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Abstract 
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Localisation and Sensing” as well as the initial findings towards methods, signals, and protocols for 
localisation and mapping and a vision of how accurate location and sensing information can enable 
and enrich applications as well as support communication. The report also defines research lines for 
future work in Hexa-X.  
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Executive Summary 
This report is the first deliverable of the Hexa-X project work package 3: “6D High-Resolution 
Localisation and Sensing”. This deliverable focuses on the gap analysis between the current 
performance of 5G 3GPP localisation and radar and lidar sensing, and the target KPIs deduced from the 
Hexa-X use case families defined in [HEX20-D11] and [HEX21-D12].  

Before the gap analysis is presented, the general principles of radio-based localisation and sensing are 
detailed in a tutorial-like manner, describing the relevant performance metrics, the basic measurement 
types, common localisation and sensing methods, as well as fundamental performance limitations. An 
overview of 5G specific localisation measurement types and methods is presented and contrasted to the 
potential technology enablers (including identified frequency ranges) towards 6G, as identified in 
[HEX21-D21]. Important challenges are identified, related to the wireless propagation channel and 
radio hardware impairments in the 100 GHz – 300 GHz range, to meet the target localisation and sensing 
KPIs, such as path loss, power amplifier nonlinearity, array calibration, and phase noise.   

For the gap analysis, five use case families for [HEX20-D11] and [HEX21-D12] are interpreted from 
the localisation and sensing perspective and related to the key performance indicators (KPIs), so that 
the most challenging use cases in terms of, e.g., localisation and sensing accuracy, latency, and 
scalability, can be identified. A baseline evaluation is then conducted, both for 5G localisation and for 
radio-based sensing (including radar and lidar). From this baseline evaluation, the gap analysis is then 
conducted in terms of position accuracy, latency, scalability, and sensing resolution. Some of the use 
case families can be supported by the baseline technologies in some of the KPIs, but several important 
gaps have been identified, which are to be addressed through the Hexa-X work on models and methods. 

Initial findings on models and methods for accurate localisation and sensing are reported. Considering 
6D (3D position and 3D orientation) localisation as well as simultaneous localisation and mapping, 
comparisons between 5G and possible 6G systems reveal that in the 100 GHz – 300 GHz range, higher 
resolution in range and angle will provide superior localisation compared to 5G, despite reduced 
transmission power and increased path loss. Considering radio-based sensing, several methods are 
presented, including model-based and data-driven methods for a variety of novel scenarios, including 
environment classification, material sensing, joint sensing and communication, and approaches for 
interference mitigation. The role of sensor fusion and the trade-offs between accuracy, latency, and 
complexity are described. Finally, the planned demonstrators in collaboration with WP2 “Novel radio 
access technologies towards 6G” are detailed.  

A crucial aspect of 6G, according to Hexa-X, is that localisation and sensing will not be a by-product 
of communication development, but instead will be integrated in the system from the start, and thus is 
a main design target of 6G. Toward this, an initial vision for how location and sensing information can 
be used to support, enable, and enrich novel applications will be sketched. In addition, potential benefits 
of location and sensing information for improving communication are listed.  

The report concludes with an outlook on planned next steps. 
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1 Introduction 

Hexa-X is one of the 5G-PPP projects under the EU Horizon 2020 framework. It is a flagship project 
that develops a Beyond 5G (B5G)/6G vision and an intelligent fabric of technology enablers connecting 
human, physical and digital worlds.   
 
This document is the first deliverable of Work Package 3 (WP3) - “6G High-Resolution Localisation 
and Sensing”. The aim of WP3 is two-fold: (i) to explore the potential of technological advances in 
communication systems (including from within the project) for the purpose of localisation and sensing, 
leveraging the geometric nature of the propagation channel at millimetre wave (mmW) frequencies 
(including 100 to 300 GHz); (ii) to harness high-resolution location and map information for existing 
(communication, security) and novel applications. The research focuses on the following key aspects 
related to high-resolution localisation and sensing:  

 Definition of use cases and requirements, complemented with a gap analysis. 
 Development of methods, signals and protocols for localisation and mapping. 
 Establishment of location and mapping-enhanced service operation. 

The relation of WP3 within Hexa-X, its tasks, and main interfaces are shown in Figure 1-1.  

 

Figure 1-1 WP3 and its tasks in relation to Hexa-X. 

1.1 Objective of the Document 

This document reports on the finding of the use cases, requirements, and gap analysis. To support this, 
a basic introduction on radio localisation and sensing is provided, including the performance metrics, 
measurements, and methods. 5G localisation will be contrasted with localisation in the upper mmW 
frequency bands (here termed “6G localisation” for convenience) and also with radar, lidar, and ultra-
wideband (UWB) sensing with sensing in the upper mmW frequency bands (here termed “6G sensing” 
for convenience).  

In addition to the gap analysis, initial findings and plans related to the other key aspects are also 
provided: (i) localisation and sensing methods, (ii) services. These initial findings, in combination with 
the gap analysis will guide our future research activities.  
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1.2 Structure of the Document 

The remainder of this deliverable is structured as follows. Section 2 provides an overview of localisation 
and sensing, describing the main performance metrics, the fundamentals, the measurements, and 
methods, in particular those related to 5G localisation. Section 2 also details the main radio and 
methodological enablers of 6G localisation and sensing, as well as the main challenges (visualised via 
the WP2 block in Figure 1-1). In Section 3, which is the main section of this document, the gap analysis 
is conducted. This section presents the use cases and their requirements, followed by a baseline 
evaluation of 5G standard and sensors (radar, lidar, UWB), as visualised through the blue block as an 
input to the gap analysis. The section concludes with the gap analysis itself (the left side in Figure 1-1). 
Section 4 presents initial results of localisation and sensing in 6G, quantifying the main benefits over 
5G. The section also covers topics related to interference management and sensor fusion and ends with 
a presentation of the planned demonstrators. Main research questions are identified for future work. 
This work is visualised via ‘positioning as a service’ and ‘sensing as a service’ in Figure 1-1. 
Complementary to Section 4, which describes how location and sensing information is obtained, 
Section 5 describes how this information can be used for enabling and enriching applications as well as 
to support communication. It also defines network requirements. This is visualised through the WP1, 
WP5, and WP7 block in Figure 1-1). Our main conclusions are reported in Section 6.  

The main terminology used in this document is described in Annex A.  

2 Overview of Mobile Radio-based Localisation and 
Sensing 

In this section, a brief introduction to the main concepts in radio localisation and sensing is provided, 
as well as the associated performance metrics, focusing on 5G scenarios. In addition, the main potentials 
and the associated challenges in 6G localisation and sensing are presented. 

2.1 Localisation and Sensing Performance Metrics  

This part presents the performance metrics for localisation and sensing, which are not limited to those 
used in 3GPP, considering the new use cases envisioned in 6G, as shown in Table 2-1.  

Table 2-1. Performance metrics for radio localisation and sensing. 

Name Meaning Unit 

Horizontal 
accuracy† 

Error value corresponding to a certain percentile (e.g., 90%, 99%) or the root 
mean squared value of the location error parallel to the earth surface. 

m 

Vertical 
accuracy  

Error value corresponding to a certain percentile (e.g., 90%, 99%) or the root 
mean squared value of the location error perpendicular to the earth surface. 

m 

Orientation 
accuracy 

Error value corresponding to a certain percentile (e.g., 90%, 99%) or the root 
mean squared value of the orientation error in a global frame of reference.  

rad  

Range 
accuracy 

Error value corresponding to a certain percentile (e.g., 90%, 99%) or the root 
mean squared value of the ranging (distance estimation) error. 

m 

Velocity 
accuracy  

Error value corresponding to a certain percentile (e.g., 90%, 99%) or the root 
mean squared value of the (relative) velocity error. 

m/s 

 

 
† For a detailed discussion on accuracy and precision, the reader is referred to Annex A. 
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Angular 
accuracy  

Error value corresponding to a certain percentile (e.g., 90%, 99%) or the root 
mean squared value of the (relative) angle error (arrival and/or departure, azimuth 
and elevation), within the local frame of reference. 

rad 

Range 
resolution 

Minimum difference in distance between targets to have measurably different 
range. Equivalent to delay resolution. 

m 

Velocity 
resolution 

Minimum difference in velocity between targets to have measurably different 
velocity. Equivalent to Doppler resolution. 

m/s 

Angular 
resolution 

Minimum difference in angle between targets to have measurably different angle. rad 

Link range Maximum distance at which an object can be located unambiguously with a 
certain probability of detection during sensing. 

m 

Velocity range Maximum range of velocities to be measured. m/s 

Angular 
velocity 

Rate of change of the orientation of a mobile device, relative to an external frame 
of reference. 

rad/s 

Agility Acceleration (m/s^2), jerk (m/s^3), angular acceleration (rad/s^2) of target. m/sx, 
rad/sx, x 

{2,3} 

Latency End-to-end localisation/sensing latency. The duration between an application or 
a network function requesting location and obtaining the results. Includes the 
physical layer latency.  

s 

Update rate / 
reporting rate 

Number of consecutive localisation/sensing estimates per unit time (at most once 
per latency). 

Hz 

Availability  Fraction of the time the estimated localisation error is below the alert limit (for 1 
device). 

% 

Integrity  Fraction of the time the true error is outside of estimate of maximum possible 
error (for 1 device). 

% 

Precision 

score 

The ratio of correctly predicted positive observations to the total predicted 
positive observations. 

% 

Scalability Capability to use a technique by an increasing or decreasing number user 
equipment (UEs) or transmit points (TRPs), given that those nodes are in 
coverage. 

-- 

2.2 Radio Localisation and Sensing: An Overview 

Below the fundamentals of localisation and sensing are described, addressing various aspects such as 
terminology, methods and limitations followed by the current localisation and sensing in 5G. 

2.2.1 Localisation and Sensing Fundamentals 

2.2.1.1 Localisation 

As defined in Annex A, (radio) localisation is the process of estimating the location of a device from 
(radio-based) sensor measurements. The location can be in 2D (horizontal plane), 3D (including 
altitude) and 6D (including pose or orientation). Base stations (BSs) commonly serve as location and 
time reference, while UEs have unknown and time-varying locations, which should be estimated 
through the exchange of signals (in uplink (UL) or downlink (DL), or a combination of both) with the 
BSs. In the case of non-terrestrial networks (NTNs), the BS is itself mobile and, thus, has a dual role in 
localisation. Firstly, an NTN BS can serve as a location and time reference. In this case, connected UEs 
are localised in the coordinate system of the NTN BS. Secondly, the NTN BS has a time-varying 
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location and may itself need to be localised through the exchange of signals with terrestrial BSs, like a 
UE. The remainder of this deliverable considers only the terms BSs and UEs. It should be noted that 
the term UE should here be considered to include conventional UEs, but also complexity-constrained 
tags and reduced capacity (so-called ‘RedCap’) devices.  

The signals used for localisation are generally pilot signals. The received signals at the BS or UE are a 
function of (i) the unknown UE state (e.g., location, orientation, velocity); (ii) the known state of the 
infrastructure (e.g., location, orientation, and velocity in the case of a mobile BS on an unmanned aerial 
vehicle (UAV)), and (iii) nuisance parameters (e.g., channel gains, clock bias). From the observed 
signals, different types of measurements can be obtained. The most common measurements are listed 
below in Table 2-2, and rely on the resolvability of the line-of-sight (LoS) path. Several conditions may 
exist: 

 The LoS path with respect to (w.r.t.) a BS is present and resolvable: This is the preferred 
condition; in which case the quality of the measurement is limited by the measurement noise. 

 The LoS path w.r.t. a BS is present but not resolvable: In this case, other paths will interfere 
with the LoS path, thus limiting the accuracy of the measurement and the localisation. 
Resolvability can be improved using larger bandwidth (delay/range resolution), longer coherent 
processing times (Doppler/velocity resolution), or larger antenna apertures (angle resolution). 

 The LoS path w.r.t. a BS is blocked: In this case, the localisation method should ensure that the 
corresponding measurements are not used as if they were the result of LoS paths. Hence, some 
form of LoS detection is needed.  

Table 2-2. Common measurements for localisation. Measurements can be performed by the UE (DL) or 
BS (UL). 

Measurement type Relation to location  Geometric constraint Performance limitations 

Cell identifier Coarse indicator of 
distance to the base 
station 

Ball around the BS Accuracy depends on cell 
size 

Received signal 
strength (RSS) 

Coarse indicator of 
distance to the base 
station 

Circle (2D) or sphere 
(3D) around BS under 
simplified propagation 
assumptions  

Affected by multipath and 
shadowing, and antenna 
patterns 

Time of arrival (ToA) 
of the first path 

Distance to BS with clock 
bias 

Circle (2D) or sphere 
(3D) around BS 

Depends on signal-to-noise 
ratio (SNR) and bandwidth 

Time-difference-of-
arrival (TDoA) of the 
first paths 

Difference of distances 
with respect to several 
BSs 

Hyperbola (2D) or 
hyperboloid (3D)  

Depends on SNR and 
bandwidth, 
synchronisation among 
BSs. 

Round-trip-time (RTT) 
of the first path 

Distance to BS Circle (2D), sphere (3D) 
around BS 

Depends on SNR and 
bandwidth 

Angle-of-arrival 
(AoA) of the first path 

Direction of transmitter to 
the receiver  

Direction of the line 
between transmitter to the 
receiver in receiver 
reference frame 

Depends on SNR and array 
aperture  

Angle-of-departure 
(AoD) of the first path 

Direction of transmitter to 
the receiver 

Direction of the line 
between transmitter to the 
receiver in transmitter 
reference frame 

Depends on SNR and array 
aperture 

Doppler of the first 
path 

Radial velocity of the UE N/A Depends on coherent 
processing time 

Once enough measurements are obtained, the UE location can be estimated. Examples are shown in 
Figure 2-1 and further elaborated in Section 2.2.2.1. 



Hexa-X  Deliverable 3.1 

Dissemination level: public   18

 

Figure 2-1 Localisation of a UE (red rectangle) with 3 BSs (blue triangles) using TDoA, AoD or a 
combination thereof. 

The accuracy of the location estimate depends on (i) the accuracy of the underlying measurements from 
Table 2-2; (ii) the relative position of the BSs w.r.t. the UE. Hence, localisation performance can be 
improved by improving the measurements and the geometric placement of the positioning 
infrastructure.  

2.2.1.2 Sensing 

As defined in Annex A, sensing is the operation of the sensor, which is any device, module, machine, 
or subsystem that detects events or changes in its environment. Goals of sensing include to localise and 
track passive objects or targets (including unconnected users), extract features from objects (e.g., 
material sensing), and classify states of the environments (e.g., indoor and outdoor). In this section, our 
description is limited to radar-like sensing, which is often the first step for other sensing modalities. 
Sensing can be performed by a UE or one or more BSs, as described in Table 2-3. For monostatic 
sensing, it is important to mention that the transmitted signals need not be pilot signals, as the transmitter 
and receiver are co-located. Hence data-carrying communication signals can be used for monostatic 
sensing (see Section 2.3.2). 

Table 2-3. Sensing modes. 

Operation Transmitter Receiver Description 

Monostatic UE Same UE When there is no infrastructure, and the transmitter and the 
receiver are co-located on the UE with full-duplex capability, 
the measurements of ToA, AoA, AoD, and Doppler of each of 
the resolved paths corresponds to the detection of a target, 
where the location is relative to the coordinate system of the 
UE. 

Monostatic BS Same BS When the BS acts as full-duplex transmitter and receiver, the 
measurements of ToA, AoA, AoD, and Doppler of each of the 
resolved paths corresponds to the detection of a target, where 
the location is absolute, in the coordinate system of the BS. 

Bi/multi-static  BS UE When there is a BS, the signal to the UE can be used to estimate 
ToA, AoA, AoD, and Doppler of each of the resolved paths, 
which in turn can be used to localise the UE and detect the 
targets, all in a global frame of reference. 

Bi/multi-static BS BS When the transmitter and receiver are BSs, the targets are 
detected, and their location estimated in the absolute joint 
coordinate system of the BSs.  

Generally, targets or objects are tracked over time, a method known as multi-target tracking or multi-
object tracking. When the UE location is involved in the process, this becomes a simultaneous 
localisation and mapping (SLAM) or a simultaneous localisation and tracking (SLAT) problem, where 
SLAM considers static objects, while SLAT considers also moving targets. SLAM and SLAT can be 
performed in a relative or absolute frame of reference. Examples of sensing are shown in Figure 2-2. 
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Figure 2-2 Sensing of targets (red stars) with a BS (blue triangle) or a UE (red rectangle). Measurements 
are not specified, but may include ToA, AoA, AoD, and Doppler. 

2.2.1.3 Localisation and Sensing Methods 

Localisation and sensing involve the iterative application of several processes: 

 Signal design: the design of signals in time, frequency, and space to support positioning and 
sensing. The signals are ideally designed to be orthogonal among different transmitting sources 
to avoid interference. In 5G, the signals are generally broadcast signals with a predetermined 
structure. Examples include the positioning reference signals (in time and frequency) and the 
spatial signals generated at BSs for angle estimation [38.305]. When a priori information about 
the UEs or environment is available, signals can be designed to optimise the localisation or 
sensing performance of a specific UE or group of receivers [KWS+21]. 

 Signal transmission and reception: The designed signal is transmitted over the radio channel 
and acquired at the receiver. The signal is subjected to analogue and digital impairments. The 
receiver obtains in-phase and quadrature (IQ) samples of the received signals, which are used 
for further processing. This process involves synchronisation, phase noise tracking, and 
filtering.  

 Channel parameter estimation: The sampled signal is applied to a parametric channel 
estimation routine, which returns estimates of the ToA, AoD, AoA, and Doppler, of the LoS 
path and possibly also of multipath components. When estimating these parameters jointly, the 
computational complexity becomes an important bottleneck. There is a rich literature on ToA 
estimation [PRL+17], while AoA and AoD estimation have appeared more recently in sparse 
mmW channel estimation [AEL+14]. Approaches can be divided into search-based (e.g., 
maximum likelihood, orthogonal matching pursuit, expectation-maximisation) and search-free 
(e.g., ESPRIT - estimation of signal parameters via rotational invariance techniques [RK89]). 
The output of the channel estimator is a set of tuples, where each tuple in the set corresponds 
to the channel parameters of a single propagation path. The estimates may also be tagged with 
corresponding reliabilities, e.g., in the form of a covariance matrix per tuple.  

 Localisation, sensing: The channel parameters are provided to the localisation, mapping or 
tracking routine. The purpose of this routine is to solve the inverse problem of inferring the 
state of the UE or the environment from the estimated channel parameters [ZB11]. Methods 
can be classified as geometric or statistical, depending on whether uncertainty information is 
available. Geometric methods aim, for instance, to determine the intersection (in a least squares 
sense) of circles, spheres, or lines. Statistical methods include maximum likelihood or 
maximum a posteriori estimation. Methods may provide a point estimate or a distribution of 
the state. Estimates across time are connected by Bayesian filters, such as the Kalman filter. 
This inference can rely on prior information from previous time steps or from external sensors, 
such as global navigation satellite systems (GNSS) or UWB. Sensor fusion, which involves 
fusing information from multiple sensors to reduce the uncertainty in localisation or sensing, 
can then be performed at the level of the channel parameters (tight coupling) or at the level of 
the position estimates (loose coupling).  

2.2.1.4 Performance Limitations 

The performance of localisation and sensing is limited by several factors:  
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 Resolution: To estimate the parameters of a signal path during channel estimation, the path 
should be resolvable (separable) in at least one domain among delay, AoD, AoA, or Doppler. 
Paths with similar values in all domains will interfere, affecting the resolution. The resolution 
can be improved by larger bandwidth (delay resolution), larger aperture of the transmit array 
(AoD resolution), larger aperture of the receive array (AoA resolution), longer coherent 
processing interval (CPI) (Doppler resolution). To support the use cases from Section 3.1, 
bandwidths on the order of 1 GHz to 4 GHz will be needed. When a contiguous band is not 
available, but only several smaller sub-bands (which are employed either in parallel through 
carrier aggregation or sequentially through frequency hopping), two cases are distinguished: 

o There is phase-coherence between the sub-bands: in this case, resolution is not affected, 
but the ambiguity function (refer to Annex A) may exhibit significant side-lobes, 
adversely affecting localisation and sensing performance.  

o There is no phase-coherence between the sub-bands: in this case, the delay resolution 
is limited by the bandwidth of the largest sub-band. 

 Accuracy: Even under sufficient resolution, paths may be weak, thus limiting the accuracy of 
the estimated parameters. Accuracy depends on the SNR which depends on the received signal 
power and the receiver noise figure of the receiver. The received power depends on the transmit 
power, antenna patterns (including beamforming, if used), and propagation. 

 Environment: The propagation environment plays an important role in the localisation and 
sensing performance. Environments with many objects that can block radio signals lead to 
interruption of the LoS path and reflections / scattering can increase the number of interfering 
signal paths, as well as clutter. At sub-THz frequencies, signals are also affected by molecular 
absorption. 

 Mobility and frequency offsets: Since delay, angle, and Doppler information is generally 
extracted via the phase of the received signal, additional variations in phase are undesirable. 
When Doppler information is not extracted from the received signal, the CPI is limited to the 
time during which UEs or objects move a fraction of a wavelength. A short CPI implies a 
reduced SNR and thus degraded accuracy. A similar behaviour is induced by frequency drift of 
local oscillators. The residual phase drift due to the oscillator should be negligible during the 
CPI.  

 Range: the maximum distance depends on the SNR at the receiver. Which in turn depends on 
the CPI and the pathloss.  

 Model mismatch: In general, unmodeled effects due to radio hardware impairments (e.g., array 
calibration, coupling, power amplifier nonlinearities) or propagation effects will lead to reduced 
localisation and sensing performance. The impact of unmodeled effect is largely unknown but 
expected to be more significant for localisation and sensing, as compared to communication.  

2.2.2 Localisation and Sensing in 5G 

Positioning has become an integral part of cellular system standardisation since 4G. Initial positional 
requirements for 4G systems are dominated by the regulatory agencies such as Federal Communications 
Commission (FCC) [FCC15]. The target accuracy of 4G systems is in the order of 50 meters to meet 
these regulatory agencies’ requirements. However, in 5G, guided by the new requirements from the use 
cases such as indoor factories, vehicle to everything (V2X), etc., the required positional accuracy targets 
are in the order of a few decimetres [22.261]. The key enablers to support these requirements include 
high dimension multiple input multiple output (MIMO) in mmW band and support for wideband 
positioning signals.  

The 5G standards provide new architecture, protocols, signalling, and measurements to support these 
requirements. The 5G positioning architecture is shown in Figure 2-3 [38.305]. Typically, the UE 
receives the necessary radio resource configuration (RRC) through the so-called NR-Uu or LTE-Uu 
interface, for performing required positional measurements. The gNodeB (gNB)/ non-standalone 
enhanced NodeB (eNBs) exchange these measurements with the location management function (LMF) 
via access and mobility management function (AMF) through positioning protocols such as NR 
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positioning protocol annex (NRPPa) and LTE positioning protocol (LPP) for estimating the position of 
the UE [DSM+21]. 

 

Figure 2-3: NR positioning Architecture 

 

 

Figure 2-4: 5G Positioning signals and methods. Reproduced with permission from [DSM+21]. 

The different positional signals and measurements involved in 5G positioning are as shown in Figure 
2-4 and are listed below: 

 Downlink positioning reference signal (DL-PRS)  
 Uplink sounding reference signal (UL-SRS) 
 Downlink angle-of-departure (DL-AoD) 
 Uplink angle-of-arrival (UL-AoA) 
 Multi-cell roundtrip time (Multi-RTT) 

To arrive at the positioning information in 5G networks, two different strategies are employed. The first 
set of methods are those where UEs perform measurements and transfer the results of the measurements 
to the BS or LMF which, in turn, calculates the position of the UEs. In another set of methods, the UEs 
calculate their position from assistance data provided by the network, for example, a BS can provide 
information regarding list of visible satellites, Doppler shift corrections needed for those satellites, etc. 
to the UE, thereby reducing the time required for location estimation using GPS.  Below, a few 
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positioning methods, which use the positioning signals and measurements discussed above, are 
described. 

2.2.2.1 Positioning using 5G signals 

TDoA based methods 

This method is based on hyperbolic multilateration using the TDoA of reference signals between a node 
and a reference node. TDoA between each pair of reference nodes will yield a locus of points along a 
hyperbola in which the UE location might be present. To unambiguously identify the location, multiple 
TDoA from several reference nodes (at least four) is needed. The TDoA measurements are performed 
on PRS signals. In DL-TDoA method, UEs perform DL PRS received signal time difference (RSTD) 
per beam and report the measured RSTD including DL PRS resource id (beam id) to the LMF, which 
computes the position of the UE using hyperbolic multilateration. In UL-TDOA, the UL relative time 
of arrival (UL-RTOA), is computed at the gNBs and is reported to the LMF along with the azimuth and 
zenith AoAs. The LMF computes the position of the UE from this information. 

Angle based methods 

Due to the mmW operation with large dimension MIMO, high angular resolution is theoretically 
possible in 5G. Two new methods which exploit this in UL and DL, respectively, are proposed in 5G 
[DSM+21]. With the downlink-direction of arrival (DL-DoA) method, the gNB creates a narrow DL-
PRS beam on which the UE will perform measurements and reports these to the LMF. The LMF 
combines these measurement results with the beam angles provided in the azimuth and elevation 
directions by the gNB and estimates the UE position. In the UL-AoA method, the UL-SRS signal is 
captured from multiple TRPs to estimate the angular measurements. This is transferred to the LMF 
which will use this together with the deployment information to arrive at the UE’s position.  

E-CID based approach 

In the enhanced Cell-ID (E-CID) method, the UE location is estimated based on the geographical 
coordinates of the serving cell antennas. These methods use the readily available parameters such as 
timing advance (TA) along with reference signal received powers (RSRPs) on reference signals. This 
method typically is less accurate, but it is obtained for free without the need for dedicated localisation 
specific signalling or measurements. 

Multi-RTT based methods 

One of the newer methods proposed in 5G for position estimation is based on multi-cell round trip time 
(multi-RTT). Multiple TRP’s PRS data is typically multiplexed into a comb formation. The LMF 
provides the DL-PRS configuration to the UE using LPP. The UEs perform the measurements on the 
DL-PRS from multiple transmit TRPs and report them to the LMF for position estimation. This method 
does not require tight network synchronisation.  

2.2.2.2 Sensing using 5G signals 

Sensing using 5G cellular networks has received some attention especially for indoor sensing. Even 
though the 5G standard does not explicitly specify methods, signals, and architectures for sensing, there 
have been some attempts in research for using 5G signals for sensing. These methods typically sense 
environment stimuli by using the fluctuations in radio parameters such as Doppler signature, channel 
state information (CSI) envelope and Fresnel zones. Indoor sensing, such as device-free passive sensing 
of human activity such as walking is an interesting area, as it does not require users to wear any bands 
for measuring vital statistics for various human activities such as sleeping, running, etc. [GSS17]. 
Emergence of new sensing use cases in 6G has the potential to bring about changes in standardisation 
to specify methods, signals, and architectures for sensing. 
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2.3 Potential for Localisation and Sensing in 6G 

In this section, the main potentials, according to Hexa-X, for localisation and sensing in 6G are 
highlighted, namely extreme performance and joint radar, communication, computation, localisation, 
and sensing (JRC2LS). Then, the main enablers are described from a radio perspective followed by the 
main challenges, which will drive the work in WP3, depicted in Figure 2-5.  

 

Figure 2-5. The Hexa-X vision for localisation and sensing, including the main enablers and challenges 
[WSM+21]. 

2.3.1 Extreme Performance 

As pointed out in [HEX21-D21], the 6G RAT will operate at a variety of frequency ranges 
encompassing not only present-day 3GPP NR FR1 and FR2, but upper mmW and sub-THz ranges as 
well. By operating at high carrier frequency and providing large bandwidths, the 6G radio access 
interface permits small form factor, highly dense antenna arrays which enable pencil-like beamforming, 
as well as very fine delay resolution which, in turn, permit resolving and then harnessing multipath 
components on the spatial and temporal domains. As a result, new use case families which require or 
benefit from highly accurate localisation and sensing will also become possible. Such use case families 
will require very low latency, high reliability, and availability in addition to traditional accuracy and 
resolution requirements (see Section 2.1 for a discussion on the localisation and sensing performance 
metrics). Thus, next generation RF-based localisation and sensing are expected to match the 
performance of available sensor technologies, such as lidar and high-definition cameras. Compared to 
light-based imaging, lower and upper mmW frequency ranges are less susceptible to ambient 
illumination and weather conditions. It is worth noticing that alternative RF-based solutions, such as 
Bluetooth Low Energy and UWB technologies, would still demand separate/extra infrastructure and 
additional maintenance expenses. 

By exploiting the high spatial and temporal resolution and considering the upper mmW and sub-THz 
propagation features, it becomes possible to capture and identify relevant properties of the environment 
and map the surroundings at very short intervals. Such environment mapping can also be used to 
leverage accurate positioning even in NLOS situations. For instance, in [RXK+19] authors show an 
experiment where cm-level accuracy is achieved through mmW imaging without requiring any prior 
knowledge of the deployment scenario. This procedure can create real-time 6D maps (3D position and 
3D orientation) with fine details and, conditional on the network infrastructure (e.g., edge computing), 
can be quickly stored and shared on demand between communicating nodes, thus enabling advanced 
use cases (as discussed in [HEX21-D12] and [HEX21-D21]), such as immersive telepresence, digital 
twinning, and collaborative robots. At mmW operation range, it also becomes viable to detect certain 
materials (including, for example, hazardous gases) by implementing frequency scanning spectroscopy. 
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The shorter wavelength and the corresponding small form factor antennas allow very directive 
applications, such as miniaturised radars capable of detecting gestures and thus enabling touchless 
interactive user interfaces. 

The technical activities reported in this deliverable will determine localisation and sensing KPIs for the 
most challenging use cases and assess the technology gap w.r.t. 5G.  

2.3.2 Joint Radar, Communication, Computation, Localisation, and 
Sensing (JRC2LS) 

Successive generations of cellular standards have seen an increase in operating frequency and 
bandwidth. 6G will continue to see the same trend, resulting in the potential use of radio communication 
bands for sensing applications (e.g., like automotive radar). This creates a new opportunity for using 
cellular infrastructure for sensing and mapping applications. The traditional radar type of sensing 
requires detecting and estimating the range and Doppler signature of the target [Sko08]. The range and 
angular resolutions are significant KPIs of any sensing system. High frequency operations of 6G will 
enable deploying massive antenna arrays into compact dimensions aiding in resolution, while the large 
operating bandwidths can provide better range resolution [SGB+21]. Joint sensing, mapping and 
communication systems can be categorised into monostatic and bi/multi-static systems (see also Section 
2.2.1.2).  

 In monostatic operation, the transmitter and receiver are co-located. This mode of operation 
needs a high degree of isolation between transmitter and receiver to overcome the self-
interference and typically the transceivers need to operate in full-duplex mode [BRT+19]. How 
the spectrum, hardware and waveforms are shared between communication and radar 
functionality have attracted considerable attention in the 6G context [LMP+20] [WBV21].  

 In bi/multi-static setup, the transmitter and receiver are physically separated. There is no need 
for further isolation between transmitter and receiver, leading to cost-effective transceiver 
hardware. The high frequency operation of 6G systems in sub-THz bands, will lead to densely 
deployed cellular systems with wide bandwidth having small cells which can, in turn, aid in 
distributed co-operative network sensing. The choice of waveform [DMM+19], sensing 
resource allocation [WBV21], co-operation and multiplexing between multiple nodes 
[YHS+21] have received particular interest in the multi-static mode of sensing operations. 

Future 6G networks are expected to involve large dimension wireless channels in terms of increased 
number and density of connected devices, greater antenna array size, as well as wider bandwidth usage, 
when compared to present day cellular systems. This characteristic imposes formidable computational 
challenges to estimate and track channel parameters in very high dimensions, it also imposes high 
overhead if real time CSI needs to be acquired relying solely on typical pilot-based channel training and 
feedback techniques. As an alternative, detailed environment mapping of channel (parameter) features 
together with main aspects affecting the wireless channels (such as blockages, reflectors, and scatterers) 
can support communication procedures, such as beam alignment, system capabilities adaptation, 
channel features and location of communicating transceivers prediction, with reduces overheads. While 
such ideas were already present in 5G, they are largely optional [TMR+14]. In 6G, in contrast, 
harnessing location and sensing information will be critical to support efficient communication. 

2.3.3 Radio Enablers 

The potential of extreme performance and JRC2LS is enabled by a variety of technical developments, 
which are studied and advanced in Hexa-X, as collaboration between WP2 (Novel radio access 
technologies towards 6G, see [HEX21-D21] for more details) and WP3. Below, these enablers are 
described. 

2.3.3.1 High-resolution Sensing with Large Bandwidths and Large Arrays 

Localisation, radar, and sensing all rely on the resolvability of multipath components using, for 
example, angle, range, or Doppler dimensions (as discussed in Section 2.2.1.1). Resolution in angle is 
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obtained by massive antenna arrays [SGB+21], where lower carrier frequencies can provide extended 
range (due to smaller propagation losses) at the cost of physically larger arrays, while mmW and sub-
THz frequencies allow for progressive miniaturisation of components. Range resolution relies on large 
bandwidths, which are mainly obtained at higher carrier frequencies. Especially, signals in upper mmW 
bands with much shorter wavelength support massive antenna arrays with fine spatial (angle and delay) 
resolution, thus enabling highly directional sensing and imaging applications (e.g., gesture detection, 
3D mapping), while being less susceptible to ambient light and weather conditions than light and 
infrared technologies [RXK+19], [DBB+21]. Harnessing this resolution will require careful 
synchronisation and antenna calibration. Additionally, the channel coherence time at upper mmW 
frequency range decreases, which causes the channel state to change much faster. Consequently, this 
requires much more frequent estimation to properly follow channel variations. The corresponding 
Doppler shift significantly increases in such circumstances, which requires the development of new 
estimation algorithms to properly compute position and velocity.  

Narrow beams also provide high resolution scanning in the beam space domain enabling on-the-fly 
creation of highly accurate 3D maps. A personal radar using 6G UEs can enable several mapping 
applications. UEs can scan the environment at each position using narrow beams in many directions 
and the backscattered accumulated signal over time can be used to generate a map of the environment. 
Several UE measurements can be crowdsourced to build a high-resolution 3D map of the environment 
[GDD16]. 

Lower and especially upper mmW signals are affected by high propagation attenuation, power 
constraints, and blockage. Thus, highly directional pencil-like antenna beams are needed to compensate 
for the channel impairments. As a result of such high gain antennas, very directional sensing 
applications become a viable solution to create high-definition images of the surroundings [RXK+19]. 
As mentioned earlier, by implementing such high-resolution scanning in the beam space domain, it 
becomes possible to create on the fly detailed 3D maps of the surroundings which can then enable, e.g., 
elaborated digital twin applications in industrial use cases; or, at a smaller scale, innovative sensing 
applications capable of implementing touchless interfaces by tracking hand gestures, e.g., for 
telepresence use case. Moreover, this high-resolution beam space domain (note that, as addressed in 
[ATL+18], there are still problems related to beam point errors which degrade overall performance) 
permits imaging to be employed in conjunction with traditional time-based (range) metrics to support 
precise localisation without requiring prior knowledge of the environment. Large arrays have additional 
properties relevant for localisation, including near-field effects and beam-squint. Beamforming also 
forms an important connection between localisation and communication: pencil-like beams can benefit 
immensely from accurate location information, to track array locations over time, and harnessing 
proactive resource allocation methods with extremely low overhead [ZX21]. 

2.3.3.2 Intelligent Surfaces 

Reconfigurable intelligent surfaces (RIS) are a developing technology that has the capability of 
modifying how an incoming electromagnetic signal is reflected by controlling its surface physical 
properties through electronic means [WZZ+21]. A RIS is largely passive and will thus have a lower 
cost (both for deployment and operation) than a BS or a relay [DKJ+20]. In more complex 
configurations, hundreds of elements on a single RIS will be able to be controlled individually (though 
at a relatively low rate of 10–60 Hz), which can be used to steer a beam’s reflection in an unprecedented 
fashion. RIS can be mainly implemented through two techniques, i.e., reconfigurable metamaterials and 
conventional discrete antennas. Metamaterials exploit the possibility of dynamically and artificially 
adjusting their physical properties, such as permittivity and permeability, with respect to the 
transmitted/received electromagnetic (EM) waveforms to obtain some desired electrical or magnetic 
characteristics that, in principle, are not available in nature. Discrete antenna solutions entail the 
adoption of antenna elements and act as an independent unit that modifies the behaviour of the wave in 
the desired manner. When large intelligent surfaces are used actively and with the adoption of many 
tiny antennas, they represent a natural evolution of massive MIMO technology [EGG+21]. A RIS can 
be used to allow a signal to reach its destination when no LoS can be achieved. Whenever the position 
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of the RIS is known in advance, reception of the signal through an RIS will provide additional 
information relevant to localisation [WHD+20]. 

2.3.3.3 Joint Hardware and Joint Waveform 

From a waveform perspective, communication waveforms, such as orthogonal frequency-division 
multiplexing (OFDM) combined with MIMO, are well-suited for localisation and sensing in terms of 
resolution. On the other hand, in terms of accuracy, optimisation of these waveforms (e.g., the use of 
dedicated sequences, power allocation, and precoding) for localisation and sensing may be conflicting 
with communication requirements. For localisation and bi/multi-static sensing, the signals are generally 
pilot signals (e.g., PRSs) and can thus not be used for conveying data. While such trade-offs are 
unavoidable, there are also important synergies, which will be further described in Section 5.2. 

From a radio hardware perspective, localisation and sensing will have to work with the network and UE 
hardware deployed and used for communication to avoid additional installation effort and costs. 
Nevertheless, for some scenarios, a denser deployment will be necessary to achieve the required 
accuracy. Overall, if localisation builds on existing hardware, it can rely on a large-scale infrastructure 
that is available almost everywhere.  

Given that the radio hardware is shared between communication, localisation, and sensing, an even 
deeper integration of the two services could be envisioned, where communication signals are reused for 
monostatic sensing. In such as case, data-bearing signals will be transmitted to communicate with users, 
while targets will be detected using the backscattered signals [LMP+20], [HAA+19], [LZM+18], 
[MBK+19]. However, variations can also be envisioned, where dedicated signals for each service 
(communication, localisation, and sensing), as well as dedicated hardware for each service are utilised. 
The trade-offs and practical realisation of these different approaches are yet unclear. For instance, for 
mono-static deployments with full-duplex mode, self-interference cancellation poses a significant 
challenge that requires the use of digital and radio frequency (RF) cancellers to provide sufficient 
transmitter/receiver (TX/RX) isolation [BRT+19], which may prove impossible at higher mmW 
frequencies. Nevertheless, significant academic effort has been devoted to designing feasible joint 
waveforms for both communications and sensing with limited time-frequency resources. For downlink 
communications, BSs with monostatic sensing capability can serve multiple UEs and estimate target 
parameters using a dual-functional waveform jointly optimised for both functionalities [LZM+18]. 
Multi-carrier waveforms are attractive, due to their high flexibility and wide prevalence in modern 
wireless communication systems [BK16], [KKW21], [GKC+20], [KWA21], [SW11], [KWSG+21]. In 
high-mobility scenarios (e.g., automotive, drones), one of the most significant challenges for OFDM 
radar will be inter-carrier interference (ICI), which destroys the orthogonality of subcarriers and 
degrades the performance of conventional fast Fourier transform (FFT)-based algorithms [HY17], 
[KWK21]. Single-carrier waveforms (e.g., IEEE 802.11ad) are more attractive from a hardware 
perspective but should be carefully designed [GLV20].  

In general, all waveforms should be evaluated in terms of range-Doppler ambiguity function, which 
reveals waveform characteristics regarding resolution, accuracy, and clutter rejection [TSV+97]. 

Although the focus of this section is on the re-use of transceiver hardware and signalling between 
communication, localisation, and sensing, this concept can also be extended to the reuse of 
computational hardware. All three applications can have similar building blocks in the algorithm 
designs, which could be reused, especially on the infrastructure side. This is however beyond the scope 
of this document.  

2.3.3.4 Algorithmic Developments 

The envisioned large bandwidth of 6G systems will allow better multipath resolution, resulting in a rich 
path diversity. The possibility for high-frequency operation complemented with large-dimensional 
MIMO, can provide higher delay/angular resolution and rich information about the geometrical 
perspective of the scatterers in the environment, possibly even estimating the EM properties (roughness, 
permeability, etc.) of materials. At these high frequencies, the channel response will be highly site-
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dependent, based on the local geometry and material EM properties, making the radio channel models 
using predefined parameters (e.g., depending on macro, micro, rural) ineffective. 

Two complementary tracks are foreseen in terms of algorithms: model-based methods harnessing 
geometric optics, statistical signal processing, and optimisation theory (e.g., [KHC+17], [WML+16], 
[GWK+20], [WHC21]) and model-free methods harnessing data-driven machine learning and artificial 
intelligence (AI) (e.g., [WXC+18], [AK21], [KWP+20], [GFS20], [MSR+19]). While model-based 
methods are attractive, due to their rigorous foundation, performance guarantees, ability to optimise 
designs, and explainability, AI-based methods will prove useful when dealing with concatenated 
hardware impairments (see Section 2.3.4.1), or, when the functional mapping between the fingerprint 
of the channel and the position is intractable. Algorithms that exploit data, while also being capable of 
quickly adapting and coping with limited training, will play a central role in 6G systems. Examples of 
these methods include radio analytics based on the multipath channel profiles to capture the subtle 
environment changes for sensing [WXC+18], loop closure and data association procedures in SLAM 
[AK21], and location and orientation estimation from fingerprints [KWP+20]. 

2.3.4 Challenges for Attaining 6G JRC2LS 

To fully harness the radio enablers for extreme performance and JRC2LS, two fundamental challenges 
have been identified:  

1. Hardware impairments, which affect localisation and sensing more severely than 
communication; and 

2. Lack of channel models, which also affects localisation and sensing more severely than 
communication, as WP3 activities rely explicitly on the geometric properties of the channel and 
thus require a deep and detailed understanding of the propagation phenomena.  

These two challenges are further elaborated below.  

2.3.4.1 Hardware Impairments 

The accuracy of localisation systems using TDoA and RTT methods is mainly determined by the timing 
accuracy of the devices and the network. Moving towards higher accuracy means taking into 
consideration additional signal information such as AoD, AoA, multipath components, etc. The 
estimation of all these additional signal parameters is impacted by hardware imperfections. For accurate 
sensing and localisation, estimation of channel parameters needs to be robust towards hardware 
imperfections, and the estimation process needs to be able to extract the physical channel parameters 
from the receiver-side observation affected by the transmitter and receiver hardware. Examples of 
hardware imperfections that can affect localisation and sensing are listed below [RKL+20]: 

1. Phase noise, which is more prominent at lower and upper mmW frequencies (when compared 
to 5G frequency range), will affect Doppler-processing and reduce coherency needed for 
integration [SHPW18].  

2. Non-linearities and mutual coupling between antenna elements will affect angle estimation 
[WWS+20].  

3. High-bandwidth signals used for range resolution will be impacted by non-linear distortion with 
memory effects and by linear distortion [Coo17]. 

4. Frequency-dependent IQ imbalance [CST+09] degrades the SNR and can affect AoD/AoA 
estimation.  

While some of the hardware impairments can be compensated for by calibration (antenna calibration, 
linear distortion calibration), others, such as phase noise, will have to be compensated for dynamically 
during operation. The research challenge is to understand how hardware imperfections impact the 
localisation and sensing accuracy, and how signals should be designed to make estimation robust 
towards hardware imperfections. 
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2.3.4.2 Channel Modelling 

In [HEX21-D21], potential enabling technologies and physical layer aspects for future wireless 
communication systems operating in the frequency range of 100 up to 300 GHz are discussed. Channels 
at different frequencies lead to different propagation effects, depending on the relation of the 
wavelength and the size of objects. At sub-6 GHz, the channel has a very complex relationship to the 
environment and small movements lead to large power fluctuations due to small-scale fading. At mmW 
bands, obstacle penetration is reduced, and reflection and scattering become more important 
phenomena. There is a higher degree of multipath resolvability due to a sparser channel (characterised 
by a limited number of propagation clusters), larger bandwidths (considering, e.g., 5G NR FR2 
bandwidth of 400 MHz), and large antenna arrays, being more conducive to accurate localisation 
[STT+19]. Nevertheless, the presence of diffuse multipath leads to objects being intermittently visible, 
which deteriorates mapping abilities. Diffuse multipath tends to decrease its contribution to the total 
power as the radio frequency increases, as demonstrated at 60 GHz in [WML+16]. Finally, at 100 GHz 
and above, with wavelengths in the mm- and sub-mm- range, mainly multipath due to metallic objects 
will be visible, either in the form of large surfaces (described by moving incidence points or virtual 
anchors) or (groups of) smaller objects (e.g., pillars), behaving as static points.  

It is evidenced by exemplary channel sounding at 140 GHz that both planar and cylindrical objects 
produce specular reflections. Cylindrical pillars would have caused a smaller number of reflections in 
sub-6 GHz because their cross-section becomes electrically small. From [NJK+18], there are fewer 
weak paths at 140 GHz resulting in a smaller number of clusters and fewer multipath components per 
such cluster when compared to 28 GHz. Additionally, the Doppler shift will be much more severe at 
the upper mmW frequency range. At such high frequencies, the channel state changes faster and thus 
needs to be updated more frequently which demands better spatial consistency of the developed channel 
models so that consecutive channel impulse response samples are accumulated as time evolves. These 
properties make sub-THz signals promising for localisation and sensing, as well as spectroscopy 
applications. However, characterisation of the angular, delay, and Doppler spreads due to extended 
objects, molecular absorption, link gains, and behaviour under mobility are important challenges to be 
addressed in the coming years based on, e.g., measured evidence and channel models. As it seems, a 
promising approach to obtain a channel model for localisation would be to relate physical objects in the 
environment with link gains, making site-specific models with full temporal and spatial consistency, 
e.g., [PMM+16], [JKH16], [FHZ+17]. Such an approach seems more appealing than partially stochastic 
models, e.g., [38.901]. Studies of influential scattering objects in propagation environments along with 
calibration of ray-based site-specific propagation models based on measured channels are on-going.  

In [HEX21-D21], the propagation models for above-100 GHz radios are addressed. Therein, the most 
influential features for the key performance indicators are identified, i.e., pathloss, multipath richness, 
multi-user spatial correlation, wave polarisation characteristics, and channel dynamics.  

3 Gap Analysis for High-Resolution Localisation and 
Sensing 

In this section, a gap analysis to achieve high resolution localisation and sensing is presented. As a first 
step, high-level requirements for localisation and sensing in different use cases are studied. In the latter 
part of this section, the achievable accuracies for the existing solutions are explored. Finally, the gap 
analysis is provided, which gives an understanding of use cases and areas that need improvements.  

3.1 Use Cases and Requirements 

To address the needs of eventual evolution of the society, Hexa-X envisions five families of use cases 
for which 6G will be needed. An overview of these use case families is presented in Figure 3-1 and 
further elaborated in [Hexa-X-D11], [Hexa-X-D12].  In this section, scenarios defined by WP3 under 
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each use case family (specified in [Hexa-X-D12]), which benefit from sensing and localisation, are 
defined. To support these use cases, the next generation of radio access technology (RAT) must meet 
requirements of relevant KPIs for sensing and localisation. The identified KPIs are either supported by 
references or are based on internal documentation The actual values for each KPI in each scenario 
should be interpreted as strictest requirement. For many scenarios flexible adjustment of KPIs is 
relevant, as the requirement, e.g., for position accuracy, may change over time. 

 

Figure 3-1. Hexa-X use case families. 

3.1.1 Sustainable Development 

The evolution of RAT towards 6G needs to address both environmental sustainability and sustainable 
development of humans and society to address the UN sustainable development goals (SDGs) and to 
also help verticals reduce their environmental footprint. To address these two key aspects, the next 
generation of RAT is envisioned to support clusters of use cases that are identified, for example, as E-
health for all, Earth monitor, institutional coverage, and autonomous supply chain. All these use cases, 
as will be elaborated in the sections to follow, will require sensing and localisation capabilities for which 
requirements on relevant KPIs must be met. 

3.1.1.1 E-Health for All 

Exploiting a cost-efficient 6G connectivity, it is possible to enhance availability of health services to a 
large part of the world’s population. A physical visit to a doctor can be effectively replaced by 
interaction between a patient and a doctor by means of augmented reality, virtual reality, and or 
extended reality. Drones can be deployed to remote areas to facilitate sample collection for examination. 
To ensure a reliable sample collection by deploying drones to enhance remote health care, stringent 
requirement on localisation accuracy (0.1 m - 0.5 m in horizontal plane and 0.1 m – 0.3 m in vertical 
plane) must be met. These strict requirements must be maintained with high availability of up to 99.99% 
and an update rate of acquiring new position estimated every second for the purpose of tracking, mainly 
when landing and sample collection/delivery procedures are ongoing. 

Table 3-1. KPIs and requirements for drone deployment to enhance remote healthcare [22.261]. 

KPIs (localisation) Requirements 

Location accuracy 0.1 m – 0.5 m horizontal, 0.1 m – 0.3 m vertical 

Orientation accuracy N/A 

Update rate At least once per second 

Availability 99.99% 
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Scalability N/A 

3.1.1.2 Earth Monitor 

One of the goals in UN SDGs is to monitor Earth in real-time. To achieve this goal, a high density of 
very low cost and bio-degradable devices will be deployed to sense weather conditions, perform 
climatic measurements and keep an account of biodiversity in different parts or regions of Earth. To 
map the collected measurements from such a large deployment of zero-cost or bio-degradable sensing 
devices to the location where the measurements are taken, a robust and autonomous positioning will be 
needed. In this regard, KPIs and requirements for remote-sensing and monitoring are formulated as 
presented in Table 3-2. The target accuracy is in the range of 1 m to 30 m, obtained at a rate where a 
new position estimate is acquired every second with availability of 99%. Depending on the sensor to be 
localised, for example a sensor for weather condition monitoring, the update rate and availability may 
be subjected to lower values. 

Table 3-2. KPIs and requirements for localisation for remote sensing and monitoring [22.261]. 

KPIs (localisation) Requirements 

Location accuracy 1 m - 30 m horizontal  

Orientation accuracy N/A 

Update rate Once per second (or even less frequent) 

Availability 99% 

Scalability N/A 

3.1.1.3 Institutional Coverage 

6G aims to provide wireless connectivity for digital inclusion of institutions and organisations in both 
developing countries, as well as remote rural areas of the developed countries. By ensuring such an 
extensive outreach of high-grade wireless connectivity, services such as telepresence for remote virtual 
education can be effectively delivered. To ensure timely and efficient delivery of telepresence as a 
service, relevant KPIs and requirements on sensing and localisation must be met. The KPIs and 
requirements for telepresence can be mostly derived from the immersive telepresence for enhanced 
interactions use case family and will be elaborated in Section 3.1.2. 

3.1.1.4 Autonomous supply chain 

Autonomous supply chain ensures high resource efficiency and reduces material and energy 
consumption by tracking the end-to-end life cycle of goods during their production, shipping, 
distribution, usage, and recycling. In this regard, 6G connected micro tags can be used: to connect each 
product to the network, to enable an autonomous global asset tracking and management system, to 
monitor location and status of goods, as well as to facilitate a dynamic and responsive supply chain. To 
realise such a system, requirements on localisation KPIs (reported in Table 3-3) must be met.  

Table 3-3. KPIs and requirements for asset tracking and management [22.872]. 

KPIs (localisation) Requirements 

Location accuracy 1 m horizontal 

Orientation accuracy N/A 

Update rate Once per second 

Availability 99% 

Scalability several dozen per cubic meter. 
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3.1.2 Immersive Telepresence for Enhanced Interactions 

Immersive telepresence outlines a capability that allows a person to be present anytime anywhere and 
interact with another remote person, object, or devices using all the senses, if desired. Such a capability 
will enhance mixed reality and holographic experience that are foundations of a fully merged cyber-
physical world. Immersive telepresence will also facilitate mixed reality co-design by supporting 
remote collaboration to experiment configurations before prototyping a reality. Moreover, immersive 
sport events and merged reality games/work will significantly benefit from this new capability. At the 
core of scenarios that fall under this family of use case clusters is a need of sensing and localisation 
capabilities for enabling, for example, gesture recognition and augmented reality. In the following sub-
sections, the requirements of KPIs for these use cases are introduced. 

3.1.2.1 Gesture Recognition for Human-machine Interface 

Gesture recognition can be used to feed in input for human-machine interface, specifically when the 
person and the machine are in two different worlds (digital and physical). For effective gesture 
recognition, requirements on sensing KPIs presented in Table 3-4 must be met.  

Table 3-4. Sensing KPIs and requirements for gesture recognition for human-machine interface 
[LLA+19]. 

KPIs (sensing) Requirements 

Location (range + angular) accuracy cm-level 

Range resolution cm-level 

Maximum link range (unambiguous range) ~0.4 m 

Angular resolution ~15 degree 

Velocity range -10 m/s to 10 m/s 

Velocity resolution 0.3 m/s 

Update rate Once per 100 ms 

Availability 99.99% 

3.1.2.2 Augmented Reality 

Augmented reality (AR) is vital when experimenting on a prototype before making an actual product 
and to provide context aware services to the end users. To deliver an augmented experience that is close 
to reality and is relevant where the user is located, 6D localisation of the device that is used to provide 
the service is a must. In one scenario where a user has an augmented reality device, to feed in the 
appropriate data, the device needs to be localised with the accuracies as in Table 3-5 [22.261]. An 
example is a user in a shopping mall, which provides AR-enhanced advertisement.  

Table 3-5. Localisation KPIs and requirements for augmented reality for context aware services [22.261]. 

KPIs (localisation) Requirements 

Location accuracy 1-3 m (horizontal), 0.1-3 m (vertical) 

Orientation accuracy 10 degrees (roll, pitch, and yaw) 

Update rate Once per second – once per 0.1 s 

Availability 99% 

Scalability N/A 

Another scenario for augmented reality is to place virtual object(s) into the real world. This specific 
scenario requires a significantly higher accuracy, as described in Table 3-6. 
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Table 3-6 Localisation KPIs and requirements for augmented reality for placing virtual objects in the real 
world [DGS+20,Azu93,PJ99]. 

KPIs (localisation) Requirements 

Location accuracy <0.5 cm 

Orientation accuracy 1 degree 

Update rate At least once per 10 ms 

Availability 99.9% 

Scalability several dozen per cubic meter 

3.1.3 Local Trust Zones for Human and Machine 

This family of use case clusters identifies the need for a framework that requires the next generation 
RAT to support flexible architectures that allow sensitive information of organisations or services to 
remain on premises as in private networks. To exemplify scenarios under this family of use case 
clusters, the following are mentioned:  

 Precision healthcare,  
 Sensor infrastructure web,  
 6G-IoT micro-networks for smart cities,  
 Infrastructure-less network extensions and embedded networks,  
 Automatic public safety,  
 Local coverage for temporary usage,  
 Small coverage, low power micro-network in networks for production and manufacturing.  

Use case clusters, apart from 6G-IoT micro-networks for smart cities, and small coverage, low power 
micro-network in networks for production and manufacturing use case clusters, greatly benefit from 
sensing and localisation capabilities. In the following sub-sections, an overview of the requirements of 
sensing and localisation KPIs is given. 

3.1.3.1 Precision Healthcare 

Precision medicine is an emerging initiative that takes an individualistic approach for disease treatment 
and prevention. Unlike the conventional one-size-fits-all approach, the individualistic treatment is 
governed by health-related data collection and dispensing medicine using wireless milliscale robots that 
navigate inside soft tissues of the human body [SUS21]. For example, 6G connectivity can be exploited 
to collect sensor-based measurements to keep track of patients’ vital signs. Individual patient tracking 
and monitoring can be used to enhance patients’ security, prevailing to the health condition or type of 
sickness a person seeking medical assistance is in need by exploiting the wide area connectivity that 6G 
can provide. All these different use cases, which play a pivotal role when it comes to improving 
healthcare, benefit from the envisaged 6G sensing and localisation capability. In the following sub-
sections, the requirements on relevant KPIs are elaborated for telesurgery, patient tracking and 
monitoring, milliscale robots, and placement of equipment. 

Telesurgery 

One distinct use case in cutting-edge E-health is telesurgery, or remote surgery [MWS+21, SCA+21], 
which involves one or more robotic arms controlled by a surgeon and a master controller located in a 
remote area. All the controlling and feedback information must be transferred reliably between the 
remote areas. The 6G technology shall enable URLLC wireless connectivity such that the robotic arms 
mimic the natural hand movements of the surgeon and provide haptic feedback for further sensory and 
dexterity enhancement. Cooperative surgical systems go one step further and enable humans and 
machines to combine their individual strengths to improve the surgical outcome [SVH+21]. To be able 
to perform remote surgery, accurate location of the tissues as well as the instruments used in surgery is 
required. The following table shows the required accuracy for such accurate surgery.   
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Table 3-7 KPIs and requirements for telesurgery [MWS+21, SCA+21]. 

KPIs (localisation) Requirements 

Location accuracy < 1 mm 

Orientation accuracy < 1 deg 

Update rate At least once per 100 milliseconds 

Availability 99.99999% 

Scalability N/A 

Patient tracking and monitoring 

For effective patient tracking and monitoring, location accuracy of <10 m in horizontal plane and 
accuracy of <3 m in vertical plane (to identify floor level location of the patient) must be achieved. To 
ensure reliable tracking, an update rate of 1 new position estimate per second with availability of up to 
99.99% is needed as well. 

Table 3-8. KPIs and requirements for patient tracking and monitoring [22.261]. 

KPIs (localisation) Requirements 

Location accuracy 3 m – 10 m horizontal, <3 m vertical 

Orientation accuracy N/A 

Update rate Once per second (can be relaxed) 

Availability 99.99% 

Scalability N/A 

Localisation of milliscale robots 

Combined with imaging techniques, milliscale robots can follow complex paths within human tissue 
with sub-millimetre accuracy, to perform various of tasks such as: hyperthermia, cauterisation, 
stimulation of nerves, taking biopsies, and drug delivery. 

Table 3-9 KPIs and requirements for localisation of milliscale robots [SUS21]. 

KPIs (localisation) Requirements 

Location accuracy < 1 mm 

Orientation accuracy < 1 deg 

Update rate At least once per 100 milliseconds 

Availability 99.999% 

Scalability N/A 

Placement of medical equipment on the body 

Very often medical equipment is brought up onto or right next to the patient’s body, and its exact 
position is crucial for the measurements to be collected. An example is the placement of digital x-ray 
detectors behind a patient’s body, for which the position and orientation must be accurately calculated. 

Table 3-10. KPIs and requirements for localisation of medical equipment on the body. 
[SWG+02][MSP+19] 

KPIs (localisation) Requirements 

Location accuracy < 1 cm 
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Orientation accuracy < 1° 

Update rate Once per 0.1 second 

Availability 99.9% 

Scalability Up to a couple dozen per cubic meter 

3.1.3.2 Sensor Infrastructure Web 

To support this use case, 6G should support devices with limited or no sensing capability with sensing 
information, for example navigating a vehicle that has insufficient onboard sensors (like radar, lidar) to 
understand its surrounding environment. To support such use cases, accurate localisation of devices 
without sensing capability is needed to pass sensing information of relevance. In Table 3-11, the 
relevant localisation KPIs and requirements for the device to be assisted are presented. 

Table 3-11. KPIs and requirements for localisation for sensor infrastructure web [5GP19]. 

KPIs (localisation) Requirements 

Location accuracy 10 cm (pedestrian), 30 cm (vehicle) 

Orientation accuracy N/A 

Update rate Once per 100 ms (pedestrian) or 10 ms 
(vehicle) 

Availability 99.99% 

Scalability N/A 

3.1.3.3 Infrastructure-less Network Extensions and Embedded Networks 

Use cases in this cluster require a temporary extension of the network coverage, especially when the 
target devices are at the network edge. One of the illustrative use cases that fall under this cluster is the 
deployment of a platoon of autonomous vehicles for agriculture harvesting. In such a deployment, 
vehicles in platoon are expected to maintain a safe distance among themselves to avoid collision and 
coordinate for navigation through the area of operation. The safe operation of such vehicles must also 
be ensured even when they are partially in out-of-coverage area. To support this type of use case, Table 
3-12 outlines localisation KPIs and requirements for the vehicle platooning use case. This use cases are 
sometimes labelled under the umbrella of “cooperating localisation”. The update rate mandated by the 
application will be dependent on the current movement speed of the vehicles; the faster the movement 
the higher the update rate required. 

Table 3-12 KPIs and requirements for co-operating localisation [ZGG+09, 5GP19]. 

KPIs (localisation) Requirements 

Location accuracy 1 cm (agriculture), 30 cm (automotive) 

Orientation accuracy <1° (agriculture) 

Update rate Once per 10 ms (depending on velocity) 

Availability 99.99%  

Scalability Hundreds of devices in the coverage area 

3.1.3.4 Automatic Public Security 

Radio waves at different frequencies show different behaviour when interacting with different objects. 
This behaviour becomes more prominent at higher frequencies. Owing to the deterministic nature of 
interaction of the radio signals, and the fact that 6G will potentially exploit higher frequency spectrum, 
it is possible to use radio signal-based spectroscopy technology for threat detection (detection of 
weapon, harmful substances, explosives etc.) and localisation to enable autonomous security in public 
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places. In this regard, Table 3-13 outlines requirements on sensing KPIs for threat localisation. 
Requirements on key KPIs can be observed to have values similar to environment mapping use case 
(presented later in Section 3.1.5) where the difference lies in the fact that the localisation of threat refers 
only to localising objects in and around the radio environment that impose threats. 

Table 3-13. KPIs and requirement for threat localisation use case. 

KPIs (sensing) Requirements 

Location (range) accuracy cm-level 

Range resolution 1 cm 

Maximum link range (unambiguous range) ~120 m 

Angular resolution sub-degree level 

Velocity range -30 km/h to 30 km/h 

Velocity resolution 0.5 m/s 

Update rate Once per 100 ms to once per 0.1 ms 

Availability 99.99% 

3.1.3.5 Local Coverage for Temporary Usage 

This use case family includes scenarios and use cases that require local networking coverage to fulfil 
high communication requirements or to ensure cellular coverage when the deployed terrestrial network 
is not enough. When the terrestrial network is insufficient or not available, the next generation RAN 
should commission a local coverage on a semi-permanent or temporary basis by deploying nodes that 
are mounted on autonomous vehicles, such as drones. Table 3-14 outlines localisation KPIs and 
requirements that must be satisfied to commission a network by deploying network nodes on 
autonomous vehicles.  

Table 3-14. KPIs and requirements for autonomous deployment of network nodes for communication 
[22.289]. 

KPIs (localisation) Requirements 

Location accuracy <2 m (horizontal), <2 m (vertical) 

Orientation accuracy 0.5 degree (3D) 

Update rate Once per need to move to a new location  

Availability 90% 

Scalability N/A 

3.1.4 Massive Twinning 

One of the primary objectives of future generation of RAN is to bring the digital and physical worlds 
together by bridging the gap between them, thus, creating a digital twin of everything in the physical 
world in digital world. The possibility of creating a reliable, effective, and efficient digital twin of 
everything (objects and events) in the physical world will facilitate new possibilities: for example, i) 
available resources are more efficiently used impacting sustainability of food production, ii) a 4D 
spatio-temporal interactive map of a city is created to enable immersive smart city, and iii) a real-time 
digital map of an industrial environment is created to monitor and keep track of events taking place at 
different parts of a factory floor. 

Fundamentally, digital twin creation can capitalise on information on events taking place in the physical 
world at a given location and time as shown in Figure 3-2. In many use cases, 6G-connected tags can 
be attached to physical objects to create their digital twin with the potential of collecting sensing 
information that can be coupled with time instances indicating when the sensing information were 
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collected. However, there are challenges associated with precisely localising these devices, especially 
when they are deployed in GPS denied areas. To solve this problem, wide area 6G networks that are 
deployed to support communication needs of digital twins can be exploited also for localisation. In 
some other use cases, localisation of passive objects (detection and localisation of objects that are not 
connected to the digital world through 6G-connected tags or similar devices) such as scatterers of 
different types are needed. In that regard, radio signal-based sensing can be used to collect information 
on passive objects in terms of their location and time when they were present. This information on 
passive objects can be used to complement digital twin that otherwise would contain digital replica of 
objects that can only be connected to the network. In the next sub-sections, an overview of the 
requirements of sensing and localisation KPIs for use cases that benefit from twinning the physical 
world to digital world are elaborated. 

 

Figure 3-2. Fundamentals of twinning. 

3.1.4.1 Digital Twins for Manufacturing 

In order to enable a complete digital representation of the physical manufacturing environment, an 
accurate localisation and mapping of the scatterers which can be any object, moving or stationary, in a 
factory floor, is needed; for example, industrial tools whose configuration is dynamically selected 
depending on their accurate location. To achieve this, the requirements of KPIs listed in Table 3-15 
must be met. 

Table 3-15. KPIs and requirements for mapping an industrial environment [WSM+21,VDD+16]. 

KPIs (sensing) Values 

Location (range + angular) accuracy cm-level 

Range resolution cm-level 

Maximum link range (unambiguous 
range) 

~130 m (industry floor of dimensions 120 m x 50 
m) 

Angular resolution sub-degree level 

Velocity range -30 km/h to 30 km/h 

Velocity resolution 0.5 m/s 

Update rate Once per 100 ms to once per 0.1 ms 

Availability 99.99% 

3.1.4.2 Immersive Smart City 

An immersive smart city, which encompasses a digital replica of the city that contains real-time 
information on traffic, pollution maps, control utilities, etc., needs to provide a rich data set to enhance 

Location Time

Where? When?

+
What?

Massive Twinning
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liveability of the city. In this regard, KPIs and requirements for localisation of control utilities and 
sensing for traffic monitoring at different parts of the city are presented. 

Localisation of control utilities 

One of the primary objectives of immersive smart city is to enable interactive 4D map that can be used 
to plan and optimise utility services such as transportation, garbage, piping, cabling etc. To facilitate 
such an interactive map, the localisation of sensors deployed to track, monitor, and update status of 
these services is vital and the requirements of localisation KPIs listed in Table 3-16 must be met. 

Table 3-16. KPIs and requirements on localisation for control utilities. [FAA+19] 

KPIs (localisation) Requirements 

Location accuracy <1 m (horizontal and vertical) 

Orientation accuracy N/A 

Update rate Once per second 

Availability 99.99% 

Scalability several dozen per cubic meter. 

Traffic monitoring 

Roadside or track side units that are deployed to support communication can also be used to monitor 
traffic status in different parts of the city. Relevant requirements of the sensing KPIs that must be met 
for effective realisation of the use are listed in Table 3-17. 

Table 3-17. KPIs and requirement for traffic monitoring [Nok21]. 

KPI (sensing) Requirement 

Range resolution 0.5 m 

 unambiguous range 100 m 

Velocity resolution 0.5 m/s 

Velocity range -20 m/s to 20 m/s 

Update rate Once per second 

Availability 99.99% 

Landscape sensing  

At a given geographical location, a UE receives radio signals that are deterministically (in terms of 
attenuation due to presence of scatterers of different types, shapes, and material) affected by the 
characteristics of the surrounding environment. For example, a UE in deep street canyon receives signal 
that propagates via multiple reflections due to the presence of buildings and other urban infrastructures. 
At forest, the radio signals are reflected due to the presence of trees around the target UE. These 
deterministic effects on radio signals can be used to identify type of landscape at the UE location; then, 
making this type of inferencing a tool to map landscapes within the area of cellular network deployment. 
Requirements on sensing KPIs for landscape sensing are outlined in Table 3-18. 

Table 3-18. KPIs and requirement for landscape sensing [YHS+21]. 

KPIs (sensing) Requirements 

Precision Score 90% 

Orientation accuracy N/A 

Update rate Once per minute 
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Availability 99% 

Digital twins of smart buildings  

Future smart buildings can benefit from massive digital twining through a virtual representation of each 
infrastructure element. This requires obtaining an accurate position of each light switch, lamp, heater, 
and any other controllable element in the building. This will be used not only for the regular operation 
of the building, but it can also provide a huge reduction of commissioning costs through intelligence 
and automation. 

Table 3-19. Positioning KPIs and requirement for digital twins of smart buildings use case [Azh11]. 

KPIs (localisation) Requirements 

Location accuracy < 2.5 cm (half thickness of typical wall) 

Update rate Once per hour 

Availability 99% 

Scalability Average of 1 per m² 

3.1.4.3 Digital Twins for Sustainable Food Production 

For a sustainable food production, it is essential to perform real-time monitoring of conditions at 
locations to optimise disease combat strategies. In this regard, semi-autonomous vehicles can be 
deployed to collect measurements from the locations of interest. To map the measurements to the 
respective locations, an accurate localisation of autonomous vehicles is needed. To support such a use 
case, the requirements of localisation KPIs listed in Table 3-20 must be met. 

Table 3-20. KPIs and requirements for semi-autonomous ground vehicle localisation [22.261]. 

KPIs (localisation) Requirements 

Location accuracy <1 m horizontal  

Orientation accuracy N/A 

Update rate Once per second (can be relaxed) 

Availability 99.99% 

Scalability N/A 

3.1.5 Robots to Cobots 

6G systems are expected to provide tools and methods to layout a technical foundation that can enable 
collaboration among robots (referred to as cobots) and humans to accomplish a common goal or task. 
Cobots will be widely exploited both in consumer and industrial domains. In the consumer domain, 
cobots will be an integral part of our future living and will take forms beyond automated vacuum 
cleaners and lawn mowers that are widely used today. In the industrial domain, cobots will be exploited 
for modular production of goods and to also support high degrees of customisation and individualisation 
of the product being manufactured. To enable efficient operation of cobots, capabilities to sense and 
perceive the environment, on top of accurate absolute 3D and relative localisation of collaborating 
robots, are needed as well as high update rates specially to allow for smooth and uninterrupted 
synchronised collaboration. This information can then be taken as inputs by cobots to plan and act 
independently or synchronously to meet the common objective.  

Sensing in the context of cobots and robots can be divided into two different applications: 

 Sensing the environment and mapping it. This information is used by robots/cobots to position 
and orient themselves relative each other and the environment.  

 Sensing of objects robots/cobots execute certain tasks on.   
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This information can then be taken as inputs by cobots to plan and act independently or synchronously 
to meet the common objective. In this regard, the KPIs and requirements when it comes to sensing and 
mapping passive objects in and around the environments where cobots are deployed are presented in 
Table 3-21 and Table 3-22. KPIs and sensing/localisation capabilities relevant to consumer 
robots/collaborative robots/interacting and cooperative mobile robots use cases also apply to use cases 
under flexible manufacturing cluster. If humans are also involved in the collaborative tasks in industrial 
environments, special attention must be paid to the topic of safety. This case is highlighted in Chapter 
5. 

KPIs regarding object sensing are presented in Table 3-23. Although these KPIs are very application 
dependent, typically a high accuracy, high update rate but low range are required.  

Table 3-21. KPIs and requirements for collaborative robot localisation [HEX21-D71]. 

KPIs (localisation) Requirements 

Location (horizontal + vertical) accuracy <1 cm 

Orientation accuracy sub-degree (3D) 

Update rate Once per 100 ms to once per 0.1 ms 

Availability 99.99% 

Scalability >5 devices per m3 

Table 3-22. KPIs and requirements for environment mapping [WSM+21,VDD+16]. 

KPIs (sensing) Requirements 

Location (range + angular) accuracy cm-level 

Range resolution cm-level 

Maximum link range (unambiguous range) ~120 m 

Angular resolution sub-degree level 

Velocity range -30 km/h to +30 km/h 

Velocity resolution 0.5 m/s 

Update rate Once per 100 ms to once per 0.1 ms 

Availability 99.99% 

Table 3-23. KPIs and requirements for object sensing  

KPIs (sensing) Requirements 

Location (range + angular) accuracy sub cm-level 

Range resolution sub cm-level 

Maximum link range (unambiguous range) ~10 m 

Angular resolution sub-degree level 

Velocity range * 10 km/h 

Velocity resolution * 0.1 m/s 

Update rate Once per 100 ms to once per 0.1 ms 

Availability 99.99% 

*Typically only needed if operations are executed on moving targets. 

An accurate position of vehicles is required to be able to control them for the purpose of automation 
and interaction with other elements or people in a safe and effective way. 
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Table 3-24. KPIs and requirements for fine localisation of vehicles use case [HKK17,Zho11]. 

KPIs (localisation)  Requirements 

Location accuracy 0.1 m to 1 m 

Orientation accuracy N/A 

Update rate 1 to 10 times per second 

Availability 99.9% 

Scalability N/A 

3.2 Baseline Evaluation 

In this section, the baseline evaluation is presented. For localisation, 3GPP Release 16 simulations using 
5G signals and methods are provided in Section 3.2.1. For sensing using radar and lidar sensors, 
performance based on the specification of commercial devices is listed in Section 3.2.2. This evaluation 
will then be combined with the use case requirements from Section 3.1 for the gap analysis in Section 
3.3.  

3.2.1 Localisation 

3.2.1.1 Reference Signal for Positioning 

Section 2.2.2.1 outlines positioning methods that are currently supported by NR. These methods rely 
on reference signals that are specifically designed to support positioning measurements. These reference 
signals are called positioning reference signals (PRSs) and can be transmitted in both UL and DL 
directions to perform positioning measurements depending on the positioning method being realised. 
In DL, PRS is transmitted by a transmission and reception point (TRP) for positioning measurements 
to be performed by UE. For the UL measurements during a positioning occasion, PRS is then 
transmitted by UE and the measurements are done by TRP. Depending on the UE capability, NR RAN 
configures DL and or UL PRSs to support distinct positioning methods.  

DL-PRS 

NR supports DL-PRSs with different configurations. A typical DL-PRS configuration is defined in 
terms of comb-factor and number of symbols, where comb-factor denotes frequency re-use for PRS and 
the number of symbols that are either staggered or permuted during the respective PRS transmission. 
The multi-symbol PRS is combined during a positioning measurement. Table 3-25 shows different 
configurations of DL-PRS signal that are supported by NR PRS architecture. 

Table 3-25. DL-PRS configuration. 

Frequency reuse Number of symbols 

Comb-factor 2 At least 2 symbols 

Comb-factor 4 At least 4 symbols 

Comb-factor 6 At least 6 symbols 

Comb-factor 12 At least 12 symbols 

Typically, a single TRP can be configured to transmit multiple PRSs. In this case, a single configuration 
of PRS is called a PRS resource and a collection of PRS resources that are allocated to a TRP is called 
PRS resource set. An example of a PRS resource is shown in Figure 3-3. 
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Figure 3-3. An example of comb-4, 4 symbol permuted DL-PRS configuration. Each tile in the grid of this 
figure denotes one resource element. Black tiles denote resource elements that are configured with PRS. 

UL-PRS 

Similar to DL-PRS, NR also supports PRS configuration for UL transmission. For the UL measurement-
based positioning methods, the network configures the UE with sounding reference signals values 
shown in Table 3-26. An example of such a signal is shown in Figure 3-4. 

Table 3-26. UL-PRS configuration. 

Frequency reuse Number of symbols 

Comb-factor 2 At least 2 symbols 

Comb-factor 4 At least 4 symbols 

Comb-factor 8 At least 8 symbols 

 

Figure 3-4. An example of comb-4, 8 symbol permuted UL-PRS. Each tile in the grid of this figure 
denotes one resource element. Black tiles denote resource elements that are configured with PRS. 

3.2.1.2 Interference Handling 

To minimise interference among TRPs transmitting DL-PRS and UEs transmitting UL-PRS, The NR 
Release 16 positioning specification supports multiple interference management techniques. The PRSs, 
on both UL and DL directions, are orthogonalised in code, frequency, and time domains. For the code 
domain orthogonality, the quadrature phase shift keying (QPSK) modulated PRS is initialised by the 
standard 31-bit Gold code sequence in the DL and by standard Zadoff-Chu sequence in the UL. To 
maintain frequency domain orthogonality, both UL and DL PRSs can be configured (among interfering 
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nodes) using different comb-factors listed in Table 3-25 and Table 3-26. To orthogonalise PRS in time 
domain, cyclic shift configurations (as shown in Figure 3-6) are used for UL-PRS and muting 
configurations (as shown in Figure 3-5) are used for DL-PRS. 

 

Figure 3-5. TRP muting during comb-2, 2 symbol PRS transmissions. 

 

Figure 3-6 Cyclic shift in an OFDM symbol. 

3.2.1.3 Numerical Validation  

In this section, simulation results that show achievable horizontal positioning accuracy in 3 different 
scenarios: urban macro (UMa), urban micro (UMi), indoor open office (IOO) are presented (a detailed 
description of these scenarios can be found in Annex B). As positioning methods such as DL-TDoA, 
UL-TDoA, and multi-RTT positioning rely heavily on the PRS design, the numerical validation of only 
these methods is reported. PRS configurations of comb-12, 12 symbols and comb-2, 2 symbols are 
respectively considered for DL and UL transmissions. In terms of bandwidth, 100 MHz PRS is 
transmitted in the frequency range 1 (FR1) and 400 MHz PRS is transmitted in the frequency range 2 
(FR2). Apart from these, effect of interference is not considered in the simulations and other parameters 
and assumptions are elaborated where necessary. 

Figure 3-7 shows positioning accuracy of DL-TDoA in FR1 and FR2 in UMa, UMi, and IOO scenarios. 
To show the effect of an unsynchronised network, the simulation results when the network 
synchronisation error is 50 ns is also shown. It is evident that with large bandwidth PRS and a 
synchronised network better positioning accuracies can be achieved in all three scenarios. 

 

First PRS transmission occasion. 
Red TRPs are muted.

Second PRS transmission 
occasion. Red TRPs are muted.

A B C D

OFDM symbol without cyclic shift

A B C D

Samples cyclically shifted in time
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Figure 3-7 Positioning accuracy of DL-TDoA (FR1 and FR2) method in UMa, UMi, and IOO scenarios. 

 

Figure 3-8. Positioning accuracy of UL-TDoA (FR1 and FR2) method in UMa, UMi, and IOO scenarios. 

The achievable positioning accuracies of UL-TDoA method in all three scenarios in FR1 and FR2 are 
shown in Figure 3-8. Due to bad coverage in UL, the UL-TDoA accuracy in large area deployments 
such as UMa and UMi is worse in comparison to small area IOO deployment. In FR2 the UL coverage 
becomes even more limited therefore only IOO results are reported for FR2. Similar to what has been 
observed for DL-TDoA, improvement in accuracy due to large bandwidth in FR2 and the degradation 
of achievable positioning accuracy when the network is unsynchronised is evident also for UL-TDoA 
method as shown in the results in Figure 3-8. 

The achievable positioning accuracy of multi-RTT positioning method is reported in Figure 3-9. Due 
to bad UL coverage in UMa and UMi scenarios, the multi-RTT positioning accuracy is worse than in 
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IOO. In IOO scenario, multi-RTT performs better than in the UMa and UMi scenarios and shows 
significant improvement in FR2. 

 

Figure 3-9. Positioning accuracy of multi-cell RTT method in UMa, UMi and IOO scenarios for 
bandwidths of 100 MHz and 400 MHz. 

In scenarios where UL coverage is not an issue, multi-RTT positioning provides unparalleled advantage 
over other positioning methods and solutions. That is, the multi-RTT positioning method is robust to 
network synchronisation error. Unlike in TDoA methods, where a synchronised network is needed to 
measure meaningful positioning measurements, for multi-RTT positioning measurements can be done 
on individual TRPs. Since TRP pair is not considered during positioning measurement collection, 
unsynchronised network does not impose a bottleneck to achieve high accuracy UE position estimate. 
The achievable positioning accuracy in an unsynchronised network is reported for UMi and IOO in 
Figure 3-10 and Figure 3-11, respectively. To conclude this simulation evaluation section, a summary 
of achievable positioning accuracies of the evaluated methods and scenarios is given in Table 3-27. 

 

Figure 3-10 Positioning accuracy in an unsynchronised UMi network. 



Hexa-X  Deliverable 3.1 

Dissemination level: public   45

 

 

Figure 3-11. Positioning accuracy in an unsynchronised IOO network.  

Table 3-27. Summary of achievable positioning accuracies of DL-TDoA, UL-TDoA, and multi-RTT 
methods. Reported values correspond to 90 percentiles from the simulation results shown above. 

Method UMa UMi IOO 

DL-TDoA FR1:  

4.37 m (synched) 

11.81 m (un-synched) 

FR1:  

3.48 m (synched) 

10.9 m (un-synched) 

FR1:  

2.10 m (synched)  

11.48 m (un-synched) 

FR2:  

N/A (coverage issue) 

FR2: 

1.11 m (synched) 

9.11 m (un-synched) 

FR2: 

0.17 m (synched) 

11.93 m (un-synched) 

UL-TDoA FR1:  

35.14 m (synched) 

FR1: 

3.88 m (synched) 

9.51 m (un-synched) 

FR1: 

2.19 m (synched) 

11.24 m (un-synched) 

FR2:  

N/A (coverage issue) 

FR2:  

N/A (coverage issue) 

FR2: 

0.18 m (synched) 

10.97 m (un-synched) 

Multi-RTT FR1:  

30.29 m (synched and un-
synched) 

FR1: 

2.99 m (synched and un-
synched) 

FR1: 

1.11 m (synched and 
un-synched) 

FR2: 

N/A (coverage issue) 

FR2: 

N/A (coverage issue) 

FR2:  

0.07 m (synched and 
un-synched) 

3.2.2 Sensing 

The commercially most widely deployed sensing techniques are not based on 5G but rather on radar 
(ranging from ultra-wideband up 80 GHz) as well as optical sensing based on lidar. Both techniques are 
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typically tailored towards specific applications. In the tables below typical performance of today’s 
sensors is provided, which are relevant for the considered use-cases in Section 3.1. 

3.2.2.1 Radar 

There exists a wide range of different radars specialised for different use cases. The UWB system has 
a high penetration level and good accuracy, which makes it useful in indoor use cases. With increased 
frequency, the range of the radar increases, but at the cost of accuracy. For the 10-30 GHz range radars, 
a typical use case could be obstacle detection on a runway. With the 60-80 GHz radar it is possible to 
generate a complete image of the surroundings, detecting both static and moving objects. In Table 3-28, 
some values of the performance of different radars are listed. There are large variations on the 
performance level between different radars within each category, thus the values used in the table should 
be seen just as examples for comparisons between the different categories. 

Table 3-28 Performance of existing radar sensors. 

 

 

UWB [Nov20] 10-30 GHz [Mor17] 

 

60-80 GHz [Arb19] 

Angular resolution - - 1 deg azimuth 

2 deg elevation 

Field of view - 120 deg az 

15 deg el 

100 deg azimuth 

30 deg elevation 

Range resolution 0.1 m (based on 
bandwidth) 

0.75 m 0.5 m 

Range 10 m 200 m 300 m 

Velocity resolution - - 0.1 m/s 

3.2.2.2 Lidar 

The lidar technology is a bit more limited in its use cases as it is mainly based on time measurements 
of reflected laser beams. As of today, there are essentially two different types of lidars, mechanical and 
solid state. The working principles of them are very similar, but the difference is that in the solid state 
lidar there are no moving parts, making it cheaper to manufacture. The mechanical lidar usually has a 
stronger laser and has the capability of directing it easier compared to the solid state lidar. These 
differences are the main reasons to the difference seen in Table 3-29, where the performance levels of 
two different lidars are shown. As there exists many different lidars, these numbers should only be seen 
as example values and used for comparisons between the two categories.  

Table 3-29 Performance of existing lidar sensors. 

 Mechanical [Hes20] Solid state [Liv19] 

 

Angular resolution 0.2 deg 0.05 deg 

Field of view 360 deg azimuth 

40 deg elevation 

81.7 deg azimuth 

25.1 deg elevation 

Range accuracy 0.02 m @ 200 m distance 0.02 m @ 20 m distance 

Range 200 m @ 10% reflectivity 90 m @ 10% reflectivity 

Velocity resolution - - 
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3.2.2.3 Radar and Lidar Performance in Non-ideal Conditions 

The performance levels listed in the tables are under good conditions for each detector. In reality, this 
will most likely not always be the case, thus it is important to also know how each detector is affected 
in different scenarios. The most common problem is precipitation and fog. How much the performance 
level is affected, depends in general on the wavelength of the signal. Shorter wavelengths will be more 
sensitive to precipitation. This means that lidars will be more affected than radars. Several studies have 
been done on the performance of lidars in non-ideal conditions. One example is [WZK+14], where it 
was shown that the range of the lidar does depend on rain amount, but it was even more affected by fog 
where the range could drop by 90%. Also, the effect of rain and fog of radars has been investigated. In 
[ZDS+19] these effects are studied, and the conclusion is that in contrast to lidars, radars are more 
sensitive to rain than fog. The range does also not drop as much as for the lidars. In very heavy rain the 
range drop is around 30% for radars operating in the mmW region. 

3.2.2.4 Interference Mitigation 

Sensor evaluation and KPIs are often evaluated on a single sensor basis. Deploying sensors on a massive 
scale, while requiring a high update rate can however cause interference which will impact on the 
availability and outage of sensors. Different strategies can be pursued to combat interference. The main 
three strategies are:  

 Use waveforms that are robust to interference. 
 Minimise probability of interference. 
 Avoid interference by resource allocation. 

Robust Waveforms 

A robust radar waveform is a waveform which gracefully degrades the detection performance, as the 
interference level (sensor density) increases. Such waveforms are typically based on wideband radar 
signals. The effect of interference on wideband radar signals is, that the detection performance is 
degraded, i.e., accuracy is reduced if interference is present. This is because interference will appear as 
an increased noise-floor. In contrast, a waveform that is sensitive to interference is the commonly used 
frequency-modulated continuous-wave (FMCW). If an FMCW interfering signal is within the receiver 
bandwidth of an FMCW receiver, false detections can be created. An interfering signal could be 
classified as a non-existing object for example.   

Minimising Probability of Interference 

Another strategy is to minimise the likelihood that interference will be present on the time/frequency 
resource used by the sensor. Typically, this is achieved by choosing the frequency and time used for 
transmitting the sensing signal in a random manner. A sensor using this technique can use random 
frequency (sub-band) or randomised pulse-start time. Randomised pulse-start times can be used in both 
lidar and radar applications, while changing frequency is mostly used by radars. Also, minimising 
spatial overlap between sensors can be used to minimising the risk for interference. 

Resource Allocation 

Radar systems using resource allocation are mostly implemented in proprietary solutions. In such 
systems each sensor uses an assigned frequency/time for transmitting the sensing signal and a (central) 
control device ensures that only one sensor at a time in the system uses a certain time-frequency 
resource. Note that resource allocation can be static (configured during setup), or dynamic which 
requires communication with the sensor.     

3.3 Gap Analysis 

3GPP Release 16 specification outlines localisation technologies to support both regulatory and 
commercial use cases. For commercial indoor use cases, the considered target is to localise at least 80% 
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of the UEs with <3 m horizontal accuracy [38.855]. For commercial outdoor use cases, the target is to 
localise at least 80% of the UEs with <10 m horizontal accuracy. To address higher accuracy 
requirements of new applications and industrial verticals, Release 17 work aims to achieve <1 m 
horizontal accuracy for 90% of the UEs to support indoor commercial use cases, and <0.2 m horizontal 
accuracy for 90% of the UEs to also support Industrial internet of things (IIoT) use cases. Apart from 
achievable accuracy, Release 17 work also mandates latency requirements of <100 ms (end-to-end 
latency) and < 10 ms (physical layer latency) [38.857]. 

In order to support use cases identified in Section 3.1, the next generation of mobile networks must 
support enhanced localisation and in addition should also be able to comprehend sensing capability. In 
this Section, an overview of the requirements on sensing and localisation KPIs that can be met by 5G 
localisation, and sensing technology is provided. Based on the presented overview, a gap between what 
KPIs can be met today and what KPIs must be achieved by the future RAN will be established.  

3.3.1 Localisation 

3.3.1.1 Position accuracy 

The use cases identified in Section 3.1 require positioning accuracies ranging from <1 cm to 30 m as 
shown in Table 3-30. Based on the identified requirements, the elaborated use cases in Section 3.1 can 
be generalised as use cases that demand stringent, moderate, and relaxed accuracy. 

Table 3-30. Positioning accuracy requirements of localisation use cases and their requirement class. 

Use case 6G requirement  Class 

Drone deployment for enhanced remote health care 0.1 m – 0.5 m stringent 

Remote sensing and monitoring 1 m - 30 m relaxed 

Asset tracking and management 1 m  moderate 

Augmented reality for context aware services 1-3 m  moderate 

Augmented reality placing virtual objects in the real world 5 mm (very) stringent 

Telesurgery < 1 mm (very) stringent 

Patient tracking and monitoring 3 m – 10 m  relaxed 

Localisation of milliscale robots 1 mm  (very) stringent 

Placement of medical equipment on the body 1 cm (very) stringent 

Sensor infrastructure web 10 cm  stringent 

Cooperating localisation 1 cm – 30 cm stringent 

Autonomous deployment of network for coverage 2 m  moderate 

Localisation of control utilities 1 m  moderate 

Digital twins of smart buildings < 2.5 cm stringent 

Localisation of semi-autonomous ground vehicle  < 1 m  (very) stringent 

Localisation for collaborative robots < 1 cm (very) stringent 

Fine localisation of vehicles 0.1 m – 1 m stringent 

The positioning requirements of relaxed accuracy use cases can be met by most of the evaluated 5G 
localisation techniques (see positioning accuracies of each method reported in Table 3-27 and 
elaborated in Section 3.2.1.3). The limitations of the reported 5G localisation techniques to support 
relaxed accuracy use cases occur when using UL based method in scenarios where coverage is an issue. 
In other scenarios, the requirements are met even when the network synchronisation error is 50 ns 
(check Annex A for definition). Use cases that demand moderate localisation accuracies can be 
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supported by 5G localisation methods mainly in IOO like scenario. For methods other than multi-RTT, 
the required accuracies however cannot be met when the PRS transmitting nodes are unsynchronised. 

The stringent accuracy requirement imposed by drone deployment for enhanced remote health care 
use case can be met by the evaluated methods and scenarios in FR2 only. However, network 
synchronisation error affects achievable positioning accuracies of DL-TDoA and UL-TDoA methods 
such that the required accuracy cannot be met. Localisation for collaborative robots demands the most 
stringent positioning accuracy requirement. For its effective realisation, the collaborative robots are 
required to be localised with an accuracy of less than 1 cm. None of the evaluated methods in the 
considered scenarios can meet this requirement. In the considered scenarios, the likelihood of finding a 
UE in LoS with majority of the TRPs within the deployment area creates a bottleneck and limits the 
achievable positioning accuracy to 0.07 m (90% of the UEs can be localised with less than 0.07 m 
positioning accuracy error) in IOO (FR2). To elaborate the effect of LoS on the achievable positioning 
accuracy, the positioning error of DL-TDoA and UL-TDoA methods in FR2 is shown in Figure 3-12. 
The numerical validation is done considering a DL-PRS of bandwidth 400 MHz and the observed 90 
percentile accuracies are reported in Table 3-31. 

Table 3-31. DL-TDoA and UL-TDoA achievable positioning accuracies in Indoor Factory Sparse-High 
scenario. 

Positioning method 90% accuracy 

DL-TDoA, convex hull UEs 0.017 m 

UL-TDoA, convex hull UEs 0.016 m 

 

Figure 3-12. DL-TDoA and UL-TDoA achievable positioning accuracies in Inf-SH scenario. 

3.3.1.2 Latency 

End-to-end localisation latency in 5G depends on the employed positioning method, processing 
latencies, and signalling propagation delays between the participating nodes (UE, TRP, AMF, and 
LMF) during a positioning procedure. In the following sub-sections, latency evaluations of positioning 
methods considered in the baseline evaluation are presented to outline the capabilities of 5G localisation 
methods in terms of meeting the latency requirements of the use cases reported in Section 3.1. The 
presented latency evaluation is then used to identify potential gaps that future RAN should fill in to 
support use cases that demand latencies lower than what can be achieved today. 

DL-TDoA 
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Interaction between UE, TRP, AMF, and LMF nodes during a DL-TDoA positioning procedure is 
shown in the sequence diagram of Figure 3-13. In the beginning of the procedure, LMF sends a request 
capabilities request message to the UE, UE then responds to this request by providing its capabilities 
to LMF. After receiving a response to its capabilities request, the LMF then provides assistance data 
followed by location information request to the UE. UE then performs the positioning measurements 
and reports them as provide location information signalling to LMF. The LMF after receiving location 
information from UE estimates the corresponding UE location. During each of these interactions, 
processing delays and signalling delays contribute to the overall latency during the positioning 
procedure. An overview of such latencies is given in Table 3-32. 

 

Figure 3-13. UE-assisted DL-TDoA positioning procedure. 

 

Table 3-32. Latency budget calculation of UE-assisted DL-TDoA positioning procedure [38.857]. 

Step Delay values 

Request capabilities Processing delay: 14 ms 

Signalling delay: 4 ms – 20.5 ms 

Provide capabilities Processing delay: 21 ms – 34 ms 

Signalling delay: 4 ms – 20.5 ms 

Provide assistance data Processing delay: 24 ms 

Signalling delay: 4 ms – 20.5 ms 

Request location information Processing delay: 19 ms 

Signalling delay: 4 ms – 20.5 ms 

UE measurement (including RRC delays) Processing delay: 106.5 ms – 109.5 ms 

Signalling delay: 1 ms 

Provide location information Processing delay: 16 ms – 19 ms 

Signalling delay: 4 ms – 20.5 ms 

LMF calculation Processing delay: 2 ms – 30 ms 

Total delay 223.5 ms – 353 ms 

UL-TDoA 
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UL-TDoA positioning measurements are done by TRP(s) on the UL-PRS transmitted by a UE. As a 
first step, similar to the DL-TDoA method, the LMF requests a UE to report its capability to support 
the UL-TDoA method. After receiving the response to the capability request, the LMF then requests 
TRP to provide positioning information. Since the positioning measurements are done by TRPs on UL-
PRS transmitted by the UE, the serving TRP sends the SRS configuration to UE and also responds to 
positioning information request received from the LMF. After receiving a response to its positioning 
information request, the LMF sends a measurement request to TRPs. These TRPs report their 
positioning measurements to the LMF when they are ready. The LMF then calculates the UE position 
based on the received measurements. All these interactions are shown in Figure 3-14 and an overview 
of latencies due to processing and signalling delays during each of these interactions is given in Table 
3-33. 

 

Figure 3-14. UE-assisted UL-TDoA positioning procedure. 

Table 3-33. Latency budget calculation of UE-assisted UL-TDoA positioning procedure [38.857]. 

Step Delay values 

Request capabilities Processing delay: 14 ms 

Signalling delay: 4 ms – 20.5 ms 

Provide capabilities Processing delay: 21 ms – 34 ms 

Signalling delay: 4 ms – 20.5 ms 

Positioning information request Processing delay: 9 ms 

Signalling delay: 4 ms – 20 ms 

UL-PRS configuration Processing delay: 13 ms 

Signalling delay: 0.5 ms 

Positioning information response Processing delay: 9 ms 

Signalling delay: 4 ms – 20 ms 

Measurement request (including 
SRS activation) 

Processing delay: 19 ms – 21 ms 

Signalling delay:12.5 ms – 60.5 ms 

TRP measurement Processing delay: 12 ms 

Measurement response Processing delay: 9 ms 

Signalling delay: 4 ms – 20 ms 

LMF calculation. Processing delay: 2 ms – 30 ms 

Total delay 141 ms – 313 ms 

Multi-RTT 
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Multi-RTT positioning is done by exploiting both UL and DL measurements. After receiving the 
response to capability request from a UE, the LMF sends positioning information request to TRP. To 
perform UL positioning measurements, the serving TRP configures a UL-PRS to the target UE and then 
sends a positioning information response to the LMF. This signalling is then followed by the 
measurement request to TRP from the LFM and sending the assistance data to the UE with a request to 
provide location information. Both UE and TRP after completing their positioning measurements report 
them to the LMF where the UE position estimation calculation is done. During each of these interactions 
(also shown in Figure 3-15), processing and signalling delays contribute to the overall latency during 
the positioning procedure. An overview of such latencies is given in Table 3-34. 

 

Figure 3-15. UE-assisted multi-RTT positioning procedure. 

Table 3-34. Latency budget calculation of UE-assisted multi-RTT positioning procedure [38.857]. 

Step Delay value 

Request capabilities Processing delay: 14 ms 

Signalling delay: 4 ms – 20.5 ms 

Provide capabilities Processing delay: 21 ms – 34 ms 

Signalling delay: 4 ms – 20.5 ms 

Positioning information request Processing delay: 9 ms 

Signalling delay: 4 ms – 20 ms 

UL-PRS configuration Processing delay: 13 ms 

Signalling delay: 0.5 ms 

Positioning information response Processing delay: 9 ms 

Signalling delay: 4 ms – 20 ms 

Measurement request (including SRS activation) Processing delay: 28 ms – 30 ms 

Signalling delay: 12.5 ms – 60.5 ms 

Provide assistance data Processing delay: 24 ms 

Signalling delay: 4 ms – 20.5 ms 

Request location information Processing delay: 19 ms 

Signalling delay: 4 ms – 20.5 ms 

UE measurement (including RRC delays) Processing delay: 106.5 ms – 109.5 ms 

Signalling delay: 1 ms 
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TRP measurement Processing delay: 12 ms 

Provide location information Processing delay: 16 ms – 19 ms 

Signalling delay: 4 ms – 20.5 ms 

Measurement response Processing delay: 9 ms 

Signalling delay: 4 ms – 20 ms 

LMF calculation Processing delay: 2 ms – 30 ms 

Total delay 328.5 ms – 556 ms 

Latency requirements of the use cases elaborated in Section 3.1 are listed in Table 3-35. From the 
latency budget calculations for the considered 5G localisation methods, it is evident that drone 
deployment for enhanced remote health care, augmented reality, tracking in-body devices, sensing 
information of relevance and localisation for collaborative robots demand quasi-real-time operation 
making low latency localisation support one of the essential features that future RAN should support. 

Table 3-35. Update rate requirement of localisation use cases. 

Use case 6G requirement 5G positioning 
latency enough to 
support 6G 
requirement 

Drone deployment for enhanced remote health care 0.1 s No 

Remote sensing and monitoring 1 s (or even higher) Yes 

Asset tracking and management 1 s Yes 

Augmented reality for context aware services 0.1 s to 1 s No 

Augmented reality placing virtual objects in the real 
world 

10 ms No 

Telesurgery 100 ms No 

Patient tracking and monitoring 1 s Yes 

Localisation of milliscale robots 100 ms No 

Placement of medical equipment on the body 1 s Yes 

Sensing infrastructure web 10 ms No 

Cooperating localisation 10 ms No 

Autonomous deployment of network for coverage Once per need to move to 
a new location 

Yes 

Localisation of control utilities 1 s Yes 

Digital twins of smart buildings 1 hour Yes 

Localisation of semi-autonomous ground vehicle  1 s Yes 

Localisation for collaborative robots 0.1 ms to 100 ms No 

Fine localisation of vehicles 0.1 s to 1 s No 

3.3.1.3 Scalability and Availability 

5G localisation methods are based on broadcast signals. Since the same signal can be used by multiple 
UEs or TRPs for positioning measurements, given that the nodes performing the positioning 
measurement are in coverage of the broadcasted PRSs, the positioning methods in 5G are scalable and 
can be practically used to support the scalability requirements of the previously elaborated use cases. 
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There is, however, and important limitation that will still be present in 5G. Accurate localisation require 
radio resources (e.g., PRSs), which would thus occupy communication resources while locating. The 
higher the accuracy required the larger the bandwidth of the channel that will be unavailable for 
communication. This is at odds with many applications, including low latency communications such as 
is required for scenarios like controlling autonomous ground vehicles (AGVs). 6G must solve this well-
known problem, i.e., simultaneous communication and positioning. 

Table 3-36 lists the availability requirements of the use cases elaborated in Section 3.1. From the 
numerical validation of the achievable positioning accuracies of the evaluated positioning methods, 
only the availability of 90% can be maintained. As most of the localisation use cases demand availability 
of at least 99%, the future RAT-based localisation techniques should be able to meet high availability 
to support the identified use cases. 

Table 3-36. Availability of localisation use cases. 

Use case 6G 
requirement 

5G positioning enough to 
support 6G requirement  

Drone deployment for enhanced remote health care 99.99% No 

Remote sensing and monitoring 99% No 

Asset tracking and management 99% No 

Augmented reality for context aware services 90% Yes 

Augmented reality placing virtual objects in the real world 99.9% No 

Telesurgery 99.99999% No 

Patient tracking and monitoring 99.99% No 

Localisation of milliscale robots 99.999% No 

Placement of medical equipment on the body 99.9% No 

Sensor infrastructure web 99.99% No 

Cooperating localisation 99.99% No 

Autonomous deployment of network for coverage 90% Yes 

Localisation of control utilities 99.99% No 

Digital twins of smart buildings 99% No 

Localisation of semi-autonomous ground vehicle  99.99% No 

Localisation for collaborative robots 99.99% No 

Fine localisation of vehicles 99.9% No 

3.3.1.4 Power Consumption 

The Release 17 study item (SI) work in 3GPP on positioning has the evaluation of device efficiency as 
one of the agenda items [38.857]. Within this device efficiency framework, Release 17 SI investigated 
power consumption during positioning, where a model developed in TR38.840 was considered baseline 
to evaluate UE power consumption during the positioning procedure. The study concluded that 7% - 
40% power saving can be done by exploiting IDLE and INACTIVE modes positioning. It was also 
observed that positioning report in IDLE state can save power up to 44.32% in comparison to when the 
reporting is done when the UE is CONNECTED state. Moreover, positioning measurement and 
reporting in IDLE state can provide power saving of up to 48.38% in comparison to measurement and 
report done in CONNECTED state. It is evident that the power consumption is affected by the state of 
the UE when doing the positioning measurements and reporting; thus, such configurations are being 
considered in Release 17 work item as one of the potential enhancements for NR positioning. From 
sustainability point of view, power consumption plays an important role where hardware of the nodes 
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in the next generation RAN must be optimised to consume as less power as possible during its operation 
and the localisation methods must demand the least expense of power during the positioning 
measurement phase.  

3.3.1.5 Orientation Accuracy 

Development of radio access technology-based positioning, so far, has been done considering 
regulatory and IIoT use cases where UE orientation estimation is not a primary objective. For example, 
in regulatory use case such as localisation of emergency call originating UE, knowing UE heading is 
not critical. It is enough to localise the UE so that the emergency services can be dispatched to the right 
location. However, the next generation localisation use cases such as localisation for AR, localisation 
for collaborative robots, and local coverage for temporary usage greatly benefit from orientation 
estimation. In this regard, the next generation localisation methods should consider orientation 
estimation as one of the primary objectives as well.  

3.3.1.6 Identified Gaps  

To support the identified localisation use cases, future RAN must meet requirements on some of the 
fundamental KPIs (localisation accuracy, latency, and orientation accuracy). In terms of accuracy, the 
achievable positioning accuracies of 5G localisation methods are subjected to coverage (poor accuracies 
for UL methods in wide geographic area-based deployment and good accuracies in indoor scenarios), 
deployment of the network (mainly in indoor scenarios where GDOP is one of the limiting factors) and 
synchronisation between the network nodes. In this regard, the next generation localisation methods 
must, in principle, be able to address these issues and should offer more accurate positioning by 
exploiting potential wide bandwidth. In addition, these localisation methods, apart from being energy 
efficient, should also guarantee higher availability and orientation accuracy. 

Bandwidth being the most limiting factor, it is of the outmost importance to use this with the highest 
efficiency. Thus, the joint communication and localisation is a must for the future, as to not block the 
communication channel while high accuracy localisation is taking place. 

As shown by the latency budget evaluations, latency of 5G localisation methods depends on employed 
method and is on par to support many of the identified use cases. Nonetheless, the use cases such as 
drone deployment for enhanced remote health care, AR, tracking in-body devices, sensing information 
of relevance and localisation for collaborative robots demand quasi-real-time localisation mandating 
lower latencies than what can be achieved by 5G localisation methods. 

3.3.2 Sensing 

RAT based sensing is envisioned for 6G and no support for sensing exists in 5G. In this section, the 
requirements of the different use cases in Section 3.1 are therefore compared with what is possible today 
with radar and lidar technologies. Different use cases require distinct minimum performance levels on 
different parameters. It is often possible to satisfy some of the requirements, but the challenge is to 
satisfy all simultaneously. In the sub-sections to follow, each sensing use case identified in Section 3.1 
is analysed to contrast out the gaps that envisioned 6G technology should aim to fill in. 

Gesture recognition for human-machine interface 

A gesture recognition function would focus on rather small movements in a short distance. As listed in 
Table 3-4, this imposes high demands on both the range accuracy and velocity resolution. The needed 
range accuracy could be met with lidar equipment, but it is not very accurate in velocity measurements. 
It would also be problematic from a safety perspective to have lasers pointing at a user from a very short 
distance. The radar alternative would be better from this perspective, and with the high frequency radar 
both the velocity accuracy and angular resolution requirements would be met. However, it does not 
have the required position accuracy. 
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Digital twins for manufacturing 

The requirements for this use case are similar to those of the gesture recognition, as shown in Table 
3-15. The main differences are the range requirement and the angular resolution. This favours the lidar 
as it works better at longer distances. Since the mapping of an environment without human intervention, 
there are not same safety issues either. The main problem for the lidar would be the velocity accuracy. 
It would also be sensitive to different reflectivity of different materials in the environment. This would 
not be the case to the same extent for a radar solution, but as was the case for the face recognition, it 
suffers from the worse position accuracy. 

Traffic monitoring 

For traffic monitoring, the high frequency radar does meet all the requirements listed in the KPI Table 
3-17. The lidar does also fulfil most of the requirements, but the velocity resolution would probably be 
hard to reach. 

Robots to Cobots 

In this use case, there are two different types of sensing. It is both necessary to map the surrounding 
environment as well as an operation object. The mapping of the environment does not have as high 
accuracy requirement as for the operation object, on the other hand it requires a larger range of both 
position and velocity. As shown in Table 3-22, the environment mapping requirements are equivalent 
to the use case digital twins for manufacturing. In the case of operation object mapping, see Table 3-23, 
the position accuracy is a real challenge. Neither the lidar nor the radar technologies can achieve such 
accuracy. Although lidar performs closer to the requirement, it would suffer from the rather short 
distances and its difficulty with velocity measurements. 

3.3.2.1 Identified Gaps  

Of the different use cases evaluated, it is only the requirements of the traffic monitoring use case which 
can be met with existing technology. All the other use cases suffer from the need of high position 
accuracy in combination with high velocity accuracy. For the robots to cobots use case there is also a 
need to further improve the position accuracy to reach the requirements. Table 3-37 and Table 3-38 
show summaries of which KPIs can be satisfied for each use case with existing radar and lidar 
technologies, respectively. 

Table 3-37 Summary of which KPIs can be satisfied for each use case with existing radar technology. 

 Location 
accuracy 

Range 
resolution 

Angular 
resolution 

Velocity 
resolution 

Gesture recognition for 
human-machine interface 

No No Yes Yes 

Digital twins for 
manufacturing 

No No No Yes 

Traffic monitoring - Yes - Yes 

Robots to Cobots (operation 
object) 

No No No No 

Table 3-38 Summary of which KPIs can be satisfied for each use case with existing lidar technology. 

 Location 
accuracy 

Range 
resolution 

Angular resolution Velocity 
resolution 

Gesture recognition for 
human-machine interface 

Yes Yes Yes No 

Digital twins for 
manufacturing 

Yes Yes Yes No 
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Traffic monitoring - Yes - No 

Robots to Cobots (operation 
object) 

No No Yes No 
 

4 Models and Solutions for Localisation and Sensing 

This section presents initial findings related to localisation and sensing beyond 5G. For each finding, 
the general problem is reported, followed by the methodology and initial performance results, when 
available. In addition, plans for future work within Hexa-X are provided. This section is structured as 
follows: 

 Results on bounds on localisation and bi-static sensing using tentative 6G parameters and 
contrast with 5G performance are described in Section 4.1 and Section 4.2, respectively. Within 
Section 4.2, the SLAM problem and its solution strategies are also explored.  

 In the case of monostatic sensing, joint sensing and communication is possible, so that the 
waveform can be optimised for sensing or communication, or a combination of both. Section 
4.3 presents results on the ensuing trade-off.  

 The need for sensor fusion is motivated in Section 4.4, in particular for adaptive methods with 
flexible performance and complexity/delay trade-off. 

 Sensing requires interference mitigation, especially for safety-critical use cases. Specific 
strategies for dealing with interference are described in Section 4.5.  

 Finally, Section 4.6 reports the planned localisation and sensing demonstrators. 

Within this deliverable, only initial findings are presented, while novel methods that harness the 
enablers of 6G (see Section 2.3.3), while coping with the challenges (see Section 2.3.4) will be part of 
future deliverables. 

4.1 Initial Findings on Localisation 

Localisation Model and Problem  

As discussed in Section 2.3, 6G presents both challenges and opportunities for localisation. To gain an 
understanding of the potential of 6G in comparison with 5G a fair comparative analysis is needed. To 
this end, reasonable 5G and tentative 6G system parameters are considered (presented in Annex C‡) for 
both outdoor and indoor environments. The downlink communication system has a multi-antenna UE, 
a multi-antenna BS, each with a single RF chain. The receiver (UE) estimates the geometric channel 
parameters (angles, delays, and Dopplers), from which the receiver can then infer its location, 
orientation, and the position of the incident point (IP) (or landmarks, which could be reflectors or 
scatters). An illustration of the scenario is shown in Figure 4-1.  

 

 
‡ The main differences between 5G and 6G in Annex C are as follows. 6G has more antenna elements are unit of area, more 

bandwidth due to operation at a higher frequency band, but reduced transmission power. The increased number of antenna 
elements and bandwidth improve the resolution, while the reduced power adversely affects the accuracy.  
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Figure 4-1 An illustration of localisation and orientation estimation. A UE (with default orientation 
shown in the right figure) estimates its position and orientation using the received signals from multiple 

BSs and IPs. The IPs are unknown but can be used to improve localisation. 

Methodology 

To compare the fundamental localisation performance of 5G and 6G systems, there exists a variety of 
performance bounds [DCF+09]. Among those, the Cramér-Rao lower bound (CRLB) [SGD+17] is 
attractive as it is easy to compute and matches well with practical estimators at high SNR. However, 
the CRLB does not account for multipath resolvability. In a multipath environment, different paths may 
not be well resolved due to the limitation of the bandwidth and array size. These paths can be treated as 
a single path in the processing algorithm with an associated incidence point, for which the CRLB would 
be overly optimistic. To address this, a modified CRLB is used, where the standard deviation of angle 
and delay variance of each NLOS path is lower bounded by the resolution in each dimension (e.g., the 
delay standard deviation is lower bounded by 1 over the bandwidth). This then leads to bounds on the 
position (position error bounds (PEB)) and the orientation (orientation error bounds (OEB)).  

Results 

First, the PEB results are provided for outdoor scenarios with 4 BSs in a multipath environment. The 
localisation algorithms using all the AoA, AoD, delay information (All Info), using only delay 
estimation (TDoA) and using only the angle estimation at the BS (AoD) are considered. In the 
simulation, the position of a UE is changed within the coverage area (200 m by 200 m) and calculate 
their PEB, with the cumulative density functions (CDFs) of all the scenarios are shown in Figure 4-2. 
In this specific simulation setup, the probability of position error (utilising all the information) 
P{PEB<0.25 m} is improved from 32.8% (5G systems) to 97.8% (6G systems) in the 4-BS outdoor 
scenario.  

 

Figure 4-2 CDFs of PEB using different localisation methods for an outdoor urban microcell (UMi) 
scenario. 

For the indoor scenario, the positioning performance with different numbers of BSs in a 20 m by 20 m 
area is compared. Furthermore, the improvement with prior map information is evaluated. The CDFs 
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of the PEB/OEB for 5G and 6G systems are shown in Figure 4-3. From the figure, the position error 
can be improved by the 6G systems and using multiple BSs. 

 

Figure 4-3 CDF of PEB (left) and OEB (right) for 5G/6G systems under different scenarios. Multiple BSs 
can increase the coverage and hence improve the localisation performance. 

Conclusion and Plans 

In summary, 6G systems, despite having lower transmit power, shorter coherence time, and larger path 
loss, perform better in both position and orientation estimation than their 5G counterpart. The 
orientation estimation of the UE in 5G is largely limited by the array aperture, while 6G UEs may have 
a much larger aperture (in wavelengths). The performance improvement benefiting from the multiple 
BSs is also obvious which shows the potential of a dense communication network. The asymptotic 
region of the CRLB may not be achievable due to hardware impairments and unmodeled propagation 
phenomena. Future studies in Hexa-X will evaluate the impact of these hardware impairments on the 
achievable performance (see also Section 4.2.4).  

4.2 Initial Findings on Sensing 

4.2.1 Landmark Sensing 

Landmark Sensing Model and Problem  

Similar to localisation in Section 4.1, 5G and tentative 6G systems are compared in their sensing (map 
the environment) ability. This baseline of landmarks location estimation can be used for future studies.  

Methodology 

The same methodology as in Section 4.1 is employed and the corresponding map error bound (MEB, 
the error bound of landmark position estimation) is derived, based on the parameters presented in Annex 
C.  

Results 

Sensing results for 5G/6G systems, with and without UE prior knowledge of the UE location, are shown 
in Figure 4-4. The sensing tasks (which are almost impossible in 5G systems) can be performed with 
6G systems due to a high angular and delay resolution. The mapping is affected by the types of 
landmarks and the distances between the landmarks with BS/UE. A closer scatterer has a better MEB 
than a further scatterer, while the reflectors (compared to scatterers) are more likely to be well-located. 
In addition, the prior UE information provides extra improvements in sensing performance. 
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Figure 4-4 Mapping error bound for different landmarks (left: close scatterer, middle: further scatter, 
right: reflector) under different indoor scenarios. The positions of the 3 landmarks for each subfigure are 
[2, 2, 0], [-10, 5, 1], and [-2, 18, 4], respectively. The UE locations are sampled inside the indoor area with 

1 m interval. 

Conclusion and Plans 

Sensing and mapping performance are expected to be improved in 6G systems, due to the large 
bandwidth and high angular resolution using large antenna arrays. Furthermore, the performance can 
be improved by optimised beamforming and an increased number of transmissions. The impact of 
hardware impairments is expected to be the main limitation and will be studied in Hexa-X (see also 
Section 4.2.4). 

4.2.2 Non-Radar Environment Sensing 

Landscape Detection Problem  

To ensure enhanced coverage, the 6G deployments will not only happen in sub-THz band but will also 
exploit the 5G and 4G spectrums. Co-operative distributed sensing using multiple network nodes can 
be exploited even in lower frequency bands to perform macro sensing of UE environment such as 
landscapes in a multi-static way. Such sensing of the landscape (forest, street, barren land, water body, 
etc.) in which the UE is present can aid in better beamforming, handover parameter optimisation, 
enhanced digital twin representation of the UE, etc. 

Methodology 

A method where BSs collaborate is proposed, by reporting the observed path-gains to a UE to a 
centralised server running an AI agent, which infers the landscape of the UE by exploiting the � 
strongest path-gains. The method uses simulation data from a ray-tracing propagation model of a 1 km 
X 1 km section of London city environment. AI agent using a random forest algorithm is trained from 
this simulation data for assessing the performance. 

Results 

The performance of the agent is assessed using the precision score, which is defined as the fraction of 
true positives and all positives (true and false). The precision score is an important KPI in the landscape 
sensing problem since the consideration that the UE in a particular landscape will trigger network to 
take an action which can be catastrophic in case of a false alarm.  The performance for the binary 
hypothesis test at 5 GHz frequency for determining whether the UE is on a street or not is shown in 
Figure 4-5. The dotted lines in the Figure 4-5 mimics the agent’s robustness to uncertainty of the co-
operating base-station measurements in the proposed multi-static set up.  
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Figure 4-5: Performance as a function of the number of paths, of random-forest based AI method for 
’Street’ landscape detection for central London city. 

Conclusion and Plans 

From Figure 4-5, performance improves with number of considered paths, �, with precision score 
reaching greater than 90 percent for � > 10. This indicates that with sufficient densification of network, 
macro level sensing such as landscape sensing can be accomplished. 

4.2.3 Material Sensing 

Material Sensing Problem  

Mobile networks typically operate in multiple frequency bands. Nodes can capture the reflection-loss 
between the transmit and receive points which can be used for sensing of materials.  

Methodology 

The reflection loss of the electromagnetic wave when it is impinged on an object depends on the 
electrical roughness of the material. This can be exploited for material sensing in a bi-static [KGBR21] 

radar by sweeping the incident angle between the transmitter and receiver and measuring the reflection 
loss. A single bounce reflection in an indoor environment for material sensing is considered.  

Results 

The reflection losses at various incident angles are computed a priori for different materials using the 
ITU model [P.2040-1] in simulations. The computed reflection loss is stored in a reflection loss database 
and is depicted pictorially in Figure 4-6. By matching the closeness of the observed reflection loss at 
various incident angles and frequency bands, to reflection loss database, the material type is detected 
[GYA+21]. 

 

Figure 4-6: Reflection loss for common building material at different frequency bands. 
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Conclusion and Plans 

This method can be used for material detection by exploiting the existing wireless infrastructure without 
the need for any new additional hardware for material sensing. The method uses a simple search in a 
small database for material identification and bears significantly less computational burden in 
comparison to a parametric-model-based approach. 

4.2.4 Impact of Radio Hardware Impairments on Sensing 

Hardware Impairments on Sensing Problem  

The sensing and mapping capability of 6G will be a new feature which was not present in 5G. The 
technology will be similar to that of a radar, but with different waveforms. Since the waveforms will be 
designed also for communication this may introduce problems for the sensing capability. Especially the 
hardware impairments of the system may present a major problem to achieve the desired accuracy of 
the sensing and mapping capability. The timing and frequency synchronisation of the base stations will 
also be an issue as it creates ambiguity in deciding how much of delay and frequency offset are due to 
target’s reflection and its associated Doppler and how much of it is arising due to the imperfect 
synchronisation. 

Methodology 

To get an understanding of the implications of different hardware impairments on the sensing 
performance, a simulation tool is being developed. It will be used to evaluate different waveforms and 
their performance under different hardware impairments. It can also be used to evaluate algorithms for 
compensation of hardware impairments. The synchronisation problem can also be evaluated by 
implementing different synchronisation algorithms for the base stations. 

Results 

The tool is still under development but will allow the user to simulate an environment with multiple 
base stations as well as mobile stations for multi-static sensing use cases. 

Conclusion and Plans 

As the effect of hardware impairments on the sensing capability is an area which has not been 
investigated much previously, it is important to acquire this knowledge. A good starting point is in the 
form of simulations, which will enable the identification of the main issues and where to focus on to 
achieve the necessary sensing accuracy. 

4.2.5 Initial Findings on SLAM 

In the 6G systems, special-purpose localisation, mapping and tracking functionalities will not only 
become beneficial for future (communication) applications, but in many circumstances will be essential 
to realise the envisaged use case families identified in [HEX21-D21]. For instance, massive twinning, 
telepresence, and collaborative robot scenarios require such functionalities to digitally recreate the 
physical world using relevant sensing information from heterogeneous sources (e.g., sensor 
measurements, application data). When combining the 6G potential to accurately obtain location 
information of target nodes (objects/people), while using radio waves to potentially capture/identify 
them, as well as map their surroundings, novel environment-aware applications are then enabled. SLAM 
methods aim to build a consistent global model of the environment from a collection of local 
observations (measurements acquired by distinct sensors).  

When considering the sensing source capability, laser-, visual- and RF-based technologies (besides 
there also exist solutions based on gyroscope and pedometer devices) can be used. To tackle the SLAM 
problem, many algorithms have been proposed over the years, mainly filtering-based (such as, Kalman 
filter and particle filter), as well as graph-based solutions which typically formulates the problem as a 
maximum likelihood estimate (parametric optimisation) using pose graphs. In fact, the latter strategy 
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solves the problem as a graph optimisation and determines the best possible configuration of the poses, 
conditional on the underlying constraints between states which are captured by the graph structure. 

As addressed by in [MTK+02], the SLAM problem can be defined using a probabilistic model in which 
the target state at time instant � is denoted by �� (also commonly referred to the target poses in the 
related literature). Then, a motion model can be defined by the expression Pr(s�|u�)   which updates the 
target states over time where �� yields the control commands (e.g., new heading and velocity). To build 
a map �, the target senses (e.g., by collecting RF-based range and bearing measurements) the 
environment which is described by the landmarks (considering static nodes in this preliminary study), 
while the acquired measurements are �̂ so that the observation model (likelihood function) is given by 
Pr(��� |�� , �). The target trajectory can then be reconstructed by recovering its path ��, ��, … , ��. 

So, from this factorisation Pr(�� , �|��� , ��, ��) = Pr(��|��� , �� , ��)∏ Pr(�|����� , �� , ��)� , where  � 
yields the number of landmarks, the SLAM problem can be decomposed as a target localisation 
problem, along with a collection of landmark estimation problems conditional the target state estimates. 
In most practical deployment scenarios, map landmarks are not easily identifiable neither their number, 
which also requires solving an additional data association problem (given by the correspondence ��) 
between observations and landmarks already seen (identified) in the map (thus, resolving if observations 
are new and then augmenting the map) [MTK+02]. 

4.2.6 Filtering-based SLAM 

Filtering-based SLAM Problem  

The purpose of radio-SLAM is to jointly estimate the UE state (e.g., 3D location, clock bias, velocity, 
orientation) and to map landmarks in the propagation environment [KGG+20]. A comparative analysis 
is conducted, similar to Section 4.1 and Section 4.2.1, to contrast the potential of 6G in comparison with 
5G for a downlink communication system with a multi-antenna UE, a multi-antenna BS, each with a 
single RF chain. The UE predicts its own state and the state of landmarks in the environment. Based on 
measurements (angles and delays), these state estimates are updated, and new landmarks are generated. 
The problem is challenging due to the unknown association between the measurements and the 
landmarks.  

Methodology 

A state-of-the-art SLAM filter from [GKK+21] is adopted, based on the Poisson multi-Bernoulli 
mixture density and the extended Kalman filter. The SLAM filter comprises the prediction and update 
steps of the Bayesian filtering recursion with random finite sets (RFSs).  

 Prediction step: the UE state is predicted using the known dynamic model. However, there is 
no prediction for the objects since the map is static.  

 Update step: under each global hypothesis, measurements are used to create a data association 
matrix and compute a certain number of data associations (DAs). Under each DA, the joint state 
is created and the joint state update is performed. Finally, the mean and covariance of the UE 
states can be obtained from the joint posterior by marginalizing the landmark states out over all 
DAs.  

Results 

The SLAM performance in 5G/6G communication systems is evaluated, in the presence of high UE 
mobility and significant clutter [GKK+21]. Following the approach from Section 4.1 and Section 4.2.1, 
the measurement tuple (comprising TOA, AOA azimuth, AOA elevation, AOD azimuth, AOD 
elevation) for each resolvable signal path from a channel estimation routine is obtained. The setup, 
signal parameters, and noise standard deviations of the measurements are obtained as in Section 4.1 and 
Section 4.2.1. The mapping performance is evaluated by the generalised optimal sub-pattern assignment 
(GOSPA) distance, and the performance of UE’s state estimates is evaluated by the mean average error 
(MAE). 
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Figure 4-7 shows the SLAM performance: in 6G systems, the average GOSPA has significant 
performance gains in comparison with those of the 5G systems, i.e., mapping in 6G systems is robust 
to both missed detections and false alarms. Similarly, MAE of the UE position is much improved in 6G 
compared to 5G.  

 

Figure 4-7 Filtering-based SLAM performance in 5G/6G downlink communication systems. Left: 
GOSPA of scatter points (SP) and virtual anchors (VA), where the latter relate to reflective surfaces. 

Right. MAE of the UE location.  

Conclusion and Plans 

In summary, 6G systems are expected to provide better SLAM performance than 5G systems due to the 
high resolution of the channel parameter estimates in 6G systems. As before, hardware impairments, 
short coherence time, and limited computational resources at the device side will likely degrade the 
performance and will be further analysed. 

4.2.7 Graph-based SLAM 

Graph-SLAM Problem 

Here, a probabilistic graphical model offers a convenient representation of the aforesaid conditional 
factorisation of the SLAM problem (see Section 4.2.5) and allows to exploit the respective underlying 
conditional interdependences between variables in the model. In fact, a SLAM problem can be properly 
specified by the corresponding probabilistic graphical model and a set of available measurements: thus, 
to solve the probabilistic SLAM problem, first an appropriate representation should be found and then 
an inference algorithm should be developed (preferably capable of carrying out efficient and consistent 
computation of both the prior and posterior distributions). 

An explicit characterisation of the posterior distribution permits tackling situations where the state 
distribution is diffuse or multi-modal what may also offer the additional benefit of uncertainty 
estimation. In [FLK16], Fourie et al. introduce an approach that approximates the true posterior 
distribution through kernel density estimation. Therein, Bayes trees are employed to encode the multi-
hypothesis tracking structure: note that the inference over the full joint probability density function may 
be avoided by exploiting the sparsity in its structure. 

Moreover, SLAM in wireless communication systems has traditionally focused on reconstructing the 
geometrical properties of landmarks. Equally important, richer environment mapping has the potential 
of going beyond typical geometrical (only) representations by considering specific features of the 6G 
radio access interface, as opposed to the classical landmark-based (or feature-based) representations of 
the deployment scenario and its surroundings. Such maps can be augmented over time and used as prior 
information for subsequent localisation procedures and resource management as well: In such setups, 
Bayesian analysis can use available data as prior knowledge/evidence. 

As pointed out in the introductory discussion of Section 4.2.5, when solving highly dimensional 
problems using probabilistic programming, it becomes convenient to exploit the sparsity of the 
respective graph structure and thus avoid inference over the full joint density function of the variables. 
Additionally, when the LOS component is obstructed, it also become necessary to exploit the spatial 
and time resolution of multipath components in NLOS deployment scenarios. 
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Methodology 

To carry out this preliminary investigation, probabilistic graphical models were used to describe the 
SLAM problem and do Bayesian inference exploiting the respective graph structure (states 
interdependences), as well as employ Markov chain Monte Carlo (MCMC) to sample the posterior 
distribution of the latent variable of interest, namely target state and map landmark (scatters reflection 
points). To generate the observations, namely angle and range measurements, a raytracing simulator 
was used to study the Bayesian-based SLAM method in NLOS channel conditions [SD16]. 

Preliminary results 

Figure 4-8 and Figure 4-9 illustrate the kernel density estimation (KDE) of the posterior distribution of 
the latent variable of interest after carrying out the target localisation and mapping of the reflectors’ 
positions (landmark geometrical locations) p, q and s represent the target, anchor and scatters incidence 
points coordinates, respectively. While the former shows results when considering two multipaths, the 
latter considers three components. Figure 4-10 shows the cumulative distribution function of the 
position error for varying number of measurements, while Figure 4-11 presents the position error 
distribution for increasing angular noise on the direction of arrival. 

 

Figure 4-8 KDE of the target node and scattering 
incidence points coordinates when considering two 
resolvable multipath components. 

 

 

Figure 4-9 KDE of the target node and scattering 
incidence points coordinates when considering 
three resolvable multipath components. 

 

 

Figure 4-10 Cumulative distribution function of 
the position error for increasing number of 
accumulated measurements 

 

Figure 4-11 Cumulative distribution function of 
the position error distribution for increasing 
angular noise error on the direction of arrival 

Conclusion and plans 

In this preliminary study, the potential of using probabilistic graphical models to appropriately describe 
the SLAM problem was observed, and then using Bayesian inference to estimate the quantities of 
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interest even in NLOS conditions. By recovering the full posterior distribution, it may become possible 
to estimate the respective uncertainty on the obtained results. Model-based filtering-based SLAM and 
graph-SLAM methods will be compared and augmented, where needed, with ML-based data-driven 
procedures.  

4.3 Initial Findings on Joint Communication and Sensing 

The Joint Communication and Sensing Problem  

The purpose of joint communication and sensing (JCS) trade-off analysis is to investigate the best radar 
sensing performance attainable under a given communications performance requirement, or, similarly, 
the highest communications performance for a given radar constraint. 5G/6G downlink transmissions 
by a dual-functional BS that concurrently communicates with UEs and detects targets using the return 
signals are considered. The analysis results will provide insights into different JCS operation regimes, 
depending on SNRs and practical requirements of radar and communications subsystems. 

Methodology 

An OFDM JCS system with an OFDM dual-functional transceiver (a BS) and an OFDM 
communications receiver (a UE), as shown in Figure 4-12 is considered. The transceiver consists of a 
transmitter that transmits the JCS waveform for the purpose of communicating with the 
communications receiver, and a radar receiver that performs radar sensing using the backscattered 
signals. At the transceiver side, the transmitter and receiver share the same hardware platform (i.e., they 
are co-located) and their antenna arrays are assumed to be perfectly decoupled to avoid self-interference 
resulting from full-duplex radar operation. 

 

Figure 4-12 OFDM JCS scenario with a dual-functional BS (JCS transceiver) transmitting data symbols 
to UE (OFDM receiver) in the downlink while simultaneously detecting targets in the environment using 

the backscattered signals. 

To achieve a favourable trade-off between radar and communications, an OFDM waveform design 
strategy is proposed that optimises subcarrier powers in each time-frequency region of interest 
[KKW21]. For optimisation, the estimation accuracy is quantified by CRLB as the radar metric, while 
the communications metric is the capacity. First, using tools from convex optimisation, a radar-optimal 
OFDM waveform is designed to minimise the CRLB on delay and Doppler accuracies under certain 
side-lobe level constraints. Then, the OFDM JCS trade-off optimisation problem is formulated to 
maximise the capacity under radar similarity constraint, which specifies the proximity of the JCS 
waveform to the previously designed radar-optimal waveform. To solve the resulting non-convex 
fractional programming problem, a modified version of Dinkelbach’s transform is resorted to and an 
alternating optimisation strategy is applied. The parameters are presented in Annex C.  

Results  

JCS trade-off curves obtained as the result of the optimal subcarrier power allocation problem are 
presented. To obtain the trade-off curves, the optimisation problem is solved under various radar 
similarity constraints, ranging from � = 0 (radar-optimal scenario) to � = 1 (communications-optimal 
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scenario), where � takes values between 0 and 1, and denotes the proximity to the radar-optimal 
waveform. Besides the trade-off curves, the uniform (equal subcarrier powers) and water-filling [Gol05, 
Ch. 4.4.1] solutions on the trade-off region are presented for benchmarking purposes. 

Figure 4-13 show the JCS trade-off curves and achievable trade-off regions in range CRLB vs. capacity 
using 5G and 6G parameters, respectively. As expected, the JCS Pareto frontier converges to the water-
filling solution at the communications end of the trade-off. In addition, a trade-off between radar sensing 
accuracy and communications capacity is observed, from which the operating point of the JCS system 
can be determined based on the performance requirements of radar and communications subsystems. 
Hence, the designed waveforms can be tailored to varying practical system requirements (i.e., whether 
it is a radar-critical scenario or a communications-critical scenario). The standard water-filling and 
uniform solutions represent a single operating point in the trade-off region and the water-filling 
approach achieves the worst radar performance, while the JCS approach can be flexibly adapted to 
cover different emerging scenarios in 5G/6G systems. Comparing 5G and 6G results, higher range 
accuracy and capacity due to increased bandwidth is observed (velocity accuracy is not shown but 
degrades since the same number of symbols is transmitted with larger subcarrier spacing leading to a 
shorter integration time). It is important to note that improvements in sensing accuracy and capacity 
from 5G to 6G are not proportional to (5-times) bandwidth increase due to severe path loss and hardware 
limitations (i.e., lower transmit power) at higher frequencies in 6G. 

 

Figure 4-13 Performance trade-off between radar range estimation accuracy and communications 
capacity for 5G (left) and 6G (right).  

To illustrate the communications performance under different SNR levels, Figure 4-14 plots the 
capacity with respect to transmit power, achieved by the JCS approach (for two different radar similarity 
levels) and the standard solutions. Since water-filling and uniform solutions do not consider radar 
similarity constraints, they always attain higher capacity than the JCS trade-off waveforms, as expected. 
As the radar similarity constraint becomes less stringent, the communication performance of the JCS 
waveform improves and the resulting gap becomes larger at higher SNRs. Like the above analysis, the 
JCS system designer can control the operating point (i.e., radar similarity) depending on transmit power 
and JCS performance requirements. 

 

 

Figure 4-14 Capacity with respect to transmit power using 5G and 6G parameters, obtained by standard 
approaches and JCS waveforms under different radar similarity constraints. 
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Conclusion and Plans 

As a conclusion, 5G/6G systems with integrated sensing and communication functionalities can offer 
flexible trade-off solutions that can be adapted to varying system requirements with optimised OFDM 
JCS waveforms. With larger available bandwidth, 6G JCS systems provide higher ranging accuracy 
and improved communications capacity compared to 5G. As a possible study item for the next 
deliverable, the JCS performance of the Discrete Fourier transform spread OFDM (DFTS-OFDM) 
waveform can be evaluated, which is more hardware-efficient than OFDM and therefore can be 
preferred in the path towards 6G systems. 

4.4 Initial Findings on Sensor Fusion  

Problem  

In a typical application scenario, there is going to be more than one source of information for 
localisation and sensing. 6G and Hexa-X are expected to bring new data sources. Examples of this 
heterogeneous sources are sensor data from radio signals, radar, lidar. As each of the data sources have 
different accuracy, update rate, resolution, and many other parameters, it is quite a complicated task to 
obtain an estimate with less uncertainty than would be possible when using a single source. The most 
common implementation of sensor fusion in the market today can be seen in smartphones, but more 
complex implementations can be found in all autonomous driving vehicles. 

 

Figure 4-15 Example of sensor fusion for autonomous vehicles. 

Methodology 

There are many methods and algorithms that can be used to reduce the uncertainty when combining 
data sources. The data sources can be several of the same sensors measuring the same physical property 
or can be a heterogeneous combination of sources measuring related information. The sensors don’t 
have to be of the same quality to provide an improvement in the overall accuracy. If no improvement 
can be obtained through the combination of different sensors, the best available sensor is dynamically 
selected at all times to provide the best results. 

Results and Plan 

Sensor fusion can be performed at the level of the channel parameters like Doppler, and pseudo-ranges 
(tight-coupling) or at the level of the position and speed estimates (loose-coupling). An ultra-tight 
integration is also possible, if access to the raw analogue data samples is available, which is not typically 
the case when using commercial-off-the-shelf (COTS) sensors. Tightly coupled methods have proven 
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to be especially robust under harsh environments, but they are bound to a higher mathematical 
complexity. The processing of sensor data can lead to delays in the delivery of the calculation when 
compared to using the sensor data directly. The trade-off between an increased accuracy in exchange 
for computational complexity and processing delay will be considered, as the application may be 
negatively impacted by this. 

4.5 Initial Findings on Interference Mitigation 

Problem  

It is acknowledged that interference between sensing nodes will become a severe problem as the number 
of sensing nodes using time/frequency resources uncoordinated increases [Bro07]. As outlined in 
Section 3.2.2.4, interference can be addressed in three different manners: robust waveforms, reduced 
likelihood of interference and resource allocation. These three methods apply equally to both monostatic 
and bi-static sensing.  

Methodology 

The three interference reduction approaches are now considered and placed in the 6G context.  

 Robust waveform: For some waveforms, such as OFDM based waveforms, the sensing 
performance degrades gracefully when exposed to interference, i.e., interference can be seen as 
an increased noise floor.   

 Interference likelihood: It is possible to reduce the likelihood that two sensing signals interfere 
with each other by using communication and sensing. It can either be achieved by assigning 
time/frequency resources from a central node or by performing this task using distributed 
protocols [AKC+20]. When moving from sub-6 GHz to mmW and sub-THz sensing and 
communication, it is desirable to use the same hardware for communication and sensing. 
Communication hardware at these frequencies will however not be full-duplex, which means 
that bistatic sensing will have to be used. It is noted here that bistatic can also mean that 
transmitter and receiver are physically located on the same device, for example a UAV. 

 Coordination: Interference in bistatic sensing can still be coordinated centrally (e.g., from a 
base-station), but distributed system support is needed in case base-station coverage is not 
available. This can be realised using joint sensing and communication. Note also, that when 
moving to sub-THz sensing the antenna pattern becomes narrower, which not only increases 
the angular resolution but also changes the nature of interference. 

Results and Plan 

For bi-static sensing to be efficient, it is desirable that the sensing receivers have information, when 
signals are transmitted by other nodes. It is assumed that this information is broadcasted as part of the 
sensing signal. The problem is illustrated below (red=TX mode, green=RX mode, grey triangle=angular 
scanning range). 

 

Figure 4-16 Bi-static sensing without interference. Nodes 1 and 3 have learned the transmit pattern of 
node 2 and use its transmit signal for sensing. 
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Figure 4-17 Bi-static sensing with interference. Nodes 1 and 3 are not aware of each other and create 
interference when node 2 performs sensing operations 

To address the problem of sensing interference in bi-static scenarios, distributing interference 
information and intended resource use through communication and sensing is proposed. The following 
methods can be used to coordinate transmission and reduce the likelihood of interference in bi-static 
deployments: 

 Location information. 

 Timing information. 

 Intended resource usage. 

 Active node information (e.g., node 2 distributes information about node 1 and node 3)  

Each node can use information distributed by other nodes to schedule its own sensing signals.   

4.6 Presentation of the Planned Demonstrators 

The demonstration activities are divided into sensing and localisation, but they are intended to be 
performed on the same hardware. It is desirable for the demonstrations to be able to perform AoA and 
AoD estimations. This implies that the demonstration equipment needs to be able to support multiple 
antennas at both the transmitter and the receiver. Currently such front-ends are only available at around 
70 GHz. It needs to be investigated during the project, if hardware becomes available at higher 
frequencies that can support array processing. To show very high-resolution sensing and localisation, a 
high bandwidth setup will be available, but without steerable antennas. It is noted here that the same 
demonstration setups will be used for waveform demonstrations in WP2. 

4.6.1 Demonstration Setups 

The following two setups are used for demonstration purposes. Their main parameters are summarised 
in Table 4-1.  

Table 4-1 Main parameters of the different setups. 

Setup Carrier Frequency Bandwidth Antenna configuration 

Setup 1 Up to 200 GHz Up to 10 GHz Horn-antennas 

Setup 2 Up to 71 GHz Up to 1.8 GHz Phased array 

Setup 1: High-carrier and high-bandwidth 
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Figure 4-18 Demo Setup 1 which can take signals/waveforms generated offline and transmit them over a 
sub-THz wireless link. On the receive side the signal is sampled with an oscilloscope and the data can be 

analysed offline.  

This setup is based on a signal generator and a sampling oscilloscope. This setup can generate, and 
sample signals up to 200 GHz, with a bandwidth of up to 10GHz. The interface for demonstration 
purposes is IQ-samples. Note, that this setup will not have automatic beam-steering capabilities.  

Setup 2: Portable setup with beam-steering capability  

 

Figure 4-19 Demo Setup 2: Setup consisting of 3 transceivers with beamforming capabilities. The setup 
can be used for multi-static sensing of a scatterer or for localisation. 

This setup is based on commercial analogue front-ends connected to FPGA boards. The front-ends can 
operate at carriers up to 71 GHz and support a signal bandwidth of up to1.8 GHz. The interface to the 
demo-setup is also here IQ-samples with support for real-time control of beam-steering. Up to three 
transceiver modules are available. Each module can either act as TX or RX.  

4.6.2 Sensing Demonstration 

The sensing demonstration will be based on a transmitter and a receiver with known position, operating 
as a bi-static and multi-static radar. The following sensing demos are proposed: 

 Demo 1 – High accuracy bistatic sensing: Use high bandwidth Setup-1 to demonstrate that sub-
cm range resolution is possible at sub-THz carrier frequencies. It is still to be investigated if 
angular resolution can be added. 

 Demo 2 – Bi- (multi) static sensing: Use beamforming setup-2 to demonstrate bi-(multi) static 
sensing in the presence of hardware impairments. Both range and angular resolution are to be 
demonstrated.    

4.6.3 Localisation Demonstration 

The proposed localisation demonstration is based on a single base-station and a UE. Both units are 
equipped with array antennas that can perform angle of arrival estimations. Based on the sampled data 
from the demo equipment, it will be possible to perform demonstration of localisation algorithms. With 
this setup, the following third demo is proposed: 

 Demo 3 – Localisation at 71GHz: Use beamforming setup-2 to demonstrate localisation of end-
device in the presence of hardware impairments. AoA, Multipath and ToA are to be used for 
localisation.  



Hexa-X  Deliverable 3.1 

Dissemination level: public   72

5 Location and Sensing-enhanced Services 

A crucial aspect (a true paradigm shift) of the envisaged 6G system which is fundamentally different 
from legacy systems is that localisation is not a by-product of the communication development anymore 
but integrated from the system outset and thus must become one of the design targets [6GJ]. 5G use 
cases and scenarios target highly accurate position information. For the Hexa-X use case families, these 
requirements are in some scenarios even stricter and thus remain challenging. Besides highly accurate 
position information, a very important aspect for the Hexa-X use case families is latency (see Table 
3-35). To fulfil latency requirements not just the measurements and computation latency for positioning 
is to be considered but also the propagation of measurements throughout the whole system. Another 
new evolving aspect in next generation networks are sensing capabilities which will open a door to a 
wide range of features and services like mapping of the environment or spectroscopy.  

As localisation/positioning will play a much bigger role in the future and sensing the environment will 
be a totally new feature, Section 5.1 will develop a first view on the interrelationships between location 
as a service, sensing as a service and the vast amount of possible new emerging services supporting and 
enhancing existing services and applications and allow for totally new applications in the various use 
case families.  

One obvious and very important emerging service will be the optimisation of the 6G communication 
itself. As it can become one of the fundamental emerging services Hexa-X will research on how the 
optimisation can be achieved as described in Section 5.2.  

The new localisation and sensing technologies researched in Hexa-X will influence the network 
requirements and potentially the overall architecture of 6G. Such requirements will be deduced and 
collected both from the research on the interrelationships of new services and the algorithms developed 
for localisation and sensing during the term of Hexa-X and explained further in Section 5.3.  

The ambition is to set positioning and sensing in context to new emerging services, strengthen the future 
role of positioning in next generation mobile networks and deduce requirements for the network and 
the End-to-End (E2E) architecture. 

5.1 Enabling and Enriching Applications 

When high precision and accurate localisation/positioning and sensing becomes a built-in feature, a vast 
amount of new emerging services will be possible which in turn enable future new applications, as 
illustrated in Figure 5-1. Hexa-X develops a first view on how emerging services will interact with 
localisation and sensing and give examples on such emerging services. 6G sensing services will go hand 
in hand with 6G communication services. Sensing the environment will be based on 6G mobile wireless 
communication signals (6G internal sensing) but may also incorporate sensor data from external 3rd 
party sensor system (6G external sensing). Via processing (and optional fusion of) such sensed data, 
the perception of the environment and various situations is possible, and with it the enhancement and 
creation of core and new emerging services. The localisation of UEs is one main and established service 
but evolves with each mobile network generation. 
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Figure 5-1 Vision of Hexa-X on how localisation and sensing will enrich and enhance 6G. 

Emerging services might just be classic Location Based Services. With knowing the exact positions of 
UEs, the 6G communication services can be enhanced. As this interplay of localisation and 
communication is a 6G inherent optimisation opportunity, it is examined in more detail in subsection 
5.2.  More emerging services will arise, such as sensor fusion. For example, mapping production 
environments in 3D usually require dedicated laser-based scanners moving around the surface. Hexa-
X proposes the joint use of localisation and sensing. This is to be achieved through specially constructed 
waveforms combined with massive MIMO antennas. This sensing capabilities are expected to allow the 
mapping of the environment. Furthermore, applications based on augmented and mixed reality will 
require both location and orientation of the human and information of the environment.  

If interaction with potentially dangerous machines is involved, not just security plays an important role 
but also functional safety. Safety is one specific aspect of dependable systems (other aspects are 
availability, reliability, integrity, and maintainability). Functional safety usually describes the protection 
of humans from systems (such as buildings, machines, and robots), whereas security describes 
mechanisms and concepts to protect systems from human attacks. In a future connected world, both 
aspects must be handled more and more in combination and reference to each other. In the area of 
positioning and sensing, security threats can easily become a safety threat.  

As an example, in industrial scenarios, automated guided vehicles or autonomous moving robots, would 
have to ensure through trustful and accurate position and sensing information to not endanger human 
lives, meaning functional safety must be guaranteed. Various norms and regulations exist for machinery 
in industrial context and many products have been developed that ensure the separation of humans and 
robots or to enable local collaboration through local safe sensors. But not many safety products exist 
that allow safe monitoring on a factory wide overarching scale. One example in this direction is the 
product SafetyEye from the company PILZ§. This camera-based monitoring system detects if people 
get too close to machines without the need to install fences around each dangerous zone. If a situation 
like that is detected, appropriate measures can be carried out like lowering the speed of machines and 
therefore reducing the risk of human damage.  

Security may sometimes play a minor role, e.g., if the position estimation is done within a factory, 
where no jammers can reach the positioning system. But in easily accessible areas or outdoors, security 
will influence safety concepts. Increased reliance of services and application on mobile communication 
technologies has inherent security-risks [RHA20], [ENISA20], [RK03]. Performing localisation and 
sensing with wireless signals provides both:  

 

 
§ See https://en.sslog.de/equipment/safety-sensors-psen/safe-camera-system-safetyeye, Accessed 14/11/21. 

https://en.sslog.de/equipment/safety-sensors-psen/safe-camera-system-safetyeye
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 Security threats:  Location and sensing information will become a built-in feature of new 6G 
networks. As this location information will be very accurate and sensing the environment 
reveals details of the surrounding, it is crucial to take care of potential security threats through 
standard of encryption and authentication. Security threats may influence both security and 
safety-related scenarios, with attacks being launched both locally or remotely. Hence, given the 
sensitive, privacy-related, and sometimes safety-critical nature of location information, it is 
important that this information is secured appropriately [HEX21-D12].  

 Possibilities for improving security: location information can ensure scenarios with focus on 
security (e.g., smart keys opening doors of cars and buildings when located in vicinity). Such 
security-enabling scenarios and more emerging services will be examined during the Hexa-X 
project. 

Security concepts influence all levels and layers in the 6G architecture and should be designed into the 
system from the beginning, whereas functional safety concepts are very complex and strongly depend 
on the functional safety goal a certain application must fulfil [ALR+04]. This may influence hardware 
designs, as the example of the SafetyEye shows, or coding and testing guidelines.  

Detailed technical concepts for safety and security are beyond WP3 and out of scope. WP1 (Task 1.7 
Security & Privacy) will take care of holistic security and privacy concepts for next generation mobile 
communication.  WP3 will focus on the potential impact of location and sensing information on security 
applications.  

The overall goal is to develop a first vision on interrelations between, sensing, sensor fusion, localisation 
and emerging services which also serves as input for the architectural design of next generation 
networks.  

5.2 Supporting Communication with Localisation and Sensing 
Services 

As mentioned in the introduction of this section, the interplay between communication and sensing with 
radio waves has the potential to enable novel use case families (as detailed in [HEX21-D21]) and 
provide side information to improve communication performance. In fact, advanced applications such 
as digital twinning will require to combine data from heterogeneous sources to digitally recreate 
physical environments. Moreover, local networks enabling proximity-based interactions between 
cooperative devices can take advantage of location information to establish radio links and share radio 
resources. 

The terminology of Annex A is followed, where localisation is defined as the process of estimating the 
location of devices by using sensor measurements (RF-based in mobile radio systems); while mapping 
corresponds to generating a (geometrical) map of the landmarks positions based on the collected sensing 
measurements. Localisation procedures have been already implemented in legacy mobile systems such 
as LTE (since Release-9), while been either GNSS- or RAT-based mechanisms and mostly driven by 
regulatory requirements. On the other hand, mapping solutions have not received much attention, 
though the UMTS and LTE early introduction of the minimisation of driving test (MDT) concept. From 
[SCS+19] and [JHK+12], MDT relies on either i) periodic GPS-based reporting at Layer 3; or ii) 
periodic RAT-based signalling exchange and reporting between UE and serving BS at Layers 2 and 3 
procedures to collect datasets. The MDT solution constitutes a platform for data collection and 
processing and has the potential to provide benefits in terms of positioning accuracy, simplified 
deployment with no impact on user data plan and billing, short lead time (may be used as prior 
information) and convenience when compared to traditional drive test, statistical relevance of 
georeferenced data, and flexibility (CAPEX and OPEX by using off-the-shelf devices). 

Herein, the potential of sensing with radio waves is discussed [HEX21-D21], regarding localisation, 
mapping, and tracking, aiming at not only enabling new use cases and applications, but also improving 
communication aspects of the 6G systems. In fact, 6G will be the first wireless system to tightly 
integrate communications, localisation, and RF sensing capabilities [WBV21]. Such network sensing 



Hexa-X  Deliverable 3.1 

Dissemination level: public   75

permits detecting the presence of objects, their shape, location, and speed of movement using radio 
signals so that multi-layered maps of the deployment scenario (environment) can be generated. RF 
sensing, localisation and mapping provides much richer representation (with respect to, e.g., legacy 
MDT) of the environment thus creating the conditions to help communication as well [ZX21]. When 
compared to legacy deployments, 6G will become a network of networks with increased system 
dimension regarding channel features, number of antenna array elements, bandwidth usage and density 
of nodes. As a result of such high dimension, the initial access of UE can linger too long if resorting to 
present day strategies, e.g., either by collecting necessary measurement samples in training-based 
channel state information (CSI) estimation or carrying out extensive search in training-based beam 
sweeping methods [WZJ+21]. 

Next, potential benefits of employing localisation and mapping to improve the operation of 6G 
communication systems are identified. 

 Localisation: 6G systems are expected to have large channel dimension imposing high 
training/signalling exchange overhead to support massive MIMO systems and dense 
deployments. In such conditions, location-information can alleviate long pilot training and 
beam alignment procedures, for example, during initial access or handover procedures. It is 
also known that location side-information can help with relay selection in cooperative 
communication systems and may be extended to device-to-device deployment scenarios. 
Similarly, location information can also be used to support inter-cell coordination thus 
contributing to mitigated cross interference. Built-in localisation information has the potential 
to optimise the 6G systems by allowing pre-emptive radio resource management (RRM) and 
beamforming. Location-aided scheduling/RRM can effectively share the available spectrum 
between users exploiting their position instead of expensive CSI, thus, requiring much less 
frequent feedback and pilot training. As addressed in [HEX21-D21], 6G RAT-based accurate 
localisation helps application layer coordination between autonomous things, as well as 
location-based interaction between users and environment. For instance, digital twins will 
exploit location information from heterogeneous sources (e.g., sensor measurements, 
application data) to merge physical and digital worlds. Equally important, localisation 
information not only allow detecting objects in environment, but also support formation of 
local networks, e.g., resorting to proximity-based clustering algorithms and resource 
allocation. In such distributed deployments, localisation information can also be used to select 
edge server to offload high-demanding computational tasks and store datasets. 

 Mapping: As aforementioned, 6G radio access technology based on upper mmW signals will 
most likely operate in small cell configuration also referred to as Short-range wireless 
connectivity in [HEX21-D21]. By operating at high frequency range (30-300 GHz) with large 
bandwidth, 6G systems are expected to achieve high data rates, communication capacity and 
density (high traffic and connections per coverage area). However, transceivers become more 
susceptible to signal attenuation at high frequencies thus needs to deploy dense networks of 
small cells with highly directive narrow beam antenna arrays. With such pencil-like beams (via 
real-time scanning), it becomes possible to create detailed images of the environment (physical 
spaces). In addition, high dimensional channels impose great challenges on the traditional 
acquisition of CSI and pilot training procedures. In such situations, the detailed mapping 
(environment awareness) can be used by the underlying communication system to effectively 
predict the channel based on local information (before employing any more sophisticated and 
demanding channel acquisition technique). For instance, a channel knowledge map scheme, 
which is a site-specific database tagged with locations of transmitters and/or receivers 
containing channel related information is introduced in [WZJ+21]: such channel knowledge 
maps can indeed provide super-high capacity, extremely low latency, and ultra-massive 
connectivity, hence, possibly alleviating the impact of significantly increased channel 
dimensions and training overhead of 6G systems.  
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5.3 Implications for Next-Generation Mobile Networks 

New positioning and sensing technologies and algorithms are researched inWP3. These results will 
have multi-faceted impact on next generation mobile networks, from architectural point of view to 
sensing signal aspects. These potential implications for the network must be deduced to enable the full 
potential of localisation and sensing in the future.  

5.3.1 Sensing Signal Aspects 

In conventional cellular systems, signal design work has primarily been driven by the fact that the radio 
signal for communication between two nodes in the network needs to be robust against the adversities 
of wireless communication environment. When it comes to sensing, it is the use cases that determine 
characteristics of a radio signal that can be used for sensing. Depending on the use case, a sensing signal 
design must be tailored to meet the fundamental requirements on range resolution (Rr) and velocity 
resolution (vr), as well as a maximum unambiguous range (Ru) and velocity (vu).  The parameters of 
sensing signal including a minimum bandwidth, a minimum duration of sensing signal, a minimum and 
maximum repetition periodicity, and a minimum duration of the sensing frame, must be designed such 
that the above sensing requirements are met. Table 5-1 shows the relationship between the sensing 
requirements and the sensing signal parameters. 

Table 5-1. Relationship between sensing requirements and sensing signal parameters, where � is the speed 
of light / maximum propagation speed. 

Required bandwidth ����� = �/2�� 

Minimum gap between sensing signals �� ��� = 2��/� 

Maximum gap between sensing signals �� ��� = �/4���� 

Required sensing frame duration �� = �/2����  

  
When an OFDM air interface is used, the above parameters can be expressed in units of OFDM symbols. 
To estimate the range and speed of the object, the received signal in time-frequency domain must be 
transformed to Doppler-delay domain by applying FFTs on the received signal.  
 
As an example, assuming a range resolution of 0.5 m, unambiguous range of 100 m, velocity resolution 
of 0.5 m/s and unambiguous velocity range of -20 m/s to 20 m/s, sensing signal parameters as shown in 
Table 5-2 are obtained. 

Table 5-2. An example illustration of parameterisation of sensing signal. 

fc [GHz] SCS 
[kHz] 

symbol 
[us] 

BW 
[MHz] 

Tr min [ms] Tr max [ms] Tf [ms] 

3.5 30 33 300  0.67 1071  85.7 

6 30 33 300 0.67 625 50.0 

10 60 16.7 300 0.67 375 30 .0 

28 120 8.3 300  0.67 134 10.7 

60 480 2 300 0.67 62  5.0  

96 1920 0.52 300 0.67 39 3.1  

For example, consider a 28 GHz carrier frequency with subcarrier spacing of 120 kHz (4th row in the 
table) with the NR cyclic prefix parametrisation, the above means there is roughly ~112 000 OFDM 
symbols every second. The maximum periodicity of the sensing signal is 134 ms, which is roughly 15 
OFDM symbols, and the sensing frame is 10.7 ms, which is roughly 1200 OFDM symbols. This means 
that at least 80 OFDM must be sent in within one sensing frame. Assuming an update rate of 2 sensing 

per second, the time-domain overhead for sensing is thus 2 ×
��

������
= 0.14%. This should be viewed 

as a minimum requirement for the required range and velocity accuracy, and angular estimation is not 
considered in this case. 
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5.3.2 Sensing in a Communication Network 

A well-known concept to improve performance in cellular systems is to apply inter-cell interference 
cancellation or mitigation. Here the victim receiver has some information about the aggressor 
waveform. In case multiple base stations transmit radar signals simultaneously the inter-cell 
interference is composed by sensing signals and properties of the transmitted sensing signals should be 
exchanged between base stations. Exchanging time-frequency allocations enables inter-cell interference 
avoidance by using different time-frequency resources in strongly interfering cells. Exchanging the 
sequence itself enables the victim receiver to estimate and subtract the interference. Using orthogonal 
sensing signals improves cancellation performance further.  

If the sensing signal is transmitted in DL slots in a synchronised time division duplexing (TDD) system, 
the sensing signal will create DL interference towards UEs in neighbouring cells. This interference is 
similar (but more deterministic) to interferences that would be created by regular communication 
signals in a neighbour cell. The difference is that parameters of the sensing signal can more easily be 
shared with a neighbour base station than a communication signal. The neighbour base station could 
then signal the sequence properties to interfered UEs enabling interference cancellation at the terminal, 
if needed.  

In case of multi-static operations, the receiving base stations need to know when to listen for which 
signal. The transmitting base station must share time-frequency resources as well as sequence properties 
of its sensing signal with all receiving base stations.  

6 Conclusions 

Many, if not all, 6G use cases identified in Hexa-X require highly accurate, low-latency localisation 
and/or sensing. Supporting these use cases mandates the integration of localisation and sensing into 6G 
system research from the outset. From the gap analysis, it was observed that the NR positioning is not 
capable of meeting accuracy requirement of use cases that demand stringent sub-cm positioning 
accuracy. Moreover, it was also identified that positioning latency creates a bottle neck and hinders 
acquisition of real-time positioning information that is often required by 6G use cases. In contrast to 
localisation, sensing is a new capability for mobile communication systems. In this regard, the 
conventional radar and lidar based sensors were considered for baseline evaluation. It was observed that 
the conventional sensors are not able to meet all the requirements. 6G, as next generation of mobile 
communication network, potentially exploiting a wide bandwidth and large antenna arrays (among 
other enablers) must be able to support and meet the sensing requirements of the identified use cases. 

The sensing and localisation capabilities in 6G to enable the new use cases, depend on what performance 
levels can be achieved in practice. The performance of existing signals, methods, and protocols needs 
to be understood in the 6G context, and novel approaches may need to be developed. Preliminary 
analyses indicate that 6G performance benefits stem mainly from improved resolution, not from 
improved integrated SNR, compared to NR positioning. To improve integrated SNR, longer coherent 
processing interval must be available, which, in turn, mandates the inclusion of Doppler shifts of 
individual paths, as part of the channel state information. Trade-offs between sensing and 
communication reveal that optimised power allocation has significant impact of communication, but 
much less on sensing. 6G sensing can benefit both from higher and lower frequency bands, supporting 
new sensing modalities, such as distributed sensing, material classification, and environment sensing. 
Sensor fusion will be important to overcome (even intermittent) weaknesses of 6G to provide sufficient 
reliability for certain critical use cases. Further evaluation with real channel measurements from within 
Hexa-X will be performed to validate theoretical findings. The measurement uncertainty manifesting 
from hardware and improper channel knowledge can degrade the performance of the non-radar type 
sensing. For that reason, the impact of hardware impairments on positioning and sensing performance 
needs to be thoroughly modelled and investigated. Several demonstrators were described, though 
finding suitable hardware above 80 GHz will prove challenging.  
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6G location and sensor information enables many new applications and use cases. To support these 
applications and use cases, sensing and localisation capabilities must be designed as an integral part of 
the next generation of mobile communications and be offered to all potential consumers. Sensor 
information, in particular, plays a completely new role. On the one hand, the environment can be 
observed, and conclusions drawn based on 6G mobile communications itself; but on the other hand, 
there will be other, 6G-external, sensors and (positioning) systems that could be merged via sensor 
fusion with the information from the 6G network. This opens many opportunities to improve existing 
services, but also to create completely new service offerings. Extending the borders of the 6G 
communication system to allow external sensor information to be integrated in such a next generation 
communication system require architectural adaptions.  

WP3 will only deal with a subset of the new opportunities around sensing and localisation, clearly 
focusing on 6G-based options, but always embed them in the larger context.  From the concepts, models, 
simulations, and algorithms created, future network requirements will be identified as well as potential 
requirements for the end-to-end architecture. WP3’s goal is to show possible architecture blueprints 
that represent the interaction within 6G (sensing and localisation) information on the one hand, by 
examining new 6G internal services. One example could be the exploitation of location information to 
assist resource allocation for communication, which could then be optimised depending on the location 
of UEs. WP3 will investigate and evaluate this interplay. On the other hand, WP3 will also show the 
connection with external information, such as external sensors embedded in UEs as well as localisation 
systems not based on 6G. 
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Annexes 

Annex A: Terms and Definitions 
Term Acronym Term description 

Accuracy, 
precision, and 
resolution of a 
measurement 

N/A Different definitions exist in the literature. Accuracy can refer to the 
statistical bias (difference between the mean of the measurements and the 
true value), but also to the percentile performance (e.g., a positioning 
system with 95% accuracy of 5 meters indicates that 95% of the errors are 
within 5 meters). Precision refers to the spread of the measurements 
around the mean and is thus related to the (co-)variance of the 
measurements. Finally, resolution refers to the ability of the measurement 
system to distinguish nearby signal sources (e.g., a radar with 1 GHz 
bandwidth has a resolution of 0.15 m so that two objects with a distance 
exceeding 15 cm can be distinguished).   

Angle-of-arrival 
(also direction-of-
arrival) 

AoA / 
DoA 

Measurement of Angle (in azimuth and/or elevation) of a signal incoming 
to an array from a certain direction, measured in the coordinate system of 
that array. 

Angle-of-departure 
(also direction-of-
departure) 

AoD / 
DoD 
 

Measurement Angle (in azimuth and/or elevation) of a signal outgoing 
from an array towards a corresponding direction, measured in the 
coordinate system of that array. 

Application 
(software/program) 

N/A Software that is specific to the solution of a problem usually submitted by 
an end user. For clarification prefixes could be used, e.g., end user 
application, network application. Note: Application (software/ program) 
and service is often used as synonym. In our context application is used 
for software with user interface (UI). 

Ambiguity 
Function 

N/A Ambiguity function is a two-dimensional function of propagation delay 
and Doppler frequency. Typically defined as the absolute value of the 
envelope of the output of a matched filter. 

Bistatic sensing N/A Sensing (see Sensing), whereby the transmitting and receiving nodes are 
not co-located.   

Coherent 
processing interval 

CPI Duration in which a signal is received and during which the geometric 
parameters remain constant. 

Cramér-Rao lower 
bound 

CRLB A type of error bound (EB), based on Fisher information theory. 

Error bound EB Fundamental lower bounds on the error covariance of a parameter that is 
estimated (e.g., position error bound (PEB), clock error bound (CEB)) 

Generalised optimal 
sub-pattern 
assignment 

GOSPA An error metric between sets of detected and ground truth objects, 
generalizing the RMSE. 

Ground truth N/A True state (e.g., true position of an object or UE).  
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Interface N/A Shared boundary between two functional units, defined by functional 
characteristics, signal characteristics, or other characteristics as 
appropriate (e.g., API: Application Programming Interface, UI: User 
Interface, web interface: Can be API or UI, interface is bound to web 
protocols). 

Latency N/A Duration between initialisation of sensing/localisation procedure and 
acquiring localisation/sensing estimate. See also: update rate.  

Localisation 
(synonym: 
positioning) 

N/A The process of estimating the location of a device from sensor 
measurements. The location can be in 2D (horizontal plane) or 3D 
(including altitude). 

Mapping N/A Generating a map of landmarks (natural or artificial features used for 
navigation) based on sensing measurements. 
 

Monostatic sensing N/A Sensing, whereby the transmitting and receiving nodes are co-located.   

Orientation 
estimation 

N/A Estimating the 1D, 2D, or 3D orientation (e.g., roll, pitch, yaw) of a 
connected device.   
 

Positioning 
reference signal 

PRS Standardised pilot signal in time a frequency, used for ToA estimation. 
 

Reference frame N/A Coordinate system. Can be either global (absolute) or local (relative).  

Root mean squared 
error 

RMSE Square root of the average error norm between an estimate and the ground 
truth. 

Round-trip-time RTT Measurement of roundtrip delay between a BS and a UE. Involves a ToA 
estimate at each side. 

Sensing N/A A sensor is any device, module, machine, or subsystem that detects events 
or changes in its environment. Sensing is then the operation of the sensor, 
in our case possibly including transmission and/or reception of signals and 
generation of measurements from these signals. 

Sensor fusion N/A Combining information (measurements or densities) from different 
sensors, such as radio signals, radar, lidar to obtain an improved estimate. 

Service N/A Distinct part of the functionality that is provided by an entity through 
interfaces. Note: Service and application (software/program) is often used 
as synonym. In our context service is used for software without UI. 

Simultaneous 
localisation and 
mapping 

SLAM Process of jointly tracking the UE location and mapping the landmarks in 
the environment. 

Synchronisation N/A 
 

Estimating the clock bias and drift of a connected device with respect to a 
reference. For multiple transmission and reception point (multi-TRP) 
based localisation, synchronisation means time synchronisation among 
TRPs. 
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Tag N/A 
 

Unit, that enables communication, sensing and localisation (less complex 
device in comparison to UE often with focus on size, weight, cost, and 
battery lifetime) 

Time-difference-of-
arrival 

TDoA Measurement of the difference between arrival times of the first signal 
paths at a receiving device from two different transmitters.  

Time-of-arrival ToA Measurement of arrival time of a first signal path at a receiving device. 

Tracking N/A 
 

For localisation: continuous localisation of the same connected device 
over a given duration. For sensing, continuous localisation of the same 
target or targets over a given duration. 

Update rate N/A Rate at which location or sensing outputs are reported. At most once per 
latency. 
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Annex B: Scenarios for 5G localisation 
Scenarios considered for numerical validation of 5G localisation methods. 

Table B-1. 5G localisation parameters. 

 FR1 Specific Values FR2 Specific Values  
Carrier frequency, 
GHz  

2 GHz 
30 GHz 

Bandwidth, MHz 100 MHz 400 MHz  
Subcarrier spacing, 
kHz 

30 kHz for 100 MHz  120 kHz 

gNB noise figure, 
dB 

5 dB 7 dB 

gNB max. TX 
power, dBm 

49 dBm (UMa), 44 dBm (UMi), 24 
dBm (IOO and InF) 

35 dBm (UMi), 24 dBm (IOO and InF) 

Total number of 
sites 

UMa and UMi: 7 hexagonal sites, IOO (12 sites, see Figure), InF (18 sites, see Figure, 
where L = 120 m and W = 60 m) 

UE max. TX power, 
dBm 

23 dBm  23 dBm  
 

UE noise figure, dB 9 dB  13 dB  
Network 
synchronisation 

The network synchronisation error, per UE dropping, is defined as a truncated Gaussian 
distribution of (T1 ns) rms values between a TRP and a timing reference source which is 
assumed to have perfect timing, subject to a largest timing difference of T2 ns, where 
T2 = 2*T1 
–That is, the range of timing errors is [-T2, T2] 
–T1: 0 ns (perfectly synchronised), 50 ns  

 

Figure B-1. Indoor open office (IOO) deployment. Blue dots denote locations of base stations (BSs)/TRPs. 

 

Figure B-2. Indoor factory (InF) deployment. Black dots denote locations of TRPs. 
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Annex C: Parameters for 5G and 6G simulation 
Table C-1 Simulation parameters for 5G vs 6G comparison. 

 Parameter MmWave 
(5G) 

Sub-THz 
(6G) 

Remarks Reference 

General Wave model Plane wave 
model 

Plane wave 
model 

Far-field   

Signal Modulation 
type 

OFDM OFDM   [SGD+17] 

  Constellation
-data and 
pilots 

QPSK QPSK     

  Carrier 
frequency 

28 GHz 140 GHz 5 x [WLC+13] 

  Bandwidth 400 MHz 2 GHz 5 x increase  

  Cyclic prefix 
(CP) 

14 % 7 % Due to delay spread, 
CP for 5G is 
doubled. 

  

  Subcarrier 
spacing 

120 kHz 960 kHz 8 x increase   

  #. of 
subcarriers 

~3300 ~2080     

  #. of OFDM 
Symbols per 
beam (K) 

1 

K*number of 
beams << 54 
at 80 km/h 

  

1 

K*number 
of beams << 

86 at 80 
km/h 

Fixed signal 
duration in us. 
Limited by velocity 
(K*number of 
beams<< 
lambda*Deltaf /v) 

  

  Number of 
beams 
(random) 

10 10    

  Noise PSD -174 dBm/Hz -174 
dBm/Hz 

   

  Receiver 
noise figure 
(BS) 

7 dB 10 dB 6G parameters 
uncertain 

[38.901] and [38.855] 
(Table 6.1.1-1) 

  Receiver 
noise figure 
(UE) 

13 dB 16 dB 6 dB higher than BS 
NF 

[38.855] (Table 6.1.1-
1) 

BS and UE 
parameters 

#. of BS 
antennas 

16 (4x4) 400 (20x20) Fixed footprint: 5 x 
more per dimension 

  

  BS height 
outdoor 

20 m 20 m Urban micro 
scenario 

  

  BS height 
indoor 

3 m 3 m Could be higher for 
industry scenarios 
(7 m) 

  

 BS Transmit 
power 
outdoor 

37 dBm 27dBm  [38.855] (Table Table 
6.1.1-4) 
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 BS Transmit 
power indoor 

24 dBm 14 dBm  [38.855] (Table Table 
6.1.1-3) 

  #. of UE 
antennas  

4 (2x2) 100 (10x10) Fixed footprint: 5 x 
more per dimension 

  

 UE height 1.5 m 1.5 m  [38.855] (Table Table 
6.1.1-3) 

  UE transmit 
power 

23 dBm 13 dBm    

  Array type Uniform planar array with 
phase shifters 

    

  Antenna 
element gain 

Omni-directional Gain = 1   

  Number of 
RF chains 

1 1     

  Synchronisati
on offset (aka 
clock bias), 
deterministic 
unknown 

10 us 10 us Clock offset 
between Tx and Rx 
in bistatic scenario 

  

  
Environme
nt 

NLOS path 
gains 
reflectors 

Reflection coefficient: 0.4  [PKK+05] 

  NLOS path 
gains SPs  

RCS: 10 m^2    

  Path loss 
exponent  

2  

  

    

  Absorption 
coefficient  

0.9986  0.9949  Coefficient for 100 
m, can be ignored 
(set 1)  

[TSC21], [RSM+13], 
[GRH+17] 

Geometry BS position 

(outdoor) 

[0, 0, 20] 

  

Outdoor 
Localisation 
Parameters 

 

  BS 
orientation 

(outdoor) 

[90, 30, 0] 

 

Outdoor 

Localisation 
Parameters 

 

  BS positions 

(indoor) 

[0, 0, 3], [-10 10 3], [0 20 3] 

  

Indoor Localisation 
Parameters 

 

  BS 
orientation 

(indoor) 

[90, 30, 0], [0, 30, 0], [-90, 
30, 0] 

 

Indoor Localisation 
Parameters 

 

 UE moving 
area  

[-100, 0, 1.5] to [100, 200. 
1.5]/ 

[-10, 0, 1.5] to [10, 20, 1.5] 

Outdoor/indoor  

 VA locations 
(outdoor) 

[100, 0, 20], [-100, 0, 20],  

[0, 100, 20], [0, -100, 20] 

SLAM Parameters 

(4 virtual anchors) 

 

 SP locations [65, 65, 8], [-65, 65, 12],  SLAM Parameters   
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[-65, -65, 13], [65, -65, 10] (4 scatter points)  

 UE state 
outdoor 

[57, 41, 0]  SLAM Parameters 

(4 virtual anchors) 
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