronization problem is bypassed,
thus attaining high accuracy at low overhead. Service availability
can be improved further by integrating satellite-based estimates.

I. INTRODUCTION

Basic positioning capabilities in cellular networks have been
introduced decades ago for regulatory services and extended
steadily since [1]. The initial 5G release, i.e., release 15,
adopted the latest capabilities of 4G networks. Recently, rel. 16
enhanced the positioning support which is set to be evolved
even further by rels. 17 to 18. The aim of 5G rel. 16
and beyond location services (LCSs) is to offer enhanced
capabilities enabling commercial and industrial use cases such
as localization and tracking of pedestrians, vehicles, and assets
in challenging environments, e.g., indoor industrial facilities
or busy urban outdoor environments [2]. Moreover, there
is also interest in network-internal usage, e.g., for location-
aware handover increasing the robustness of 5G and future 6G
communication [3]. Thus, precise positioning can be seen as a
key factor and enabling technology of intelligent transportation
systems (ITSs) as depicted in Fig. 1.

The required positioning quality of service (QoS) metrics
depend on the given use case. As of now, the Third Generation
Partnership Project (3GPP) standardization has defined seven
SLs with the strongest requirements, for example, demand-
ing dm-level horizontal accuracy compared to the latest 4G
network’s accuracy in the tens of meters [4]. To meet such
ambitious requirements, the wider bands and large-scale an-
tenna arrays employed in 5G mmWave networks shall offer
the necessary degrees of freedom enabling highly accurate
positioning with time and angle information-based techniques
at reduced multipath-based distortions at mmWaves.
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Fig. 1. 5G positioning services enable future ITS use cases [5], [6]. Dense
mmWave deployments offer high accuracy via fine angular information from
the antenna arrays and precise time measurements by using broad bandwidths.

Whereas there are numerous works on 5G and mmWave
positioning, with the annual number of related publications
rising, there is an insufficient characterization of which 3GPP
positioning SLs can be attained by dense urban deployments.
In addition, existing work is not comprehensive enough in
terms of the size of the dataset, the error assumptions, and the
positioning techniques used. Therefore, this work aims to fill
this gap by a comprehensive classification of outdoor mmWave
positioning capabilities with a focus on horizontal accuracy
requirements. The results shall be transferred into 6G research.

The remainder of this paper is structured as follows: Refer-
ring to related work, Sec. II provides a brief overview of 5G
positioning standardization and the current state of research
within the field of 5G mmWave-based positioning. Afterward,
Sec. III elaborates on the implemented and proposed user po-
sitioning techniques, the urban mmWave ray-tracing scenario,
and error modeling. Sec. IV contains the evaluation of the
attained mmWave positioning performance. Last, a summary
of our key findings concludes this work.

II. OVERVIEW OF 5G POSITIONING

This section provides an overview of 5G positioning. In
Sec. II-A we lay out the novelties of 5G rels. 16 and beyond
designed to meet the high requirements discussed in Sec. II-B.
Last, Sec. II-C discusses current related research works.

A. 5G Positioning: Signals, Measurements, and Estimation

Similar to 4G, the 5G positioning architecture evolves
around the Location Management Function (LMF) in the
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Fig. 2. Compact overview of standardized and expected signals, measure-
ments, and positioning techniques for 5G and beyond networks [7], [10], [11].

core network. An overview of the radio access technology
(RAT)-internal user positioning capabilities of 5G is given in
Fig. 2 and explained subsequently. The LMF uses up to four
reference signals to collect assistive data, i.e., via downlink
(DL) and uplink (UL) channel measurements in time, angle,
and power domains to calculate position estimates based on
different techniques. In addition, RAT-external measurements
may also be incorporated into the calculation of the user
equipment (UE) position, e.g., using UE side sensors such
as global navigation satellite system (GNSS) modules [1], [7].
It is expected that Sidelink (UE-to-UE link) [8] and carrier
phase measurements [9] will be supported at the latest in 6G.

1) DL and UL Reference Signals: The available signals are
Positioning Reference Signal (PRS), Sounding Reference Sig-
nal (SRS), Synchronization Signal Block (SSB), and Channel
State Information Reference Signal (CSI-RS), with two being
newly introduced by rel. 16 as follows. On the one hand,
the PRS is a DL signal which may consist of up to 272
resource blocks (RBs). Therefore, up to 400 MHz may be
used with the 120 kHz subcarrier spacing (SCS) numerology,
although not every orthogonal frequency-division multiplexing
(OFDM) subcarrier and symbol of each RB are used by
a single BS. This is because the PRS is sent by different
BSs and measured by the UE, but with the aim of the least
possible interference for improved positioning accuracy. In the
time domain, transmissions may be configured with periodic
intervals between 4 ms and about 10 s. On the other hand, the
rel. 16 SRS is an extension of the existing UL SRS to allow
for high-accuracy positioning similar to PRS [7].

2) Measurement Parameters: The high bandwidths at
mmWave allow for accurate time measurements. For example,
the round-trip time (RTT) between any BS and UE pair is
acquired via receiver (RX)-transmitter (TX) time difference
measurements along PRS and SRS. It is proportional to the
length of the propagation path between, similar to, but more
precise than the timing advance (TA) parameter that may
be leveraged by enhanced cell ID (E-CID), and can thus
be used for positioning. In addition, the absolute distance

can be estimated from the reference signal received power
(RSRP) following Friis’ transmission formula. Contrasting the
acquisition of absolute time data, time difference of arrival
(TDOA) information, that is proportional to the propagation
path length difference between the UE and two BSs, can be
leveraged via DL reference signal time difference (RSTD)
or UL relative time of arrival (RTOA) measurements. More-
over, the directional communication at mmWaves allows for
measurements of transmit and receive angles. Only BS side
bearings are used in 5G with the angle of departure (AOD)
being the known angle of the BS beam that serves the UE
with the best RSRP, whereas the angle of arrival (AOA) of
UL signals can be measured directly [11].

3) Standardized Techniques: The UE position is estimated
via multilateration and -angulation algorithms. Moreover, there
are also hybrid techniques, e.g., (i) leveraging both angle
and time measurement data, or (ii) combining RAT-internal
and -external data. Implementations range from non-iterative,
i.e., with low delay, to iterative solvers that may achieve
higher accuracy. Depending on the used measurements and
implementation, the required minimum number of participat-
ing BSs differs. The detection of nearby mmWave BSs can be
cumbersome due to the need for beam training [11].
B. High-accuracy LCS Performance Requirements

The previously described 5G features provide a complex
toolbox for mobile network operators to fulfill the stringent
QoS requirements of 5G positioning use cases. Each one can
be characterized by one of seven defined SLs considering
indoor/outdoor modality, user mobility, and maximum latency,
among others [4]. In this work, we focus on the metrics listed
in Tab. I, which are compared to initial commercial outdoor
rel. 16 requirements and to the ones by 5G Automotive Associ-
ation (5GAA) (neglecting software update/HD content delivery
use cases) and 5G Alliance for Connected Industries and
Automation (5G-ACIA). It can be seen that the requirements
for higher 2D accuracy (up to ≤ 30 cm) are complemented
by increasing minimum availability (up to ≥99.9 %), i.e., the
ratio between the time in which the positioning service is
delivered with the required QoS and the total time. Assuming
that UEs do not leave the intended service area, one might

TABLE I
SELECTED OUTDOOR POSITIONING PERFORMANCE REQUIREMENTS.

Service Minimum Minimum
Reference Level (SL) Accuracy Availability

3GPP TR 38.855 [12] regulatory 50.0 m
commercial 10.0 m 80.0 %

3GPP TS 22.261 [4]

1 10.0 m 95.0 %
2 3.0 m 99.0 %
3 99.0 %
4 1.0 m 99.9 %
5 99.0 %
6 0.3 m 99.9 %

5GAA [6] minimum 20.0 m 68.3 %
maximum 0.1 m 99.7 %

5G-ACIA [13] - 0.1 m 100.0 %



interpret availability as the ratio of positions from the service
area which fulfill the horizontal accuracy requirements, when
neglecting the latency requirements et cetera. The 5G-ACIA
is even demanding sub-10 cm accuracy without exceptions.

C. Performance in Related Works

Analytical studies [14] and works leveraging channel mod-
els [2], [15] show the attainability of mmWave positioning
accuracies well below 1 m. However, their transferability to
real deployments is questionable. Ray-tracing works provide
representative data, but tend to focus on the sub-6 GHz
spectrum, e.g., [16]. In [17], combining hybrid time-angle
positioning with two mmWave BSs, accuracy better than
GNSS is achieved for users traversing a highway, yet the very
high mobility scenario does not match with the expected urban
mmWave deployments. With regards to measurements, there
have been promising indoor studies that achieve high position-
ing accuracy [18]–[20], but they cannot simply be transferred
to outdoor scenarios. The authors in [21] have demonstrated
outdoor hybrid positioning with a single mmWave BS, yet the
initial results do not meet the performance in the previously
discussed works. For all of these studies, the limited number
of measurements do not allow for the assessment of service
availability which is necessary for the characterization of the
attained 3GPP SLs. We have noticed in several works that the
error modeling, e.g., in angle and time measurements or for
the network-internal time synchronization, is either of limited
scope or weakly parametrized [15], [18], if considered at all.
Hence, make-or-break requirements for the specified high-
accuracy positioning could not be identified either.

III. METHODOLOGY

This section first introduces the comprehensive urban
mmWave ray-tracing dataset in Sec. III-A which is summa-
rized by Tabs. II and III. Afterward, the considered positioning
algorithms are provided in Sec. III-B. Last, Sec. III-B explains
the details of the error modeling for the sensitivity analysis.

A. Dataset of an Urban Deployment Scenario

a) Ray-Tracing Simulation: We select a metropolitan
setup for the 5G mmWave network deployment, similar to the
work [16], as offloading of sub-6 GHz cells is expected in such
busy regions. Considering the hostile mmWave domain, central
hotspot areas have to be served by multiple cells. We realized
a Manhattan grid-like scenario with a total size of 480×480 m
in the Altair WinProp software [22]. The urban canyons have a
width of 20 m and the quadratic building blocks have a length
of 100 m. As shown in Fig. 3, eight BSs operating at 26.5 GHz
(n257/n258) and using a fixed equivalent isotropically radiated
power (EIRP) of 40 dBm were placed around a central district
at the height of 10.0 m. The evaluation area, with a total size
of 120×120 m, focuses on one of the adjacent street crossings
with 110,000 potential mmWave UE positions in a 20 cm on-
street grid at a uniform height of 1.5 m, cf. Tab. II.

The omnidirectional simulation provides ray information be-
tween each UE-BS combination which includes signal strength
and phase, as well as the underlying transmit/receive azimuth
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Fig. 3. Urban outdoor deployment of 8 mmWave BSs around central building
complex. Directional channel data is available for 110,000 UE positions on a
0.2 m grid within the outlined 120×120 m evaluation area.

(𝜙) and elevation (𝜃) angles. Therefore, the strongest tap
of the channel impulse response (CIR) provides the ideal
angle, power, and time measurement data for positioning as
there are no distortions, except when the UE is in a non-
line-of-sight (NLOS) region. This dataset is used to set the
performance benchmark and indicated by ”perfect angle” or
”infinite bandwidth” Channel State Information (CSI).

b) Beam-based Connectivity: To mirror a real mmWave
system’s behavior, we impose directional antenna pattern
characteristics by post-processing using MathWorks MATLAB
software [23] as follows. For both sides of the link, either
pencil or sector beams, as shown in Fig. 4, are employed,
which correspond to using an 8×8 or 4×4 uniform planar array
(UPA). In the ideal case, the received signal strength (RSS)
is thus increased by the maximum gain of the used beam, i.e.
by 19.7 dBi or 13.5 dBi, see Fig. 4. Some rays, however, are
suppressed by the beam patterns. In case the RSS drops below
−103 dBm, ray data is removed from the directional CIR.

There are infinitely many combinations of how two nodes
may orient their antenna beams to connect. Introducing an-
tenna beam codebooks (beambooks) containing a set of beam
orientations in the azimuth and elevation plane on either
side discretizes the combinatorial problem. Considering the
respective HPBWs of 12.8° and 26.3° as depicted in Fig. 4,
we choose the spacings of 12° or 24° between the beam-

TABLE II
DENSE URBAN MMWAVE NETWORK DATASET PARAMETERS.

Parameters Description and Value

Carrier frequency 𝑓0 26.55 GHz (path loss exponent: 2.6)
EIRP, decoding threshold 40 dBm, −83.5 dBm

Evaluation area 120×120 m
# UE positions 110,000 (0.2 m grid at 1.5 m height)
# BS sites 8 (building corners at 10.0 m height)

Pencil/sector beam gain 19.7 dBi/13.5 dBi
Pencil/sector beam HPBW 12.8°/26.3°
UE beambook ranges 360° azimuth, up to 90° uptilt
BS beambook ranges 270° azimuth, up to 90° downtilt



TABLE III
NUMBER OF BEAM PAIRS BASED ON LEVERAGED UE/BS BEAM TYPES.

Dataset pencil sector mixed

BS side
beambook

# az. angles 23 12 23
# el. angles 8 4 8

UE side
beambook

# az. angles 30 15 15
# el. angles 8 4 4

# Combinations 44,160 2,880 11,040
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Fig. 4. Boresight beam patterns with maximum gain and HPBW information.

book entries. Regarding the contained elevation angles, the
BS side beam orientations cover the range from 𝜃BS ∈
]−90, 0] °, i.e. there are eight pencil beam elevation angles
{0,−12, . . . ,−84} ° and four sector beam elevation angles
{0,−24, . . . ,−72} °. On UE side, a similar beambook design
uses uptilts instead of downtilts, i.e. 𝜃UE ∈ [0, 90[ °. In the
azimuth plane the UEs have to cover all directions such that
𝜙UE ∈ [0, 360[ °. Therefore, there are 30 pencil and 15 sector
beam azimuth angles. Last, for the BSs, 𝜙BS only covers a
270° range due to building obstruction. Thus, there are 23 and
12 distinct BS beam azimuth angles, respectively. In practice,
several antenna panels would be employed to cover such wide
angular regions.

In this work, we consider three combinations of UE and BS
beam types which result in different numbers of beam pairs
as illustrated in Tab. III. When using ”pencil” beams on both
sides there are (23 · 8) · (30 · 8) = 44,160 beam pairs, whereas
with ”sector” beams there are just 2,880. In the third case,
”mixed” beam pairs, the BSs use pencil beams whereas the
UE uses sector beams. As a consequence, there are 11,040
combinations, cf. Tab. III, each representing an individual
channel in the form of a distinct directional CIR.

B. User Positioning Algorithms

This work facilitates the following basic positioning algo-
rithms: We have implemented the non-linear least squares
(NLLS)-based iterative multilateration algorithm outlined in
[24] that can be used for absolute time and RSS-based posi-
tioning. For TDOA-based positioning, we use the non-iterative
hyperbolic spherical-interpolation-based method described in
[25]. Angle-based user position estimation is realized via the
line-of-bearings (LOBs)-based iterative approach in [26].

We also consider the hybrid RAT-internal positioning tech-
niques shown in Fig. 5. Applying the concept from [27]
to combine the estimates from separate multiangulation and
-lateration algorithms linearly (50/50 %), we realize our first
hybrid algorithm, called ”LinComb.” Second, by extending the

scheme outlined in [28] from the horizontal plane to 3D space,
time and angle information (𝜏1, 𝜙1, 𝜃1) between a ”single BS”
and UE pair is used efficiently. The third approach is referred
to as ”multiple BSs” and extends the previous approach with
time measurements (𝜏2, 𝜏3) to two additional BSs [28].

Moreover, we propose two GNSS-assisted 5G positioning
techniques: Comparing the differences between the satellite-
based UE position estimate, we adaptively modify the weight-
ing of the LinComb to 25/75 %. Second, the time-based
trilateration is adapted to use the GNSS data as the initial
position estimate, instead of the center point between the BSs,
which is iteratively improved by the NLLS algorithm. The
GNSS position estimates are generated following the Gaussian
model by [29] with 𝜇 = 0.34 m and 𝜎 = 0.66 m, which is
similar to the recent GNSS performance measurements in [17].

C. Modeling of Sources of Error

Our evaluation of 5G mmWave positioning capabilities is
based on the following time and angle error modeling.

a) Beambooks and Angle Estimation: Contrasting the
ideal angle knowledge from the simulation baseline, the BS
side beambooks result in azimuth and elevation angle measure-
ments being discretized for the DL-AOD technique, i.e., with
12° (pencil) or 24° (sector, mixed) step sizes. Additionally, we
consider direct angle measurements by the UL-AOA technique
providing better accuracy, i.e., 1° step size for brevity, but
angle errors typically fall into a range of several degrees [30].

b) Bandwidth: In real systems, the bandwidth 𝑊 limits
the time resolution in comparison to the infinite bandwidth
baseline from simulations. We thus build the complex sums
of the CIR taps falling into the intervals with periodicity 1/𝑊 .
We consider 𝑊 = 100, 200, 400, 800, 1,200 MHz spanning the
range from the maximum sub-6 GHz bandwidth to far beyond
the ones attained via carrier aggregation in current chipsets.

c) Network Synchronization: Network clock synchro-
nization has to be considered as well because, e.g., UL propa-
gation delay measurements measured by multiple BSs need to
be performed simultaneously. Whereas there is a recommenda-
tion for large-scale networks to stay below 1,500 ns [31], the
authors in [32] propose a 130 ns bound and in [16] 100 ns
offsets between the distributed clocks are assumed. GNSS
receivers may synchronize BSs to a common clock with sub-
10 ns error under clear observation conditions [33], which
are not necessarily met by mmWave BSs in the foreseen
metropolitan areas. Using so-called network listening [34],
a BS may also synchronize by measuring another BS’s sig-
nals. Wired time synchronization using, e.g., Precision Time
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Protocol (PTP) can reach 1 ns precision [35]. As such, other
works on mmWave positioning used values down to 2 ns to
1 ns [15] and 1 ns to 0.25 ns [18], the latter being below the
PTP capabilities. With assumptions differing in literature, we
aim to derive tolerable errors, i.e., requirements, such that 5G
networks may provide the envisioned 3GPP SLs. We use a
zero-mean Gaussian error model truncated to [−𝜎, 𝜎] [36].

IV. EVALUATION

This section evaluates mmWave-based urban outdoor po-
sitioning performance. In Sec. IV-A, we first determine the
best possible positioning performance for the urban scenario.
Second, Sec. IV-B characterizes the impact of time and angle
measurements on the attainable positioning SL. At last, hybrid
positioning is investigated under non-ideal conditions, chosen
based on prior results. The SL characterization in Sec. IV-C
also includes the potential of GNSS assistance.

A. Baseline Performance Under Ideal Conditions

Under ideal conditions, 3GPP SLs 4 and beyond are
achieved except when using TDOA data, cf. empirical cumula-
tive distribution functions (ECDFs) in Fig. 6. Dropping power
measurements from consideration, the highest requirements
can be met with absolute time and angle-based methods.
Therefore, the new measurements and techniques introduced
by 5G rel. 16 are verified to have a higher potential than
existing ones. This work now focuses on these five positioning
methods under more realistic conditions. We explicitly note
that once NLOS measurements are used the high availability
requirements of the 3GPP SLs 1 to 6 and by 5G-ACIA cannot
be reached anymore; however, some of the use cases specified
by 5GAA remain feasible. Thus, suitably dense deployments,
probably denser and more costly than for communications
only, are needed for sufficient LOS availability in the service
area, but also methods are required to detect and avoid
degradation from NLOS link opportunities.

B. Sensitivity Analysis of 5G LCS

Contrasting the direct angle measurements in UL AOA,
that we assumed to be without error, we now consider the

beambook-based impact from using the known azimuth and
elevation main lobe angles of the active BSs’ beams for
the DL AOD technique in Fig. 7. It can be seen that the
communication-centric pencil beambook with 12° angle spac-
ings just smaller than the HPBW of the 8 × 8 UPA cannot
enable SL 1 use cases. By moving to a more densely spaced
beambook which results in drastically increased beam manage-
ment overhead but sub-1° azimuth and elevation angle errors,
respectively, SLs 1 to 2 are feasible. It must be noted that, in
practice, such a densely-spaced beambook results in a higher
likelihood for erroneous beam selection, and such, larger
errors may be incurred. Assuming the use of a hybrid/digital
beamforming architecture at the BSs, direct AOA estimation
in the UL could naturally enable higher service levels. This
comes at increased hardware costs and energy consumption.

Moving on to the impact of the leveraged signaling band-
width on time measurements-based positioning, as shown in
Fig. 8. It can be seen that 100 MHz suffice for SL 1 use
cases, with 200 MHz barely failing to meet SL 2 requirements.
They can, however, be met when using 400 MHz. Using
carrier aggregation, SL 3 is barely met with 800 MHz, yet
SL 4 is narrowly missed even with 1,200 MHz bandwidth.
Considering other impairments, we recommend the use of at
least 200 MHz for SL 1, 400 MHz for SL 2, and 1,200 MHz
for SL 3. Higher SL categories require even more bandwidth
with aggregation up to 2.4 GHz already standardized [37]
and more expected for 6G. Potentially 5G NR Unlicensed
(NR-U) in frequency range 2 (FR2) band n263 has to be used

0 2 4 6 8 10 12
0

0.2

0.4

0.6

0.8

1

Negligible impact
from UE beambook

Unsuitable for
commercial use

SL 1 is missed

SL 2 use cases enabled by the use of
non-communication-centric beambook

Positioning Error [m]

E
C

D
F

Perfect Angle 1° azimuth/elevation step size
Pencil (12°) Mixed (12°) Sector (24°)

Fig. 7. Positioning error incurred by triangulation for different UE-BS
beambook combinations compared to the perfect angle-based performance.

0 1 2 3 4 5 6 7
0

0.2

0.4

0.6

0.8

1

SL 1 is
reached

Provisioning
of SL 2

SL 3, but
not SL 4

mmWave bandwidths ≥100 MHz enable
time-based commerical positioning services

Positioning Error [m]

E
C

D
F 100 MHz

200 MHz
400 MHz
800 MHz

1,200 MHz
∞ MHz

Fig. 8. Trilateration for different positioning signaling bandwidths compared
to ideal conditions. Incurred horizontal positioning errors depicted by ECDF.



TABLE IV
RECOMMENDED NETWORK TIME SYNCHRONIZATION REQUIREMENTS FOR

DIFFERENT POSITIONING SERVICE LEVELS.

Service Positioning Requirements Tolerable Time
Ref. Level (SL) (Accuracy @ Availability) Asynchronicity
[12] commercial 10.0 m @ 80.0 % < 20 ns

[4]

1 10.0 m @ 95.0 % < 11 ns
2 3.0 m @ 99.0 % < 2 ns

3/4 1.0 m @ 99.0/99.9 % < 0.5 ns
5/6 0.3 m @ 99.0/99.9 % </≪ 0.25 ns

[6] maximum 0.1 m @ 99.7 % ≪ 0.25 ns
[13] - 0.1 m @ 100.0 % ≪ 0.25 ns

due to support for non-aggregated cell bandwidths of up to
2 GHz [37]. However, operation in the unlicensed spectrum is
sub-optimal when aiming to achieve beyond 99 % availability.

At such broad bandwidths the synchronization errors be-
tween the network’s BSs obtain a higher influence, by far
exceeding the impact of the signaling bandwidth. In contrast to
the previous evaluation, Tab. IV summarizes our experiments
to determine what levels of asynchronicity can be tolerated so
that commercial positioning services remain feasible. While
the initial commercial 3GPP requirements need network syn-
chronization in the sub-20 ns range which can be attained via
PTP and GNSS [33], [35], this is by orders of magnitude
stricter than the typical design requirements for mobile net-
works (1,500 ns) [31]. For SL 1 the required synchronization
of below 11 ns is in the range of GNSS time synchronization
under clear conditions. As such, higher-order SLs need to
switch to a wired synchronization, e.g., using PTP. However,
the SLs 3 to 6 require below-1 ns synchronization, particularly
when further considering signaling bandwidth-based errors.
This is not even guaranteed by PTP [35]. As such, 5G network
time synchronization is currently the limitation when aiming
for time-based high-accuracy positioning. Considering that
time-sensitive networking (TSN) has emerged as a hot topic
for mission-critical services in 5G and beyond networks [38],
this problem could be fixed by future 3GPP standardization.

C. On the Potential of Hybrid Positioning

In the following section, we consider the gains of using
hybrid positioning techniques over non-hybrid techniques.
Based on the previous evaluation, our investigation uses a
communication-centric beambook (12°) for DL AOD measure-
ments of BS azimuth and elevation angles which we previously
showed is not sufficient to attain SL 1 via triangulation. Due
to time synchronization errors having a much larger impact
than the channel impact, we further consider network asyn-
chronicity errors. Here, we use 11 ns which is just good enough
to attain SL 1 via trilateration. These two classifications are
confirmed by the respective violins in Fig. 9. We note that
the better performance of trilateration over triangulation only
holds for the previously described error modeling.

We now consider RAT-internal hybrid positioning. Deter-
mining the mean of the trilateration and -angulation results,
LinComb falls into SL 1 and comes with an increased accuracy

against trilateration. Moreover, the tail of the distribution with
very high errors is truncated. Moving on to the ”multiple
BSs” algorithm, SL 1 is missed with the 95 % confidence
interval of about 13 m ranging between the ones of trilateration
and -angulation (9.9, 14.9 m), however, the tail is shortened.
Dropping the two non-serving BSs from consideration, the
position estimates of the ”single BS” are clearly in the SL 1
range with mean and median errors of about 2.1 m and a 95 %
confidence interval of 5.4 m, cf. Fig. 9. This is an unexpected
improvement over the ”multiple BSs” approach, cf. Fig. 6. The
reason is that network time synchronization is irrelevant as
just one BS is performing the time measurements. Hence, this
algorithm underlines the high potential of hybrid positioning
as the TSN problem is avoided, cf. Sec. IV-B, whereas the
resource efficiency (energy consumption, spectral resources) is
increased. Further, excessive per-BS mmWave beam training
overhead, which is incurred before positioning, is minimized.

We now assess the gains of using GNSS for assistance, as
proposed in Sec. III-B. Using the position provided by GNSS
as the starting point of the iterative trilateration algorithm, the
mean accuracy is improved a little from 3.95 m to 3.59 m, with
the improvement of the 95 % confidence interval being more
noticeable from 9.88 m to 8.98 m. Similarly, the distribution
tail is shortened. This characteristic will be useful when aiming
to provide the highest SLs. It can also be observed when
using the GNSS estimate to change the weighting of the
LinComb algorithm from 50/50 % to 25/75 %. Overall, the
GNSS-aided LinComb algorithm, which combines three BSs’
time and angle measurements with GNSS, performs second
best (mean error: 3.0 m, 95 % confidence interval: 7.4 m) and is
only beaten by the resource efficient single BS-based approach
which avoids the network time synchronization issue.

Hence, in this section we have shown that hybrid positioning
using RAT-internal measurements can provide a significantly
better performance and that RAT-external estimates, such as
by GNSS modules and processed according to our proposed
algorithms, are helpful in the further mitigation of outlier
positioning errors. Both are needed for SLs 2-6 aiming for
3.0 m to 0.3 m accuracy at beyond 99.0 % availability. As
such, RAT-native sensor information acquired by 6G joint
communication and sensing (JCAS) will be highly valuable
for user positioning.
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Fig. 9. Performance of hybrid positioning, with and without GNSS assistance,
under harsh conditions. Here: 11 ns network time asynchronization and pencil
beam-based angle information with 12° resolution.



V. CONCLUSIONS

In this work, we classified the performance of 5G mmWave
outdoor positioning according to the 3GPP-defined service
levels (SLs). We showed that SLs 1 to 3 can be met under
LOS conditions by absolute time-based multilateration and
-angulation, respectively, if more than 800 MHz bandwidth
or angle estimators with sub-1° accuracy are used. Therefore,
most but not all of the 5GAA’s use cases in the scope of future
ITSs are feasible. However, we further identified network time
synchronization as a critical limitation for time-based position-
ing. Depending on the desired SL, time synchronization be-
tween BSs has to be smaller than 11 ns to 0.25 ns, with sub-ns
synchronization exceeding the limits of current protocols such
as PTP. This ought to be addressed further moving towards 6G
networks for high-accuracy positioning and sensing services.

We further studied hybrid positioning. By combining the
two estimates of the multilateration and multiangulation tech-
niques, the positioning becomes more robust. Further, user
positioning with time and angle measurements from just the
single serving BS is particularly promising because it avoids
the problem of time synchronization and increases resource
efficiency before and during positioning. Finally, by including
GNSS as a RAT-external sensor, as foreseen in 5G for outdoor
users such as pedestrians and vehicles, we have shown that the
positioning service availability is further enhanced by our pro-
posed techniques. Therefore, while 5G mmWave positioning
is highly capable, the beyond 99 % availability goals of the
strictest SLs are better met with assistive external data.

In our future works, we will investigate mmWave hybrid
positioning for mobile UEs with a focus on latency and char-
acterize the positioning-specific spectral resource overhead.
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