
 

  

 

  

  

 

5G surveillance solution 
preliminary assessment 
(D3.1) 

 Deliverable ID: D3.1 

 Dissemination Level: PU 

 Project Acronym: NewSense 

 Grant:  893917 
 Call: H2020-SESAR-2019-2 
 Topic: SESAR-ER4-11-2009 CNS for ATM 
 Consortium Coordinator:  ALTYS 
 Edition date:  21 February 2022 
 Edition:  00.02.00 
 Template Edition: 02.00.02 

EXPLORATORY RESEARCH 



5G SURVEILLANCE SOLUTION PRELIMINARY ASSESSMENT (D3.1)  

 

  

 

 

 2 
 

 

 

 

Authoring & Approval 

Authors of the document 

Name/Beneficiary Position Date 

Elena Simona Lohan/TAU Professor 15/11/2021 

Bo Tan/TAU Assistant Professor 30/11/2021 

Bo Sun/TAU PhD student 30/11/2021 

Wenbo Wang/TAU PhD student 15/12/2021 

Hadeel Obaid/TAU  PhD student 15/12/2021 

Taylan Yesilyurt/TAU Msc student 15/12/2021 

 

Reviewers internal to the project 

Name/Beneficiary Position/Title Date 

Christophe Morlaas/ENAC Consortium member 22/12/2021 

Fathia Ben Slama/Altys Project Manager 22/12/2021 

 

Approved for submission to the SJU By - Representatives of beneficiaries involved in the project 

Name/Beneficiary Position/Title Date 

Elena Simona Lohan/TAU Professor 31/12/2021 

Fathia Ben Slama/Altys Project Manager 31/12/2021 

Christophe Morlaas/ENAC Consortium member 31/12/2021 

Mohamed Ellejmi/ECTL Consortium member 31/12/2021 

 

Rejected By - Representatives of beneficiaries involved in the project 

Name/Beneficiary Position/Title Date 

   

 

Document History 

Edition Date Status Author Justification 

00.00.01 15/12/2021 First draft TAU First draft 

00.01.00 31/12/2021 First release TAU First official release  

00.02.00 21/02/2022 Second release TAU Final version after SJU 
review 

Copyright Statement  

© – 2021 – NewSense Consortium. All rights reserved. Licensed to the SJU under conditions..  



5G SURVEILLANCE SOLUTION PRELIMINARY ASSESSMENT (D3.1)  

 

  

 

 

 3 
 

 

 

NewSense 
 

EVALUATION OF 5G NETWORK AND MMWAVE RADAR SENSORS TO ENHANCE 
SURVEILLANCE OF THE AIRPORT SURFACE 

 

This D3-1 deliverable is part of a project that has received funding from the SESAR Joint Undertaking 
under grant agreement No 893917 under European Union’s Horizon 2020 research and innovation 
programme. 

 

 

Abstract  

This deliverable includes a state-of-the-art literature review on 5G-based positioning and sensing, a 
preliminary system design for AoA-ToA-based surveillance, and preliminary simulations results as well 
as an initial description of the measurement setup. The simulation results rely on various antenna 
models and various AoA estimators. We also discuss the novel concept of arrays of 3D Vector 
Antennas. The deliverable also discusses the notion of RF convergence and presents a new theoretical 
framework for integrated communication and sensing. The next steps regarding the set-up for in-lab 
measurements are also described. 
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1 Introduction 

1.1 5G network – capabilities for positioning and sensing 

As described in our Newsense Milestone 3.1 [1], 5G networks have received wide attention in the past 
years outside their communication capabilities as enablers of alternative positioning and sensing 
solutions for both indoor and outdoor applications [3][4][5][6][7][8]. Among the enabling features that 
differentiate 5G cellular networks from previous cellular networks are: i) wider available bandwidths 
(increasing thus the potential accuracy of timing-based positioning and sensing estimators), ii) support 
of multiple antenna arrays at both the transmitter and receiver end, enabling thus accurate Angle of 
Arrival (AoA) and Angle of Departure (AoD) estimators; iii) dense networks with relatively closely-
spaced base stations, especially in mmWave ranges to enable good coverage and signal availability; 
and iv) flexible Orthogonal Frequency Division Multiplexing (OFDM) and Quadrature Amplitude 
Modulations (QAM) with variable carrier spacing, enabling better adaptability to the wireless channel 
conditions and to the target throughputs (or bit rates). 

Communication, Navigation, and Surveillance (CNS) in airport areas are some of the applications that 
could benefit of such enabling features of 5G systems, especially when combining 5G radio frequency 
(RF) signals in cmWave and mmWave bands, mmWave radar, and 5G RF-based radar and such 
integrative solutions have yet to be addressed in the current literature. As a reminder, in a strictly 
speaking manner, cmWave frequency bands are those between 300 MHz and 30 GHz carrier 
frequency, while mmWave frequency bands are those between 30 GHz and 300 GHz carrier frequency. 
In the literature however, many times all frequencies above 6GHz are referred to as ‘mmWave’ 
solutions. 5G systems have also currently divided the 5G spectrum into two frequency ranges: i) FR1 
range or frequency ranges between 410 MHz and 7.125 GHz (originally the upper bound was meant 
to be 6 GHz, but it has been recently extended to 7.125 GHz) and ii) FR2 range or frequency ranges 
between 24.25 GHz and 52.6 GHz.  

An important advantage of being able to use the existing 5G networks for CNS targets is the fact that 
no new infrastructure needs to be built and one could take advantage of already existing 
infrastructures. An important assumption in our studied architectures is that assumption that large-
scale 5G deployments will be indeed available worldwide in the next decades, with independent 
private 5G networks available at airports as well as 5G equipment on-board of aircraft. Most of the 
preliminary studies in this document can be also expanded in the context of what is coming next after 
5G, e.g., the ultra-dense 6G networks aiming t operate up to THz carrier frequency. 

In the Newsense Milestone 3.1 [1], we have identified and described in detail the three main types of 
5G reference signals useful for positioning, namely the uplink (UL) sounding reference signal (SRS), 
downlink (DL) channel status information reference signal (CSI-RS), and DL positioning reference 
signal (PRS).  These signals are a part of the so-called New Radio (NR) interface (i.e., the wireless 
interface in 5G) and they are a part of Release 16 of 5G specifications [9]. By using these signals, 
different UL and DL positioning methods can be implemented, at base station side or at the 
mobile/aircraft side. In order to mitigate possible interferences, the concept of muting (i.e., some parts 
of the reference signal are transmitted with zero power to allow the mobile terminals to receive 
weaker signals from neighbouring base station) is also used in 5G and was explained in the Appendix 
B of Newsense Milestone 3.1 [1]. 
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1.2 Related projects 

Table 1 presents a summary of recent projects related to the Newsense topics; when available, the 
links to the project webpages are also added. To the best of our knowledge, there is no recent project 
covering all three main themes of Newsense (namely 3D vector antenna design, 5G-based surveillance 
via positioning and sensing mechanisms and mmWave radar). 

Table 1 Recent (from the past 5 years) projects related to NewSense topics (antenna design, 5G positioning 
and sensing and/or mmWave radar) 

Project name and source of 
funding/webpage if available  

Project scope 

5GCAR (5G Communication Automotive Research 
and innovation), 2017-2019, EU H2020, 
https://5gcar.eu/  

Focus on 5G communication aspects for Vehicle-to-
Everything (V2X) scenarios; positioning parts addressed 
to a lower extent and mostly based on Assisted-Global 
Positioning System (A-GPS) 

5G-Enhance (5G Enhanced Mobile Broadband 
Access Networks in Crowded Environments, 2018-
2021, EU H2020, https://5gtnf.fi/projects/5g-
enhance/  

Focusing on 5G communications aspects for mobile 
broadband applications; falls under the umbrella of 
5GTNF projects (https://5gtnf.fi/) which is part of the 
part of the Connected Intelligent Industries Finland and 
has many industrial and academic partners from Finland  

5G-VIIMA, 2018-2021, Business Finland, 
https://5gtnf.fi/projects/5g-viima/  

Developing relevant 5G technologies and services for 
indoor and outdoor use, and focuses both on positioning 
and communication aspects.  It also falls under the 
umbrella of 5GTNF projects (https://5gtnf.fi/). 

5G-HOP 2021-2022 (5G Hybrid Overlay 
Positioning with 5G and GNSS), European Space 
Agency (ESA) 

To build and test a joint 5G-GNSS-based positioning 
solution relying on timing and angle-based 
measurements for general-purpose applications. AoA 
measurements are based on URA antennas. 

LOCUS (LOCalization and analytics on-demand 
embedded in the 5G ecosystem, for Ubiquitous 
vertical applicationS), 2019-2022, EU H2020, 
https://www.locus-project.eu/  

Integration of the cellular localization with other 
localization technologies and investigation of location-
based services and analytics.  There is no focus on a 
specific cellular technology, but rather general 
positioning aspects based on generic electromagnetic 
waves are investigated 

Localization in Millimeter Wave Cellular 
Networks: Fundamentals, Algorithms, and 
Measurement-inspired Simulator, 2021, US NSF 
funding 

Aiming to develop an open-source 5G mmWave 
localization simulator 

Multifunctional Reconfigurable Antenna Array 
Technology for Wi-Fi and 5G Small Cell Access 
Points, 2018-2021, US NSF funding 

Developing and commercializing a Multifunctional 
reconfigurable antenna (MRA) for WiFi and mmWave 5G 
signals. 

1.3 Related literature  

Current ATM navigation and surveillance technologies remain unfeasible for small and medium-sized 
airports because of prohibitive infrastructure costs [10]. The classical navigation solutions rely on VHF 
omnidirectional range (VOR), distance measuring equipment (DME), instrument landing system (ILS), 
and possibly some Global Navigation Satellite systems (GNSS),  Wide Area Augmentation System 

https://5gcar.eu/
https://5gtnf.fi/projects/5g-enhance/
https://5gtnf.fi/projects/5g-enhance/
https://5gtnf.fi/
https://5gtnf.fi/projects/5g-viima/
https://5gtnf.fi/
https://www.locus-project.eu/
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(WAAS) or Local Area Augmentation System (LAAS), while classical surveillance technologies employ 
radars and Automatic Dependent Surveillance with Broadcast mode (ADS-B) [13][14]. ADS-B uses a 
combination of ground transmitters and satellite transmitters and may suffer of lack of strong 
authentication or anomalies in reporting the positions during avionics failures [14]. Also, satellite-
based navigation and surveillance solutions such as those based on GNSS/WAAS/LAAS are typically 
costly and require multi-frequency multi-system receivers for achieving good accuracy. Therefore, 
researchers have been investigating also complementary or alternative solutions for navigation and 
surveillance.  

Complementary solutions based on mmWave signals have been postulated for example in [13], where 
simulation results based on air-to-ground wireless channels showed mmWave communication 
solutions could deal better with interferences and could reach lower outage probabilities and higher 
throughputs than the cmWave solutions. While the focus in [13] has been on communication links, 
and not on navigation and surveillance applications, mmWave spectrum has been identified as a viable 
solution to complement cmWave spectra for aviation applications. 

Complementary positioning solutions based on cellular signals, and, in particular, based on 5G signals, 
have been studied widely in the past 5 years, but not in the aviation context, but more generally, for 
various indoor and outdoor location services, e.g., in [3][4][5][15][16][17][18][19][20][21][22][23][24] 
[25][32]. In the next paragraphs as well as in Table 4, the main take-aways of the 5G positioning-related 
research are emphasized. 

As described in Newsense Milestone 3.1 report [1], there are two main measurement types in 5G which 
can be used for positioning, namely time-based and angle-based measurements. The time-based 
positioning can rely on Time of Arrival (ToA) measurements between synchronized devices or on Time 
Difference of Arrival (TDoA) measurements in the presence of clock drifts between the mobile and the 
base stations. The angle-based positioning needs some directional antennas or antenna arrays either 
at the transmitter side, or at the receiver side, or at both sides. Depending on the connection type 
(uplink or downlink) and on the device that performs the positioning (mobile/user side or 
network/base station side), one can have Angle of Arrival (AoA)-based positioning (e.g., uplink with 
positioning at base station side or downlink with positioning at user equipment side) or Angle of 
Departure (AoD)-based positioning (e.g., uplink with positioning at user equipment side or downlink 
with positioning at base station side).  As a reminder, the uplink (UL) and downlink (DL) definitions in 
the context of cellular networks is shown in Figure 1, where TS stands for transmitted signal. 

  

Figure 1. Reminder of UL (left side) and DL (right side) concepts 

Regarding the main characteristics of the 5G NR waveforms, as previously described in Newsense 
Deliverable D2.1 as well as, for example, in [28], they are summarized in Table 2. 
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Table 2 5G NR main parameters 

Subcarrier 
spacing values 

15 kHz 30 kHz 60 kHz 120 kHz 240kHz 

Slot duration 
(one slot 
contains 14 
symbols)  

1 ms 500µs  250µs  125µs  62.5µs 

Number of Slots 
per Frame 

10 20 40 80 160 

OFDM symbol 
duration 

66.7 µs 33.33 µs 16.67 µs 8.33 µs 4.16 µs 

CP length 4.69 µs 2.34 µs 1.17 µs 0.59 µs 0.29 µs 

Frequency range FR1 FR1 FR1 and FR2 FR2 FR2 

Maximum 
bandwidth 

50 MHz 100 MHz 200 MHz 400 MHz 800 MHz 

 

Regarding the 5G reference signals (some of them can be used for positioning or sensing purpose), 
they are summarized in Table 3. 

Table 3 Summary of 5G NR reference signals  

Signal name Uplink or Downlink Purpose and example of references where they were used for such 
purpose 

PRS DL positioning [17][19] 

CSI-RS DL channel estimation, positioning [30] 

PSS DL synchronization, frequency offset estimation [31]; not used for 
positioning 

SSS DL synchronization [31]; not used for positioning 

SRS UL positioning, channel estimation [32] 

DMRS UL demodulation, radar/sensing [8]; not used for positioning 

PTRS UL phase tracking; not used for positioning 

 

The main take-aways of the 5G positioning-related research are summarized in Table 4. The 
abbreviations are explained in Appendix A.  

Simulation-based results with 5G reported in the literature so far are able to reach sub-m level 
accuracy in positioning and sub 1 degree angle accuracy. Nevertheless, the conditions to reach such 
performance limits vary a lot in terms of transmit power (PTx), Signal to Noise Ratios (SNR), and 
bandwidth, therefore they are hard to be compared to each other. The sampling rate as well as the 
receiver-transmitter distance are also affecting the achievable performance in terms of positioning 
bounds and these aspects are not thoroughly addressed in the existing literature.  

In addition, some 5G-based positioning relies also on supplementary sensors such as Inertial 
Measurement Units (IMU).  Studies relying of 5G measurement data are scarcer than the simulation-
based studies and they provide in general lower accuracy than the simulation-based results, as see in 
the last rows of Table 4. Again, exact comparisons between algorithms studied in various papers are 
hard to make, as they rely on different assumptions regarding antenna types and number of elements, 
SNR, BW, etc.  
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Table 4. Summary of findings related to 5G-positioning literature 

Ref. Simulations 
(sim) or 
measurement 
(meas)-based 
work 

Main take-aways Antenna types Positioning 
algorithms 

Reported accuracy 

[3] Sim Theoretical bounds 
on 5G positioning 
accuracy 

ULA/UCA joint ToA-AoA via 
ADCGM 

<1m if PTX>-10 dBm 

[4] Sim CRLB on ToA and 
AoA used as an input 
to an EKF; joint 
estimation of UE and 
gNB positions 

URA WCG and EKF 
relying on 
theoretical 
bounds 

 < 5m in about 90% 
of cases at PTx=+27 
dBm (also an angle 
accuracy < 0.5o) 

[5] Sim DL estimation at gNB 
via AoA and ToA 

cylindrical 
antenna arrays 
with 10 dual-
polarized cross-
dipoles 

UKF and EKF for 
joint AoA/ToA 

0.7-1.3 m based on 
ToA  
0.5o-3.2o based on 
AoA  
Both at at PTX =+10 
dBm 

[7] Sim 5G signal fusion with 
IMU 

square antenna 
arrays with 256 
elements at gNB 
and 4 at UE 

KF with data 
fusion 

<0.2 m in 95% of 
cases at SNR=15 dB; 
(also an angle 
accuracy < 0.5o) 

[8] Sim target localization 
with bi/multi-static 
radar and 5G NR 

generic 
(unspecified) 
antenna arrays 

AoA + TDoA 
MUSIC for AoA; 
correlation 
receiver for TDoA 

0.5-0.8 m with 
BW=100MHz and  
PTX =+43 dBm 

[32] Sim Machine Learning 
(ML) for AoA and 
ToA estimation with 
5G 

ULA kNN ML for AoA 
and ToA together 
with MUSIC for 
AoA 

< 0.6m in 90% of 
cases (angle 
accuracy below 2o 
in 80% of cases) 

[34] Sim EKF for AoA-based 
positioning; DL 
scenario; 
performance 
depends on number 
of beams in the 
beamforming 
pattern 

antenna with 
desired beam 
pattern 
(unspecified) 

EKF for AoA < 3 m in about 80% 
of cases with 5 
beams 
<  1 m in about 80% 
of cases with more 
than 8 beams 
at SNR>25 dB 

[35] meas AoA/beam-based 5G 
positioning and 
timing advance 
information; data 
from a Huawei 
testbed 

antenna with 
desired beam 
pattern 
(unspecified) 

MUSIC for ToA <1m in 70% of cases 
at 10km/h UE 
speed 
< 3m in 70% of 
cases at 120km/h 
UE speed 
PTX =+24 dBm 

[36] meas ML-based AoA and 
ToA positioning via 
the data from an 
Ericcson testbed 

8 x 8 URA ML < 10 m in 80% of 
cases 
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In [25] the future of 5G localization is discussed, by pointing out that cm-level positioning could be 
achieved with a combination of highly directional antennas, having narrow beams and high 
bandwidths and map-aided information. However, it is emphasized in [25], that the presence of Non 
Line of Sight (NLOS) as well as the presence of multipaths can deteriorate drastically the positioning 
accuracy, reaching in such cases much lower accuracies, of order of 10 m.  
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2 5G surveillance architecture  

2.1 Block diagram of the adopted architecture 

The block diagram of the proposed integrative approach is illustrated in Figure 2. Three components 
are to be distinguished as integrative parts of this architecture: 

1) An enhanced positioning engine based on ToA and/or AoA measurements: the various AoA 
and ToA positioning algorithms with various antenna types, including 3D Vector Antenna (3D-
VA) are described in more detail in Section 3.  

2) A Synthetic-aperture radar (SAR) imaging and AI-enabled mmWave sensing: this block is 
performing SAR-like imaging with 5G signals as well as mmWave radar-based target detection 
and recognition and it also has the data fusion capabilities of SAR and mmWave detection for 
target registration 

3) An integrated processing block for the air traffic management and airport surveillance: the 
tasks in here are to adapt tracing to integrate mmWave detections and with simulated 5G 
positions and to adapt the data fusion algorithms. 

 

Figure 2. Illustration of the integrated-concept architecture for airport 5G-based  surveillance 

The inputs to the processing blocks are also three-fold and rely on some form of advanced antenna 
(here a 3D vector antenna, but possible to be expanded also with arrays of 3D vector antenna 
elements), one of the three types of 5G reference signals (PRS, CSI-RS, or SRS), depending whether we 
are in UL or DL case and which signal (PRS or CSI-RS is stronger), and the mmWave radar 
measurements. 

The integration of the 5G reference signal, 3D-VA, and mmWave radar is addressed in three steps, 
described in detail, via preliminary simulation results in the next sections 

1. 5G-based mobile/aircraft positioning: Joint delay and angle localization approaches need to 
be used for single 5G base stations scenarios, while standalone AoA or ToA methods can be 
used for multiple 5G base stations scenarios. The estimation methods can rely on either SRS 
or PRS transmitted between the aircraft and the base station, in UL and DL, respectively, and 
receivers are assumed to be equipped with 3D-VA (also other antenna array types such as 
Uniform Regular Arrays (URA) are investigated as benchmarks). 
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2. 3D-VA and 3D-VA arrays enhanced angle estimation performance: this step studies the 3D-
VA antenna design and it is leveraging the antenna-array concept, in order to compose also 
3D-VA arrays in order to estimate the angle from the SRS transmitted from an aircraft to the 
base station (i.e., UL configuration) 

3. Complementary mmWave-based Sensing: the 5G-signal-based imaging provides an 
opportunity to identify the non-cooperative targets from the SAR images. The mmWave radar 
provides a more accurate position estimation and detailed motion status than the sub-6GHz 
5G-signal-based imaging/sensing. With a proper target-association strategy, the detection and 
motion recognition accuracy can be further improved by using hybrid radio signal sources. 

The methodology to address the above-mentioned three steps so far has been to split the whole 
problem into sub-problems and address them via theoretical modelling and simulations. These are 
described in detail in the following sections 3,4, and 5. In addition, a more theoretical work regarding 
the future cellular signal design (5G and beyond 5G) towards RF convergence (i.e., re-use of receiver 
blocks for joint communication, positioning, and sensing) has been performed with focus on 
superposed signals for communication and sensing approaches, and this is described in Section 6. 

2.2 Challenges in the adopted architecture 

The following challenges have been identified so far towards the implementation of the full solution 
and they are also addressed further in the next sections 

- The developed 3D-Vector Antenna (3D-VA) is currently supporting only cmWave ranges (sub-
6GHz), and therefore the cmWave-mmWave integration requires more advanced antennas; in 
this project, we will address separately the cmWave and mmWave studies and the integration 
will be done only for the joint target registration based on sub-6GHz SAR image and mmWave 
radar detection 

- The 3D-VA, while offering more flexibility and lower complexity than classical antenna arrays 
such as Uniform Linear Arrays (ULA) or Uniform Regular Arrays (URA) is not able to achieve the 
same angle-of-arrival accuracies as with large ULA/URA arrays (more details in Section 2 and 
in our publication [12]); nevertheless, the trade-off between accuracy and complexity is good 
and promising for the airport surveillance solutions. In addition, a novel concept of employing 
arrays of 3D-vector antennas is presented in Section 3 and showed that a 3D-VA array can 
achieve better performance than 3D-VA (e.g., about 13 dB better in SNR) 

- 5G reference signals depend on multiple configuration parameters as described in detail in 
Newsense Milestone 3.1 [1] (such as ‘comb’ number, sub-carrier spacing, cyclic prefix length, 
etc.) and such parameters are typically mobile operator-defined, therefore they cannot be 
optimized for the purpose of positioning. Future cellular systems, e.g., beyond 5G, may allow 
the joint optimization of such parameters for both communication and positioning targets. 

- 5G positioning benefits from Line of Sight (LOS) scenarios and the presence of multiple base 
stations with LOS connectivity and is adversely affected by NLOS and heavy multipaths. 
Overcoming the NLOS/multipath challenge, efficient NLOS mitigation solutions need to be 
found, preferably without the need of over-deploying base stations (which would be cost 
prohibitive). Other solutions to overcome the 5G positioning challenges, as recently described 
in [25], are for example the use of device-to-device (D2D) cooperative localization with 
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edge/cloud computing (to ease the computational burden at the mobile side), the use of 
machine learning algorithms incorporating map information and other environmental or 
context-aware knowledge, and improving the data fusion algorithms, with aided data, such as 
coming from additional sensors and other wireless signals. Extracting multipath information 
and adopting a multipath-aided positioning has also been discussed in [25][26][27], with the 
main drawback of increased cost and complexity. 

- Th 3D-VA present a wider angular coverage that allows a better area coverage with a lower 
number of antennas. Thanks to the wide frequency band operation, a good ToA resolution is 
expected. Moreover, the VA size is compact and allows an easier integration for uplink 
scenario than for the downlink scenario. 
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3 5G-based positioning – preliminary results 

3.1 Benchmark performance according to 3GPP specifications 

In 3GPP Rel. 16 [9][11], the performance targets requirements for 5G positioning solutions outdoors 
were defined as below, but it was specified that no single positioning technology was expected to meet 
all the requirements for every scenario: 

• Horizontal positioning error < 10m for 80% of mobile devices (called User Equipment or UE) in 
outdoor deployments scenarios  

• Vertical positioning error < 3m for 80% of UEs in outdoor deployment scenarios 

 

3.2 Maximum achievable accuracy based on Cramer Rao Lower 
Bounds (CRLB) 

3.2.1 ToA CRLB 

Let us suppose that we have complex valued symbols 𝑆𝑛  modulated on totally 2M+1 subcarriers, with 
the subcarrier spacing 𝑓𝑠𝑐. Then the 𝑙th time domain discrete OFDM sample after propagation delay  𝜏 
can be modelled as: 

𝑠(𝑙𝑇𝑠 − 𝜏) =
1

√2𝑀 + 1
∑ 𝑆𝑛𝑒𝑗2𝜋𝑓𝑠𝑐(𝑙𝑇𝑠−𝜏)

𝑀

𝑛=−𝑀

, 𝑙 = −𝐿,… ,+𝐿 

where 𝑇𝑠 is the sampling interval between two discrete samples.  

Correspondingly, the received discrete sample 𝑟𝑙(𝜏) with additive complex gaussian noise 𝑛𝑙 ∼

N(0, 𝜎2) is: 

𝑟𝑙(𝜏) = 𝑠(𝑙𝑇𝑠 − 𝜏) + 𝑛𝑙 , 𝑙 = −𝐿,… ,+𝐿  

The probability function of observed sample 𝑟𝑙 range from -L to +L is: 

𝑝(𝑟|𝜏) = (𝜋𝜎2)
(2𝐿+1)

𝑒
−

1
𝜎2 ∑ |𝑟𝑙(𝜏)−𝑠(𝑙𝑇𝑠−𝜏)|

2
𝑀

𝑛=−𝑀  

It should be noted that the power of noise is divided into imaginary and real two parts, so the variance 

of probability function is 
𝜎2

2
. 

According to [13], the CRLB equation of ToA is: 

𝐶𝑅𝐿𝐵𝑇𝑖𝑚𝑒  =  
1

Ε{|
𝑑
𝑑𝜏

𝑙𝑛 (𝑝(𝑟|𝜏)|2)}
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As Ε {|
𝑑

𝑑𝜏
𝑙𝑛 (𝑝(𝑟|𝜏))|

2
} =

2

𝜎2
(2𝜋𝑓𝑠𝑐)

2 ∑ (𝑛𝑆𝑛)2𝑀

𝑛=−𝑀
, the final ToA CRLB of OFDM signal is: 

𝐶𝑅𝐿𝐵𝑇𝑖𝑚𝑒  =  
3

8𝜋2𝑓𝑠𝑐
2𝑆𝑁𝑅 𝑀(𝑀 + 1)(𝑀 + 2)

 

3.2.2 Range Estimation Accuracy 

By multiplying light speed 𝑐 with the ToA CRLB of OFDM signal, we can get the range estimation 
accuracy.  

𝐶𝑅𝐿𝐵𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = 𝑐 ∗ 𝐶𝑅𝐿𝐵𝑇𝑖𝑚𝑒 

Figure 3 shows the range estimation accuracy (equals to √𝐶𝑅𝐿𝐵𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒), regards with different 

bandwidth and SNR.  In the simulation, the subcarrier spacing 𝑓𝑠𝑐 equals to 15kHz and power 𝑆𝑛 of all 
subcarriers are equal.  For example, in order to reach sub-m level accuracy with a 5MHz bandwidth, 
one would need an SNR of at least 5dB, while with 10 MHz bandwidth, sub-m level accuracy would be 
achievable even with an SNR of 0 dB. 

 

Figure 3 Range Estimation Accuracy with Bandwidth. BW ranges from 0 to 18 MHz 

3.2.3 ULA AoA CRLB 

Typically, antenna arrays used in 5G are Uniform Linear Arrays (ULA) and Uniform Rectangular Arrays 
(URA). ULA offers the simplest model for studying performance bounds and therefore we adopt it in 
this section- 

In the AoA estimation CRLB calculation, we define an N-element ULA with element spacing equals to 
d. The received discrete signal s(t) together with the additive noise 𝑛𝑛,𝑞 ∼ CN(0, 𝜎2) from 𝑛th 

elements can be described as: 

𝑟𝑛(𝑡) = 𝑠(𝑡)𝑒
𝑗(𝜓−(𝑛−

𝑁−1
2

)𝑘𝑑𝑠𝑖𝑛𝜑)
+ 𝑛𝑛 
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where 𝜓 is arbitrary phase constant for all ULA element and k is the wavenumber 𝑘 =
2𝜋

𝜆
. 𝜆 is the 

wavelength of the received signal s(t). Similar as in the section 3.2.1, the calculation of AoA 𝐶𝑅𝐿𝐵𝐴𝑛𝑔𝑙𝑒
𝑈𝐿𝐴  

requires the knowledge of Ε {|
𝑑

𝑑𝜏
𝑙𝑛𝑝(𝑟|𝜑)|

2
} and the result is: 

𝐶𝑅𝐿𝐵𝐴𝑛𝑔𝑙𝑒
𝑈𝐿𝐴  =  

6

𝑁(𝑁2 − 1)𝑆𝑁𝑅𝜋2𝑐𝑜𝑠2(𝜑)
 

An example of the wave incidence on an ULA antenna is shown in Figure 4 for a 4-element ULA 
antenna. 

φ 

d
 

Figure 4. Plane Wave Imping Upon a 4-Elements-ULA 

 

3.2.4 ULA Angle Estimation Accuracy 

The angle estimation accuracy (equals to √𝐶𝑅𝐿𝐵𝐴𝑛𝑔𝑙𝑒
𝑈𝐿𝐴 ) with respect to an antenna array with N 

elements and with an incident angle 𝜑  is plotted in Figure 5 and Figure 6, versus the number of 
antenna elements and the incidence angle, respectively. The calculation in this section fixes the 
element distance d as half of wavelength. In total, seven curves with the SNR increasing from 0 dB to 
30 dB are shown in Figure 5. Figure 5 shows that the angle estimation accuracy is getting smaller when 
using more antenna elements, as expected, as the beamwidth decreases when N increases. The 
theoretical accuracy can reach decimetre level in all curves when the element number N is bigger than 
3.  
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Figure 5. Angle Estimation Accuracy with Element Number. Antenna array element number ranges from 2 to 

20, and incident angle 𝝋 is 𝟎°. 

By fixing the ULA element number and changing the incident angle 𝜑 from −90°to +90°, we get the 
angle estimation accuracy plot in Figure 6.  As the received signal from all elements have the same 

phase when incident angle 𝜑  equals to ±90°, the estimation accuracy has significantly large values in 

the boundary. This means that incidence angles close to ±90° need to be avoided  (if possible) in order 
to preserve good positioning accuracy.  

 

Figure 6. Angle Estimation Accuracy with Incident Angle. Incident angle ranges from −𝟗𝟎°to +𝟗𝟎°, and 
element number of ULA equals to 4. 

3.2.5 URA CRLB and Angle Estimation Accuracy 

This section expands the theoretical computations for the maximum achievable accuracy via AoA 
estimates also in the context of URA antennas, which are able to estimate both the azimuth and 
elevation angles (unlike ULA, which were focused only on the azimuth angles). As the URA can detect 
the AoA of incoming signal from azimuth angle and elevation angle (i.e., in 3D), here, we extend the 
concept of CRLB from single parameter estimation to joint angle estimation accuracy in a 3D space. 
The received signal s(t) and additive noise 𝑛𝑛,𝑞 ∼ CN(0, 𝜎2) of antenna element located in the n th row 

and q th column is: 
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𝑟𝑛,𝑞(𝑡) = 𝑠(𝑡)𝑒
𝑗(𝜓−(𝑛−

𝑁−1
2

)𝑘𝑑𝑠𝑖𝑛𝜑)
𝑒

𝑗(𝜉−(𝑞−
𝑄−1

2
)𝑘𝑑𝑠𝑖𝑛𝜃)

+ 𝑛𝑛,𝑞 

The URA totally contains N*Q elements with the element distance equals to d. 𝜉 and 𝜓 are arbitrary 
phase constants for all elements. 

In the Joint angle estimation, the 𝑪𝑹𝑳𝑩𝐴𝑛𝑔𝑙𝑒
𝑈𝑅𝐴 = 𝐽𝐴𝑛𝑔𝑙𝑒

𝑈𝑅𝐴 −1
, and 𝐽𝐴𝑛𝑔𝑙𝑒

𝑈𝑅𝐴  is the Fishier information matrix 

regards to incident angles 𝜑 and 𝜃. 

𝑱𝐴𝑛𝑔𝑙𝑒
𝑈𝑅𝐴 = 

[
 
 
 
 Ε {|

𝑑

𝑑𝜏
𝑙𝑛𝑝(𝑟|𝜑)|

2

} Ε {
𝑑

𝑑𝜏
𝑙𝑛𝑝(𝑟|𝜑) 

𝑑

𝑑𝜏
𝑙𝑛𝑝(𝑟|𝜃)}

Ε {
𝑑

𝑑𝜏
𝑙𝑛𝑝(𝑟|𝜑) 

𝑑

𝑑𝜏
𝑙𝑛𝑝(𝑟|𝜃)} Ε {|

𝑑

𝑑𝜏
𝑙𝑛𝑝(𝑟|𝜃)|

2

}
]
 
 
 
 

 

The angle estimation accuracy equals to √𝑡𝑟(𝑪𝑹𝑳𝑩𝐴𝑛𝑔𝑙𝑒
𝑈𝑅𝐴 ) and 𝑡𝑟(⋅) means the trace of a square 

matrix. Figure 7 plots the joint angle estimation accuracy of a 4*4 URA in 𝜑 and 𝜃 two dimensions. As 
extremely large values appear at the boundary of the left figure, the accuracy is plot in the right figure 
without containing the result close to the boundary. The angle estimation accuracy in the right figure 

reaches 0.125° in the four corners and reaches minimum value 0.0503° in the centre, where both 𝜑 

and 𝜃 equal to 0°.  

 

 

Figure 7. Angle Estimation Accuracy with Incident Angle. SNR = 0 dB. 𝝋 = [−𝟗𝟎°, +𝟗𝟎°], 𝜽 = [−𝟗𝟎°, +𝟗𝟎°] in 

the left figure. 𝝋 = [−𝟖𝟓°, +𝟖𝟓°], 𝜽 = [−𝟖𝟓°, +𝟖𝟓°] in the right figure. 

3.2.6 VA CRLB and Angle Estimation Accuracy 

Another type of antenna, which is the one investigated in this project is the 3D Vector Antenna (VA), 
This type of antenna can estimate not only the azimuth and elevation angles, but also the polarization 
angles. According to [34], the theoretical steering vector of a 3D VA is: 
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𝒅(𝜑, 𝜃, 𝛾, 𝜁) =

[
 
 
 
 
 
𝑒𝑥

𝑒𝑦

𝑒𝑧

ℎ𝑥

ℎ𝑦

ℎ𝑧]
 
 
 
 
 

=

[
 
 
 
 
 

𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜃 −𝑠𝑖𝑛𝜑
𝑠𝑖𝑛𝜑𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜑
−𝑠𝑖𝑛𝜃 0

−𝑠𝑖𝑛𝜑 −𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜃
𝑐𝑜𝑠𝜑 −𝑠𝑖𝑛𝜑𝑐𝑜𝑠𝜃
𝑐𝑜𝑠𝜑 𝑠𝑖𝑛𝜃 ]

 
 
 
 
 

[
𝑠𝑖𝑛𝛾 𝑒𝑗𝜁

𝑐𝑜𝑠𝛾
] 

It is to be noticed that this ideal VA steering vector is different from the real (measurement based) 
steering factor; this is to be discussed further in Section 4. 

In the joint angle estimation, the 𝑪𝑹𝑳𝑩𝐴𝑛𝑔𝑙𝑒
𝑉𝐴 = 𝐽𝐴𝑛𝑔𝑙𝑒

𝑉𝐴 −1
, and the Fishier information matrix 𝑱𝐴𝑛𝑔𝑙𝑒

𝑉𝐴  for 

estimating vector parameters 𝛀 = [𝜑 𝜃]𝑇  is:  

𝑱𝐴𝑛𝑔𝑙𝑒
𝑉𝐴 = [

𝐽𝜑,𝜑 𝐽𝜑,𝜃

𝐽𝜃,𝜑 𝐽𝜃,𝜃
] 

with  

𝐽𝛀𝑖,𝛀𝑗
=

2𝑁

𝜎𝑛
2 𝑅𝑒{

𝜕𝒅∗

∂𝛀𝑖

𝜕𝒅∗

∂𝛀𝑗
} 

where N is snapshot number in the estimation and 𝜎𝑛
2 is the noise variance.  

1) The angle estimation accuracy equals to √𝑡𝑟(𝑪𝑹𝑳𝑩𝐴𝑛𝑔𝑙𝑒
𝑉𝐴 ) and 𝑡𝑟(⋅) means the trace of a square 

matrix. After setting 𝛾 = 90° and 𝜁 = 0°, the angle estimation accuracy is plotted in Figure 8. By 

changing 𝜑 from  0° to 360°, and  𝜃 from 0° to 180°, we can find the angle estimation accuracy 

stays between 0.7° and 0.82°, which is slightly worse than in the case of an URA antenna; however, 
a VA antenna has the advantage of being able to deliver also the polarization information and, 
typically, a lower complexity than ULA and URA. As seen in Figure 8, the detection area of VA is a 
spherical space and the accuracy is symmetrical with respect to the center point (when 𝜑 = 𝜃 = 0 
degrees). 

 

Figure 8. Angle Estimation Accuracy with Incident Angle. SNR = 0 dB, incident angle 𝝋 = [𝟎°, 𝟑𝟔𝟎°], 𝜽 =

[𝟎°
, 𝟏𝟖𝟎°]. Snapshot number N is 10.  
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3.2.7 Joint Time and Angle CRLB 

The joint time-angle CRLB is still to be investigated; joint formulas have not been found in the current 
literature and the joint model needs to be derived from scratch. 

3.3 Coverage considerations 

The Muret airport satellite imaging is plotted in Figure 9 and the coverage area plot simulated on 
MATLAB by using the airport geometry information is shown in Figure 10.  

 

Figure 9 Muret Airport Satellite Imaging 

 

Figure 10 Coverage Area of 7 Base Stations with Hexagonal Geometry in Muret Airport 
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Totally 7 base stations with 280m distance between each other were placed on top of the map to cover 
the whole airport. The maximum communicating distance of one base station is 800 meters with 35 
dBm transmitter power; the green colour illustrates the covered area, while the white colour illustrates 
the areas not covered. Even with a relatively dense structure of 7 base stations, the coverage is not 
100%. Reaching good coverage with a low number of base stations remains a challenge, especially 
when one takes into account also the non-line-of-sight (NLOS) scenarios due to various buildings and 
obstacles. 

3.4 AoA simulation-based performance  

So far, we have focused on achievable theoretical bounds. We now present also simulation-based 
results with AoA and timing-based positioning estimators. 

As a brief reminder, AoA positioning method relies on estimation of AoA (Angle-of-Arrival) by using 
capable antenna systems such as phased arrays (ULA/URA antennas) or VA. For the calculation of the 
position, at least two AoA measurements/estimations are required both in UL and DL case. In UL case, 
AoAs are estimated at BSs with respect to UL signal received by UE and, in DL case, AoAs are estimated 
at UE with respect to multiple DL signals transmitted by each BSs. 

In both UE and location server, the position of UE can be calculated as a solution of systems of linear 
equations if the positions of BSs are known. For illustration purposes, in Figure 11, UL signal 
transmitted by UE are received 3 BSs and equipped with ULA antennas (only BSs need to be equipped 
with ULA antennas in this configuration). The AoAs are estimated by MUSIC algorithm and the position 
of the UE is calculated according to these estimations by least squares (LS) approximations which is an 
accurate approximation when solving systems of linear equations for the cases with more than 2 BSs. 

 

Figure 11 Positions of UE, BSs and estimated UE position shown in 3000x3000 meter cartesian coordinate 
plane in a UL positioning case. The estimated AoA directions from each BS are indicated by dashed lines.  

In a ULA or URA antenna, the array length (ULA) (or the size of (URA)) has a significant effect on AoA 
estimation accuracy. In Figure 12, the effect of the array length of a ULA antenna to MUSIC AoA 
estimator is shown. As seen from Figure 12, larger antenna array length improves RMSE vs SNR 
performance of the estimator (this was a fact also noticed from the theoretical bounds analysed in 
previous sections. However, as observed from the simulation runs, estimations with larger arrays takes 
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longer time. Also, larger arrays occupy larger area on devices, as the distance between two consecutive 
elements of the array is half of the carrier frequency. 

 

Figure 12 The effect of the array length of a ULA antenna to MUSIC AoA estimator. 

In AoA positioning method, the positioning error is directly related with AoA estimation error and the 
distance of UE to BSs. In a 2 BS case, illustrated in Figure 13, the minimum increase in positioning 
error (𝑃𝑒) for a UE, whose distance is “𝑑” meters from the BS which calculates AoA with 𝜃𝑒 degree 
angle estimation error is calculated by the following formula: 

𝑃𝑒 ≥ 𝑑 ∗ √2 − 2 cos𝜃𝑒   

 

Figure 13 2 BSs positioning with AoA estimation error.  

For example, 1° angle estimation error for a UE located at a distance of 1000 meters, the minimum 
achievable positioning error is 17.54 meters. Also, from the same formula above, it can be concluded 
that, in order to obtain a positioning accuracy below 1 meter, the maximum allowable transmitter-
receiver distances with some realistic AoA estimation error values are: 

• 57.30 meters for 𝜃𝑒 = 1° 
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• 114.59 meters for 𝜃𝑒 = 0.5° 

This again points out to the need of a relatively dense infrastructure of base stations in the airport 
area in order to be able to achieve sub-m level positioning accuracies (a fact that also goes hand in 
hand with the coverage considerations from Section 3.3). 

In order to increase the positioning accuracy without enhancing AoA estimation capabilities, the 
number of BSs used to calculate position can be increased. In Figure 14, the effect of increasing the 
number of base stations is shown for both low and high SNR cases. Since the MUSIC AoA step size 
selected as 1° and RMSEs are calculated over random realizations on 3000x3000 meters area, the 
RMSE values are not reaching sub-meter level accuracy, but rather an accuracy of about 10m. With 
smaller areas and lower step sizes in MUSIC algorithm, higher accuracies may be achievable, at the 
expense of higher complexity of the MUSIC processing.  

 

Figure 14 Positioning RMS error as the number of BSs is increased, ULA antenna.  

3.5 ToA/TDoA performance 

In ToA (Time of Arrival) positioning method, the propagation delays, in other words, the time spent 
between transmission and reception of the signals, are estimated and then converted into distances. 
The multiplication of estimated delay with propagation speed gives the range estimations. An 
estimated range gives an infinite number of possible locations of UE circularly distributed around BS. 
Therefore, 3 or more range estimations from different BSs with known location are needed to estimate 
a unique location of UE by trilateration.  

ToA positioning method relies on accurate synchronization between BSs and UE to make accurate 
range estimations. If BSs are synchronized between them but UE is not synchronized with the BSs, the 
minimum number of required BSs is 4, since an additional equation is needed to eliminate unknown 
time bias. 

In TDoA (Time Difference of Arrival) positioning method, the difference between propagation delays 
from simultaneously transmitted signals from different BSs are estimated. The multiplication of the 
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estimated delay difference with propagation speed gives the range difference estimations. An 
estimated range difference gives an infinite number of possible locations of UE hyperbolically 
distributed between two BSs. Therefore, 3 or more range estimations from different BSs with known 
location are needed to estimate a unique location of UE. 

TDoA positioning method relies on accurate synchronization between BSs which transmit signals 
simultaneously to make accurate range (difference) estimations.  

In 5G, PRS (Positioning Reference Signal) a downlink-specific (DL) reference signal designed for 
positioning purposes with extended interference mitigation capabilities compared to other reference 
signals [35]. The reason for selecting PRS for the simulations and the comparison with CSI-RS is 
explained in section “3.7 Choice of the downlink reference signal”. In Figure 15, the locations of PRS 
symbols from 3 BSs in a PDSCH carrier grid is shown. In the example from Figure 15, PRSs from different 
BSs are allocated to different time slots as an interference mitigation method. They can also be 
allocated to different frequency resources by using comb patterns.  

 

Figure 15 The locations of PRS symbols from all base stations in a PDSCH carrier grid.  

At the receiver (or UE), time estimation is achieved via correlation of the incoming signal with the 
reference PRS. An example of the correlator output is shown in Figure 16. At the receiver, since the 
received signal is sampled, the propagation time delay is converted to digital domain as sample delay. 
This conversion causes a range estimation error in perfect transmission/detection case (in which effect 
of noise and other signal distortion/attenuation effects are neglected). The upper error bound for 
range estimation error in perfect transmission/detection case (𝐸𝑝𝑒𝑟𝑓𝑒𝑐𝑡), where propagation speed is 

(𝑐) and sampling frequency is (𝑓𝑆) can be explained by the following formula: 

𝐸𝑟𝑟𝑜𝑟𝑝𝑒𝑟𝑓𝑒𝑐𝑡 ≤
𝑐

2𝑓𝑆
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From this formula, the minimum sampling rate to keep 𝐸𝑟𝑟𝑜𝑟𝑝𝑒𝑟𝑓𝑒𝑐𝑡 below 1 meter is calculated as 

149.8962 MHz. Such high sampling rates are not always feasible and this explains another possible 
bottleneck in achieving practical sub-m level accuracies with 5G signals. 

 

Figure 16 Correlator output of the receiver of the UE.  

The delay estimations can be used to calculate both TDoA and ToA positioning methods. In Figure 17, 
the position estimation of UE is illustrated. 

 

Figure 17 Position estimation of UE is the solution of hyperbola equations in TDoA positioning method. 

Also, in Figure 18, the fact that TDoA (and ToA)  are decreasing (in terms of RMS positioning error) as 
the sampling rate increases, under sufficiently high SNR condition, supports this error bound. 
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Figure 18 TDoA and ToA RMSE versus sampling rate, under sufficiently high SNR condition (SNR=100 dB); 
9.36 MHz bandwidth and 3 base stations.   

3.6 Joint AoA-ToA performance 

The joint AoA-ToA estimation performance of one 3*3 URA and one 3D VA by using Expectation-
Maximum (EM) and Subspace (or MUSIC) algorithms are plotted in Figure 19. 3GPP TDL-D channel 
model is used for generating multipath propagation environment and the searching span for AoA and 
ToA estimation are 0.4° and 3.3ns (1m in the range).  

In the simulation, the target transmitted SRS signal to the gNB with 15kHz subcarrier frequency and 
15MHz bandwidth. According to the SRS signal allocation pattern in [11][36], we totally generate 40 
SRS OFDM symbols, and the SRS signal has comb 2 structure in the frequency domain, which means 
the span between two neighbour SRS’s subcarriers equals to 2 subcarriers.  Carrier frequency is 3.5 
GHz. 

The curves based on the subspace (MUSIC) method reach around 0.3 m accuracy with -9dB SNR for 
both two antenna types, but EM curves have 0.1m and 0.7m accuracy at the beginning point. Those 
show that EM algorithm is more sensitive with the noise. However, four curves with high SNR situation 
(SNR = 15dB) convergence to 0.28m and it also shows that 3DVA can reach similar positioning accuracy 
as the 3*3 URA. 
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Figure 19 RMSE VS SNR with VA and URA. Source AoA = [30, 30]. Source ToA = 10ns, TDL-D Channel with 13 
Multipaths. 

3.7 Choice of the downlink reference signal 

For the downlink communication, 3GPP defined two types of reference signals, namely CSI-RS and PRS, 
to enable the end-user to estimate the channel state [36].  

However, the available frequency domain and time domain resource that can be allocated to CSI-RS 
are limited, the physical resource element in one resource block is fixed according to port numbers 
and CDM type two parameters as Table 7.4.1.5.3-1 in [11] described. Figure 20 plots the resource 
allocation pattern of row 1 in Table 7.4.1.5.3-1 and the allocated four resource elements are 
highlighted by yellow colour. However, PRS can maximumly use 10 OFDM symbols in one slot without 
fixed requirements as CSI-RS and the pattern is plot in Figure 21. Thus, PRS is more flexible than CSI-
RS.  

 

Figure 20 CSI-RS Allocation Pattern 



5G SURVEILLANCE SOLUTION PRELIMINARY ASSESSMENT (D3.1)  

 

  

 

 

 31 
 

 

 

 

Figure 21 PRS Allocation Pattern 

Based on this extra flexibility of PRS versus CSI-RS allocation, we believe that PRS is a better choice as 
a reference signal for positioning in 5G downlink configurations. 

3.8 Realistic channel modelling via simulations 

A realistic channel modeling was also investigated via a proprietary tool obtained with non-
commercial, research-based license at Tampere university and called Wireless Insite simulator. 

Wireless Insite supports users to predict the effect of buildings and terrain on the propagation of 
wireless communication signal, and both urban and indoor scenarios are available. As the geometry 
data from open street map (www.openstreetmap.org) and Google Earth (earth.google.com/web) 
cannot be imported into this software properly. The buildings in are manually created on top of the 
map of Muret airport. Where buildings are concrete blocks without adding features such as roof and 
windows.   

 

Figure 22. Muret Airport Model in Wireless Insite Software 

http://www.openstreetmap.org/
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The antenna model is created after constructing the geometry profile. Wireless Insite enable users to 
import user defined antenna data or using software defined antenna structures (dipole, MIMO, horn, 
etc,). As our goal is predict the signal propagation paths between Tx and Rx, and the antenna structure 
is a minor factor, we set isotropic antenna for both Tx and Rx.  

If antennas are stationary, we use the point tool to create the location of Tx or Rx. For simulating the 
doppler effect, trajectory of antennas should be created in the model.  

A raytracing method called Shooting-and-Bouncing-Rays (SBR) is used for predicting LOS and NLOS 
paths after placing buildings and antennas.      

It is to be noticed that ENAC has access to a relatively similar, also proprietary, simulator, called 
Winprop. Further investigation will also compare these two simulators with respect to theor ability to 
model realistic scenarios with LOS/NLOS propagation. 

3.9 Main take-away points 

• This section provided both the theoretical time and angle estimation accuracies (by showing 
the corresponding CRLB) and simulation-based results with time and angle estimators. 
Theoretical bounds showed that, in order to reach sub-m level accuracy, certain conditions 
regarding the SNR, the receiver bandwidth, the sampling frequency, the transmitter-receiver 
distance and the grid steps used in the algorithms (e.g., in MUSIC) need to be fulfilled. 

• The simulation based RMSE results of 3D VA showed that the achievable accuracy can reach 
0.28m with 15MHz bandwidth and a joint time-angle estimation. We have also seen that PRS 
reference signal is more flexible in terms of resource allocation than CSI-RS and therefore may 
be preferable to be used for downlink positioning. 

• We have also seen that, with a low number of base stations in a medium-sized airport such as 
Muret, high coverage and sub-m level accuracy are hard to be reached; however, with a high 
enough number (e.g., higher than 6 or 7 for a Muret-sized airport). 

• We have also investigated a more realistic channel modelling, based on Wireless InSite 
simulator. In order to simulate the channel model of Muret airport, we imported the satellite 
imaging into the Wireless Insite software and create buildings, transmitters and receivers to 
further collecting the raytracing result. More simulation-based results based on this channel 
model are still to be made. 
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4 3D-VA and 3D-VA arrays – preliminary 
results 

4.1 3D-VA design  

The detailed 3D VA design was addressed in Newsense Deliverable D2.2 [37]. 

4.2 Novel concept of 3D-VA arrays and preliminary results 

For multiple sources’ AoA detection, while the sources are using the same waveform type, single VA is 
unable to separate the different targets. Therefore, we have considered the situation when two or 
several VAs are spaced together in order to form an array of VAs. The spacing can be half of the signal 
wavelength, similarly with the  element spacing  in a ULA antenna for example. 

In the section, we set two sources which are sending the same signal to the receiver from two different 
angles with 10dB SNR. The MUSIC estimation result of using a single VA is plotted in  Figure 23, and 
the result of a VA-array is plotted in Figure 24. By comparing two figures, the result of VA-array shows 
two strong points corresponding to targets’ AoA and proves the capability of VA-array for separating 
coherent sources, but single VA’s result only contains one spot located in the region between two 
targets’ AoA.   

 

Figure 23. MUSIC Angle Estimation Result. Single 3D vector antenna. The SNR equals to 10dB, and incident 
angle of two targets are: azimuth angle = [50 120], elevation angle = [30 90]. 200 snapshots. 
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Figure 24. MUSIC Angle Estimation Result. 4*4 antenna array composed by 3D vector antenna. The SNR equals 
to 10dB, and incident angle of two targets are: azimuth angle = [50 120], elevation angle = [30 90]. 200 
snapshots. 

Therefore, when multiple targets need to be identified, an array of VAs is more suitable than a single 
VA. Nevertheless, this is a theoretical concept that cannot be further validated in practice, so the 
results are contained to simulation-based results. 

4.3 Ideal versus non-ideal 3D-VA 

Figure 25 shows the theoretical and simulated antenna gain of 3D-VA in a 2D space for a z-directed 
electric dipole.  An uniform antenna gain and no cross-polarization component in the H plane is 
observed in the top plot of Figure 25 by using the theoretical steering vector model from section 3.2.6. 
Differently, the simulated antenna gain of the proposed antenna (see Newsense Deliverable D2.2 [37] 
for details of the 3D VA) shows four high gain regions and the difference between maximum gain and 
minimum gain is close to 15dB. Furthermore, strong cross-polarization occurs. Moreover, gain 
reduction occurs for an elevation angle of 75 degree. There are therefore differences in the radiated 
patterns of the realistic VA versus the theoretical VA and the effect of these differences on the 
positioning accuracy are still to be investigated. 
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Figure 25 Comparison of an ideal 3D-VA (top plot) with the proposed 3D-VA (bottom plot) in the E (left plot) 
and H plane (right plot) for the co- (red) and cross-polarization (blue) at 3.5 GHz. 

4.4 Main take-away points 

• The introduction of the antenna array structure brings in the coherent source separation 
capability for VA. 

• The simulated antenna gain of the proposed VA presents some differences regarding its 
radiation pattern compared with an ideal VA, which leads to the need of deeper investigations 
to evaluate the effect of these differences on the positioning accuracy.  
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5 5G-based and mmWave sensing – 
preliminary results 

5.1 Imaging with 5G signals 

Air-borne Synthetic Aperture Radar (SAR) is a vital sensing tool for the measurement of stationary 
targets such as buildings, dams, and bridges. Traditional Air-borne SAR system radiates the signal to 
the ground of interests and recovers the geometry information of illuminated obstacles by collecting 
and analysing echoes from the ground. By using the 5G signal transmitted between airplanes and base 
stations, we can extend the functionality of 5G signal for imaging purpose. 

This section provides preliminary results of 5G reference signal-based imaging functions for both 
Uplink (SRS) and Downlink (PRS) cases.  

Let us assume a moving aircraft is transmitting SRS to the BS and receiving PRS from that BS; those 
radiated reference signals also illuminate buildings and obstacles that close to the BS at the time. Once 
the aircraft captures reflections of reference signal from ground obstacles, we can get the propagation 
time and Doppler shift of those reflections, and further recover the geometry information of buildings 
by using time and Doppler information.  

Figure 26 and Figure 28 exhibit the predicted reflection paths on Wireless Insite Software. Seven and 
four paths are selected for SRS and PRS two cases respectively, and corresponding range-Doppler 
results are plot in Figure 27 and Figure 29. The slant range is related with the transmission time of 
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reflections and Doppler shift is proportional to the cross-range distance between reflection points and 
the aircraft.  

 

Figure 26. Wireless InSite® SRS Ray Tracing Output. Flight sending the SRS signal to the gNB and echoes from 
reflection paths are collected by the flight. The flight TX power is 24 dBm and antenna gain is 17.1 dBi. 

We can find that points A and E with large cross range distance has larger doppler speed in Figure 26. 
As the reference signal is not transmitted in every 5G OFDM symbols, we can find the result of right 
figure contains mirror points of A and E. The Doppler speed difference between mirrors and original 

spot can be quantified as: 𝑣𝐷𝑜𝑝𝑝𝑙𝑒𝑟
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

= 𝜆/𝑇𝑠𝑦𝑚.  

As the simulation use 3.5 GHz (𝜆 = 0.085𝑚) as the carrier frequency and the repetition time of SRS 

reference signal equals to 14 OFDM symbols (𝑇𝑠𝑦𝑚 = 14 ∗ 1/15𝑘𝐻𝑧), 𝑣𝐷𝑜𝑝𝑝𝑙𝑒𝑟
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

 equals to 91.84 

m/s. To avoid the mirror points in the final imaging, using a narrow beam antenna to focus targets with 
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shorter cross range or reducing the flight speed to reduce the Doppler speed of all targets are effective 
solution. 

 

Figure 27. Comparison of range-Doppler imaging result with using continuous symbols (left-hand plot) and SRS 
symbols (right-hand plot)  

 

Although the range Doppler result generation methods with PRS case is the same with SRS, the slant 
range difference in two cases should be point out. The slant range in SRS is a round trip (real 
propagation range equals to two times of slant range) between the flight and obstacles but the 
distance between reflection point to gNB and reflection point to the flight is usually unequal, thus we 
plot the total propagation range from the gNB to the flight as the slant range in this case. The real slant 
range should be further compensated by other algorithms according to the geometry of the gNB and 
the flight.   

 

Figure 28. Wireless InSite® PRS Ray Tracing Output. Signal of PRS coming from the gNB and get reflected or 
scattered by the ground and objects. The gNB TX power is 49 dBm 
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Figure 29. PRS reflection points 

5.2 Sensing based on mmWave radar 

The sensing based on mmWave radar was addressed in detail in Newsense deliverable D4.1 

5.3 Main take-away points 

• This work presented in this section evaluates the uplink and downlink reference enabled 
imaging function under 5G network which can be analogous to monostatic and bistatic SAR, 
respectively. However, the use non-uniform span between contiguous reference signal 
symbols causes mirror images in the range-Doppler plot.  

• Reducing the antenna beam or reducing the airplane speed is an effective approach to 
eliminate the mirror imaging. The maximum detectable range of obstacles are related with the 
carrier frequency and the Radar cross-section (RCS), as the propagated signal experiences two 
segments of free space pathloss channel and one reflection on the surface of obstacles. Thus, 
the final detectable range in the simulation, approximately 500 m, should be changed with the 
carrier frequency and environment. 
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6 Additional aspects related to RF 
convergence in future 5G/5G+ networks 

6.1 Problem statement 

An important aspect when 5G signal is used for positioning and sensing purposes is to not disturb its 
communication capabilities (e.g., achievable throughputs, end-to-end latencies, bit error rates, 
capacity, etc.). The studies jointly studying communication, sensing, and positioning aspects are known 
nowadays under the name of RF convergence studies; sometimes, when positioning is considered as 
an intrinsic part of the sensing engine, they are also referred to as Integrated Sensing and 
Communications (ISAC). In this project, we have also performed some theoretical studies regarding 
ISAC/RF convergence and they are presented in this section. 

We propose the simultaneous sensing and communications using superposition coding scheme. 
Consider a scenario depicted in Figure 30, two users are in service of sensing and communications, a 
dual function station (DFS) transmits dual function waveform (DFW) that superposes both the radar 
and communications waveform on the power domain. Here we assume one radar waveform to detect 
both targets (i.e., users).  

 

Figure 30 The considered scenario for simultaneous sensing and communications using superposition coding. 

The performance of proposed scheme has been evaluated by capacity, Cramer-Rao lower bound, Jain’s 
fairness metrics. On the communications’ side, we pay attention to the quality of service (QoS), the 
sum rate of all users and the fairness between users; on the radar’s side, we concern the estimation 
accuracy of the targets and how much allocated power is sufficient. 

6.2 Simulation-based results 

The numerical analysis has been implemented to provide some insights on our new proposal. We use 
generic waveform for communications, linear frequency modulation and parabolic frequency 
modulation for radar signals. The details of parameters in the following results could be found in [33]. 
Figure 31 shows the sum rate versus Cramer-Rao Lower Bound under different QoS requirements. In 



5G SURVEILLANCE SOLUTION PRELIMINARY ASSESSMENT (D3.1)  

 

  

 

 

 41 
 

 

 

general, insignificant difference between linear FM and parabolic FM is observed. The QoS 
requirements of the weak user limit the overall performance of sensing and communications system. 

 

(a) 

 

(b) 

Figure 31 Sum rate versus the Cramer-Rao lower bound. (a) using linear frequency modulation for radar, (b) 
using parabolic frequency modulation for radar. 𝑹𝟎,𝟏 is the QoS requirements for the stronger user of two 

users, 𝑹𝟎,𝟐 is the QoS requirenments for the weaker user of two users. 

Figure 32 shows the fairness comparisons amongst three different QoS requirements for the weak 
user. Evidently the moderate QoS requirements for the weak user balanced both the fairness and 
overall system performance. 

 

Figure 32 The fairness comparisons. 

6.3 Main take-away points 

• The superposition coding-based scheme attributes a large portion of transmitting power to 

the radar side, therefore low throughputs tasks are preferred as communications tasks, for 

example, control and command signalling. 

• A good fairness is achieved if the QoS requirements of the weak user is moderate. 

• The current proposal has great potential to apply in the drone control and sensing. 
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7 Further steps and conclusions 

7.1 Envisaged laboratory set-up and planned testing 

To test the 3D vector antenna and other relevant tests, we need the following steps: 

1. Build a multiple phased locked receiving channels and coherent transmitter (single antenna) 

to verify the AoA algorithm with narrow band (even single tune) signal. 

2. Verify the AoA algorithm with broadband signal with the same setup in step 1. (Preliminary 

test will use ULA before testing with the 3D vector antenna). 

3. Verify the AoA algorithm with 5G reference signal with the same setup in step 1&2.  (The test 

will be first done with the ULA, then replaced by the 3D VA). 

4. Verify the AoA algorithm and time delay estimation algorithm with 5G reference signal with 

the same setup in step 3. (The test will be first done with the ULA, then replaced by the 3D 

VA). 

5. Verify the AoA algorithm and time delay estimation algorithm with 5G reference signal with 

noncooperative receiving channels and transmitter. (The test will be first done with the ULA, 

then replaced by the 3D VA). 

To implement the above test, we first setup a hardware testbed which includes four phased-locked 

receiving channels and a coherent single channel transmitter using the following hardware: 

• One PC (Intel i7-8700 CPU @3.20 GHz, 32 GB RAM, Samsung SSD 860 EVO 1TB): to host the 

LabVIEW to run the AoA and time delay estimation algorithm.  

• One CPS-8910 (Cabled PCI Express Switch Box x4 10 Port): is a 1U rack-mountable PCI Express 

10-port switch to connect the three USRPs to the PC’s PCIe adapter. It has a Gen 2 PCI Express 

x8 upstream port, a Gen 1 PCI Express x4 upstream port, and eight Gen 1 PCI Express x4 

downstream ports to enable linking any PCI Express host to multiple expansion chassis or 

peripheral devices. 

• One PCIe adapter: used in motherboard-level connections as an expansion card interface. 

Specifically, PCIe-based expansion cards are designed to fit into PCIe-based slots in the 

motherboard of devices like host. 

• SMA cables: a group of SMA cables for 10 MHz clock and PPS distribution for synchronization, 

another group for RF signal connection.   

• ZN4PD-272-S+, 4 Ways DC Pass Power Splitter, 500 - 2700 MHz, 50Ω: a passive device which 

accepts an input signal and delivers multiple output signals with specific output phase and 

amplitude characteristics. 

• Three USRPs RIO: two NI USRP-2954R for receiving (RF 0 channel TX1/RX1 and RF 1 channel 

RX2) and one NI USRP-2953R for transmitting ((RF 0 channel TX1/RX1). (Probably replace the 

antenna with 3D vector antenna in the later testing). 

• 3D vector antenna connection: according to the ENAC’s data format, the output of 3D vector 

antenna contains 8 ports. We will use the 4 electric ports from the 3D VA to be connected to 

the USRP. 
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• One Octoclock CDA-2990 (with 10MHz reference clock and PPS output): The OctoClock CDA-

2990 accepts 10 MHz and PPS signals from an external source and distributed each signal 8 

ways. This is a useful accessory for users that would like to build multi-channel systems that 

are synchronized to a common timing source. 

• GPS antenna to drive the external clock of the Octoclock: (Optional). 

7.1.1 Hardware Configuration 

The hardware configuration is implemented as follows. The connection diagram and Lab Picture are 

shown in Figure 33 (left plot and right plot, respectively): 

1. Three USRP (two NI USRP-2954R and one NI USRP-2953R) are set in a synchronized setup using 

an Octoclock CDA-2990. One USRP as a TX and the other two as a RXs.  

2. System requirements and common system implementation: 

• All USRPs must have a common reference clock. 

• All USRPs' PPS TRIG IN must be connected to a single 'master' USRP PPS TRIG OUT. 

• Provide a common reference clock to all the USRPs by setting the OctoClock's PRIMARY REF to 

EXTERNAL. Also, connect the OctoClock's 10 MHz OUT to all the USRPs' REF Ins. 

• Setup the trigger distribution network for the USRPs. First, by connecting the OctoClock's PPS 

OUT to all the USRPs' PPS TRIG INs. Second, by connecting USRP1's PPS TRIG OUT to the 

OctoClock's EXT PPS INPUT. 

 

Figure 33 Hardware connection Diagram (Right), Lab Hardware Setup (Left) 

7.1.2 Software Configuration 

For the Software Configuration, LabVIEW 2021 has been used as a software and using the USRP 

Streaming examples available in LabVIEW 2021 (NI-USRP Multi-device Synchronized Simple Streaming 

(USRP RIO Devices)), as shown in Figure 34. The NI-USRP Multi-device Synchronized Simple Streaming 

sample project demonstrates the following tasks with the USRP-RIO: 1) Streaming data from the input 

port of the USRP RIO device to the host VI; 2) Streaming data from the host VI to the output port of 

the USRP RIO device. USRP RIO is signal-based synchronization; with signal-based synchronization, 
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there is no time. A single master device instructs all the devices to start, so the host only triggers the 

master, and then the master triggers all the devices. The master USRP must be connected to all the 

slaves, so the master has a trigger output to all the devices' trigger inputs. The Octoclock no longer 

generates a PPS. Instead, the OctoClock is a trigger distribution network that handles forwarding the 

master's trigger out to all the devices' trigger ins. 

 

 
Figure 34 NI-USRP Example Used 

Figure 36, Figure 37, and Figure 38 show additional configuration examples for the transmitter-

receivers envisaged configurations. More details will be provided after the measurement campaign. 
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Figure 35 Tx (Single transmitter- one channel) Front Panel of the Example Used 

 

 

Figure 36 Tx (Single transmitter- one channel) Block Diagram of the Example Used 
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Figure 37 Rx (Two receiver – two channels) Front Panel of the Example Used 

 

 

Figure 38 Rx (Two receiver – two channels) Block Diagram of the Example Used 
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7.2 Conclusive remarks based on the preliminary assessment 

Positioning using angle and/or timing information and 5G reference signals carries the promise of sub-
m level accuracy. Indeed, according to theoretical bounds and under certain configurations in terms 
of number of base stations deployed within an area, sampling frequency and receiver bandwidths, 
operating SNR, transmitter-receiver distances and LOS/NLOS configurations, sub-m accuracy is 
achievable, but still challenging. 

Multi-antenna arrays, such as based on ULA, URA or VA arrays can distinguish between multiple targets 
and can reach higher angular accuracy than antenna solutions based on single 3D VA, when the correct 
angle-estimation algorithm is used (e.g., MUSIC or other subspace-based approaches), but the single 
3D VA has the advantage of a lower complexity than other solutions and may be suitable both at 
transmitter and at the receiver end. 

The next steps consist in digging deeper into the theoretical bounds of joint time-angle estimators, 
advancing the concepts of RF convergence, and implementing the hardware-based testbed as 
described in this section, performing measurements and analysing the results.  
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Appendix A Acronyms 
 

3D-VA 3D Vector Antenna 

ADCGM Alternating Descent Conditional Gradient Method  

A-GPS Assisted-Global Positioning System 

AoA Angle of Arrival 

AoD Angle of Departure 

ATC Air Traffic Control 

ATM Air Traffic Management 

BS Base Station 

BW Bandwidth 

CNS Communication, Navigation, and Surveillance 

CRLB Cramer Rao Lower Bound 

CSI-RS Channel status information reference signal 

DFS Dual Function Station 

DFW Dual Function Waveform 

DL Downlink 

DME Distance Measurement Equipment 

DMRS Demodulation reference signals 

EIRP Effective isotropic radiated power 

EKF Extended Kalman Filter 

FM Frequency Modulation 

gNB g-Node B, the terminology for a Base Station (BS) in 4G/5G 

GNSS Global Navigation Satellite Systems 

ILS instrument landing system 

IMU Inertial Measurement Unit 

ISAC Integrated Sensing and Communications 

KF Kalman Filter 

kNN k Nearest Neighbours 

LAAS Local Area Augmentation System 

LOS Line of Sight 

LS Least Squares 

MIMO Multiple Input Multiple Output 

ML Machine Learning 

MUSIC Multiple Signal Classification 

NLOS Non Line of Sight 

OFDM Orthogonal Frequency Division Multiplexing 

PRS Positioning reference signal 

PSS  Primary Synchronization Channels 

PTRS Phase-tracking reference signals 

PTx Transmit power 

QAM Quadrature Amplitude Modulation 

QoS Quality of Service 

RCS Radar cross-section 

RF Radio-Frequency 
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SAR Synthetic-aperture radar 

SBR Shooting-and-Bouncing-Rays 

SNR Signal to Noise Ratio 

SRS Sounding reference signal 

SSS Secondary Synchronization Channels 

TDoA Time Difference of Arrival 

ToA Time of Arrival 

TS Transmitted Signal 

UCA Uniform Circular Arrays 

UE User Equipment 

UKF Unscented Kalman Filter 

UL Uplink 

ULA Uniform Linear Arrays 

URA Uniform Regular Arrays 

V2X Vehicle to Everything 

VA Vector Antenna 

VHF Very High Frequency 

VOR VHF omnidirectional range 

WAAS Wide Area Augmentation System 

WCG Weighted Centroid Geometric 
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