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Abstract—In this article, we address the prospects and key
enabling technologies for highly efficient and accurate dewe
positioning and tracking in fifth generation (5G) radio access net-
works. Building on the premises of ultra-dense networks (UDIs)
as well as on the adoption of multicarrier waveforms and antena
arrays in the access nodes (ANs), we first formulate extended
Kalman filter (EKF)-based solutions for computationally efficient
joint estimation and tracking of the time of arrival (ToA) and
direction of arrival (DoA) of the user nodes (UNs) using uplnk
(UL) reference signals. Then, a second EKF stage is proposed
in order to fuse the individual DoA/ToA estimates from one or
several ANs into a UN position estimate. Since all the proceig
takes place at the network side, the computing complexity ash
energy consumption at the UN side are kept to a minimum. The
cascaded EKFs proposed in this article also take into accoaithe
unavoidable relative clock offsets between UNs and ANs, sathat
reliable clock synchronization of the access-link is obtaied as a
valuable by-product. The proposed cascaded EKF scheme isg¢h
revised and extended to more general and challenging scenas
where not only the UNs have clock offsets against the network
time, but also the ANs themselves are not mutually synchromed
in time. Finally, comprehensive performance evaluations fothe
proposed solutions on a realistic 5G network setup, buildig on
the METIS project based outdoor Madrid map model together
with complete ray tracing based propagation modeling, are
provided. The obtained results clearly demonstrate that byusing
the developed methods, sub-meter scale positioning and tking
accuracy of moving devices is indeed technically feasibla future
5G radio access networks operating at suls-GHz frequencies,
despite the realistic assumptions related to clock offsetand
potentially even under unsynchronized network elements.
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I. INTRODUCTION

5G mobile communication networks are expected to provide
major enhancements in terms of, e.g., peak data rates, area c
pacity, Internet-of-Things (I0T) support and end-to-eaighcy,
compared to the existing radio systerns [2]—[4]. In addition
such improved communication features, 5G networks are also
expected to enable highly-accurate device or UN positipnin
if designed properly [3],[[4]. Compared to the existing madi
positioning approaches, namely enhanced observed time dif
ference (E-OTD)II5],[[B], uplink-time difference of arrivU-
TDoA) [B], observed time difference of arrival (OTDoA)![7],
which all yield positioning accuracy in the range of few tens
of meters, as well as to global positioning system (GPS) [8] o
WiFi fingerprinting [9] based solutions in which the accuyrac
is typically in the order of 3-5 meters at best, the positigni
accuracy of 5G networks is expected to be in the order of one
meter or even below [3]/[4]/[10]. Furthermore, as shown in
our preliminary work in[[1], the positioning algorithms cae
carried out at the network side, thus implying a highly egerg
efficient approach from the devices perspective.

Being able to estimate and track as well as predict the
device positions in the radio network is generally highly
beneficial from various perspectives. For one, this can en-
able location-aware communications [11], [[12] and thus-con
tribute to improve the actual core 5G network communica-
tions functionalities as well as the radio network operatio
and management. Concrete examples where device position
information can be utilized include network-enabled devic
to-device (D2D) communications [13], positioning of a larg
number of I0T sensors, content prefetching, proactiveoradi
resource management (RRM) and mobility management [12].
Furthermore, cm-wave based 5G radio networks could assist
and relax the device discovery problem [[14] in mm-wave
radio access systems. In particular, the cm-wave baseénsyst
could provide the UN position information that is needed for
designing the transmit and receive beamformers for the mm-
wave access [15]. Continuous and highly accurate network-
based positioning, either in 2D or even 3D, is also a central
enabling technology for self-driving cars, intelligentffic
systems (ITSs) and collision avoidance, drones as welltees ot
kinds of autonomous vehicles and robots which are envisione
to be part of not only the future factories and other produrcti
facilities but the overall future society within the nextl1B-
years [16].

In this article, building on the premises of ultra-dense 5G
networks|[[2]-4], [17], we develop enabling technical smns
that facilitate obtaining and providing device locatioffoirma-
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tion in 5G systems with both high-accuracy and low power Q p—
consumption at the user devices. We focus on the connected W
vehicles type of scenario, which is identified, e.g., in [4], Q

[10] as one key application and target for future 5G mobile ﬁ

communications, with a minimum of 2000 connected vehicles
per square kilometer and at leasi Mbps per-car downlink
(DL) rate [4]. In general, UDNs are particularly well suited 1 .
for network-based UN positioning as illustrated in Fi@). Is A
a result of the high density of ANs, UNs in such networks are
likely to have a line-of-sight (LoS) towards multiple ANsrfo
most of the time even in demanding propagation environments
Such LoS conditions alone are already a very desirable prop-
erty in positioning systems [18]. Furthermore, the 5G radio
networks are also expected to operate with very short radio ®
frames, the corresponding sub-frames or transmit timevate
(TTIs) being in the order 06.1-0.5ms, as described, e.g., in U
[19], [2Q]. These short sub-frames generally include Ulotsil
that are intended for UL channel estimation and also utllize
for DL precoder design. In addition, these UL pilots can berig. 1. Positioning in5G UDNs. Multiantenna ANs and multicarrier wave-
then also exploited for network-centric UN positioning andforms make it possible to estimate and track the positiohefUN with high-
tracking. More specifically, ANs that are in LoS with a UN accuracy by relying on UL reference signals, used primdalyDL precoder
can use the UL pilots to estimate the ToA efficiently. Due Saiculation.
to the very broad bandwidth waveforms envisioned in 5G, in
the order of100 MHz and beyond[[19],[[21], the ToAs can o .
generally be estimated with a very high accuracy. Since it igiving us a concrete quantitative reference regarding ortw
moreover expected that ANs are equipped with antenna arraygynchronization.
LoS-ANs can also estimate the DoA of the incoming UL pilots. To the best of authors knowledge, such solutions have not
Then, through the fusion of DoA and ToA estimates across onbeen reported earlier in the existing literature. For galitgy
or more ANSs, highly accurate UN position estimates can bave note that a maximum likelihood estimator (MLE) for joint
obtained, and tracked over time, as it will be demonstrated i UN localization and network synchronization has been pro-
this article. posed in[[29]. However, such an algorithm is a batch solution
More specifically, the novelty and technical contributionsand does not provide sequential estimation of the UN pasitio
of this article are the following. Building on_[22] and our and synchronization parameters needed in mobile scenarios
preliminary work in [1], we first formulate a computationall and dynamic propagation environments. In practice, bogh th
efficient EKF for joint estimation and tracking of DoA and UN position and synchronization parameters are time-napryi
ToA. Such an EKF is the core processing engine at individuaMoreover, the work in[[29],[130] focus on ToA measurements
ANs. Then, for efficient fusion of the DoA/ToA estimates of only, thus requiring fusing the measurements from a larger
multiple ANs into a device position estimate, a second EKFamount of ANs than that needed in our approach. Hence, this
stage is proposed as depicted in [Fij. 2. Compared to existingrticle may be understood as a considerable extension of the
literature, such as|[ [23]-[26], the cascaded EKFs proposedork in [29] where both ToA and DoA measurements are
in this paper also take into account the unavoidable reativtaken into account for sequential estimation and trackihg o
clock offsets among UNs and receiving ANs. Hence, accurat&N position and network synchronization. A final contritaurti
clock offset estimates are obtained as a by-product. Thisf this article consists of providing a vast and comprehensi
makes the proposed approach much more realistic, compargerformance evaluation of the proposed solutions in agtali
to earlier reported work, while being able to estimate the5G network setup, building on the METIS project Madrid
UN clock offsets has also a high value of its own. Thenmap model([31]. The network is assumed to be operating at
as another important contribution, we also develop a highly.5 GHz band, and the multiple-input multiple-output (MIMO)
accurate cascaded EKF solution for scenarios where not onshannel propagation for the UL pilot transmissions is medel
the UNs have clock offsets against the network time, buby means of a ray tracing tool where all essential propagatio
also the ANs themselves are not mutually synchronized ipaths are emulated. In the performance evaluations, \&ariou
time. Such an EKF-based fusion solution provides an adwhnceparameters such as the AN inter-site distance (ISD) and
processing engine inside the network where the UN positionblL pilot spacing in frequency are varied. In addition, the
and clock offsets as well as valuable AN clock offsets arepositioning and synchronization performance is evaludted
all estimated and tracked. As a concrete example, in OTDoAusing the estimated DoA and ToA measurements from a
based positioning in LTE, the typical value for the clocksefls  varying and realistic number of LoS-ANs. It should be noted
among the ANs is assumed to be less thdrus [27, Table 8- that numerical results considering imperfect LoS-debectire
1]. Furthermore, the expected timing misalignment requéet  also provided in this paper. The obtained results demaestra
for future 5G small-cell networks is less thars ps [28], thus  that sub-meter scale positioning accuracy is indeed teahni
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g0, [ Do/ Toa 'f“ ] of such a system in order to provide and enable high-effigienc
T ExF 6] |71 UN positioning and network synchronization.
oln] In particular, the multiantenna capabilities of the ANs mak
Be,[n] Bl it possible to estimate the DoA of the UL reference signals
ge2[n] [ Doa/Toa o] Vil DoA/ToA [ while employing multicarrier waveforms allows one to esti-
EKF fo[n] | = PosteClodk/Syne | 51 mate the ToA of such UL pilots. The position of the UN is
. EKE [ o then obtained with the proposed EKF by fusing the DoA and
. . .t ToA estimates from multiple ANs, given that such ANs are
* o in LoS condition with the UN. In fact, the LoS probability in
g )] Doa /oA ”_[”]I UDNSs comprised of ANs with a maximum ISD 60 m is very
EKF £ [n] |70 ") high, e.g.0.8 in the stochastic channel model descibed iri [32],

[33] and already aroun@.95 for an ISD of40 m. Note that the

Fig. 2. Cascaded extended Kalman filters (EKFs) for jointr usmle (UN)  LoS/non-line-of-sight (NLoS) condition of a UN-AN link may

positioning and network clock synchronization. The DoAKTEKFs operate  be determined based on the Rice factor of the received signal

in a distributed manner at each AN while the Pos&Clock/SyHd=& operate strength, as described, e.g., in][34]. For the sake of gétyera

::Nz;central-unlt fusing the azimuth DoA and ToA measuremeft K [n] we analyse the performance of the proposed methods under
both perfect and imperfect LoS-detection scenarios.

In this paper, we focus on 2D positioningytplane only)
feasible in future 5G radio access networks, even under thand assume that the locations of the ANs are fully known.
realistic assumptions related to time-varying clock dffis&he  However, the extension of the EKFs proposed here to 3D
results also indicate that the proposed EKF-based sokitiorpositioning is straightforward. We also note that the EKiSdxl
provide highly-accurate clock offset estimates not onlythe ~ methods proposed in this paper can be used for estimating the
UNs but also across network elements, which contains higRositions of the ANs as well, given that only a few ANs are
value on its own, namely for synchronization of 5G UDNs. surveyed. In practice, such an approach could decrease the

The rest of the article is organized as follows. In Sedfign I1deployment cost and time of a UDN. We further assume two
we describe the basic system model, including the assunsptio different scenarios for synchronization within a netwdfkst,
related to the ultra-dense 5G network, antenna array modeldNs are assumed to have unsynchronizetbcks whereas the
in the ANs and the clock offset models adopted for the UNclocks within ANs are assumed to be synchronized among each
devices and network elements. The proposed solutions fdither. Second, not only the clock of a UN but also the clocks
joint DOA/ToA estimation and tracking at individual ANs as Wwithin ANs are assumed to be unsynchronized. For the sake of
well as for joint UN position and clock offset estimation simplicity, we make an assumption that the clocks within ANs
and tracking in the network across ANs are all describedire phase-locked in the second scenario, i.e., the closktsff
in Section[l. In Sectio 1V, we provide the extension to of the ANs are essentially not varying with respect to theaict
the case of unsynchronized network elements, and descrifigne. Completely synchronized as well as phase-lockecksloc
the associated EKF solutions for estimation and tracking ofan be adjusted using a reference time from, e.g., GPS, or
all essential parameters including the mutual clock offsetby communicating a reference signal from a central-entity o
of ANs. Furthermore, the propagation of universal networkthe network to the ANs, but these methods surely increase the
time is shortly addressed. In Section V, we report the resultsignaling overhead.
of extensive numerical evaluations in realistic 5G network

context, while also comparing the results to those obtaine@ channel Model for DoA/ToA Estimation and Tracking

using earlier prior art. Finally, conclusions are drawn éttn The channel model employed by the proposed EKF for
estimating and tracking the DoA/ToA parameters comprises
a single dominant path. It is important to note that a defaile
Il. SYsTEM MODEL ray tracing based channel model is then used in all the nu-
A. 5G Ultra-Dense Networks and Positioning Engine merical results for emulating the estimated channel fraque

We consider an UDN where the ANs are equipped with mul{€SPonses at the ANs. However, the EKF proposgd in this paper
tiantenna transceivers. The ANs are deployed below rosftopfitS @ single-path model to the estimated multipath channel.
and have a maximum ISD of arousid m; see Figlll. The UN Thg motivation for.such an.approach is twofPId. Firstly, the
transmits periodically UL reference signals in order taall  typical Rice factor in UDNs is0-20dB [32], [33]. Secondly,
for multiuser MIMO (MU-MIMO) schemes based on channel — —
state information at( transmitte)r CSIT). The UL reference We assume that the timing and frequency synchronizatiordatedor

h ( ) ' avoiding inter-carrier-interference (ICl) and inter-yoftinterference (ISI) has
signals are assumed to em_pl_o_y a mU|tI_CaI'I‘I_er waveform S_UCbeen achieved. Such an assumption is similar to that ne@d€#DM based
as orthogonal frequency-division multiplexing (OFDM), in wireless systems in order to decode the received data sgmimoprinciple,
the form of orthogonal frequency-division multiple access:g;yc?r’:ugebg“t‘:‘igsrfoi‘r)]?oagcgozﬁt?:‘fﬁéc rﬁgggsigc}h&“;ga;%mé ;28
(OFDM%) In g multiuser I’IetWOI;;Q Tr|1ese features gre Wlde(;ythe measurement noise covariarice [35, Ch.3]. Howevendiwaut this paper,
accepted to be part dfG UDN developments, as discussed,c is assumed to be negligible while more rigorous methadadcount for
e.g., in [2]-4], [10], [31], and in this paper we take adwage ICI are left for future work.




the resulting EKF is computationally more efficient than the In the DoA/ToA EKFs, we consider both co-elevation
approach of estimating and tracking multiple propagation € [0, 7] and azimuthy € [0, 2r) DoA angles even
paths [22]. This method thus allows for reduced computinghough we eventually fuse only the azimuth Dosin the
complexity, while still enabling high-accuracy positiogiand 2D positioning and clock offset estimation phase. This is du
tracking, as will be shown in the evaluations. to the challenge of decoupling the azimuth angle from the
In particular, the EKFs proposed in Sectibn TlI-A exploit elevation angle in the EKF proposed in SecfionT]I-A without
the following model for the UL single-input-multiple-outp  making further assumptions on the employed array geometry
(SIMO) multicarrier-multiantenna channel response estim or on the height of the UN. It should be also noted that in
at an AN, obtained using UL reference signals, of the forman OFDM-based system, the parameteas given in[(1) (i.e.,
[36] after the fast Fourier transform (FFT) operation) denokes t
g~ B, ¢, 1)y +n, (1) difference between the actual ToA (wrt. the clock of the AN)
of the LoS path and the start of the FFT winddw][40, Ch.3],
where B(9,p,7) € CM*2 and v € C2*! denote the [41]. The ToA wrt. the clock of the AN is then found simply
polarimetric response of the multicarrier-multiantenf@nd by adding the start-time of the FFT window to However,
the path weights, respectively. Moreovarc CM*! denotes throughout this paper and for the sake of clarify, we willl cal
complex-circular zero-mean white-Gaussian distributetben 7 simply the ToA.
with variances?. The dimension of the multichannel vector
g is given by M = M Mxn, where My and Man denote = clock Models
the number of subcarriers and antenna elements, respggctive . .
In this paper, either planar or conformal antenna arrays can | the literature, it is generally agreed that the clock efffs

be employed, and their elements may also be placed noﬁ_ls.atim.e-varying quantity due to imperfections of the clock
uniformly. In particular, the polarimetric array response °scillator in the device, see e.d.. [41]-{43]. For a measers

given in terms of the effective aperture distribution fuont ~Peri0dAt, the clock offset is typically expressed in a recursive
(EADF) [22], [3€], [37] as form as [43]

B(, ¢.7) = [Gud(p. ) © Gyd(7), pln] = pln ~ 1) + fnjat ©)
Gyd(p,9) ® Gsd(7)], (2) wherea(n| is known as the clock skew. Some authors, e.g., the
authors in [[42] assume the clock skew to be constant, while
where ® denotes the Kronecker product. Her&; € some recent research based on measurements suggests that
CMs*M; denotes the frequency response of the receivers, artie clock skew can also, in fact, be time-dependent, at least
Gy € CManxMaMe gnd Gy, € CManxMaMe denote the over the large observation period.§ months) considered in
EADF of the multiantenna AN for a horizontal and vertical [43]. However, taking the research and measurement regults
excitation, respectively. AlsoM, and M. denote the number [44], [45] into account, where devices are identified reryote
of modes, i.e., spatial harmonics, of the array responsg3€e based on an estimate of the average clock skew, one could
Ch.2], [37] for details. Moreoverd(r) € CMs*1 denotes a assume that thaverage clock skews indeed constant. This

Vandermonde structured vector given by also matches with the measurement results[in [43], where
. the clock skew seems to be fluctuating around a mean value.
d(r) = [e "My Dfor - einMy=Dfor - (3)  Nevertheless, the measurements|in! [43]-{45] were obtained

indoors, i.e., in a temperature controlled environmentwHo
where f, denotes the subcarrier spacing of the adopted mufVver, in practice, environmental effects such as large gimn
ticarrier waveform. Finally, vectod(p,9) € CM«M:x1 js  in the ambient temperature affect the clock parametersen th
given by long term [42]. Therefore, we adopt the more general model
_ [43] of a time-varying clock skew, which also encompasses
d(,9) = d(v) @ d(p), (4) the constant clock skew model as a special case.
whered(p) € CMax1 andd(9) € CM-*! have a structure The clock skew in[[43] is modeled as an auto-regressive

identical to that in[{B) by using for — ¥/2, and similarly for (AR) process of ordeli_D. While the measurement results in
. Note that we have assumed identical radio frequency (RFJ43] reveal that modeling the clock offset as an AR process
chains at the multiantenna AN and a frequency-flat angulafesults in large performance gains compared to a constack cl
response. Such assumptions are taken for the sake of clarifk€w model, an increase of the order beyddd= 1 does
and an extension of the EKF proposed in Sedfionlil-A to nontiot seem to increase the accuracy of clock offset tracking
identical RF-chains as well as frequency-dependent angul&ignificantly. In this paper, the clock skews of the assumed
responses is Straightforward but Computationa”y moreatain clock oscillators are modeled as an AR model of first order
ing. Note also that the model ifl(2) accommodates widebangccording to

signals and it is identical to that typically used in spaoget _ 1 6
array processing [38]/ [39]. Moreover, the array calilmati alp] = Bafn — 1]+ nin} ©)
data, represented by the EADF, is assumed to be known avhere|3| < 1 is a constant parameter anth] ~ N(0,02) is
previously acquired by means of dedicated measurements additive white Gaussian noise (AWGN). Note that the joint
an anechoic chamber [36], [37]. DoA/ToA Pos&Clock EKF as well as the joint DoA/ToOA



Pos&Sync EKF proposed in Sections T1IB1 and IV, respecDoA and ToA only, thus further decreasing the computational
tively, may be extended to AR processes of higher ordersomplexity compared to [22]. This is achieved by noting that
using, e.g., the state augmentation approach [46, Ch. [n2]. the path weights are linear parameters of the model for the UL
particular, such an approach would be useful for low-gradenulticarrier multiantenna channél [36], and by employihg t
clock oscillators since their frequency stability is tyglly  concentrated log-likelihood function in the derivation thie
poorer than that of medium/high-grade oscillators. information-form of the EKF[[46, Ch.6].
1) DoA/ToA EKF: Within the DoA and ToA tracking EKF,
1. CASCADED EKFs FORJOINT UN POSITIONING AND a continuous white noise acceleration (CWNA) model is
UN CLOCK OFFSETESTIMATION employed for the state-evolution [47, Ch. 6.2] in order ke
The EKF is a widely used estimation method for the unthe DoA and ToA estimates. Hence, the state-vector for the

positioning when measurements such as the DoAs and ToAgth AN can be written as

are related to the state through a non-linear model, €.§], [2 se.[n] = [0, [n], 9o, (0], e, 1],

However, the UN positioning is quite often done within the Ate, [n], Ay, [n], Agy, [1]]T € RS (1)

UN device which leads to increased energy consumption of the T (15 s ST ’

device compared to a network-centric positioning apprdadth — whereyy, [n] € [0, 27) andd,, [n] € [0, 7] denote the azimuth

In this paper, the UN positioning together with the UN clock and co-elevation DoA angles at the time-instantespectively.
offset estimation are done in a network-centric mannergiain - Similarly, 7, [n] denotes the ToA at thé.th AN. Finally, the
cascaded EKF. The first part of the cascaded EKF consists @larameters\r, [n], Ady, [n], and Ay, [n] denote the rate-of-
tracking the DoAs and ToAs of a given UN within each LoS-change of the ToA as well as of the arrival-angles, respelgtiv
ANs in a computationally efficient manner, whereas the seconin addition, let us consider the measurement model pregente
part consists of the joint UN positioning and UN clock offsetin () and the following linear state evolution model thatrss
estimation, where the DoA and ToA measurements obtaineftom the assumed CWNA model

from the first part of the cascaded EKF are used. Since our

focus is on 2D positioning, we fuse only the estimated azimut e, [n] = Fsg [n — 1]+ u[n],  u[n] ~N(0,Q[n]),  (8)
DoAs and ToAs in the second phase of the cas_ched solutic_>q,vhere the state transition matrR ¢ R*6 as well as the
The structure of the proposed cascaded EKF is illustrated IRovariance matrix of the state-noi€g[n] € RS*6 are given
Fig. [2. Throughout this paper, we use the same notation E}i/

in [46]. Thus, thea priori mean and covariance estimates at
time instantn are denoted aé~[n] and P~ [n], respectively. Fe |:Ig><3 At - 13><3:| )
Similarly, the a posteriori mean and covariance estimates, ~ |03x3 Is.3 ’

which are obtained after the measurement update phase of the N o2 A2

EKF, are denoted as"[n] and P*[n], respectively. Q] = | 2. ) EPE 7 Iaxs (10)
o At 2
wr— I3xg oy, At - I3xs

A. DoA/ToA Tracking EKF at AN

In this section, an EKF for tracking the DoA and ToA _

of the LoS-path at an AN is formulate% stemming from theestlr_nates. We note thdf and Q[n] may be found by em-
. . ’ ploying the so-called numerical discretization of thedaling

work in [22]. However, the formulation of the EKF proposed . tinuous-time state modél [48, Ch.2]
in this paper is computationally more attractive than timat i T
[22] for two reasons. First, the goal in_[22] is to have an dse,(t)  [03x3 Izxs ¢ 0343 ¢ 11
accurate characterization of the radio channel, and thus al dt O3x3 Osxs st (£) + Isxs w(t), (1)
of the significant specular paths need to be estimated and 31 _ . )
tracked. However, in our work only a single propagation pativherew(t) € R*** denotes a Wh'te'2”0'5€ process with the
corresponding to the largest power is tracked. In additmn t diagonal power spectral densiq. = o, Isxs. _
computational advantages, the main motivation for usirghsu The prediction and update equations of the informatiomfor

a model in the EKF follows from the fact that the propagation©f the EKF for the/zth AN can now be expressed as

Here, At denotes the time-interval between two consecutive

path with largest power typically corresponds to the LoShpat 5~ nl = F&t n— 1 12
This is even more noticeable in UDNs where the AN-UN S’f ("] Sé'jr[n ) T (12)
distance is typically less thaf0m, and the Rice-K factor P, [n]=FP; [n—1]F + Q[n] (13)
is around10-20dB [32]. Second, the EKF in_[22] tracks a i _ -1 -1

logarithmic parameterization of the path weights (magtetu Py ] = ((Pek ) [”]) (14)
and phase components) thereby increasing the dimension of SZ [n] = s, n] +PZC [n]ve, [n], (15)

the state vector, and consequently the complexity of each

iteration of the EKF. For UN positioning, the path weightswhereJ,, [n] € R®*6 andv,, [n] € R®*! denote the observed
can be considered nuisance parameters since the DoA and TdAsher information matrix (FIM) and score-function of thate
suffice in finding the position of the UN. It is thus desiralme t evaluated a$, [n], respectively. They are found by employing
formulate the EKF such that the path weights are not partef ththe measurement model for the estimated UL channdllin (1),
state vector. Hence, the EKF proposed in this paper traegks thand concentrating the corresponding log-likelihood fiorct



wrt. the path weights. In particular, the observed FIM andB. Positioning and Synchronization EKF at Central Process-

score-function are given by [36], [37]. [49] ing Unit
* Next, an algorithm for the simultaneous UN positioning and
3o, [n] = 3% Or Or (16) clock synchronization is presented, following the prefiary
b o2 agf[n] agf[n] ’ work by the authors in[[1]. Since in practice every UN has
k k

. an offset in its internal clock wrt. the ANs' clocks, it is
9 < or ) crucial to track the clock offset of the UN in order to achieve

vyl = —-— — (17)  reliable ToA estimates for positioning. Furthermore, eliéfnt
T 95y, (n] clock offsets among the ANs should be taken into account

L a L o as well, but that topic is covered in more detail in Section
Here,r = II* (s, [n])g¢, [n] andII= (s, [n]) = I—-1I(5, [n]) V] In this section, we first present the novel EKF solution,

denotes an orthogonal projection matrix onto the nullspacgalled joint DoA/ToA Pos&Clock EKF, for simultaneous UN

of B(J,»,7); see Sectio II-B. In particuladI(s; [n]) =  positioning and clock synchronization for the case when ANs
B(9, ¢, 7)BT(¥,¢,7), where the superscrifft}' denotes the  are synchronized. Then, a practical and improved initikn
Moore-Penrose pseudo-inverse. method for the presented Pos&Clock EKF is also proposed.

2) EKF Initialization: Initial estimates of the DoA, ToA, and For notational simplicity, we assume below that only a sng|
respective rate-of-change parameters are needed fadigiiity ~ UN is tracked. However, assuming orthogonal UL pilots, the
the EKF proposed in the previous section. Here, we describe BoAs and DoAs of multiple UNs can, in general, be estimated
simple yet reliable approach for finding such initial estiesa  and tracked, thus facilitating also simultaneous positigand
In particular, the initial estimates$;, [0], ¢, [0], and7,, [0] are  clock offset estimation and tracking of multiple devices.

found as follows: 1) Joint DoA/ToA Pos&Clock EKF: Within the joint
e Reshape the UL channel vector into a métrix DoA/ToA Posé&Clock EKF, the obtained ToA and DoA es-
timates from different LoS ANs are used to estimate the UN
H, = mat{ge,, Ms, Man} (18) position and velocity as well as the clock offset and clockvgk
o Multiply %, with the EADF for horizontal and vertical ©f the UN. Thus, the state of the process is defined as
components, and reshape into a 3D matrix: s[n] = [z[n], y[n], vz [n], vy[n], p[n], a[n]]T € R, (25)
Ay = mat{HészkH,Mf,MaaMe}a (19)  wherep[n] = [z[n],y[n]]" and v[n] = [vi[n],v,[n]]" are
Ay = mat{H, G) . Ms, My, M, 20 two-dimensional position and velocity vectors of the UN,
v = mat{#Ho G, My } (20) respectively. Furthermore, the clock offsdt] and the clock
e Employ the 3D FFT and determine skew a[n] of the UN are assumed to evolve according to the

B 9 clock models in[(b) and {6).

By = [FFTsp{An}", (21) Let us next assume that the velocity of the UN is almost

By = |[FFT3p{Ay}? (22)  constant between two consecutive time-steps, being only pe

. - . turbed by small random changes, i.e., the state evolutiateino

¢ ]F3|nd ihg md.'lf:rf;sgf itr:](;égrsgiztrreelserger%t g tt';]ee 3e2tir2$trg(sis a CWNA model [[47, Ch. 6.2]. Then, stemming from this
SH TV . P assumption and since the clock models for the evolution®f th
Q9€k [0]’ Py [0]’ and Tey, [O]

D _ ~ clock offset and skew are linear, a joint linear model for the
We note that the initialization method described above is &tate transition can be expressed as

computationally efficient implementation of the spaceetim

conventional beamformer (deterministic MLE for a single s[n] = Funs[n — 1] + w[n], (26)
path), and it stems from the work in_[36]. [37]. The initi@iz \\nere the state transition matrByy € R6%6 is

tion of the covariance matrix may be achieved by evaluating

the observed FIM as, [0], and usingP} [0] = (J,, [0])~ . Ioxo At-Ioxa O2x2 N
The rate-of-change parameters may be initialized once twoFun = [O2x2  Iaxz  O2x2|, Fe= [0 5] - (27)
consecutive estimates ¢, , ¢, ,7,] are obtained. For ex- 0252 O2x2 Fe
ample, in order to initializeAr,, atn = 2 the following can  Here, the process noise is assumed to be zero-mean Gaussian
be used such thatw(n] ~ AN(0,Q’) where the discretized block
12— 1 diagonal covarianc€’ € R%%6 is given by
Ay, ) = B Tulll (29 o o
t g, At 1 LATAV I 0 0
n 1 " n 53 5 2X2 2 2X2 2x1 2x1
(P [2)aa = W ((ng[l])1,1 + (P, [2])1=1) (29 / % Toxo 02At-Ioxo  02yx1  Oaxq
Q = 0 0 U%AtS U%Atz . (28)
where the notation(A); ; denotes the entry of matriA 1x2 1x2 23 2
located at theth row andjth column. 01x2 01x2 0"2 G%At

2Reshape operator denoted as {B&fds, da, ..., d,} reshapes a given Here,_crv and o, denote the_ standard de_viation (STD) of the
matrix or vectorX into ad; x da X --- x dq matrix. velocity and clock skew noises, respectively.



The upper left corner of the state transition mathxyy Let us next assume that the initial sta&€[0] as well as
represents the constant movement model of the UN, whereale initial covariance matri®t[0] are known. Furthermore,
the matrixF. describes the clock evolution according to the assuming the linear state transition model and the nomuline
clock models[(b) and{6). Both presented clock models haveneasurement model as derived [n](26) dnd (32), respegtively
been shown to be suitable for clock tracking inl[43] usingthe well-known Kalman-gain form of the EKF can be applied
practical measurements. Unfortunately, the authorslirf] [43for estimating the state of the system |[46]. Because of the
do not provide details on the values for the paramgters linear state transition model, the prediction phase of tK& E
determined in their experiments. Although the clock skew iscan be applied in a straightforward manner within the joint
not necessarily completely stationary, the change in thekcl Pos&Clock EKF. However, the Jacobian matEkused in the
skew is relatively slow compared to the clock offset. Theref update phase needs to be evaluated=t] before applying
the authors in[[43] argue that the clock skew can be assumagle subsequent equations of the EKF. It is straightforward
to be quasi-stationary for long time periods. Accordinghte t to show that after simple differentiation the elements @& th
calculations and observations inl [1], we employ the valuelacobian matri¥ become

8 = 1 throughout the paper. Thus, the clock skew can Ade, [1]

eventually be considered as a random-walk process as well. Hop11[n] = [hy, 1], (87 [n]) = — Ve (33)
In contrast to the linear state transition model, the mea- dfk [n]

surement model for the joint DoA/ToA Pos&ClockEKF is = iy, [n)]

non-linear. For each time step, let us denote the number Hoy—1,2[n] = [he, 1], (87 [n]) = = (34)

of ANs with a LoS condition to the UN ad([n| and the A{k [?]]

indices of those ANs a$, /-, ..., k,. For each LoS-AN o - _ ATy n

(1, the measurement equation consists of the azimuth DoA Haa[n] = the, 2], (57[0)) = cdy, [n] (35)

estimate @, [n] = e, [n] + dpe, [n] and the ToA estimate Aﬁgk ]

7o, [n] = 70, [n] + 07¢,, [n], Wheredgy, [n] and d7, [n] denote Hoj2[n] = [hy, 2], (87 [n]) = —— (36)

estimation errors for the obtained azimuth DoA and ToA cdg,[n]

measurements, respectively. Note that the focus is on 2D Hop5[n] = [he, 2], (87 [n]) =1, (37)

position estimation, and thus the estimated elevationesngl _

are not employed by this EKF. The measurements for eacfor & = 1,2,....K[n] and zero otherwise[[1]. In[(33)-

AN can thus be combined into a joint measurement equatiof36), we denote distances between the AN and the predicted

expressed as UN position in - and y-directions asAzy, [n] and Agy, [n],

A . T respectively. Similarly, the notatior,, [n] denotes the two-
ye[n] = [@e.[n) 7o, [n]]” =he (s[n]) +ug[n],  (29)  dimensional distance between theth AN and the predicted

i UN position.
where uy, [n] = [6¢¢, [n], 07, [n]]7 is the zero-mean obser- P . . . i
vation noise with akcovariafncﬁgk [n] = Efug,[n]uj, [n]]. At every time stepn, the two-dimensional UN posmTon
estimate is hence obtained #gn] = [(81[n])1, (8T [n])2]

Furthermorehy, (s[n]) = [he, 1(s[n]), ke, 2(s[n])]" is the real-
valued and non-linear measurement function that relates t
measurement vector,, [n] to the UN state through

hwith an estimated covariance found as the upper-left-meast
submatrix of P*[n]. In addition to the UN position estimate,
an estimate of the UN clock offset is given through the state

B Ay, [n] variable (§7[n])s as a valuable by-product.
1 (s[n)) —a“’ta”( Ao, [1] (30) ") EKF Initialization: Initialization of the EKF, ie., the
de, [1] choice of the meag™[0] and the covarianc®*[0] of the

he, 2(s[n]) = —— + p[n], (31) initial Gaussian distribution plays an important role ireth
¢ performance of the EKF. In the worst case scenario, poorly

where Az, [n] = z[n] — x4, and Ay, [n] = y[n] — v, are  chosen initial values for the state and covariance migt tea
distances between the Afy and the UN inz- andy-direction,  undesired divergence in the EKF whereas good initial eséiga
respectively. In[(31), the two-dimensional distance betwthe  ensure fast convergence. Here, we propose a practical two-
UN and the AN is denoted a¢,, = }ZA;@ [n] + Ay? [n] ~ phase initialization method for the Pos&Clock EKF in which
and the speed of light is denoted asFinally, the complete "°© external information is used besides that obtained ttrou
measurement equation containing measuremgptsrom all the normal communication process between the UN and ANs.

LoS-ANs at time step: can be written as The proposed initialization method is illustrated in Hig. 3
In the first phase of initialisation, we determine coarse

y[n] = h(s[n]) + uln|, (32) initial position and velocity estimates of the UN together
T o7 T T : with their respective covariances which are used, thergaft
wherey = [y;,,¥s,,- ¥, is the collection of mea- oo o, input to the next phase of the proposed initialization
surements ancth = [hZ,hL,---,h}K[n ]" is the respective method. In the literature, there are many different methods
combination of the model functions. }:urthermore, the noisehat can be used to determine such initial position estimate
u[n] ~ N(0,R) with a block diagonal covariance matrix For example, the authors ih [50] used received signal streng
R = bIkdiag(BRgl,ng ...,Ry,,,]) describes the zero- (RSS) measurements to obtain the position estimates wherea
mean measurement errors for &ll[n] LoS-ANs. in [25] the authors used DoA and ToA based methods for the




L g | PO T[N | DoA/ToA of using susceptible ToA measurements in the update phase
0S-Centroid A\ DoA-only [ . X
Localization q EKF T P ok /Sme of the filtering. Therefore, we chose to execute DoA-only
Vil EKF, i.e., an EKF where only the azimuth DoA measurements
n=0 n=1,...,Np n=Ni+1,... are momentarily used to update the state estimate of the

UN [53], in the second phase of the overall initialization
procedure. The DoA-only EKF, in which the obtained initial
state and covariance estimate are used as prior informasion
carried out only for pre-defined, iterations. In addition to

UN positioning. The UN could even communicate positionMOre accurate position estimate, we can also estimate the UN

estimates that are obtained by the UN itself using, e.gbajlo Velocity ¥[n] = [b.[n], %,[n]]" as a by-product in the DoA-
navigation satellite system (GNSS), but has the disadganta only EKF.

of increasing the amount of additional communication betwe  The state estimate obtained from the DoA-only EKF after
the UN and ANs, and such an external positioning service ighe N, iterations can then be used to initialize the joint
not necessarily always available. In our initializationthoel, ~DOA/ToA Pos&Clock EKF after the state has been extended
we apply the centroid localization (CL) methdd [51] builgin With the initial UN clock parameters. In the beginning, the
on the known positions of the LoS-ANs in order to obtain aclock offset can be limited to a fairly low value by simply
rough position estimate for the UN. Thus, the initial pasiti communicating the time from one of the LoS-ANs. Thereafter,
estimate, denoted gs' [0] = [27[0], 97[0]]", can be expressed the communicated time can be used to set up the clock within

Fig. 3. Initialization of position estimatp ™ [n] where also a velocity estimate
v [n] is improved as a by-product in the second phase of the inétion

as the UN. Typically, manufacturers report the clock skew @fith
1 K[0] oscillators in parts per million (ppm). Based on the results
pr0] = X0l Z P, (38) achieved in the literature, e.g., in [43]-[45] the clock wke
[0] 1 of the UN can be initialized tai*[0] = 25 ppm with a

) STD of a few tens of ppm[[1]. Finally, the extended state
where K[0] is the total number of LoS-ANs angl, denotes and covariance that contain aiso the necessary parts for the
the known position of the LoS-AN with an indéx. Intuitively,  clock parameters can be used as prior information for the
(38) can be understood as the mean of the LoS-ANs’ positiongctual DoA/ToA Pos&Clock EKF as well as for the yet
and depending on the location of the UN relative to the LoSmore elaborate DoA/ToA Pos&Sync EKF proposed next in

ANs the initial position estimate may be poor. Such coarsesection TV for the case of unsynchronized network elements.
initial position estimate can be improved by using a weighte

centroid localization (WCL) method where the weights can be
obtained from, e.g., RSS measurements [52]. IV. CAscADED EKFs FORJOINT UN POSITIONING AND
Unless the positioning method provides an initial estimate NETWORK CLOCK SYNCHRONIZATION

also for the velocity, the EKF can be initialized even with |n the previous section, we assumed that the clock of a
a very coarse estimate. If external information about theyN is unsynchronized with respect to ANs whereas the ANs
environment or device itself is available, a reliable estien within a network are mutually synchronized. In this section
for the velocity can be easily obtained considering, egees  we relax such an assumption, by considering unsynchronized
limits of the area where the obtained initial position estien rather than synchronized ANs. For mathematical tractgbili
is acquired. However, since external information is notduse and presentation simplicity, we assume that the ANs’ clocks
in our initialization method, the initial velocity estineabf the  within a network are, however, phase-locked, i.e., thelkcloc
UN is set to zero without loss of generality. By combining offsets of the ANs are static. It is important to note thas thi
the initial position and velocity estimates we can deteeran assumption does not imply the same clock offsets between the
reduced initial state estimage [0] that can be used as an input ANs, leaving thus a clear need for network synchronization.
for the next phase of the proposed initialization method. ~In the following, an EKF for both joint UN positioning and

It is also important that the employed initialization metho network synchronization is proposed. The issue of profagat
provides not only the state estimate but also an estimate &f universal time within a network is also discussed.
the covariance. In our method, the uncertainty of the ihitia
position is set to a large value, since the initial positistiraate
obtained using the CL method might easily be coarse and\- _Positioning and Network Synchronization EKF at Central
therefore, cause divergence in the EKF if a small uncestaintUnit

is used. Sinc-e the|n|t|a| VelOCity |S defined without a.ny'fur In generaL the proposed EKF for simultaneous UN position_
ther assumptions, it is consequential to set the correspgnd ing and network synchronization, denoted as a joint DoA/ToA
covariance also to a large value. Hence, by setting theainiti posgSync EKF, is an extension to the previous joint DoA/ToA
covariance to be reasonably large we do not rely excessivelyosgClock EKF where also the mutual clock offsets of the
on the uncertain initial state. _ _ _ LoS-ANs are tracked using the available ToA measurements.
However, the initial position estimate obtained using thean augmented state where also the clock offsets of all LoS-

above initialization procedure may not be accurate enougaNs at time step: are considered can now be expressed as
to ensure reliable convergence in the presented DoA/ToA

positioning and synchronization EKF, especially in thessen s[n] = [sin[nl, pey 1], - - s Plrcin) [n]]" € REFEM (39)



wheres()y[n] = [z[n], y[n], vz[n], vy [n], p[n], a[n]] is the same the joint DoA/ToA Pos&Sync EKF. Since our measurement
state vector containing the position and velocity of the UWN a model contains now also the clock offset parameters for the
well as the clock parameters of the UN clock as presentetloS-ANs, we need to modify the Jacobian matkkin (33)-
in Section[Il[-B1. Furthermore, the clock offset of the LoS-(34) by adding the corresponding elements for each LoS-ANs,
AN with an index¢;, wherek € 1,2,..., K[n] is denoted in namely
the augmented state as, [n]. Here, all the clock offsets are Hop 641 [n] = [he, 2]p, (87[n]) =1, (47)
interpreted relative to a chosen reference AN clock. "

Since the clocks within ANs are assumed to be phase-lockewherek € 1,2, ..., K[n], and zeros elsewhere to complete the
we can now write the clock offset evolution model for the AN matrix.

with an index?¢;, as In the beginning of the filtering, e.g., when a UN establishes
a connection to the network, we use the same initialization
pe.[n] = pe,[n — 1]+ 6,n], (40)  method as proposed earlier in Section IFB2. Thereaftes, t

whered, ~ N(0,0?%) denotes the zero-mean Gaussian noiséJN position "j‘ﬂd cIocI§+oﬁsetTestima}$s at time stepare

for the clock offset evolution. Using the mod@[140) for the Obtained as((s™[n])1, (87 [n])o]" and (s7[n])s, respectively,
clock offsets and assuming the same motion mddel (26), wwith estimated covariances found as respective elements of
can write then a linear transition model for the stafé (3@ini  the matrix P*. Since the proposed DoA/ToA Pos&Sync

DoA/ToA Pos&Sync EKF such that EKF also tracks now the clock offsets of the LoS-ANs, the
estimated clock offsets for each LoS-AN are given through th
s[n] = F[nJs[n — 1] 4+ w(n], (41)  state estimate$st[n)),r Wherek € 1,2,..., K[n]. These

obtained UN and LoS-ANs clock offset estimates can be used
thereafter in network synchronization.
In order to be able to track the offsets of LoS-ANs properly
- Q Ok [n]x K[n] and define synchronization within an unsynchronized néiwor
Qln] = Oknxkin] AL Txpnxkm] |’ we need to choose one of the LoS-ANs as a reference AN.
] ] Since the ToA measurements are not used in the earlier
whereQ' is the same covariance as [n{28). Furthermore, theyroposed initialization phase, the reference AN can beathos
augmented state transition matii{n] € R(TKIMD (ORI 450 " o the closest AN to the UN when the initialization
can be written as phase is completed and the ToA measurements are started to be
} used in positioning and clock offset tracking. This implikat

wherew[n] ~ N(0,Q[n]) denotes the zero-mean distributed
noise with the following covariance

(42)

(43) inthe initial phasep,, [n] = 0, assuming that the AN, refers
to the reference AN. Thus, synchronization can be achieved
where the matrixFuy € R®*6 represents the same state within the network wrt. the reference AN by communicating

transition matrix for the UN state as i {27). The identity the clock offset estimates for the LoS-ANs and the UN.
matrix in the lower-right corner of the state transition mat
F[n] reprefednt_sd:taeo?ssumed clock offset evolution for the ANg Propagation of Universal Network Time
as presented i . _ _

Next, due to the mutually unsynchronized ANs, the mea- !N the case of tracking only one UN at the time, synchro-
surement equation related to ToA []31) needs to be reviseization c_>f the network is done with respect to the reference
accordingly. Thus, by adding the clock offset of the conside time obtained from a chosen reference AN. However, when we

LoS-AN to the earlier TOA measurement equation[if] (31), we2PPly the proposed method for multiple UNs simultaneously

Fun O6x K[n]
F =
i [OK[n] %6 LK[nxKn]

can write new measurement equations as we have to consider how to treat clock offset estimates that
] have different time references |54], [55]. In general, it is

Ay, [n realistic to assume that there are a large number of UNs

1 (s[n)) _arctan( Az [n] (44) connected to a network, and thus tracked, simultaneously.
dy, [n] Therefore, we can obtain clock offset estimates for numerou

hey2(s[n]) = kT + p[n] + pe, [n], (45)  ANs within a network using the proposed method such that the

. clock offsets for each AN have been estimated using difteren
wherepy, [n] denotes the clock offset of the LoS-AN with an reference times. If this information is stored and avaéahla

index ¢;,. Furthermore, the measurement equation$ i (45) fogentral unit, the relative offsets of these ANs can be estitha
each LoS-AN can be combined into the similar measuremeniasily and the network can be thereafter synchronized wyt. a

model as in[(3R) such that of these ANS.
However, storing the clock offset information increases th
=h 46 o T8
ylnl (s[n)) +uln), (46) computational load and the use of memory capacity in the
whereu[n] ~ N (0,R) is the measurement noise with covari- central node of a network and, therefore, alternative aggires
anceR = bIkdiag([Rgl,Rb, .. .,RZK[HJ) obtained from the how to utilize the estimated clock offsets can be considered
DoA/ToA tracking phase. As an alternative approach, the same relative offset infion

In the following, we apply the Kalman-gain form of the could be used also as a prior information for the clock offset
EKF to the presented mode[s{41) ahd](46) in order to obtaimstimation in the case of new UNs. If this information is
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available in the beginning of tracking a new UN, it would
most probably speed up convergence in the proposed EKF and
even improve the clock offset estimate of the UN. Further
aspects related to establishing and propagating a universa
network time is an interesting and important topic for our
future research.

il
It

il

V. NUMERICAL EVALUATIONS AND ANALYSIS

In this section, comprehensive numerical evaluations are
carried out to illustrate and quantify the achievable devic
positioning performance using the proposed methods. The
evaluations are carried out in an urban outdoor environment
adopting the METIS Madrid grid model [31], while the 0
deployed UDN is assumed to be operating at the 3.5 GHz
band. We specifically focus on the connected car use case
[2], [4], [LO] where cars are driving through a city with
velocities in the order 050 km h=L. In all our evaluations, we
deploy comprehensive map and ray_tracing bas-ed pr(_)pagati(%p 4. Madrid map with example access node (AN) deploymédnitie(
modeling m] Suc.h th.at the mode_llng of th.e I_ncommg L_JLtrigﬁglés) and user gode (UN) trarj)ectory (red path). i
reference signals in different ANs is as realistic as pdssib
and explicitly connected to the environment and map. Fuarthe
details of the environment and evaluation methodologies ar
given below. In general, the performances of the proposatl jo
DoA/ToA Posé&Clock and Pos&Sync EKFs, as well as the
DoA-only based EKF implemented for reference, are evatlate
and reported.

the map. The rest of the map is determined to be roads and
sidewalks, but for the sake of simplicity, sidewalks are not
illustrated in Fig[#. In general, the$am wide sidewalks are
surrounding every building in the map, but in our visualizas

they are represented as a part of the roads. Road lanes are
3m wide and they are accompanied Byn wide parking

A. Simulation and Evaluation Environment lanes, except the vertical lanes in the widest Gran Via road

In the following, a detailed description of the employed©n the right side of the park. Thus, the normal roads are
simulation environment is presented. First, the strucamd 18 m wide in our evaluations and visualization containing also
properties of the Madrid grid environmental modell[31] thatthe sidewalks. Special Grand Via road consists of threeslane
stems from the METIS guidelines are described with arin both directions, where the lanes in different directiame

essential accuracy. After that, details of the used rayirtgac Separated by m wide sidewalk. The parallel road on the right
channel model are discussed and finally a realistic motiogide of Gran Via road is called Calle Preciados and it is define

model for the UN is presented. as a21 m sidewalk in the METIS guideline5[31]. Despite the

1) Madrid map: Outdoor environment has a huge impact notfact that the sidewalks are illustrated as a part of the ramds
only on constraining the UN movement but also on wirelesdig-[4, we do not allow vehicles to move on these sidewalks.
communications, especially, when modelling the radio aign  2) Channel and antenna modelg/e employ the ray tracing
propagation within a network. The Madrid map, which refersas well as the geometry-based stochastic channel models
to the METIS Madrid grid environmental model, is considereddescribed in[[32],[[33]. In particular, the ray tracing chah
as a compromise between the existing models like Manhattamodel is employed in order to model the propagation of
grid and the need of characterising dense urban envirosmerthe UL reference signals that are exploited by the proposed
in a more realistic mannelr [31]. For evaluating and visurajiz EKFs for UN positioning as realistically as possible. The
the positioning performance, we used a two-dimensionalilay employed ray tracing implementation takes into account the
of the Madrid map as illustrated in Figl 4. 3D model of the Madrid grid when calculating the reflected

In the connected car application, we model only the necand diffracted paths between the UN and ANs. The diffracted
essary parts of the Madrid map based on the METIS guidegpaths are given according to the Berg’s model [32]. Moreover
lines [31], i.e., the indoor model as well as minor detakeli the antennas composing the arrays at the ANs are assumed
bus stops and metro entrances are ignored during the procetss observe the same directional channel, and thus a single-
The majority of the Madrid map is covered with square andreference point at the AN'’s location is used in calculating
rectangle shaped building blocks as represented ir(Figti# wi the ray tracing channels. The effect of random scatterers is
dark gray color. Square blocks have both dimensions equal @lso modeled according to the METIS guidelines| [32] with a
120m whereas length and width of the other building blocksdensity of0.01 scatterers/rh
are 120 m and30 m, respectively. The height of the buildings  The geometry-based stochastic channel model (GSCM) [32],
range from28m to 52.5m. In addition to the buildings, the [33] is used in this paper in order to model uncoordinated
map contains also a park with the same dimensions as squargerference. In particular, the interferers are randoptaced
shaped buildings, and it is located almost in the middle ofon a disk-shaped area ranging betw&edm and500 m away
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Acceleration [m/s?]

Fig. 5. lllustration of the 3D array geometry employed atAtiés. Cylindrical ) 1}) 2}) 35 45 5}) 6‘0 70
arrays comprising 0 dual-polarized 3GPP patch-elements are used. The array Time [s]
elements are placed along two circles each of which conmgrisi patch-

elements. Fig. 6. Acceleration profile for the example UN trajectoryosi in Fig.[4.

from the ANs receiving the UL reference signals. A densityl TE/LTE-Advanced radio network, and is very similar to
of 1000interferers/km is used and their placement follows a those described, e.g.. [20]._[28]. The corresponding radio
Poisson point process. The channels among the interfereds’ frame structure incorporates subframes of lerig#tms, which
multiantenna ANs are calculated according to the GSCM, anghclude 14 OFDM symbols. This is also the basic time resolu-
used to calculate a spatially correlated covariance maltix tion for UL reference signals. In the upcoming evaluations,
the receiving ANs. This is done for all subcarriers modwate both continuous and sparse UL reference signal subcarrier
by the UL reference signals. Such a covariance matrix is theallocations are deployed, for comparison purposes, white t
used to correlate a zero-mean complex-circular white-&laos  UN transmit power is alway8 dBm. In both reference signal
distributed vector for each UL transmission. This approaich cases, 256 pilot subcarriers are allocated to a given UN
modeling uncoordinated interference is similar to thatS6][  which are either continuousl{.2MHz) or sparse over the
The multiantenna transceivers at the ANs are assumed hole carrier passband width &6 MHz. Building on the
have a cylindrical geometry; see Figl 5. In particular, theUL reference signals, least squares (LS)-based multaarri
cylindrical arrays are comprised d0 dual-polarized patch- multiantenna channel estimator is adopted in all ANs. Also,
elements, and thu20 output ports, while the height of the AN two different ISDs of50 m and25m in the UDN design are
antenna system is assumed to7m. The beampatterns of the experimented.
patch-elements are taken from [33]. The patch-elements are In the evaluations, we assume that the UL reference signals
placed along two circles, each with an inter-element dean of all the UNs within a given AN coordination area are
of A\/2. The vertical separation between the two circles isorthogonal, through proper time and frequency multiplgxin
also\/2. Moreover, the circles have a relative rotation/shift of However, also co-channel interference from uncoordinated
27/10. Note that the EADF given in Sectidnl Il is found and UNs is modeled as explained in Sectibn VA2. Assuming
calculated for this antenna array. Finally, the UN employs a typical noise figure of dB, the signal-to-interference-and-
vertically-oriented dipole, at height5 m, while the interferers noise ratio (SINR) at the AN receiver ranges betwéatB
are equipped with randomly-oriented dipoles. and 40 dB, depending on the locations of the target UN and
3) UN motion model: In order to demonstrate that the interfering UNs on the map.
proposed system is capable of positioning UNs with realisti  In general, all the EKFs are updated only once p&#rms,
time-varying velocities as well as time-varying accelienas, to facilitate realistic communication of the azimuth DoA
we assume that the UNs are moving in vehicles on trajectorieand ToA measurements from involved ANs to the central
such as the one depicted in Fid. 4. On the straight parts gfrocessing unit. In order to first analyze the effects of the
the trajectory, the vehicle is assumed to accelerate up to @ifferent UL pilot allocations and AN ISDs on DoA and
maximum velocity ofv, = 50km/h, whereas all turns are ToA estimation EKF as well as on positioning EKFs, only
performed with a constant velocity afi = 20km/h. The K[n] = 2 closest LoS-ANs are fused. After that, we also
time-varying acceleration from; to vy and the time-varying evaluate the performance of the proposed positioning ndstho
deceleration fromum to v; are modelled according to poly- with other realistic numbers of available LoS-ANs whileitak
nomial models stemming from real-life traffic data desadibe into account possible imperfect LoS-detection. This isedfom
in [57]. The polynomial model in[[57] makes it possible to the scenario of sparse pilot allocation and the ISZ@m.
create acceleration profiles with varying characteristicshis
work, we generate profiles that follow from the estimation o
of acceleration time and distance as described in [57]. Th8: DOA and ToA Estimation
resulting acceleration profile for one UN route depicted in In order to evaluate first the accuracy of the DoA and ToA
Fig.[4 and velocities, = 50 km/h andvy = 20km/h is shown  tracking in the individual ANs using the proposed DoA/ToA
in Fig.[6. EKF, the RMSEs for both estimates are illustrated in Fig. 7,
4) 5G Radio Interface Numerology and System Aspects:averaged across 15 random routes taken through the Madrid
The 5G UDN is assumed to adopt OFDMA based radiomap. Each colored bar represents a different network config-
access withr5 kHz subcarrier spacing,00 MHz carrier band- uration used in the evaluations for the LoS-ANs that are the
width and 1280 active subcarriers. This is practically 5em closest to the UN whereas bars with a gray colour represent
up-clocked radio interface numerology, compared to 3GPRhe respective results for the second closest LoS-ANs.
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Fig. 7. The average RMSEs for the estimated azimuth DoA arnfl &tothe Fig. 8. Positioning RMSEs for all tracking methods and wittifedent
closest LoS-ANs (colored bars) and the second LoS-ANs (barg) along  simulation numerologies, along 15 different random rou#®n through the
15 different random routes through the Madrid map. Madrid map.

As expected, the ToA estimation and tracking is morei.e., only everyl00 ms. This reflects a realistic situation such
accurate when the UL beacons are transmitted using the widénat the DoA and ToA measurements of individual ANs can
96 MHz bandwidth and a sparse subset of subcarriers thabe realistically communicated to and fused at the central un
using the narrowet9.2 MHz bandwidth due to enhanced time- Before the actual evaluations, in case of unsynchronized
domain resolution. Decreasing the ISD leads to better ToANs, we initialize the clock offsets of all unsynchronized
estimates due to higher average SINRs at the ANs, especialyNs within a network according tp,, [0] ~ N'(0 ) with
when using the narrow bandwidth while the difference is notr, , = 100 s as motivated in Sectrolmz \K/henever a
so significant in the case of tt# MHz bandwidth. new UN is placed on the map, we initialize the UN posi-

The accuracy of the azimuth DoA estimates, in turn, istion estimatep[0] using the CL method within the proposed
generally very high. In general, since the variance of thanitialization process. In our evaluations, covariance tloé
azimuth angle estimation is always smaller, the more c@plan initialized position estimate is defined as a diagonal matri
geometry between the TX and RX we have, the averagez_’0 - Inxo Where o, is set to a large value using the
accuracy of the DoA estimates does not substantially vargistance between the initial position estimate and curre®-
between the different ISDs, or between the closest and gecoiNs. Furthermore we set the initial velocity according to
closest ANs. This is indeed because the geometry of mor, (0], 2, [0 "~ N, 020 - Iax2) with quite large STD of
far away UNs is more favorable for azimuth angle estimationg, , = 5 m/s based on the earlier discussion in Sedfion 1lI-B2.
In general, one can conclude that excellent ToA and DoAThe initial estimates that we have determined for the UN so
estimation and tracking accuracy can be obtained using thfar are then used as a prior for the DoA-only EKF within
proposed EKF. the proposed initialization method. The DoA-only EKF is

executed forV, = 20 iterations to initialize the more elaborate
L L EKFs, in terms of position and velocity. Thereafter, we need
C. Positioning, Clock and Network Synchronization to initialize also the necessary clock parameters in order t

Next, the performance of the proposed DoA/ToA use the actual DoA/ToA Pos&Clock and Pos&Sync EKFs. As
Pos&Clock and Pos&Sync EKFs is evaluated by trackingmotivated in Sectiof II-B2, we set the clock offset and skew
UNs moving through the earlier described Madrid map, agairfor the UNs according tq[0] ~ N(0,072,) whereo,, =
with 15 randomly drawn trajectories. Each generated routé00 ps, anda[0] ~ N (ia,0, CYO) where i 0 = 25 ppm and
starts from an endpoint of a road on the map with somer, o = 30 ppm, respectively. In addition to setting the initial
pre-determined initial velocity. Thereafter, the motiohtiee  clock parameters, we also choose the reference AN to be the
UN is defined according to the presented motion model. Thelosest LoS-AN to the UN before we start to use the final
routes are defined to end when the UN crosses 6 intersectiomA/ToA Pos&Clock and Pos&Sync EKFs for the positioning
on the map. For the sake of simplicity, the UN is moving inand network synchronization purposes. The same values are
the middle of the lane. In all the evaluations, the updatéoper also used for the initialization of the DoA-only EKF that is
of the positioning and synchronization related EKFs at theused as a comparison method for the proposed more elaborate
central processing unit is only evefp)Oth radio sub-frame, EKFs. Furthermore, we setthe STD of the clock skew driving
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feature of the DoA-only EKF is that its performance degrades
when the geometry of the two LoS-ANs and the UN resembles
a line. Since the proposed Pos&Clock and Pos&Sync EKFs
. use also the ToA estimates for ranging, they do not suffer
from such disadvantageous geometries.

In the case of a synchronized network, the Pos&Clock EKF
achieves highly accurate synchronization between therunsy
chronized UN and network with an RMSE bel@ms in every
test scenario as illustrated in FId. 9. Since the presentéd T
estimation errors in Fig] 7 are between ns andl.5ns, these
] propagate very well to the achievable clock offset trackimg
the fusion EKF. Interestingly the high initial clock offs8T D
of 100 us is, in general, improved by 5 orders of magnitude.

Investigating next the achievable clock-offset estinatio
accuracy with unsynchronized ANs in Fiff]l 9 (Pos&Sync
] EKF), we can clearly observe that overall the performance is
somewhat worse than in the corresponding synchronous case.
Furthermore, network densification from ISD &fm down to

PoskClock EKF  Pos&Sync EKF LoS-ANs 25 m actually degrades the UN clock offset estimation accuracy
Fig. 9. The average RMSEs for the UN clock offset estimatemglls O Some extent. These observations can be explained with the
different random routes through the Madrid map, with syonbus (left) and ~ @ssumed motion model and how the clock offsets of the LoS-
unsynchronous (middle) ANs. Also shown are the respectiMSEs for the  ANSs are initialized within the EKF. When the UN is moving
LoS-ANs mutual clock offset estimates (right). at the velocity of50 km/h, each LoS-AN along the route, with
ISD of 25m, is in LoS condition with the UN only.8 s and,

o therefore, we can obtain only 18 DoA/ToA measurements in
noise in the clock mode[16) to, = 6.3 - 10~° based on the total from each LoS-AN due to assumed update period of
measurement results in_[43]. However, the STD of the clock oo ms. Therefore, the Pos&Sync EKF can be executed a lower
skew within the EKF is increased tg, = 10~* since it leads  number of iterations for a given LoS-AN pair, compared to the
to a much better overall performance especially when thekclo network with 50 m ISD. This, in turn, means that the initial
offset and clock skew estimates are very inaccurate, @.hei  more coarse clock offset estimates of the individual LoSsAN
initial offset tracking phase. Since we assume that the UN iave relatively higher weight, through the measuremengaequ
moving in a_veh|cle in an urban environment, we set the STQgn {@3), to the UN clock offset estimate in the network with
of UN velocity to o, = 3.5 m/s. ISD of 25 m. However, even in the presence of unsynchronized

Position and clock offset tracking performance of the pronetwork elements, UN clock offset can be estimated with an
posed cascaded DoA/ToA Pos&Clock and Pos&Sync EKFs imccuracy of around-10ns, as depicted in Figl 9. Furthermore,
comparison to the DoA-only EKF is illustrated in Figuids 8-the results in Figl]9 (LoS-ANs) also demonstrate that highly
@, where each color represents a different simulation setuaccurate estimates of the mutual clock offsets of the ANs can
used in the evaluations. In contrast to the classical Doi-on be obtained using the proposed cascaded Pos&Sync EKF. In
EKF, the root-mean-squared errors (RMSEs) obtained usingarticular, the proposed method provides clock offsetrestes
the DoA/ToA Pos&Clock and Pos&Sync EKFs are partitionedof the network elements which are significantly more aceurat
according to network synchronization assumptions. Furthethan the expectefl.5 us timing misalignment requirement for
more, we also analyse the accuracy of the UN clock offsefuture 5G small-cell networks [28].
estimates in both synchronized and phase-locked netwieoks. In addition, the performance of the proposed positioning
the sake of simplicity, we fuse the azimuth DoA and ToAand synchronization methods was further evaluated witeroth
estimates at each EKF update period 0 ms only from two  realistic values of available LoS-ANs as well as under im-
closest LoS-ANs. The first0 EKF iterations (one second in perfect LoS-detection using th@& MHz bandwidth scenario
real time) after the initialization procedure are excludethe  with the ISD of around50m. First, the positioning and
RMSE calculations, to avoid any dominating impact of thesynchronization accuracy is evaluated using the azimutA Do
initial estimates on the tracking results. and ToA measurements either from the closest LoS-AN only or

Based on the obtained positioning results that are illtestra from the three closest LoS-ANs, i.€5[n] = 1 and K'[n] = 3,
in Fig. [8 the proposed Pos&Clock and Pos&Sync EKFsrespectively. Second, the imperfect LoS-detection schiame
significantly outperform the earlier proposed DoA-only EIF  considered where azimuth DoA and ToA measurements from
all considered evaluation scenarios. In particular, arrésgive  three closest ANs are fused such that one of the three ANs
sub-meter positioning accuracy, set as one core requirgioren is NLoS-AN with a probability of 10%, thus increasing the
future 5G networks in[[10], is achieved by the both proposedevel of realism in the performance evaluations. The olein
methods in all test scenarios, and they even attain positjon positioning and UN clock offset estimation results from the
accuracy below).5 m in RMSE sense with the6 MHz band- comprehensive numerical evaluations are depicted in[Hyg. 1
width and ISD of aroun®5m. An unfavourable and known and Fig[11, respectively.
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Fig. 10. Positioning RMSEs for all tracking methods withfeliént number  Fig. 11. The average RMSEs for the UN clock offset estimatesgal5
of LoS-ANs and under imperfect LoS-detection (denoted as\3)Aalong 15  different random routes through the Madrid map, with défgr number of
different random routes taken through the Madrid map. LoS-ANs and under imperfect LoS-detection (denoted as 3)ANs

Based on the obtained positioning results in gl 10, thé:l_ock offset estimates as depicted in the rightmost bar et o
positioning performance improves when the azimuth DoA andig. [10. _ .
ToA measurements are fused from three closest LoS-ANs 'Ne behaviour and performance of both the joint DoA/ToA
compared to the earlier scenario, where the measurement froP0S&Sync  EKF and the DoA-only EKF in tracking
two closest LoS-ANs were fused. In particular, positioningW'_th different 5|mulat!on configurations are further Visu-
accuracy of less thas0 cm can be achieved with the proposed 2lizéd through the videos that can be found on-line at
methods even under unsynchronized network elements whéH P/ / wwv. tut. f1/5G TWCL6/.
K[n] = 3. Such a positioning accuracy is considered as a
minimum requirement for, e.g., future autonomous vehicles VI. CONCLUSION
and ITS [58]. Interestingly, in the case df[n| = 1, the In this article, we addressed high-efficiency device positi
performance of the proposed methods is still relativelydyoo ing and clock synchronization in 5G radio access networks
although naturally somewhat lower comparedsin] = 2 and  where all the essential processing is carried out on the net-
K|n] = 3 cases, while more classical DoA-only EKF needs thework side such that the power consumption and computing
azimuth DoAs at least from two ANs. Moreover, despite therequirements at the user devices are kept to a minimum, First
small and expected degradation of performance due to fusing novel EKF solution was proposed to estimate and track
incorrect azimuth DoA and ToA estimates from NLoS-ANs,the DoAs and ToAs of different devices in individual ANs,
in the case of incorrect LoS-detection, the proposed mathodusing UL reference signals, and building on the assumption o
are still able to provide sub-meter positioning accurasp@h  multicarrier waveforms and antenna arrays. Then, a second
a such realistic scenario as illustrated in the rightmostsed  novel EKF solution was proposed, to fuse the DoA and
of Fig.[10. ToA estimates from one or more LoS-ANs into a device

In addition, the obtained UN clock offset estimation result position estimate, such that also the unavoidable clocsetsdf
in Fig. [I0 demonstrate that the clock offset estimation perbetween the devices and the network, as well as the mutual
formance also improves when the three closest LoS-ANs arelock offsets between the network elements, are all taken
available compared to the scenario, where the measuremento account. Hence, the overall solution is a cascaded EKF
from the two closest LoS-ANs were fused. In the case ofstructure, which can provide not only highly efficient devic
K[n] = 1, the Pos&Clock EKF outperforms the Pos&Sync positioning but also valuable clock synchronization as a by
EKF as expected, since imperfect convergence of the UN clocgroduct. Then, comprehensive performance evaluations wer
offset estimate in the beginning of a trajectory accumslatecarried out and reported in 5G UDN context, with realistic
throughout the trajectory in the unsynchronized network. | movement models on the so-called Madrid grid incorporating
general, rapid and unfavourable handovers which may occuaso full ray tracing based propagation modeling. The oleti
e.g., in intersections, degrade the performance of clotdebf results clearly indicate and demonstrate that sub-metde sc
estimation of both UN and ANs within the Pos&Sync EKF, es-positioning and tracking accuracy of moving devices can be
pecially whenK|[n] = 1. Despite the imperfect LoS-detection, achieved using the proposed cascaded EKF solutions even un-
the proposed methods are able to provide highly accurate UNer realistic assumptions. Moreover, network synchrditina
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in the nano-second level can also be achieved by employing th17]
proposed EKF-based scheme. Our future work will focus on
extending the proposed solutions to 3D positioning, as well
as exploiting the highly accurate positioning informatiion
mobility management and location-based beamforming in 568
networks.
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