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Project overview

HYPER-5G aimed at 

studying, designing and developing the algorithms and software needed to implement a 
precise positioning engine to jointly use multi-constellation GNSS and 5G observations

project consortium

R&D funding

Real 5G signals
for tests

Multi-GNSS 
receiver for tests

http://www.hyper5g-project.eu/ 

Project activities timeframe: 
March 2022 – February 2024

Scientific & 
technical support
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Project logic

System design

5G positioning 
algorithm

Hybrid GNSS-5G 
positioning 
algorithm

HYPER-5G 
software 

integration

• Preliminary 5G data collection (after suitable device selection & testing)
• 5G base station coordinates determination
• Measurement campaign area selection
• Low-cost GNSS data collecting hardware (suitable also for kinematic campaigns)
• 2 data measurement campaigns

• 5G base stations synchronization analysis
• 5G base stations desynchronization estimator → 5G EKF
• Testing & assessment

• Hybrid GNSS-5G EKF implementation→ HYPER-5G EKF
• Testing & assessment

• HYPER-5G EKF implemented in a 
software application with a GUI, 
usable also on new datasets

• Final validation
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GNSS state equation

• 𝑡 = processed epoch, 𝜏 = travel time

• 𝜌𝑅,𝑡
𝑆𝑖  = distance between the receiver and satellite at epoch 𝑡

• 𝑑𝑡𝑆𝑖,𝑡−𝜏 = satellite clock offset at transmission time

• 𝑑𝑡𝑅𝐸𝐿,𝑡−𝜏
𝑆𝑖  = relativistic clock correction at transmission time

• 𝑐𝑑𝑡𝑅,𝑡
𝐺𝑁𝑆𝑆 = receiver clock offset with respect to different GNSS at epoch 𝑡

• 𝑇𝑅,𝑡
𝑆𝑖  = tropospheric delay at epoch 𝑡

• 𝐼𝑅,𝑡
𝑆𝑖  = ionospheric delay at epoch 𝑡

Hybrid GNSS-5G positioning algorithm – obs. equations

5G state equation

• 𝜌𝑅,𝑡
𝐵𝑆𝑖 = distance between the receiver and 𝐵𝑆𝑖  at epoch 𝑡

• 𝑑𝑡𝐵𝑆𝑖,𝑡
5𝐺  = modelled 𝐵𝑆𝑖  clock offset at epoch 𝑡

• 𝑑𝑡𝑅,𝑡
5𝐺  = clock offset of the receiver with respect to 5G network

𝑃𝑅,𝑡
𝑠𝑖 = 𝜌𝑅,𝑡

𝑠𝑖 − 𝑐 𝑑𝑡𝑠𝑖,𝑡−𝜏 + 𝑑𝑡𝑅𝐸𝐿,𝑡−𝜏
𝑠𝑖 + 𝑐𝑑𝑡𝑅,𝑡

𝐺𝑁𝑆𝑆 +𝑇𝑅,𝑡
𝑠𝑖 + 𝐼𝑅,𝑡

𝑠𝑖

𝑇𝑜𝐴𝑅,𝑡
𝐵𝑆𝑖 = 𝜌𝑅,𝑡

𝐵𝑆𝑖 + 𝑐𝑑𝑡𝐵𝑆𝑖,𝑡
5𝐺 + 𝑐𝑑𝑡𝑅,𝑡

5𝐺
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HYPER-5G hybrid
Kalman Filter

GNSS 
signals

GNSS 
corrections

5G 
signals

GNSS 
antenna

GNSS 
module

5G 
antenna

Internet 
interface

5G 
module

GNSS
observations

& ephemerides

5G
observations

5G base 
stations 

coordinates

RESILIENT POSITIONING

Technology Readiness Level 5

System concept
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• System Design (GReD – Eugenio Realini)

• 5G positioning (PoliMi IoTLab – Monica Nicoli)

• Hybrid GNSS-5G positioning (PoliMi DICA – Marianna Alghisi)

• HYPER-5G software development (GReD – Andrea Gatti)

• HYPER-5G software validation (PoliMi DICA – Marianna Alghisi)

• Conclusions (GReD – Eugenio Realini)

Presentation structure
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System Design 
GReD



Data collection activities – BS coordinates survey
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GNSS receiver prototype

u-blox ZED-F9R 
(SimpleRTK board)

GNSS + IMU

SD Card for 
data storage

Septentrio Mosaic X5
(SimpleRTK board)

GNSS 

SD Card for 
data storage

Power Bank splitter

USB – USB C cable

USB – micro USB C cable

GPIO connector (UART 1)

GPIO connector (UART 1)GNSS data

GNSS + IMU data

GNSS 
antenna 



The content of this presentation is proprietary and confidential information of Geomatics Research & Development
It is not intended to be distributed to any third party without the written consent of Geomatics Research & Development

GNSS receiver prototype
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Date: Friday 18 November 2022
Location: South-West of Milan
Duration: about 3 hours
Tests: 2 stationary, 3 kinematic

Number of Vodafone 5G base stations
in the area of interest: 5

STONEX SA65 
antenna 

(reference)

simpleANT-3B 
Helical 

Tripleband

Rohde & 
Schwarz 5G 
antenna + 

GNSS antenna 
(for timing)

S70G RTK receiver
(reference)

Rohde & Schwarz 
passive 5G scanner

u-blox ZED-F9R

Septentrio 
Mosaic X5

Magellan 
Regulus 1st gen.

si
gn

al
 s

p
lit

te
r

Instruments:
• 4 GNSS receivers
• 1 5G passive scanner

Data collection activities – 1st campaign



12

STONEX SA65 
antenna 

(reference)

simpleANT-3B 
Helical 

Tripleband

TSMA6 Rohde 
& Schwarz 5G 

antenna + 
GNSS antenna 

(for timing)

Rohde & Schwarz 
passive 5G scanner

u-blox ZED-F9R

Septentrio 
Mosaic X5

Magellan 
Regulus 1st gen.

si
gn

al
 s

p
lit

te
r

S70G RTK receiver
(reference)

• Second data collection campaign on 10 May 

2023, in the rural area southwest of Milan

• 8 consecutive surveys, each one composed 

by a static acquisition of 5 minutes, then 3 

repetitions of the kinematic path

TSME6 Rohde 
& Schwarz 5G 

antenna + 
GNSS antenna 

(for timing)

Base Station ToA availability

BS1 – BESATE 1.4%

BS2 – NOVIGLIO 40%

BS3 – CASORATE 40%

BS4 – GUDO 12%

BS5 – VERMEZZO 6.9%

Reception tests on 2 May

Data collection activities – 2nd campaign



13

5G positioning design
PoliMi IoTLab
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5G positioning – Overview

• New positioning signals (PRS,SRS): improved correlation, simultaneous 

ranging from multiple BSs

• Extended bandwidth: from 50 MHz to 2 GHz (forthcoming)

• mmWave bands: frequency bands >24 GHz (FR2), up to 71 GHz (Rel.17)

• Massive MIMO: multiple antenna for spatial filtering (beamforming)

• New positioning methods: OTDOA, RTT, multi-RTT, AoA, AoD

5G nice features for positioning

5G physical layer configurations (numerology)

5G base station (BS)

(gNodeB, identified by PCI)

User equipment 

(UE)
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5G positioning – Methodology on current network

5G range estimate from ToA:

BS𝑖

𝑑𝑖

TSMA4 scanner

Beam SSB 𝑘 

1

8

BS𝑗

𝑑𝑗

𝑏𝑈𝐸,𝑡
5𝐺

𝑏𝐵𝑆𝑖,𝑡
5𝐺

𝑏𝐵𝑆𝑗,𝑡
5𝐺

𝑡𝑡𝑥,𝑖
(𝑘)

− 𝑡0
5𝐺

• Multi-lateration from Synchronization Signal Block (SSB)

• Time of Arrival (ToA) extracted from R&S TSMA4 scanner

• Issues:

• Limited bandwidth (7.2 MHz)

• Synchronization errors (up to 1.5 ms btw BSs)

5G SSB signals (Rel-15 SSBs)

UE

Clock bias 

measured by UE

𝑏𝑖,𝑡
5G

𝜌𝑖,𝑡
5𝐺 = 𝑐 Ƹ𝜏𝑖 = 𝑑𝑖 + 𝑐 (𝑏BS𝑖,𝑡

5G − 𝑏UE,𝑡
5G ) +𝑛𝑖,𝑡

5𝐺

𝒔𝑖 𝒖𝑡

7.2 MHz
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5G positioning – BS synchronization issue

Pos1

Pos2

Pos3

Pos4

Pos5

PCI 402

PCI 383

PCI 382

Static tests @POLIMI Leonardo campus, Milan, 18th Oct. 2022

0.4

0

Clock bias distribution (SSB 4)

Average 79 m 

Std 4.8 m

Average 73 m 

Std 3.2 m

Despite the static condition, the ranging 

information is unstable due to clock inaccuracy

Need to track and 

compensate the clock bias

UE receiver
(buiding 21)

5G base stations 
(Vodafone)

Clock bias vs time and beam



5G positioning – EKF for joint position & clock offset tracking 
(J-EKF)

𝝆𝑡
5𝐺 = 𝜌𝑖,𝑡

5𝐺
𝑖=1

𝑁𝐵𝑆,𝑡
T

𝒙𝑡 = 𝒖𝑡 , 𝒃𝑖,𝑡
5𝐺

𝑖=1

𝑁𝐵𝑆,𝑡
T Random walk

Nearly constant velocity
𝒖𝑡

5𝐺 = 𝑓𝑢 𝒖𝑡−1
5𝐺 , 𝒘𝑣𝑡−1

𝒃𝑡
5𝐺 = 𝑓𝑏 𝒃𝑡−1

5𝐺 , 𝒘𝑏𝑡−1

• Dynamic system model:

• Measurement model: 𝜌𝑖,𝑡
5𝐺 = 𝒔𝑖 − 𝒖𝑡 2

+ 𝑐 𝑏𝑖,𝑡
5𝐺 + 𝑛𝑖,𝑡

5𝐺

UE 
position

BS clock
offsets

Track bias, drift and drift rate

Prediction Update

𝝆𝑡
5𝐺

ෝ𝒙𝑡

5G pseudo-ranges
POLIMI Leonardo campus
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5G positioning assessment
PoliMi IoTLab



402

80

383

394

386

411

127

382

252

UE R&S

5G positioning – Preliminary assessment in urban scenario

• Static tests @ POLIMI Leonardo campus

• 5 UE locations on the rooftop of building 21

• 3 5G sites (Vodafone Italy), with 3 BSs each

• Selected BSs in line of sight (LOS): PCI # 383, 411, 252

POLIMI Leonardo campus

PCI 252 - SSB 3

POLIMI Leonardo campus

Building 21

BSs
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5G positioning – Urban scenario results

Positioning method
MAE 

[m]

CEP9

5 [m]

Bias 

[m]

NLS without bias correction 111 134 110

NLS with bias correction 10 16 4

J-EKF with bias correction 5 4 3

J-EKF accuracy in 5 tests

Accuracy averaged over the 5 tests

Tests in 5 different locations Methods: 

• NLS: snapshot non-linear least squares

• J-EKF: tracking with bias correction

• CRB Cramer Rao Bound (CRB)

NLS without 
bias correction

NLS with 

bias 
correction

J-EKF
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5G positioning – Assessment in rural scenario
(2nd campaign)

Measurement availability

431-894-733

746-171-613

767-750-112

410-447-427

455-738-781

7 km

BS
      UE/LMU

• Tests in Milan’s southwest suburbs: 8 dynamic + 8 static

• 5G receiver: R&S TSMA6

• 5G sites: 5 with 3 BSs each (non LOS)

• Selected BSs: PCI n. 750, 746, 447, 427, 431, 781

Static tests @ Milano suburbs, 10th May 2023
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Positioning method
MAE 

[m]

CEP95 

[m]

Bias 

[m]

NLS without range bias correction 136 23 136

NLS with range bias correction 16 24 11

J-EKF with range bias correction 4 4 3

J-EKF accuracy in 4 tests

5G positioning – Rural scenario: results in static case

Accuracy averaged over 4 tests

NLS without 
correction

NLS with 
correction

J-EKF

Range bias estimate [m]
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5G positioning – Rural scenario: results in dynamic case

• Mean error over the whole area: MAE = 30 m

• The range bias increases in presence of buildings

• In open areas, the error reduced to MAE = 20 m



5G positioning – Rural scenario: range bias repeatability 

Time [s]

 
 R

a
n

g
e

 [
m

]

Bias due to building

reflections

Static multipath 

is location-

dependent and 

predictable

24

Ray tracing simulationRange estimate - PCI 427

Range statistics over 25 laps

Reflections

Range estimate over 2 laps

C
lo

c
k
-o

ff
s
e
t

R
a
n

g
e

 b
ia

s
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Hybrid GNSS-5G positioning
PoliMi DICA



26

Hybrid positioning algorithm design & implementation

✓ 5G and GNSS raw data management
✓ 5G and GNSS pre-processing
✓ Multi-receiver, multi-antenna systems.
✓ Multi-frequency and multi-constellation.
✓ Uncombined/iono-free GNSS processing

✓ GNSS standalone static/kinematic positioning.
✓ Hybrid static/kinematic positioning
✓ Support receivers with different rate/gaps in data.
✓ Prepared to work with carrier-phases, cycle-

slips detection.

HYPER5G – SOL1 HYPER5G – SOL2
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Hybrid positioning algorithm

State variables EKF solution

State propagation, according to the 
dynamic model:

The predicted state is corrected according
to the available observations:
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Hybrid positioning algorithm – integration of 5G observations

• The 5G module is considered as an additional receiver
• Observations are assimilated considering them as pseudo-ranges of a new 5G 

“constellation”
• 5G base stations can be considered as satellites of the 5G “constellation”, their position is 

known from RTK
• As a GNSS receiver, one electronic clock error will be estimated
• 5G observations are affected by network synchronization error, each 5G base station has 

its own correction
• Observations are injected into the Kalman filter after a pre-processing that will get rid 

of outliers and perform a robust merge of consecutive observations (to also decrease the 
computational effort of the processing)
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Hybrid positioning algorithm – 5G pre-processing

SSB time corrections

Realign MIB SFN

ToA [s]

First asymmetric 
outlier detection1

Second outlier 
detection

↺ 1s moving window 
20% percentile2

For each PCI

1. Robust above average, robust below average (multipath is addictive)
2. 20th percentile to mitigate for multipath

Filtered ToA [s]
Epoch-wise standard deviation 
# observation in the window

SSB vs MIB SFN

SSB vs MIB SFN

SSB vs MIB SFN

1

1

2

2

3

3
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HYPER-5G software development
GReD
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HYPER-5G software development

goGPS

Open source GNSS positioning software developed by GReD 

staff since 2007 for precision positioning

• Post-processing

• Batch joint least squares 

• PPP and Network solutions

Limits of goGPS:

• Only support static solutions, no kinematic solutions (no KF)

• No epoch wise function for corrections

• No support for real-time positioning
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HYPER-5G EKF

Based on goGPS

Incorporates functions updated to support the epoch-wise 

processing

For GNSS:

• Tropospheric corrections and mapping functions

• Ionospheric corrections and mapping functions

• Orbits interpolation

• Clock interpolation

• Phase wind up

For 5G:

• Reads R&S csv format and applies pre-processing

HYPER-5G software development
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HYPER-5G EKF

• Supports multiple GNSS receiver, multi-antenna systems

• Supports one 5G receiver

• Stand-alone processing

• Static mode and kinematic mode

• Uses GNSS pseudoranges – uncombined or iono-free

• GNSS multi-frequency

• GNSS multi constellation support (including Galileo)

• Pre-processed 5G observations can be passed to the filter

HYPER-5G software development
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Software integration
Graphical User Interface
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HYPER-5G software validation
PoliMi DICA



Hybrid 5G-GNSS positioning results
STATIC RESULTS

✓ Tested receivers: Magellan, u-blox, Septentrio

✓ Configurations:

1. HYBRID-5G – SOL 1 – GNSS IONOFREE
2. HYBRID-5G – SOL 1 – GNSS UNCOMBINED
3. HYBRID-5G – SOL 2 – GNSS IONOFREE
4. HYBRID-5G – SOL 2 – GNSS UNCOMBINED

✓ 8 static sessions of measurements



Static results: HYPER5G – SOL2 – IONOFREE
RESIDUALS ENU @1s – IONOFREE – SOL2



Static results: HYPER5G – SOL2 – UNCOMBINED
RESIDUALS ENU @1s – UNCOMBINED – SOL2



Static results: HYPER5G – SOL2 – IONOFREE

HYPER5G-SOL2-IONOFREE

RECEIVER 1 MEAN 2D ERROR 3D ERROR SIGMA MAX MIN

E N H E N H E N H E N H

1,2 1,0 1,5 1,6 2,2 0,3 0,5 0,9 2,3 2,4 4,6 0,1 0,2 0,4

RECEIVER 2 MEAN 2D ERROR 3D ERROR SIGMA MAX MIN

E N H E N H E N H E N H

1,2 1,3 2,4 1,8 2,4 0,6 0,5 0,8 3,5 2,3 4,3 0,0 0,1 0,1

RECEIVER 3 MEAN 2D ERROR 3D ERROR SIGMA MAX MIN

E N H E N H E N H E N H

1,3 0,9 1,1 1,6 1,9 0,2 0,4 0,7 1,5 1,9 3,7 0,2 0,3 0,9



Kinematic results: HYPER5G – SOL2 – IONOFREE

Case study: 
Kinematic test 7

Time:
11:05:12 - 11:13:00

Number of epochs:
470 (~ 8 min)

✓ Residuals computed wrt RTK

✓ Applied horizontal corrections to 
align Stonex antenna to ANT3B-
HEL5



Kinematic results: HYPER5G – SOL2 – IONOFREE

START/END



Conclusions

• Addressed problem: positioning with the 5G cellular network and hybridization with GNSS

• Experimental approach: real data collected on the field for both 5G and GNSS

• Main product of the project: algorithms and software capable of jointly processing 5G ToAs
and GNSS pseudorange observations in a hybrid approach

• Achieved positioning accuracy:
➢ Static:

o 5G-only: ~4 m (2D error)
o Hybrid 5G-GNSS: ~1-3 m (2D error)

➢ Kinematic:
o 5G-only: ~20 m (2D error)
o Hybrid 5G-GNSS: ~1-4 m (2D error)
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