4
A\

)

e

5G Communication with a Heterogeneous, Agile Mobile
network in the Pyeongchang Winter Olympic competition

Grant agreement n. 723247

Deliverable D5.3
Ubiquitous sub meter accuracy
positioning with Galileo and wireless
network features

Date of Delivery: 31 May 2017
Editor: Roc Maymo-Camps

Associate Editors:

Authors: Giuseppe Destino, Roc Maymo-Camps, Jani Saloranta, Benoit Vautherin
Dissemination Level: PU

Security: Public

Status: Final

Version: V1.0

File Name: 5GCHAMPION_DS5.3_Final

Work Package: WP5




Deliverable D5.3: Ubiquitous sub meter accuracy positioning

Title: with Galileo and wireless network features — intermediate
version
Date: 31-05-17 Status: Final
Security: PU Version: V1.0
Modifications Date Version
Initial document
Abstract

This document is an intermediate version. It analyses and defines the 5G interoperability architectural
framework integrating GNSS based technology. It also describes the methods to enable accurate
positioning by using Galileo features and radio access with high carrier frequency, large antenna arrays and
large bandwidth. Last, it specifies a test bed to demonstrate the performance in test cases representative of
selected usage conditions.
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1 Introduction

This document analyses and defines the 5G interoperability architectural framework
integrating GNSS based technology.

Section 2 describes the methods to enable accurate positioning by using GNSS and Galileo
features.

Section 3 describes the methods to enable accurate position with high carrier frequency,
large antenna arrays and large bandwidth in the millimeter-wave (mmWave) band.

Section 4 defines a mixed GNSS/mmWave solution to cope with multipath in urban
environments.

Section 5 specifies a test bed to assess the performance in representative test cases, along
with the expected results.
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without the authorization of the contractors.

6/44




Title:

Security: PU

Date: 31-05-17

Deliverable D5.3: Ubiquitous sub meter accuracy positioning
with Galileo and wireless network features — intermediate

version

Status: Final

Version: V1.0

2 GNSS positioning

This section describes how GNSS positioning can reach sub-meter accuracy. It starts by
enumerating the positioning error sources, then it details the various techniques to get rid of
these errors and to select the most suitable, and finally it provides the benefits brought by
Galileo and 5G to GNSS positioning.

2.1 Positioning error sources

A GNSS receiver collects signals emitted by the GNSS satellites in its field of view. Then,
with correlation techniques applied to these collected signals, the receiver estimates the
ranges from the satellites. These ranges are called “pseudoranges” because they are
affected by errors from various main sources. The table below lists these error sources along
with their typical range error and highlight the ones that are mitigated with precise positioning

techniques.

Mitigated with

Typical recise
Error source Origin range Precis
positioning
error )
techniques

Even if the timing equipment of GNSS
satellites is very precise and

Satellite clock corrections are broadcasted in the 1m v
GNSS signal, a small clock bias still
remains.
A GNSS satellite broadcast its own

Satellite ephemeris | position within the signal, but with a 1m v

limited accuracy.
Signals from the GNSS frequency

lonosphere and band are subject to delays in these 11m v

troposphere .
atmospheric layers.
GNSS signals are reflected and

Multipath delayed by ground infrastructures and 2m X

vegetation.

Receiver noise Ther.mal noise generated by the 01m x
receiver RF.
Mass-market receivers contain
oscillators cheaper than the ones on-

) N/A

board the satellites. However, because (removed

Receiver clock all GNSS signals are similarly affected b N/A
by the receiver clock, this error is y

receiver)

easily mitigated by the receiver during
the computation of the position.
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2.2 Precise positioning techniques

In order to be able to reach a sub-metric positioning accuracy, these errors should be the
most possible mitigated. Many techniques have been developed using an additional GNSS
receiver, which is fixed and whose position has been precisely determined. This additional
receiver (called a “reference station”) collects GNSS signals like a classical receiver, with
which corrections can be applied since the exact position of the station is known. The errors
that can be mitigated by these corrections are the following:

- Satellite clock

- Satellite ephemeris
- lonosphere and troposphere

Multipath cannot be mitigated by a reference station since it is a very local source of error,
and the receiver noise cannot be corrected either because it is specific to each GNSS
receiver.

Thanks to all these corrections, sub-metric accuracy can be achieved if the receiver is placed
in an open-sky environment that is not subject to strong multipath.

Two methods coexist to generate and provide corrections: Precise Point Positioning (PPP)
and Differential GNSS (DGNSS). The following subsections will detail each of them and
select the best one adapted to mass-market receivers.

2.2.1 Precise Point Positioning (PPP)

With the PPP method, reference stations are networked in order to combine their
measurements and to compute very precise satellite clock, ephemeris, and optionally
ionosphere/troposphere corrections. Any receiver, even far from a reference station, can
benefit from these corrections with an Internet access, because the corrections calculated
with the PPP method are independent from the position of the reference stations. The
networks are either free of charge and managed by public organisations like the International
GNSS Service (IGS), or commercial services requiring a subscription to be accessed
(Novatel, NavCom...).

PPP data can also be provided by satellite link: this is planned for the future developments of
Galileo [1]. However, the corrections would be transmitted on a separate sub-band (E6),
which can only be received by multi-frequency receivers. Most of mass-market receivers are
currently single-frequency because of cost matters, but affordable multi-frequency ones could
appear in the following years.

In order to reach sub-meter accuracy, the receiver has to make carrier phase measurements
instead of code phase measurements. Code phase processing uses the information of the
satellite signal (the code) to compute the position, whereas carrier phase processing uses the
radio signal (the carrier), which has a much higher frequency (see figure below).

The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to thirds
without the authorization of the contractors.
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Figure 1: lllustration of the carrier and the code of a GNSS signal

However, the number of phase cycles for the carrier between the satellite and the receiver,
which is unknown (contrary to the number of code cycles), has to be determined by the
receiver: this is called “ambiguity resolution”. The ability to resolve ambiguity depends on the
signal C/NO and on multipath: an open-sky environment is clearly more adapted than urban
environment where multipath is omnipresent. Because of this ambiguity resolution step, PPP
will have a long convergence time, often above 5 minutes as shown in the figure below
extracted from a test campaign in Thales Alenia Space premises.

E-W (m) ORI=43.545382320° 1.391800564° 227.9740m
AVE=0.,0406m STD=0.3763m RMS =0, 3785m
15 AVE=0.2827m STD=0. 1534m RMS=0.3217m
m“ -
W\ =hem
0.5
0.0 \
0.5
-1.0 -
50 cm
1.5
GPS
. - < 1m in 50 ReRRmmeTRREeR |
dual-frequency = AL SO '
1 b1
1.0 \
OSW — 40 cm
0.0
o GPS 10 cm
; . <1min35 mn
single-frequency
1.5 =
20

09:30 10:00 10:30 11:00 11:30 A2:00 12:30 13:00 13:30 14:00 14:30

Figure 2: Time to reach 1 m accuracy with the PPP method for GPS single or dual frequency
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Figure 3: PPP technique

2.2.2 Differential GNSS (DGNSS)

Contrary to PPP, reference stations in DGNSS are independent and do not communicate
with each other. Instead, the reference station broadcasts its pseudorange measurements,
which are used by the user's receiver to mitigate clock, ephemeris troposphere and
ionosphere errors. The corrections apply only in the vicinity of the station: the positioning
accuracy of the DGNSS method can be less than 1m if the baseline (distance from the
receiver to the reference station) is less than a few tens of kilometres.

There are two main DGNSS methods: standard and Real Time Kinematic (RTK), depending
on the type of measurement that is used.

With standard DGNSS, the user’s receiver computes its position with algorithms based on
code measurements of the GNSS signals from the reference station and the user itself
(Figure 4, left), contrary to RTK algorithms, which are based on carrier phase measurements
(Figure 4, right).

Like the PPP technique (see above), RTK leads to a better accuracy because of these carrier
phase measurements, but it is as well subject to the ambiguity resolution issue. However, the
ambiguity will be resolved much faster than for PPP thanks to the phase measurements of
the reference station that are transmitted to the user’s receiver.
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Figure 4: Standard DGNSS (left) and RTK (right)

2.2.3 PPP, standard DGNSS and RTK trade-off

The table below shows the main characteristics of the three methods:

PPP Standard DGNSS RTK
Accuracy <1lm ~1m <1m
Convergence >5mn <1lmn <1lmn
Availability In open-sky areas In open-sky areas In open-sky areas
Baseline Infinite < 50 km <50 km
Bandwidth <10 kb/s <10 kb/s <10 kb/s
Service cost Free Free Free

All the three GNSS positioning methods can be used free of charge and require a very low
data rate. The very long convergence time of the PPP method makes it currently unsuitable
for most usages, like pedestrian or road navigation (but techniques are under investigation to
reduce the convergence time [4]), and standard DGNSS can hardly reach a sub-meter
accuracy. On the other hand, the RTK method is very accurate, has a short convergence
time and can be easily implemented in the next years: that is why it has been selected for
demonstration in the scope of this project.

Indeed, all recent mass-market receivers have enough processing power to compute a
position based on carrier phase measurements (the current issue is battery life) [2], and 5G
would allow massive simultaneous connections all around the world to data from reference
stations. These should form a quite dense network because the range from the user to the
reference station should not exceed 50 km. However, a new technique currently in
preliminary development called WRTK (for Wide RTK) creates virtual reference stations from
an existing network to extend the use of RTK to areas which are in the range of any
reference station. This WRTK technique would limit the number of reference stations to
deploy in non-populated areas.

The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to thirds
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2.3 Galileo: a great improvement for GNSS localisation

Before 2011, only GPS and GLONASS satellites were able to provide a positioning service
above Europe. The on-going deployment of Galileo, the European GNSS constellation, and
its support by recent mobile terminals, opens new perspectives for a more accurate and
ubiquitous GNSS localisation for a wide range of users. Indeed, Galileo benefits from a
number of technical improvements and new features compared to GPS and GLONASS
systems. To name main benefits:

Better availability and accuracy. 31 GPS and 24 GLONASS satellites are currently in
operation. As of today, Galileo add 11 more GNSS satellites, and the full operational
constellation will be composed of 24 operational spacecraft.

Generally speaking, more satellites available to the user for localisation translates to a better
positioning accuracy and a better availability of the positioning service, especially in zones
with a limited sky view. This is shown by the figures below: to simulate an urban environment,
the coordinates of Toulouse city have been set and satellites below 40° of elevation have
been masked. With GPS and GLONASS, there are some time slots where less than 4
satellites are visible, which makes the localisation impossible. For instance, like shown in
Figure 5: only 2 GPS and 1 GLONASS are available at time 15:10, but with Galileo two more
satellites are added (yellow line) and localisation is possible.

2017/05/16 15:10 (UTC+2)
Lat:43°32'46.3" N, Lon:001°23'34.3" E

Galileo —— GLONASS

[%2]
9]
=
IS
=
5
(7p]
=
[S]
=
o
o
=
=)
Z

14
2017/05/16 14:00 - 2017/05/17 02:00

Meps 2 A#GLo1 MGal 2

Figure 5: Number of visible satellites with a 40° mask

The dilution of precision (DOP) value reflects the effect of satellite geometry on the
positioning accuracy (Langley, 1999). A high DOP means that the satellites used for
positioning are closed to each other, limiting the accuracy (Figure 6).
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Figure 6: Satellite geometry and DOP

The introduction of the Galileo constellation also significantly improves the positioning
accuracy in zones with a limited field of view by reducing the DOP, as shown in Figure 7: the
DOP drops from 13.6 to 7.5 when Galileo is added.

2017/05/1217:00 (UTC+2) 2017/05/12 17:05 (UTC+2)
Lat:43°32'44.8" N, Lon:001°23'23.3" E Lat:43°32'44.4" N, Lon:001°23'30.7" E

PDOP ——— HDOP VDOP PDOP —— HDOP VDOP
—— TDOP Now

e T

12 14 16 18 20 22 00 12 14 16 18 20 22 00
2017/05/12 12:00 - 2017/05/13 00:00 2017/05/12 12:00 - 2017/05/13 00:00

M GPS 2 ,GLO 3 Meps 2 GLo 3 MGal 3
PDOP=13.6.: HDOP=3.7 : VDOP=13.1: TDOP=12.0 PDOP=75*HDOP=2.1: VDOP=7.2 : TDOP=6.5

Figure 7: DOP with and without Galileo, 40° mask
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Robustness to multipath. Galileo signals have been designed to be more resistant to
multipath propagation, as shown by the theoretical multipath envelope in Figure 8: the code
phase error is much lower for Galileo than for GPS.

Multipath rejection, Comparison GPS/Galileo, C/M=6dB

30 I T T T I | I T T
: : //—h\ : : :
: e
A s s
: -~ :
i e :
; Galileo, delt=122n : o 5
/ : . _—GPS, Narrow Correlator , delt = 122ns

Code phase Error [m]

i ] i i 1 i ] i
0 59 117 176 235 293 352 411 469 528 587
Multipath Delay [m]

Figure 8: Code phase error in presence of multipath

This is confirmed by measurements on the GNSS reference station in Oulu that will be used
in the scope of this project:
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Figure 9: RMS error due to multipath for various GNSS constellations

Better Earth coverage. The inclination of Galileo orbital planes was chosen to provide a
better coverage at high latitudes, especially for operation over northern Europe, an area
poorly covered by GPS.

2.4 5G: the ideal channel to transfer reference station data

Ephemeris are coded and transmitted by the satellites in their navigation signal, but with a
very low data rate: a receiver doing a “cold start” should wait up to two minutes to get the
position of all visible satellites. To speed up this process, mass-market receivers like
smartphones usually download these ephemeris from the Internet: this is called A-GNSS.

With the 5G technology, according to [3], several hundreds of thousands of users could be
simultaneously connected to the same 5G station. This increased capacity compared to 3G
or 4G networks could be used to disseminate RTK corrections from nearby reference stations
to all users at the same time and with a very short latency. The 5G channel would not be
overloaded by this RTK link because it requires a data rate of only a few kb/s.
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Figure 10: Use of 5G network for reference station data
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3 mmWave positioning

3.1 Concept

In this Section, we introduce the concept of millimeter-wave (mmWave) technology for
positioning application for future (5G) radio systems and discuss about the tunable
parameters on those.

The mmWave technologyl is considered as one of the key properties of the next generation
(5G) communication networks. The communication system based on mmWave can take an
advantage of two important properties introduced by the mmWaves: First, it allows high data
rate and secondly the utilization of large antennas (a large number of elements on antenna
array) for massive multiple-input-multiple-output (MIMO) system [P2, P3]. Thus one important
feature, beamforming, can be utilized via the large antenna arrays [P4].

Rest of the Section is organized as follows, first in Section 3.2, we describe the system
model, namely channel model and antenna model assumed at receiver and transmitter, and
furthermore describe the beamtraining method. Then in Section 3.3, we describe the
positioning method given the channel estimation results.

3.2 System model

3.2.1 System overview

The proposed mmWave positioning technique is based on the single basestation (BS)
system, and thus it consists only one receiver and one transmitter radio (in one mobile user
case). Each radio part is described in more detail in 5GChampion document [IR2.1], hamely
components:

- bG antenna system (including antenna array and computing unit) which provides the
beam information to be used to calculate the link-based position at the server;

- The server that provides the beam information (angular information) upon user
request.

In the following, we will introduce shorty the mmWave MIMO radio channel, antenna model,
and beamforming principle to utilized in the proposed algorithm.

3.2.2 mmWave MIMO communication model

Consider a mmWave single-user MIMO wireless system. The location of the transmitter,
base-station (BS), and the receiver, user equipment (UE) (or mobile-station (MS)), are
denoted by q € R? and p € R?in the given coordinate system, respectively. We assume that
the location of BS q is known, whereas the location of MS p is not. Furthermore, the rotation
of BS is assumed to be 0° (related to the common reference system) while MS has an
unknown rotation denoted by a. Thus, BS and MS have different orientation with respect to a
common reference system. The line-of-sight (LOS) view from BS to MS is denoted by ¢, and
from MS to BS (accounting rotation) by 0 (note that rotation a is related through
a =1 - 0 + @). The model is illustrated in Figure 11 with 2D antenna array of BS and MS

! A radio frequency band of 30 — 300 GHz via exact definition. Although relaxed definition are e.g. from 23 — 32 GHz
bands [P1].
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positioned at afore mentioned location p and g, respectively. MS has unknown orientation a
relative to BS.

Figure 11: Geometry of the MIMO communication

We consider that both transmitter and receiver are equipped with uniform rectangular array
(URA) with M, x M, and N, x N, isotropic elements on the BS side and MS side, respectively.
Extension to 3D antenna array is straightforward, but to easen the notation as well as to
match the antenna types that will be used in 5GCHAMPION proof-of-concept (PoC)
demonstration platform, the model is described with 2D antennas. An example of URA
antenna with My = 8 and M, = 10 is illustrated in Figure 12.

8
v EBEBenaes
BEE8E88E8
Sl=lsl=lsislEiE
o
Y BEEEEasEs
2 gpepooes
T—.
oy BEE8E888
’ vy 8088686808

xF

Figure 12: Uniform rectangular array (URA) antenna model

The URA antenna array coefficient for given path azimuth 8 and elevation ¢p matrix A is given
as

a(u) = [e —j2nuz(m—1)] |m=1,...,My®[e —j21ru3(n—1)] |n=1'___'My,
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where
u = [0,]|cosBsin¢|,|sinb |]

Furthermore, we assume in the following antenna element separation d = A2 element
separation, where A is the carrier wavelength. Antenna implementation technologies are
discussed on detail 5GCHAMPION deliverable D3.1.

3.2.3 Channel model

We assume a channel model, where radio paths can be presented as a set of clustered
paths. This sparsity induced channel model is illustrated in Figure 13, where first 2
dimensions are depicted (on the left side), namely the received side angular domain and time
delay component, and then two more dimensions are depicted (on the right side) for one
cluster on those domains, namely transmitter side angular domain and Doppler domain. [P5]

cp-path (¢,8,T,v)
o [ ]
Q ) °oe
t‘I:.D o
% ]
& <) .. a
o
[e]
=l 8
o
[o]
delay Tx angle

Figure 13: Sparse channel representation as a 4-dim tensor

Now, the full-dimensional channel model can be presented as 4-dimensional tensor:

c P ®
ZZE PTu PTu Teg VW vep To
H — .b.:p Vr (rTr,EfJ: M) oV ( r}\l‘,fp : N) Cl:ulr;l-' (ﬁ, NFFT) Drd ( q;_ a Md)J

40— tensr c=1 p=1

Rx spatiz-:lrfrequenc_\.r TX spatiz-:\lrfmquenq.r DFT-'F:E;IJH‘IE_‘,I' Doppler frequency
where each tensor-component is sum of P; paths in total of C clusters, where each path is
given as function of radio path coefficient b.,, array factors v, and v, , for receiver and
transmitter side, respectively, and Doppler frequency vector. Note that the Rx and Tx spatial
frequency components are function of transmitter and receiver position P, and P, and M, N
are ‘total’ number of antenna elements.

Then as a mmWave channel can be seen via “quasi’-optical propagation properties [P6], we
assume a single-path MIMO channel H given by
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H(6, d)) = hag (Q)GT(¢), (1)

where h is the dominant channel coefficient, and az(8), ar(¢) are the transmit and receive
array response vectors for the angle-of-departure (AoD) ¢ and angle-of-arrival (AoA) 6.

Then the received signal y can be written as a function of angular domain or as a function of
relative position vector p as

\/ Pochw" agg(8)an (¢)fx(t — 7) + w' n(z) )
\/ Pochw™ aum(p, @)an (p, a)fx(t — g(p, a)) + w'n(t)

y(t)

where the MS location defines the parameters on second form

p” q" + c7 cos(g¢) (3)
p'| = | q" +cTsin(g)
o T+op—80

and w and b are beamforming vectors from the given codebook, Py is transmitted power and
T is path delay. Beamforming procedure and codebooks associated to that, are discussed in
the next Section.

3.2.4 Beamforming

In this Section, we present two beamforming strategies, namely an exhaustive and a
hierarchical strategies. Exhaustive strategy is used as a solution with less risks, keeping mind
on the real life demonstration and tests, as hierarchical strategy is used as a more realistic
from the point of view of real life performance requirements. Our study of the trade-off
between positioning and data rate is reported on D3.5.

sle

Figure 14: lllustration of the beamforming concept
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Figure 14 illustrates the concept of beamforming, where perfect beamforming results to the
perfectly aligned beams to both direction: from BS and MS and vice-versa.

3.2.5 Positioning Protocol

In this Section, we describe the proposed 5G positioning protocol. Communication occurs
over frames of duration T; of which a time Tt is devoted to beamtraining, i.e., determining the
best w and f. Then the remainder T4 = T; - T; is used for data transmission. The frame
structure is illustrated in Figure 15. The frame allocation between the data-rate and
beamtraining is result in a trade-off: More time is given for the beamtraining process, less
time there is for the data transmission within a slot. Then on the other hand, more time there
is for beamtraining, better the beam alignment will be, which in will improve the achieved data
rate. This trade-off is investigated and reported in D3.4.

« T .
Beam ..
. Data transmission
alignment

Figure 15: Training and Data transmission time trade-off

3.2.6 Beamforming and location

In this Section we describe an exhaustive and a hierarchical beamtraining strategies. For
simplicity, we assume that the codebook dictionaries at the receiver side and the transmitter
side are equal.

3.2.6.1 Beamforming Exhaustive Search

In the exhaustive beamtraining strategy, both, receiver side and transmitter side codebooks
are orthogonal, for instance, specific columns from the Discrete Fourier Transform (DFT) of
N-size matrix, where N is number of antenna elements. The example of orthogonal beams
derived from the DFT codebook is illustrated in Figure 17. The beamtraining mechanism
consists of sounding all possible transmit-receiving pairs of beams and, for each pair,
measure the receiving power. After all beam-pairs have been scanned, then the receiver
informs the transmitter about the beam-pair index corresponding to the maximum receiving
power. The beamtraining allocation is illustrated in Figure 16.
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Figure 16: Exhaustive search beamtraining allocation on a radio frame

270

Figure 17: lllustration of the beams from DFT codebook with 16 beams

3.2.6.2 Beamforming: Hierarchical Search

In the hierarchical beamtraining strategy, receiver and transmitter side codebooks are
generated based on a nested partitioning of the angular domain. In other words, we start by

partitioning the whole angular domain, e.g., [— ”/2,”/2], in K bins. For each bin, we design a

beamformer such that the half power beamwidth (HPBW) coincides with the upper and lower
bounds of the bin. Next, each angular bin is further partitioned in K bins and, a new set of
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beamformer is constructed. It results, that L = [loggN] partitioning (also referred to as level)
are performed and at for the I-level, K, beamformer vectors are defined. The example of
codebooks for different levels of K = 0,1,2,3 is illustrated in Figure 19.

The hierarchical search strategy seeking for the link with the highest SNR is performed as
divide-and-conquer algorithm. Namely, base station (BS) and mobile station (MS) start with
an exhaustive search mechanism using the K beamformers of level-1. Based upon the
measured receiving power, a new exhaustive search with the K beamformers of level-2 is
performed. This procedure iterates until beamformers of level-L are utilized. The
beamtraining allocation of this strategy is illustrated in Figure 18.

Level-1 Level-M

mrnnnnT -----

RSS measurement

Figure 18: Hierarchical search beamtraining allocation on a radio frame
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Figure 19: lllustration of the beams from the proposed hierarchical codebook design

3.3 From Channel Estimation to Position Estimate

In this Section, we describe a technique to derive position estimate from the channel
estimation parameters. The key technique to employed is a channel estimation from the set
of dictionary elements, atoms, via updating, i.e., adapting the set of atoms to the existing
radio channel during the estimation process. To ease the formulation, we consider a MISO
link alternative to the MIMO in following derivation.

First, let us consider the user location x as a function of location of BS denoted by b, Line-of-
Sight (LOS) path-delay 1, and azimuth ¢ and elevation 8 angle of arrival corresponding the
LOS path

x = b + 1 [cos(¢) cos(f), sin(¢) cos(f), sin(8)] T,

where r is path-delay converted to the range estimate via r = ¢ 1, given the speed-of-light
constant c. Now we can formulate the position estimation problem on the received signal Y
as

(%,A,8) = min 1Y — WHAH (x, A)X 2
BeC” xeR? AcR?*F

where the symbol A accounts estimation error from true x to the estimated X =x+ A, B is
channel coefficient, and L is the number of components each channel vector h is
decomposed. The difficulties to solve the minimization problem is discussed in [P7], where
the authors propose an indirect approach, in which the channel parametrization given in [P6],

The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to thirds
without the authorization of the contractors.

24/ 44




Deliverable D5.3: Ubiquitous sub meter accuracy positioning

Title: with Galileo and wireless network features — intermediate
version

Date: 31-05-17 Status: Final

Security: PU Version: V1.0

[P9] is exploited to generate a set of position estimate images and from where the final
estimate of x is based on the cluster of images associated to the LOS link.

The procedure is shortly summarized in the following. To begin with, Let us consider the
vectorized form of the channel h = ¥z, where ¥ is referred to as dictionary and z is the
representation of h in ¥ [P6]. Now a single atom is a column vector of this dictionary (and
corresponds to the vectorization of a multidimensional spatial-temporal discrete Fourier
frequency).

Furthermore, we define a dictionary function 7 as
T =D(E)
which translates the dictionary variables to the atoms in dictionary.

Dictionary function is defined as a Kronecker product of U vectors and discrete complex-
frequency components v

D
E A[@"Ell Kv ®V£1LK
=1

where the parameter U refers to the number of dimensions used to represent the spatial-
temporal discrete frequencies and v is the discrete complex-frequency

vz, K) = {15 .- ’e-jQM(K—I)}T

For instance, if the MIMO-OFDM channel can be represented with a bi-dimensional spatial
frequency and a mono-dimensional Fourier frequency, U equals to three. [P7]

Then a single location image, given the dictionary variable it from the channel estimation
procedure, can be written

. a2
(—";ruz‘ cos(asin(uq;) sec(sin(ua;)))ug
" ‘7 2
Xi=b+ |-z ifu“ Sin(a*'

1(u1;) sec(sin(ug)) ) us

1— u
- A; ?12,‘?] 31

where u; is received from

I 0< & <0.5,
. 260 —2, 05<& <1,

As proposed in [P7], practical solution can be found via Adaptive-LASSO (A-LASSO)
described in [P6], [P9]. Key points of the A-LASSO estimator is dictionary adaptation. First,
the sparse coefficient, which can be seen as importance weights for the corresponding
dictionary vectors, are used to resample the dictionary vectors. Then using new vectors
replace each resampled vector with close parameters (grid). Dictionary vectors are updated
until the required level of saturation is received. The example of the dictionary atom updates
is illustrated in Figure 20. The example shows first the initial dictionary, where the elements
are aligned on evenly spaced grid (upper left), then (upper right) each element on the grid is
updated with its importance weight (black dots), and re-sampling method is used to calculate
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the new set of atoms (red dots). Finally the step 4 (lower right) shows the atoms concentrated
on the 3 locations on a beamspace.

It dickonary Updam 1

aRmepacs

Updam 2 Updat &

Figure 20: Four updates of dictionary column vectors inside the A-LASSO algorithm

Finally the set of location images a classified via K-nearest algorithm or as proposed in [P7]
via Gaussian Mixture Model (GMM) to identify strongest beamspace component as a LOS
path. And the location estimate is location image of the atom with the highest importance
weight as

X =ft,, with s =argmax-y;
1

where 7i is the weight of cluster i in the location image domain, and fs is Gaussian Model
parameter defining the cluster s. We utilize a classic Expectation-Maximization (EM) method
to solve a classification problem. EM algorithm is well known, classical solution to the GMM
problem. [P8]
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4 Mixed GNSS/mmWave solution

4.1 Concept

This section describes the mixed positioning solution to be developed to cope with satellite
availability and multipath in urban environment. It mainly relies on the pseudo-ranges
provided by GNSS, with additional angular information provided by the 5G network that
lowers the number of GNSS satellites required to compute a position and that can be used to
dismiss GNSS signals affected by multipath (Figure 21).

A

5G
antenna

Figure 21: Mixed GNSS/mmWave solution

In order to understand the solution using both GNSS and 5G network, a short description is
first made about the GNSS positioning solution. Then the information provided by the 5G
network is analyzed and finally it is included in the GNSS solution. As the 5G line of sight
(LoS) information provides extra equations to solve the positioning problem, one can remove
GNSS equations (i.e. satellites).

4.2 Algorithm description
4.2.1 Position calculation

421.1 Traditional GNSS solution

This section summarizes the steps to solve the equations used in GNSS positioning. The
initial equations are as follows:

pi = \/(xi - %)+ iyt (z—z)+c ty,

Where p; is the distance between the i™ satellite and the user, (xi,vi,2;) is the satellite
position, (x,, ., Z,) is the user’s position and ¢, is the user’s clock bias. p;is calculated by the
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receiver thanks to the time delay between emission and reception, (x;,y;, z;) is provided
through the navigation message, so (x,, V., 2,) and t, are the 4 unknowns. Therefore, at
least 4 equations (i.e. 4 satellites) are needed to compute a solution.

The method to solve the system of equations is iterative: the position is assumed and at the

end of the iteration, the computed position is closer to the real one. The variables "~ are the
assumed ones.

Pu =Pyt Dpy
X, =X, + Axy,
Yu = Yy + Ay,
Zy =7y + Az,
t, =1t, +At,

After this step, the unknowns are (Ax,, Ay,, Az,) and At,. The initial equation becomes:

f G Y 2 t) = pi = N (6 = B = Ax)? + (= Vo — Ay)? + (2 — Zy — Bz,)% + ¢ - (£, + Aty,)
In order to solve a linear problem which is easier, Taylor series are used up to the first term.

SN ) { C ) of (%0, Vu, 2, 6)
f e Yoo Zu ) = f O, Y, Z, 6) + uai — Xy + uai S Ayy
Xu Yu
+af(@.5’if£.tu) zu+af(@'}7’z2;'t”)Atu
07, ot,
X; — Xy, i — Vu Zi — 7y,
pi=ﬁl—(l—Au)Axu—wAyu—MAzu+c-tu
n n n

Where

b=\ —T)2+ i )2+ (zi— )2 +c- 6y

=V —%5)2+ i -2+ (7 — 7,)2

Intuitive explanation (no clock bias)

If one assumes that there is no clock bias and makes the substitution where (x,, y,, z,) and
t, are the unknowns, the equation of a satellite represents the plane:

- tangent to the circle with the satellite at its center and of radius p;

- and perpendicular to the line of sight between the satellite and the assumed position.
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solution

Figure 22: lllustration of GNSS equations

5G information to fit GNSS equations

Y
//Approximate solution
/ for the next iteration

5G antennas shall provide the direction towards the receiver that needs to be located. It is
assumed that the azimuth and elevation angles are provided in real time and that the position
of the 5G station is well known. With that information, one has to define one planes that will fit

in the GNSS solution. The planes are described as follows:

- Azimuth plane is a vertical plane in the local reference that contains the location of both the

station and the receiver.

- Elevation plane is a plane perpendicular to the azimuth plane that contains the location of

both the station and the receiver

Figure 23: lllustration of 5G equations
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The planes can be calculated as follows in the ECEF frame:
ZE[Ef
h

' Prime Men'd;an

Y ecer

Xecef

Figure 24: ECEF frame
Let u = (X,,Y,,Z,) be the vertical vector at the station location. To complete the reference

frame, the vector in the east direction will be:

~J

Ny

. Xu

(@ x2) o
i x Z|

Where 7 is the vector in the Z direction in the ECEF reference. Then, the north vector

=< v, X, 0)
X2+ 02 x 2+

X O£’<\“L

[ii x 2|

.
e =

completes the reference:
L (@@xeé

n=-——-_->=r

|u x é]

Once the local reference is set, it is easy to find the extra planes provided by the 5G antenna

Naming of the variables:
az is the azimuth angle
az is the unitary vector in the direction of the receiver in the local horizontal plane

azp is the normal vector of the azimuth plane

Analogous definitions apply for the elevation.
The strategy is to find the vector perpendicular to the plane and a point in the plane (station

position) to build the plane equation. To do so, the vector included in the plane needs to be

calculated:
aZ = cos(az) -7l + sin(az) - é

Together with another vector in the plane (the vertical vector):
azp=az X U
The azimuth plane equation is therefore:

The information contained in this document is the property of the contractors. It cannot be reproduced or transmitted to thirds
30/44

without the authorization of the contractors.




Deliverable D5.3: Ubiquitous sub meter accuracy positioning

Title: with Galileo and wireless network features — intermediate
version

Date: 31-05-17 Status: Final

Security: PU Version: V1.0

xu_XS
W'(J’u—%):()

Zy _ZS

Where P; = (X;, Y5, Zs) is the station position.

The same strategy applies for the elevation angle:

—

- u
el = cos(el) - aZ + sin(el) - —

|ul

elp = el x azp

xu_XS
elp'()’u_YS):O

Zu_ZS

4.2.1.2 Mixed solution

If the linearized equation for the satellites is changed so that the variable is the user position
and not anymore the delta between the assumed position and the true one, one gets the
following expression:

~

pi =P~ (= %) —

x.—f\ e Z'_f\
(l u) P M()’u—j’;)_g(zu_é)-}-c.tu
7 ni h

It can be reformulated as:

(x; — %) N i : V) (zi — 7,)

T x + Lz +c-t
Tl u rl yu rl u u

i —x)%, i =YV (2 —7Z)7Z,
— + — + =
n n n

=Db—pit

The 5G equations can be expressed in this way

azpyx, + azpyy, + azp,z, + 0-t, = azp,Xs + azpyYs + azp,Z,

Finally, with 2 satellite equations, the system to solve would be:
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i —%) i—Y) (@-—-7) C\
i n n X,
(5-%) 0-7) B-m) | (%
7 7 7 o
azp, azp, azp, 0 U
elp, elp, elp, 0
/ﬁl —p + (x; —ECZ)@ + i —E’Z)j’; + (z —A@)ZZ
n n n
X; — X, )X, =y )y, (z— 7))z,
= ,5}—,0]-+(1 ?u)u_l_(y} ?Yu)yu_l_(J ?u)u

f f
azp,Xs + azp,Ys + azp,Z

elp, X + elp, Y + elp,Z;

J

Residual calculation

The residual calculation for this algorithm will be used to sort out the solutions that may
contain a multipath. The hypothesis of the algorithm is that the 5G technology is not affected
by multipath. The residual calculated here is the distance between the computed calculation
and the plane provided by the 5G algorithm.

If the equation of a plane is:

ax+by+cz+d=0

Then: (a, b, ¢) is the vector normal to the plane. We consider that its modulus is 1.

The point to be considered is: (x,, y,, Z,)

Then (x,y,z) = (x,, yu. z,) + A(a, b, ¢) is the equation of the line that passes through the point
and that is perpendicular to the plane. Together with the position of the plane:

a(x, +Aa) + b(y, + Ab) +c(z, +Ac) +d =0

Then the residual 1 is the distance between the point and the plane:

d + ax, + by, + czu)

'1=abs( a? + b? + c?

4272 KPI calculation

The KPI (key performance indicator) that will be used is the DOP (dilution of precision) of the
computed solution. This term is generally used in the GNSS to account both for the accuracy
of the satellite to receiver distance computation and the geometry of the satellites.

The equation used to compute the position is:
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~ ~ ~

/(xi—@) bVi—w) (zi—17,) C\

n n : X,
-%) O-%) G-z | (%
75 7 2
t
azp, azp, azp, 0 u
elp, elpy elp, 0
/’\L - (x; _f;)@ n i _Aj’;)j’; " (z; —AZ;)ZZ\
n n i3
- v-w)% - (G-
:p}_pj+1?uu+]?uu+]?uu
] ] /

azp,Xs + azp,Ys + azp,Z
elp, X + elp, Y + elp,Z;
Making a change of variables...
Xy =X, + Axy,
Yu =Yu + Ay,
z, =7, + Az,
t, = 6, + At
...the equation can be written as:

/(xi—xAu) Vi—w) (z—17) C\

-~

n n n Ax,,
(v-%) -7 (z-7) o[ B
7 7 7 Az,
At
azp, azpy azp, 0 u
elp, elp, elp, 0
/ Py — pi
Py —Pj

= azp,Xs + azp,Ys + azp,Z; — azp,x, — aZpy:T/; —azp,z,
elp, X, + elp,Ys + elp,Z; — elp,x,, — elp,y, — elp 7z,

Or in a matrix form:H - Ax = Ap

Note that Ap is a notation taken from the GNSS domain, but for the 5G equations, it
represents the distance between the position and the plane.

Then the new position vector is:
Ax =H™1:-Ap
The associated covariance matrix is:

(oHT - gH)™?
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Usually, the variance o2 is the oyzg? but in this case, one has to account for the 5G
equations which will not have the same variance. oz is the variance of the User
Equivalent Range Error, or in other words the variance of the error made in the calculation of
the pseudo-range. For the 5G positioning equations, it will be necessary to change that error
variance.

Therefore,

l L l

(% — %) (v —7) (z —7a)

OyERE ~— =~  OUERE 5 Oyere €' OUERE

o)
S
~

QAZpy * 05 AZPy " Osg azp, - os; O
elpy - os¢  elpy - 05 elp, 05 O

(x; — %) Vi — ) (z; — 7,)
—— = OuerRe ~—— = OuERE ~—— = Ouere C ' OUERE
T 7 7
i i
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5 Test bed

5.1 Architecture

5.1.1 Overview

The preliminary architecture of the test bed is presented in the figure below and will be
refined for the next release of the document.

4 l(
y e . REF station
’( \ GNSS signal RTK
y/ .
corrections
5G Station
Ref
Obs & i -«
| uBlox |> Naj 5G receiver N _Ii 5G LoS
Nav Obs data server
5G LoS
RTK algo Mixed algo
7 Nav
> -
| plane SV calculation ” plane 5G calc |e
| PR correction | Il Planes 4
L Corrected PR | ———— Residual minimization algorithm
V v
. R Couples (solution, residuals, kpi
Position computation l ples | i
MP SV rejection
Couple (solution, residuals) Couples (solution, kpi) in 5G beam (with
smallest residuals for 5G planes)
Best solution
Couple((solution, kpi) with smallest kpi
Choice algorithm
Chosen|solution Reft.ar.ence
L position/
: trajectory
RTK RTK Analysis Mixed Mixed J7
availability || accuracy % good choices accuracy availability |[]
/error Jerror

Figure 25: Test bed architecture

5.1.2 GNSS subsystem

The GNSS subsystem of the test bed will:
- compute the position with the RTK method exposed above (independently from the
mmWave subsystem)
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- send the computed satellite pseudoranges to the mixed algorithm for combined
GNSS/mmWave positioning

It is composed of a GNSS receiver, a reference station, and a laptop running the RTK
algorithm.

5.1.2.1 GNSS receiver

The GNSS receiver shall be capable of processing the signals from the new Galileo
constellation. Mass-market receivers are not yet compatible with Galileo: the new evaluation
kit from ublox will be used instead (EVK-M8T model, see Figure 26 below), which allows to
record raw measurements from Galileo, GPS and GLONASS for post processing. In order to
fit the most to the capabilities of current smartphones, the receiver will be single-frequency
only, and a simple antenna patch will be connected to it. Dual-frequency receivers are
preferable because they can remove errors due to ionosphere delays, but these errors are
also removed with the RTK method (see §2.2.2) and without using a costly receiver.

Figure 26: GNSS receiver

5.1.2.2 Reference station

The reference station required for the RTK technique will be the OUL200FIN station from the
EUREF Permanent GNSS Network.

It is located 20 km away from the university of Oulu where the tests will be conducted, which
is an acceptable distance for the RTK technique.
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Figure 27: Baseline from reference station and the university of Oulu

The reference station collects GNSS signals from GPS, Galileo and GLONASS
constellations. All the data are stored in files on an online server. The one that will be used

for RTK positioning are called “highrate” and contain code and carrier measurements
recorded at every second.
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Figure 28: Oulu reference station picture

If this reference station is not available, as a backup, another u-blox receiver could be used
instead and installed a few hundreds of meters away from the University of Oulu at a well-
known location.

5.1.2.3 Laptop

A laptop will be used for the position computation to simulate a 5G mobile terminal. It will:
- Collect and store raw measurements from the GNSS receiver with a software from u-
blox called u-center (see Figure 29)
- Collect “highrate” files from the reference station
- Compute the position using the RTK method with a software called rtklib, which
allows a precise analysis of the positioning solution (see Figure 30)
- Send GNSS data to the mixed algorithm
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The laptop is thus the centralisation point for GNSS measurements, with the following

interfaces:

Figure 30: rtklib interface
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- USB with the GNSS receiver

- Ethernet/Wifi with the reference station database. This simulates the future 5G
connection that will be available to the user in the coming years.

- Software only with the mixed algorithm, which is also implemented in the laptop.

5.1.3 mmWave subsystem

The full capabilities of mmWave positioning system will be investigated via computer
simulations. The system used to demonstrate the mmWave positioning system consists is
mmWave radio unit, and the laptop to run the positioning algorithm. The mmWave radio is
same as mmWave backhaul radio unit (BRU) used in the EU side radio access network for
5G radio link. As described in deliverable D2.1 the mmWave system consists:
o mmWave backhaul radio unit (BRU) with support for beamforming. BRU includes
mmWave air interface (AlO) and L1/L2 interface (I1) for IP traffic
o multi-RAT radio unit operates as traffic aggregator/multiplexer from the wireless
backhaul to other radio technologies.
Further details of the output of the BRU will be defined in (Deliverable [D3.5] at M12 and
[D6.1] at M14).
A laptop is interfaced via Ethernet/Wifi to the BRU as well as to the another computer running
the mixed algorithm.

5.2 Test cases

Three types of environment are considered for reflecting ubiquitous positioning: open sky,
semi urban and indoor. The GNSS-only and mixed solutions are intended to be tested in the
open sky and semi urban environments, but not in indoor because of the lack of satellite
signals in this environment. For the mmWave-only solution currently in development,
theoretical results will be presented for all three environments.

Positioning system > mmWave-only mmWave+GNSS GNSS-only
Open sky Theoretical results v v
Semi urban Theoretical results
Indoor Theoretical results X X

The tests will be static and conducted in the University of Oulu for practical reasons (5G
prototype antennas will be placed here).

The precise location of the tests will be checked out in mid-June in the University of Oulu on
the occasion of the project annual review.
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5.3 Expected results

5.3.1 GNSS positioning

For GNSS positioning, the RTK method has its full potential in a clear-sky environment like
rural areas. Indeed, a large number of satellites are available and multipath is rare.

In an urban environment, buildings mask satellites and generate multipath. The position given
by GNSS may not be accurate enough: that is why a mixed algorithm combining GNSS and
5G measurements is proposed in section 4.

In indoor environment, the use of a positioning solution based on GNSS is not possible since
signals are blocked by the building materials.

5.3.2 5G positioning

From the 5g only —case, the main expected results as research outcome will be first, the
algorithm design and verification via simulation as well as performance comparison against
analytical lower bounds, and second, the comparison of real life measurements of the
performance utilizing the PoC platform. The results will be reported on a high quality peer-
reviewed conference publications, namely targeting to European Conference on Networks
and Communications (EUCNC) and European Signal Processing Conference (Eusipco), In
addition to the conference articles, the results are collected and reported on the journal
article, .e.g. IEEE Transactions or IEEE Magazine articles.

Outcome targeting to the industrial community, the main expected results is the showcase of
the algorithm on a PoC demonstration platform. Namely, a fully functional algorithm
accounting the different levels of information available, and functionality referring to the
implementation level of the algorithm so that it will interoperate with server running 5G-GNSS
mixed algorithm. Thus, it will be possible to verify and compare the results in different real life
scenarios.

5.3.3 Mixed algorithm

The expected results of the mixed positioning solution are strongly related to the KPI
calculated in section §4.2.

It has to be noted that o5.is a variance that depends on the position. The closer the receiver
is to the 5G antenna, the lower the variance. This means that depending on the situation,
osccan be smaller or greater than oyzzr The expected result is therefore:
- In a urban configuration, where the 5G antennas are close to the user, the
positioning thanks to 5G will significantly improve the KPI
- In a country-side environment where antennas are far away and satellites are easily
tracked, the best solution shall not include 5G equations
- Somewhere in the middle there shall be an environment where the cooperation
between both techniques is possible. The satellites will provide good positioning and
the 5G can cut out multipath.
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6 Conclusion

This intermediate report has led to the description of the GNSS precise positioning
techniques and to the selection of the one which is the most suitable regarding positioning
use cases, It has also explained the concept of mmWave positioning and has defined an
algorithm mixing information from GNSS and 5G to provide a robust and precise positioning
in urban environment. Lastly, it has described a preliminary architecture of the test bed, listed
the test cases and the expected results.

All these inputs will be used to develop and implement in the following months the positioning
test bed that will be demonstrated in the university of Oulu.

The final version of this document will contain a more detailed description of the test bed and
test cases.
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