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Abstract—Cellular systems evolved from a dedicated mobile
communication system to an almost omnipresent system with
unlimited coverage anywhere and anytime for any device. The
growing ubiquity of the network stirred expectations to determine
the location of the mobile devices themselves. Since the beginning
of standardization, each cellular mobile radio generation has been
designed for communication services, and satellite navigation
systems, such as GPS, have provided precise localization as an
add-on service to the mobile terminal. Self-contained localization
services relying on the mobile network elements have offered only
rough position estimates. Moreover, satellite-based technologies
suffer a severe degradation of their localization performance in
indoors and urban areas. Therefore, only in subsequent cellular
standard releases, more accurate cellular-based location methods
have been considered to accommodate more challenging localiza-
tion services. This survey provides an overview of the evolution
of the various localization methods that were standardized from
the first to the fourth generation of cellular mobile radio, and
looks over what can be expected with the new radio and network
aspects for the upcoming generation of 5G.

Index Terms—Cellular localization, standard location methods,
positioning, cellular networks, 5G.

I. INTRODUCTION

Localization has been considered an optional feature in the

standardization, implementation and exploitation of existing

cellular networks. Nevertheless, the large cellular communi-

cation infrastructure deployed around the world can still be

reused for positioning purposes, providing an added value

to the network management and services. Thus, there has

been relevant research contributions on positioning for each

generation of cellular technology, from the first generation

(1G) to the future fifth generation (5G).

The introduction of time-division multiple access (TDMA)

and code-division multiple access (CDMA) in the second

generation (2G) of cellular standards was a breakthrough

in mobile communications, such as with the Global System

for Mobile Communications (GSM). Voice services could be
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exploited by mobile devices that were compatible with cellular

networks within the same or different regions. The globalisa-

tion of cellular communications was then initiated with the

creation of the Third Generation Partnership Project (3GPP)

for the specification of 3G Universal Mobile Telecommunica-

tions System (UMTS), and its homologous for 3G cdma2000

systems, i.e., 3GPP2. Both consortiums of companies and

institutions already considered several positioning methods in

the standardization process. Their objective was to support

emergency services and to exploit location applications. This

interest has been preserved through the specification of the

4G Long Term Evolution (LTE), and it is expected to grow

in the 5G standardization. As a result, there is an extensive

literature on cellular radio localization of the mobile device

or user equipment (UE), as well as applicable techniques and

algorithms from other technologies, such as wireless local area

networks (WLAN). However, most of the cellular networks

only provide basic localization methods and assistance data for

Global Navigation Satellite Systems (GNSS), as it is reported

in [1]. The partial deployment of advanced cellular-based lo-

cation methods is mainly due to the additional implementation

costs incurred by the network operator.

The motivation of this survey is threefold. First we present

the drivers to integrate cellular positioning into the cellular

mobile radio standards. Second we survey the development

of the location methods and its performances in the different

generations that have been advanced from 1G till the recent

evolution of the 3GPP LTE standard. We summarize the

conclusions of the lessons learned of each generation. Last,

we shed light on the topic of cellular positioning in order to

pave the way for future developments in future releases of

3GPP LTE, such as Release 15 and beyond, to address future

opportunities and requirements.

A. Emergency Services

The key drivers to determine the location of the mobile

terminal in a cellular system have been governmental institu-

tions. For instance, the Federal Communications Commission

(FCC) of the United States (US) defined enhanced 911 (E911)

location requirements in the mid 1990s, and the European

Commission (EC) formed, in the framework of harmonizing

emergency services, the coordination group on access to loca-

tion information by emergency services (CGALIES) in 2000.

Both governmental institutions demanded to locate mobile

terminals in case of an emergency call. The difference between

both groups was the FCC acted with a legal mandate to enforce
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the objective, while the CGALIES just asked the cellular

operators to cooperate. The consequence was an initiative

led by standardization groups, such as 3GPP and 3GPP2, to

determine the location of the mobile terminal. In the US, the

operators could not fulfill the demands set by the FCC and

were consequently fined. However, the operators disclosed the

challenges to locate the mobile emergency caller and waivers

were issued from the FCC. The demands were rediscussed

during the 2000s as part of the 2G and 3G standards and

finally resulted in refined requirements proposed by the FCC

in the early 2010s. An extensive overview will be outlined in

Section IV.

B. Localization Applications

The support for emergency services has mainly motivated

the standardization of cellular localization. Nonetheless, the

exploitation of the location information within the network

has also attracted significant attention from operators and

application developers. These localization applications can be

exploited for commercial services or network optimization.

The location of the mobile device can be used to provide an

additional functionality to the user, resulting in the so-called

location-based services (LBS). These services can be exploited

commercially by the network operator or the application

developer, in order to obtain a revenue. Examples of such ser-

vices are navigation, mapping, geo-marketing and advertising,

asset tracking, social networking, augmented reality, location-

sensitive billing, etc.

The location information can also be used for the network

optimization, which is known as location-aware communica-

tions. This information is used to improve the communication

capacity and the network efficiency. Example applications are

network management, radio reconfigurable spectrum, intelli-

gent transportation systems (ITS), vehicular ad-hoc networks

(VANETs), resource management for device-to-device (D2D)

communications, etc. This type of localization applications can

be added to the self-organizing networks (SON) technology,

which is a mechanism to ease and improve the operation of

the network.

Although localization applications can result in direct or

indirect economical profit, the network providers have been

reluctant to invest on additional infrastructure, in order to

improve the localization capabilities of the network. The extra

cost associated to an improved positioning performance may

be too high for the expected revenue. In addition, both user and

network operator demand privacy of their location information

for different reasons. The users privacy demands are a personal

right, and are a current society concern, while the operators

business is built on confidential information and on how the

network is structured and organized.

C. Structure of the Survey

The survey is structured in seven sections. The fundamental

positioning techniques and the existing surveys are reviewed

in Section II. A historical review on the evolution of cellular

localization from 1G to 4.5G is provided in Section III.

This review also considers the main technical specifications

(TS) and technical reports (TR) of the standards. The role

of the governmental bodies on the standardization process

is described in Section IV. The main contributions to the

cellular location methods are reviewed in Section V, in order

to assess their achievable positioning performance and their

implementation limitations. The new research trends on 5G

positioning and the lessons learned from the evolution of the

cellular standards are outlined in Section VI. A summary is

finally provided in Section VII.

II. LITERATURE

A. Fundamental Positioning Techniques

Positioning systems are designed to determine the coordi-

nates of a certain object, while localization systems are aimed

at placing these coordinates on a map. Nonetheless, both posi-

tioning and localization problems are often used as synonyms,

when the system uses reference stations to accomplish the

localization procedure, as in our case of interest depicted in

Figure 1.

Positioning techniques used in cellular networks are based

on fundamental localization principles. A receiver computes

signal measurements with respect to single or multiple ref-

erence transmitters, and then calculates the position with

a certain algorithm. As it is shown in Figure 1, the ref-

erence transmitters can be navigation satellites or cellular

base stations (BSs). Satellite navigation is considered the

main technology for localization, due to its global coverage

and high accuracy. Cellular-based localization is used as a

complementary solution, when there is a lack of satellite

visibility due to the blockage of the satellite signals, which

is typically the case in urban and indoor environments. Both

downlink transmissions from BS to mobile device and uplink

transmissions from mobile device to BS can be used for this

purpose. The positioning methods can be classified into two

main categories depending on the entity that computes the

position:

• Mobile-based: The (mobile) device itself calculates its

location by using signal measurements from terrestrial

or/and satellite transmitters. The assistance data from

the network can be exploited to perform the signal

measurements and the position calculation.

• Network-based: The network location server computes

the position of the mobile device, by means of signal

measurements performed by the network with respect to

the mobile device, or signal measurements performed and

sent by the mobile device to the network.

Mobile- and network-based wireless location have been

adopted in cellular networks, with a predominance of the latter

category on the current and next generation systems. The main

reason is its centralized nature that allows full control of the

location service by the network operator, as well as its support

to legacy devices.

Regardless of the positioning method, different techniques

can be used to compute the position of the mobile device, by

considering different radio signal measurements or references.

Figure 2 shows the fundamental positioning techniques that

are classified as:
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Fig. 1: General architecture of mobile- and network-based location
systems in urban environments, considering a hexagonal cellular
layout for the terrestrial network of BSs.

• Trilateration: The position solution is obtained by com-

puting the intersection between geometric forms, e.g.

circles or hyperbolas, created by distance measurements

between the terminal and the reference transmitters or

receivers. Several types of measurements can be used,

such as time of arrival (ToA), time difference of arrival

(TDoA) or received signal strength (RSS).

• Triangulation: The direction or angle of arrival (DoA

or AoA) of the received signals is used to estimate the

position by using the intersection of at least two known

directions of the incoming signal.

• Proximity: The known transmitter position is assigned to

be the position of the terminal. An example is the cell-

ID method, where the position provided is the one of

the serving base station. This is the most widely adopted

method in conventional GSM networks.

• Scene analysis: Also known as fingerprinting or pattern

matching, the algorithm is based on finding the best

match for a certain signal measurement, such as RSS,

time delay or channel delay spread, from a database of

fingerprints. Each fingerprint is associated with a specific

location.

• Hybrid: A combination of the previous localization al-

gorithms can be implemented to improve the overall

performance, or to support an algorithm that cannot be

computed stand-alone given the lack of signal measure-

ments.

B. Current Literature

Wireless location systems, not necessarily cellular-based,

have been widely studied in the literature as it can be high-

lighted from the surveys in [2] and [3]. These surveys focused

on the signal processing techniques, the network design, the

fundamental limits and the radio technologies. An overview

of the main surveys is provided in Table I, where cellular,

WLAN and ad hoc networks are considered.
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Fig. 2: Fundamental positioning techniques using radio signals.

Our focus, instead, is on cellular mobile radio technologies.

During the last 50 years, a new generation of cellular radio has

been introduced almost every decade, from 1G to the future

5G. Although cellular networks have always been originally

designed for communication purposes, some positioning capa-

bilities were also present. The 1G mobile technologies were

already applied for vehicle location, such as in [4], by using

signal strength, time delay or DoA measurements. The intro-

duction of the FCC E911 requirements encouraged the study of

accurate localization in 2G cellular systems [5]. The challenges

of these accuracy requirements are discussed in [6], and

specifically reviewed for CDMA networks in [7] and for GSM

networks in [8]. The implementation issues of E911 location

networks are evaluated in [9], and the performance criteria are

analysed in [10]. The 2G GSM location methods are further

reviewed in [11], where the accuracy of circular, hyperbolic

and mixed trilateration is geometrically analysed according to

a typical cellular network deployment. The implementation of

mobile- and network-based positioning methods in US cellular

networks is reviewed in [23], by focusing on uplink TDoA

(UTDoA) methods with 2G GSM. A comprehensive review

and comparison of the location technologies is provided for 3G

in [12] and [13] and for 4G LTE in [25]. For instance, different

location technologies are presented in [25] with a focus on

various delivery methods in LTE networks. The different

technologies are assessed and evaluated by various metrics,

such as accuracy, impact on battery, network dependency, etc.

An overall classification and description of the wireless po-

sitioning techniques (including cellular networks) is provided

in [28]. The contribution in [29] describes the specification

of the location methods, network architecture and location

protocols for GSM, UMTS and LTE. The exploitation of the

5G disruptive technologies for positioning is discussed in [30].

However, there is no comprehensive review on the evolution
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Table I: Overview of existing surveys on wireless localization.

Survey Year Radio Description

[4] 1977 1G cellular Survey of vehicle location with 1G cellular networks.

[5] 1996 Wireless Overview of commercial location systems and methods.

[6] 1998 2G cellular Overview of the E911 location challenges and solutions with 2G systems.

[7] 1998 2G cellular Review of the location accuracy impairments with 2G CDMA networks.

[8] 1998 2G cellular Survey of the positioning techniques with 2G GSM networks.

[9] 1998 2G cellular Review of the implementation issues of location technologies in 2G networks.

[10] 1998 2G cellular Overview of the performance criteria to evaluate 2G location methods.

[11] 2001 2G cellular Survey of trilateration techniques for 2G GSM localization.

[12] 2002 3G cellular Comprehensive review of the 3G standard location methods.

[13] 2002 3G cellular Survey of the 3G standard location methods.

[14] 2005 Cellular Overview of the fundamental limitations of mobile positioning.

[15] 2005 Cellular/WLAN Overview of network-based wireless location challenges and techniques.

[16] 2005 Wireless Survey of signal processing techniques for wireless localization.

[17] 2005 UWB Survey of performance bounds and algorithms for UWB positioning.

[18] 2007 Wireless Survey of wireless indoor positioning techniques and systems.

[19] 2008 Wireless Survey of positioning algorithms and theoretical limits for wireless networks.

[20] 2009 Wireless Survey of indoor positioning systems for personal networks.

[21] 2009 UWB Survey of cooperative localization techniques and their application to UWB networks.

[22] 2009 Wireless Survey of ToA localization algorithms and NLoS mitigation techniques.

[23] 2009 Cellular Review of positioning methods implemented in US cellular networks.

[24] 2012 GNSS Survey of the challenges in indoor GNSS.

[25] 2013 4G cellular Comprehensive review of the 4G LTE location methods.

[26] 2015 Wireless Survey of signal processing techniques for indoor wireless tracking.

[27] 2016 Wireless Survey of fingerprinting techniques for outdoor localization.

[28] 2016 Wireless Survey of wireless positioning techniques for moving receivers.

[29] 2017 Cellular Survey of standard cellular location methods from 2G to 4G.

[30] 2017 Cellular Survey of prospective positioning architecture and technologies in 5G.

and standardization process of cellular location methods from

1G to 5G. The existing contributions focus on the description

of the positioning capabilities of cellular networks, but they

do not highlight the key role of governmental bodies on the

progress of cellular localization. Thus, this survey provides

the main insights behind the specification of cellular location

methods from past to present standards, their reported per-

formance, and the localization perspectives in next-generation

cellular networks.

III. CELLULAR MOBILE RADIO SYSTEMS

This section describes the evolution of location methods

in the standardization of cellular systems, from 1G to 4.5G.

The physical layer of these standards is briefly introduced,

with special focus on the system bandwidth and the pilot

signals. The role of governmental bodies on the adoption and

enhancement of cellular localization is also reviewed.

A. 1G: Analog systems

The mobile radio telephone appeared around the 1950s, but

1G cellular mobile radio networks were not introduced until

the 1980s [31]. These cellular systems were based on analog

technologies dedicated to provide speech services, where each

call used a separated narrowband frequency channel. Several

cellular standards were adopted in different regions [31], [32],

such as Nordic Mobile Telephone (NMT), Advanced Mobile

Phone System (AMPS) or Total Access Communications Sys-

tem (TACS), among others. These standards did not specify

any positioning procedure, but vehicle location was already

targeted to enhance the communication performance of cellular

calls by means of system control [4]. For instance, cell site

selection, speech channel allocation or handoff can benefit

from the vehicle location, which were typically obtained with

location methods based on the signal strength [33]. The 1G

cellular systems were also used for intelligent vehicle highway

system (IVHS) applications [5] or to support emergency

services based on proprietary location solutions [6], such as

Grayson Wireless with a joint TDoA and AoA solution or

TruePosition with UTDoA, both using AMPS signals.

B. 2G: Digital systems and the case of GSM

Although the first commercial cellular system was intro-

duced in 1969, the widespread use of cellular networks did not

happen until the late 1990s [31]. One of the main enablers of

this transition was the evolution of mobile communications,

from many independent systems towards standard systems

among countries. Such a commitment was first held in Europe

by the Conférence Européenne des Administrations des Postes

et Télécommunications (CEPT) in 1982 [32], which resulted

in a common European cellular system in 1987 [36], later
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Fig. 3: GSM and UMTS downlink pilot structures used for positioning.

known as GSM. The development of the GSM standard was

then driven by the European Telecommunications Standards

Institute (ETSI) Special Mobile Group (SMG), which led to

the first 2G digital cellular system globally adopted in the early

1990s. The choice of TDMA by GSM was followed by other

digital standards [31], such as the digital AMPS (D-AMPS) or

IS-54 [37] (later substituted by IS-136), the integrated dispatch

enhanced network (iDEN) from Motorola, the personal digital

cellular (PDC) in Japan, or the personal handy-phone system

(PHS) in several Asian countries. As an alternative, the use

of CDMA was first introduced by Qualcomm on the IS-95

standard [38], which was later called cdmaOne.

The physical layer of GSM is based on TDMA and fre-

quency division duplex (FDD). As it is shown in Figure 3a, the

Gaussian minimum shift keying (GMSK) modulation is used

in a timeslot of 0.577ms and a carrier spacing of 200 kHz,

with optional frequency hopping (FH) and a frequency reuse

between 1 and 18 [39, p.7]. The main services are speech

and circuit-switched data in macro cells, achieving a data rate

up to 9.6 kbps [40]. The specification of GSM was divided

in two phases. This allowed the fast deployment of common

services during the first phase, such as telephony or short

message service (SMS), and the introduction of technical im-

provements and additional services in the second phase. Still,

there was no support for any positioning mechanism. Only

two synchronization methods were specified for transmission

purposes. In Phase 1, the radio subsystem synchronisation

was included to improve handover transitions and to schedule

user transmissions, by the round-trip time (RTT) perceived

by the BS. The RTT resulted in the timing advance (TA)

that the mobile device should apply to synchronize its uplink

transmission. In Phase 2, the observed time difference (OTD)

was added as an optional synchronisation feature, based on

the time difference between BSs measured by the mobile

device [41]. Since there was no location mechanism within

the standard, the positioning capabilities of GSM were limited

to the use of training or synchronization signals to compute

ranging measurements, such as in [42]. Similar procedures

were described for CDMA systems. For instance, the use

of registration update messages in the IS-95A standard was

proposed in [7] for time-based localization, called reverse link.

These studies already indicated the need of synchronized BSs

(i.e., optional for GSM and mandatory for IS-95) in order

to implement the trilateration methods. As today, network

synchronization was typically obtained with the Global Posi-

tioning System (GPS) [39, p.8]. However, there was still a need

to specify the positioning mechanisms within the standard for

a successful implementation.

Although localization activities were introduced in the GSM

standardization by 1995 [11], it was not until 1996 that a major

step in cellular positioning took place. The FCC of the United

States approved in [43] the provision of location requirements

on 911 emergency calls, i.e., E911 services, which are de-

scribed in Section IV. The E911 mandate motivated intensive

efforts in United States to achieve the location requirements

on the existing TDMA and CDMA cellular systems. As an

example, several survey articles [6], [7], [8], [9], [10] reviewed

the challenges and performance of cellular positioning in April

1998. The positioning techniques were mobile- or handset-

based solutions, i.e., GPS, and network-based solutions, such

as ToA, TDoA, AoA, cell-ID, fingerprinting or hybrid meth-

ods. In addition, assisted GPS (A-GPS) was introduced in [44]

by SnapTrack (a company acquired by Qualcomm in 2000),

where the GPS receiver is aided by the cellular network with

the navigation message and differential corrections.

Meanwhile, digital cellular networks were evolving towards

3G mobile standards. ETSI members were developing the

specification of both GSM Phase 2+ and UMTS. The GSM

Phase 2+ defines general packet radio system (GPRS), known

as 2.5G, and enhanced data rates for GSM Evolution (EDGE),

known as 2.75G, including packet-switched services, such

as transport control protocol (TCP)/Internet protocol (IP).

Since several regions began the standardisation of similar 3G

technologies, the harmonisation of these specifications within

one common framework was agreed. Thus, the 3GPP was

created in 1998 as a partnership of international members

to standardise the evolutions of GSM and UMTS, being

ETSI one of the main sponsors and contributors [32]. In

parallel, the 3GPP2 consortium was formed to continue the

standardisation of IS-95 and cdma2000 technologies from

the Telecommunications Industry Association (TIA) and the

Electronic Industries Alliance (EIA). In 1999, the cooperation
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between ETSI and the American standardization group T1P1

resulted in the specification of the functional description of

location services (LCS) in GSM [45] and in UMTS [46].

The positioning schemes specified in GSM were cell-ID and

TA, uplink ToA, enhanced OTD (E-OTD), and A-GPS. The

overall description of LCS in GSM [47] included requirements

on location, response time, security and privacy, among oth-

ers. Considering emergency services, the horizontal location

accuracy was defined by local regulatory requirements, such

as FCC E911, while there was no requirement for vertical

positioning [47]. In 2000, the 3GPP became responsible for

the specifications of the GSM/EDGE radio access network

(GERAN), and its new features. However, the positioning

support defined in [45] remains unchanged.

C. 3G: UMTS, cdma2000

The efforts to define 3G technologies already started in

the late 1980s, e.g. with several European research pro-

grammes [39, p.61]. In 1999, the International Telecom-

munication Union (ITU) finalised the specification of the

International Mobile Telecommunications 2000 (IMT-2000)

framework [48], in order to define an international standard for

3G cellular networks. The two main candidate technologies

were UMTS and cdma2000 driven by 3GPP and 3GPP2,

respectively.

The main air interface of UMTS is wideband CDMA

(WCDMA), which is called universal terrestrial radio ac-

cess (UTRA). The UTRA network (UTRAN) operation is

asynchronous, and FDD and TDD modes can be configured

to achieve data rates up to 2Mbps. The carrier spacing

of WCDMA is 5MHz, approximately, with a chip rate of

3.84Mcps and frame length of 10ms [39, p.47]. In Release

99, the location methods defined in TS 25.305 [46] were

cell-ID, observed TDoA (OTDoA) with network configurable

idle periods in downlink (IPDL), and A-GPS. The OTDoA

measurements are typically performed with the UMTS com-

mon pilot channel (CPICH), whose structure is shown in

Figure 3b. In TR 25.847 [49], UE positioning enhancements

were proposed. The description of LCS in TS 22.071 of

Release 4 [50] were updated by supporting both GERAN

and UTRAN, where the main services were enabled by a

horizontal location accuracy between 25m and 200m. In

Release 7 [51], uplink TDoA (UTDOA) was added to the

supported methods in UMTS. RF pattern matching (RFPM)

technologies were finally included in Release 10 of the UMTS

standard [52], in order to improve the cell-ID positioning

performance.

The cdma2000 technology is based on multiple narrowband

CDMA carriers of 1.25MHz, at a chip rate of 1.2288Mcps
[39, p.433]. The network of BSs is synchronized, typically

based on GPS. In 2001, the 3GPP2 produced the standard

C.S0022-0 as a continuation of IS-801 (from TIA/EIA) to

determine signalling of positioning services in CDMA systems

[53]. The positioning technologies specified in this standard

are advanced forward link trilateration (AFLT) and A-GPS,

considering also the combination of AFLT and GPS.

D. 3.9G: LTE

The LTE technology leads the evolution of GSM and

UMTS, as well as cdma2000, towards 4G cellular systems.

Since the LTE standard in Release 8 and 9 is not fully compli-

ant with the IMT-Advanced requirements for a 4G technology

[56], as they are described in the following section, LTE is

considered a 3.9G technology. Its air interface, called evolved

UTRA (E-UTRA), is based on the orthogonal frequency-

division multiple access (OFDMA) for the downlink and

single-carrier frequency-division multiple access (SC-FDMA)

for the uplink to achieve data rates up to 100Mbps and

50Mbps, respectively. This technology can operate in FDD

and TDD modes with a system bandwidth between 1.4 to

20MHz. Phase synchronization of the E-UTRA network (E-

UTRAN) is only required for TDD [57] to be within 3 or 10 µs
given a cell radius below or above 3 km, respectively.

The standardization development of LTE started in 2004

with proposals from the 3GPP consortium, such as the “Super

3G” concept of NTT DoCoMo [58]. But, it was not until

December 2008 that the first specification of LTE was frozen

by 3GPP with Release 8. By that time, the radio access

network (RAN) #42 plenary approved in [59] and [60] the

work items (WIs) of the LTE positioning service and the

support for IP Multimedia Subsystem (IMS) emergency calls

over LTE. The objective of these WIs was mainly based on

providing a positioning protocol and a downlink terrestrial

positioning method to act as a backup to A-GNSS, in regions

where full visibility of GNSS satellites cannot be ensured and

emergency calls are subject to strong regulation [61]. The

downlink positioning method was suggested to be analogous to

well-known techniques, such as E-OTD in GERAN, OTDoA

in UTRAN, and AFLT in cdma2000. Following the evolution

of UMTS, OTDoA positioning method was evaluated by RAN

working group (WG) 1 and the positioning protocol was

developed by RAN WG2 considering the performance require-

ments of RAN WG4. Focusing on the positioning method,

Nortel earlier pointed out in RAN WG1 meeting #55 [62]

that LTE positioning could support emergency services, but

also, the user equipment location could help BSs to optimize

RF deployment parameters, e.g. in the support of SON. In

the following meeting (i.e., #55bis), the issue of neighbour

cell hearability was introduced. As an evolution of the IPDL

method in UTRAN, two main solutions were proposed by

Qualcomm Europe in [63] and Alcatel-Lucent in [64]: a

dedicated reference signal and the serving cell muting. In RAN

WG1 meeting #56, simulation assumptions and performance

evaluations were presented, such as by Alcatel-Lucent in

[65] or by Ericsson in [66]. RAN WG1 meeting #56bis had

many contributions on the topic, and the way forward on the

definition of a positioning reference signal (PRS) allocated in

a low-interference positioning subframe was agreed in [67], as

it is shown in Figure 4a. Then, RAN WG1 meetings #57 and

#57bis served to specify the general definition of the PRS

by selecting the preferred option among all the proposals.

The PRS could be allocated in several positioning subframes,

resulting in a positioning occasion to perform the reference

signal time difference (RSTD) measurements. Several perfor-
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Fig. 4: LTE downlink pilot structures used for positioning.

mance assessments could be found, such as in [68], [69] or

[70]. For instance, in [70], system and propagation errors were

also considered to assess the LTE positioning performance

with a sensitivity analysis. The OTDoA specification was

completed in RAN WG1 meetings #58 and #58bis. Finally,

the LTE positioning support was defined in Release 9, at the

end of 2009, by specifying the positioning methods within TS

36.305, i.e., enhanced cell-ID (E-CID), OTDoA with dedicated

PRS, and A-GNSS, and the LTE positioning protocol (LPP)

within TS 36.355. The LCS were described in the update of

TS 22.071 [71], which supported GERAN, UTRAN and E-

UTRAN.

E. 4G: LTE-Advanced

The 4G mobile communications systems are expected to

fulfil the IMT-Advanced requirements in [56], such as peak

data rates up to 1Gbps at low speeds and up to 100Mbps
at high speeds. In order to fulfil these high data rates and

mobility requirements, the 3GPP started the standardisation of

LTE-Advanced (LTE-A) in Release 10 [72]. This evolution of

the cellular system defines heterogeneous networks (formed

by macro and small cells) whose demands are fulfilled by

new features, such as carrier aggregation (CA), coordinated

multipoint (CoMP) and advanced multiple-input multiple-

output (MIMO) transmissions. The physical layer of LTE-A

is backward compatible with LTE, using OFDMA for the

downlink and SC-FDMA for the uplink. The LTE-A system

bandwidth can reach up to 100MHz [72]. The downlink

resource allocation of the CA modes in LTE-A can be seen

in Figure 4b. In addition, several positioning methods and

enhancements were studied within the 3GPP standardization:

1) Network-based positioning: The standardisation of new

positioning methods in LTE-A started with the study of

network-based positioning in Release 10, i.e., UTDoA. The

inclusion of UTDoA in LTE is mainly aimed at complementing

A-GNSS in harsh environments and to support legacy UEs

(i.e., Release 8) without downlink OTDoA capabilities. The

measurements are performed by the LMU, which is specified

in TS 36.111 [73]. This positioning method was studied

following evaluation scenarios agreed in [74]. These scenarios

included the use of uplink data and pilot signals transmitted by

the UE, i.e., dynamic scheduling or semi-persistent scheduling

(SPS) PUSCH transmissions with or without sounding refer-

ence signals (SRSs). Simulation assumptions were considered

on the SRS configuration, interference and multipath models,

and deployment parameters. A list of references within the

UTDoA evaluation study can be found in [75]. Still, high-

layer specifications for UTDoA could not be finalised by

Release 10 [76], such as UE positioning architecture, protocol,

interfaces or procedures. UTDoA was finally standardised by

2012 in Release 11 with some controversy, due to a dismissed

lawsuit [77] between TruePosition (precursor of the UTDoA

technology) and Ericsson, Alcatel-Lucent, and Qualcomm.

2) Radio frequency pattern matching: RFPM or RF finger-

printing is an additional method that can be applied by using

the RF signal measurements and positioning protocols (LPP

and LPPa) already existing in LTE Release 9. The study on the

inclusion of RFPM in LTE was proposed in Release 10 [78].

However, the resulting TR 36.809 [79] was not finalised until

Release 12. This report complemented the current standard by

providing simulation results on the positioning performance

of RFPM. The signal strength and timing measurements

used were already specified for E-CID in TS 36.214 [80]

clause 5.1.15, i.e., intra-frequency reference signal received

power (RSRP) and UE Rx-Tx time difference, respectively.

The simulation methodology was described in [79], including

simulation assumptions and error models. The report also

provided two main improvements to the standard by obtaining

these measurements in low-interference subframes (LIS), such

as positioning subframes or almost blank subframes (ABS)

in heterogeneous deployments, and using measurements from

multiple radio access technologies (RATs), such as RF signal

measurements from GSM and UMTS. This study led to the

update of TS 36.305 [81] with the inclusion of inter-RAT

measurements from GSM and UMTS systems.

3) Positioning enhancements: Positioning enhancements

for the methods defined in Release 9 were proposed in [82],

resulting in the study summarized in TR 36.855 [83], which

was conducted by RAN4 during Release 12 and finalised in

Release 13. This study assessed the feasibility to improve

the performance requirements of the OTDoA and E-CID
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positioning methods in LTE-A scenarios. These requirements

included the update of the minimum ranging performance for

every system bandwidth in TS 36.133 [84], as well as the

granularity of the reporting measurement. The 3GPP consor-

tium proposed three main positioning enhancements. First,

the multi-antenna transmission diversity of the PRS could be

exploited by combining the PRS occasions from two antennas.

Second, heterogeneous networks formed by macro cells and

small cells, such as remote radio heads (RRHs) or low power

nodes (LPNs), could improve the hearibility of the PRS. Since

the RRHs can have the same identification as the macro cell,

several solutions to identify the transmitter were reported, such

as the use of PRS muting or different PRS subframe offsets.

Third, multiple serving cells in CA or CoMP could be used

to improve the E-CID positioning performance.

F. 4.5G: LTE-Advanced Pro

The further enhancements of the LTE standard from Release

13 onwards are known as LTE-Advanced Pro [85]. This

evolution is formed by key features to further increase the

mobile broadband and connectivity performance, including the

key role of indoor positioning, but maintaining full backward

compatibility with LTE-A, as it is shown for the downlink

spectrum in Figure 4b. In Release 13, the 3GPP consor-

tium approved in [86] a study item on indoor positioning

enhancements for UTRA and LTE, reported in TR 37.857

[87]. This study was mainly addressed due to the stringent

indoor location requirements proposed by the US FCC in

the E911 mandate [88]. In addition, the FCC requested to

prioritize any study item on positioning enhancements in the

3GPP standardization process [89]. Thus, RAN1 and RAN4

working groups presented many contributions to improve the

existing positioning techniques depending on the radio access

technology, i.e., RAT-dependent, such as OTDoA, UTDoA, E-

CID and RFPM, or RAT-independent, such as A-GNSS, terres-

trial beacon systems (TBS), WiFi/Bluetooth-based positioning

and barometric pressure sensor positioning. The deployment

scenarios and evaluation methodologies were agreed, and

simulation results were provided for the existing technologies,

including the study of 3D channel models for LTE [90].

These simulation results demonstrated the possible fulfilment

of the 50-meters horizontal location accuracy required by the

E911 FCC with LTE location methods. The main potential

enhancements for 3GPP LTE positioning technologies were

reported in [87], [91]:

• OTDoA enhancement: current OTDoA specification

could be enhanced with more density in the time domain,

PRS bandwidth extension (above 20 MHz) using CA,

new PRS pattern, combination of cell-specific reference

signal (CRS) and PRS, transmission of PRS in unlicensed

bands (LTE-U), or high hearibility in CoMP scenarios

with more small cells.

• D2D-aided positioning: anchored UEs with known po-

sition could cooperate with target UEs to improve their

location accuracy, by using neighbour UE location or

using ranging and signal strength measurements. Part of

these measurements could be reused from the discovery

Table II: RSTD accuracy requirements for intra- and inter-frequency
measurements in Release 13 of TS 36.133 [94].

Minimum PRS

bandwidth

Accuracy (Ts) Accuracy (m)

Intra Inter Intra Inter

≥ 1.08 MHz (6 RB) ±15 ±21 ±146.5 ±204.9
≥ 2.7 MHz (15 RB) ±10 ±16 ±97.6 ±156.1
≥ 4.5 MHz (25 RB) ±6 ±10 ±58.6 ±97.7
≥ 9 MHz (50 RB) ±5 ±9 ±48.8 ±87.8

≥ 13.5 MHz (75 RB) ±4 ±8 ±39.0 ±78.1
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Fig. 5: Achievable ranging performance over EPA and ETU channel
models, and RSTD requirements in Release 13 of TS 36.133 [94].

framework, or physical sidelink discovery channel (PS-

DCH), adopted in Release 12 [92].

• MIMO: vertical positioning could be enhanced with

multiple antennas and beamforming techniques, called

elevation beamforming/full dimension (EB/FD) MIMO.

• WLAN/Bluetooth: ranging and signal strength from

WLAN and Bluetooth networks could be combined with

LTE-based measurements for positioning, by using inter-

RAT functionalities, such as the WLAN interworking in

TS 23.234 [93].

• TBS: beacon signals or PRS could be transmitted with a

dedicated infrastructure in order to enhance the position-

ing capabilities.

• Barometer: the inclusion of support to barometric sen-

sors could improve the vertical accuracy, such as by

providing weather conditions and reference points.

The 3GPP standard finally specified TBS, barometric pres-

sure sensor positioning, WLAN positioning and Bluetooth

positioning within Release 13 of TS 36.305 [95]. In addition,

accuracy requirements for ranging or RSTD measurements

were also updated depending on the use of received signals at

the same carrier frequency, i.e., intra-frequency measurements,

or at different carrier frequencies, i.e., inter-frequency mea-

surements. The RSTD accuracy requirements specified in Re-

lease 13 are summarized in Table II, given a subcarrier signal-

to-interference-plus-noise ratio (SINR) of the reference and

neighbor cells greater than −6 dB and −13 dB, respectively

[94]. These requirements are noted in terms of the minimum

LTE sampling period, i.e., Ts = 32.55ns, and in meters for

the minimum PRS bandwidth in resource blocks (RB), which

corresponds to a bandwidth of 12 subcarriers equal to 180 kHz.
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Fig. 6: 40-years timeline of the cellular localization standards, methods and legal mandates.

As it can be noticed, the inter-frequency requirements are

worse than the intra-frequency requirements. This is because

the standard already considers the time-delay errors implied

on the switch between two carrier frequencies performed by

the same RF front-end [96]. Furthermore, these requirements

do not limit the computation of ranging measurements in

dense multipath. As it is shown in Figure 5 with the root-

mean-square error (RMSE) of the time-delay estimation, a

threshold-based ranging estimator (with time-delay estimation

limits τ ∈ [−Ts, Ts]) can fulfil these requirements over

multipath with low delay spread, i.e., Extended Pedestrian A

(EPA) model, and high delay spread, i.e., Extended Typical

Urban (ETU) model. The location requirements for LCS were

updated in TS 22.071 [97] according to the horizontal and

vertical accuracy required by the local regulatory bodies.

The evolution of LTE-A Pro is aimed at providing a new

candidate technology for 5G. Further enhancements on the

positioning capabilities, latency reduction, Internet of Things

(IoT), i.e., LTE-M or narrowband IoT (NB-IoT), or ITS,

among others, are examples of key features under study in

Release 14 [85].

IV. ROLE OF THE GOVERNMENTAL BODIES

The role of the governmental bodies is manifold. It ranges

from defining the spectrum allocation for each cellular op-

erator for its own services to dedicated services for the

government. A key driver for the performance of localization

was and still is nowadays the determination of the caller

location for emergency services. This localization service is

not charged by operators. The ability to localize the caller is

demanded by governmental bodies, such as the FCC in the US.

In the following we will review the activities of governmental

bodies, mainly by the FCC and some activities of the European

Commission. The activities of these legal bodies are outlined

in Figure 6 and 7. In the following we revise in detail the

motivations and consequences of the FCC and the EC to

improve location services in cellular networks.

A. FCC (United States)

The FCC of the United States specified the rules on the

application of E911 services to ensure fast assistance of the

wireless 911 caller. The location of the caller is the key

E911 requirement. In 1996, the FCC approved for the first

time a national mandate for E911 services [43]. With this a

new service class, the location-based services, that would go

beyond the E911 services was initiated. The definition of E911

services for cellular networks started in 1996 and evolves till

today.

In 1996, the deployment of the new E911 services should

be achieved in two phases with the following milestones:

• Phase I: By the end of 1997, operators were required to

provide a caller’s automatic number identification (ANI)

and the location of the BS or cell site receiving a 911 call

to the designated public safety answering point (PSAP),

which is called automatic location identification (ALI).

• Phase II: By 1 October 2001, operators were required to

provide the location of a 911 caller, with a root-mean-

square error (RMSE) of 125m in 67% of all cases.
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The implementation of E911 services by the cellular op-

erators was acknowledged by the confirmation of the FCC

that the originally set performance values were not achievable.

Consequently the demanded fines from the cellular operators

for a penalty fee was changed and the operators received

waivers. Nonetheless, as a result of the technological improve-

ments after the adoption of the initial rules, the FCC decided

to distinguish between positioning methods, since mobile-

based or hybrid solutions were more accurate and reliable

than network-based solutions. Thus, in 1999, the accuracy

requirements were revised in FCC 99-245 [98] for mobile-

or handset-based solutions:

• 50m for 67% of calls,

• 150m for 95% of calls, and

for network-based solutions are:

• 100m for 67% of calls,

• 300m for 95% of calls.

Operators using mobile-based solutions were asked to pro-

vide the location capabilities by 1 October 2001, reaching

95% of their customers by 31 December 2005. The operators

considering network-based solutions should provide the caller

location information (i.e., ALI) to 50% of their coverage

or population by 1 October 2001, and 100% by 1 October

2002. Due to the tight requirements and the incompatibility of

mobile-based solutions with legacy phones, the FCC provided

waivers to several companies on the application of this E911

mandate in 2001 and 2002 [99]. Hence, the FCC supervised

the implementation of E911 services and approved in 2007 a

stricter order of the original Phase II standard. The location

accuracy and reliability requirements had to be fulfilled at the

PSAP local region by 11 September 2012 [100]. With this

order the operators could not achieve the Phase II requirements

by averaging locations across the entire national network.

The E911 location requirements were improved again in

2010 [101] by considering the PSAP-level compliance. The

E911 Phase II location accuracy to be fulfilled within eight

years from the order [101] is for mobile-based solutions:

• 50m for 67% of calls,

• 150m for 90% of calls, and

for network-based solutions:

• 100m for 67% of calls,

• 300m for 90% of calls.

The FCC created, by 19 March 2011, the Communications

Security, Reliability and Interoperability Council (CSRIC) III

WG3, in order to mainly address E911 location accuracy test-

ing. The CSRIC III WG3 tested, during winter of 2012–2013,

the indoor location accuracy of three technologies: network

beacons by NextNav, RF fingerprinting by Polaris Wireless,

and hybrid A-GPS and AFLT by Qualcomm. According to the

resulting report in [102], these technologies proved a relatively

high yield and different levels of accuracy in indoors for dense

urban, urban, suburban and rural environments. This report

suggests future improvements by means of the deployment

of LTE PRS ranging and its hybridisation with A-GNSS.

The same testbed was also used in [103] to demonstrate the

fulfilment of the E911 location requirements with a hybrid

A-GPS and UTDoA solution from TruePosition. In 2014, the
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D: E911 PSAP-location compliance
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FCC proposed in [88] specific measures to regulate indoor

location, such as by requiring 50m of horizontal accuracy

and 3m of vertical accuracy for 67% of 911 calls. In line

with the work and study items proposed for indoor positioning

within the 3GPP standardization, the FCC urged the 3GPP to

complete these items [89]. In 2015, the FCC finally regulated

three-dimensional (3D) indoor location for E911 emergency

calls [104], by introducing the following main location re-

quirements:

• Horizontal location: provision of dispatchable location,

i.e., building address, floor level, and room number of the

caller, with an horizontal accuracy of 50m for the 40%,

50%, 70% and 80% of the wireless 911 calls within 2,

3, 5 and 6 years, respectively,

• Vertical location: provision of uncompensated barometric

data (when available) to PSAPs within 3 years, and

deployment of dispatchable location or z-axis technology

fulfilling a vertical accuracy metric (to be proposed and

approved).

In FCC 15-9 [104], reporting and compliance measures are

also required, such as live 911 call data in certain cities and

their surrounding areas, as well as a limit to time-to-first-fix

(TTFF) of 30 seconds. In parallel, the E911 Phase II location

accuracy is still expected to be fulfilled by January 2019 [104].

The regulation for emergency services is focused on network

operators, but mobile hardware and software companies can

also provide emergency location services, such as Google

within Android operative systems.

B. EC (Europe)

Following the motivation of enhanced emergency services

in the United States, the European Commission filed in 1999

a report requiring to the operators, the provision of location
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information of 112 callers (emergency service number in

Europe), i.e., enhanced 112 (E112), by 1 January 2003 [105].

The plan coincided with the roadmap of the Galileo system to

establish a new GNSS for outdoor applications.

The regulation of E112 continued in Europe with the

CGALIES, created by the European Commission in May 2000.

This coordination group is a partnership between members of

the public and private sector that aims at assessing feasible lo-

cation requirements and solutions for E112. Although location

accuracy requirements were described by CGALIES in [106],

the European Commission recommendation of 25 July 2003

in [107] did not mandate specific location performance, but

it encouraged the providers to use their best effort to ensure

E112 services. For this purpose, the European Memorandum

of Understanding (MoU) for the realisation of an interoperable

in-vehicle emergency call service (eCall) was presented in

28 May 2004 [108]. In order to support this legislation, the

European Commission have continuously called for European

research projects in order to support the eCall programme.

For instance, the European mobile integrated location system

(EMILY) project investigated the hybridisation of terrestrial

(2G and 3G) and satellite-based GNSS positioning, as it

described in [109] and the references therein. Another exam-

ple is the wireless hybrid enhanced mobile radio estimators

(WHERE) project, funded by the European Commission,

aimed at enhancing 4G communications by using location

information [110]. The follow-on project WHERE2 [111]

exploited synergies between heterogeneous cooperative posi-

tioning and communications in cellular networks.

The European Commission has required full deployment

of the eCall in-vehicle system by 31 March 2018 [112],

which affects new models of passenger cars and vans. A

status of mobile positioning for emergency services, such

as eCall, in European cellular networks is provided in [1],

where cell ID methods were widely deployed, A-GNSS was

clearly favoured, and the deployment of OTDoA PRS was not

envisaged.

C. Russian Federation

Similar to the eCall system, the Russian Federation is de-

veloping the ERA-GLONASS in-vehicle system [113], [114].

ERA-GLONASS is envisaged to be fully compatible with the

eCall system in Europe and therefore, a bilateral agreement

between the EC and Russia has been approved.

V. CELLULAR LOCALIZATION METHODS AND REPORTED

PERFORMANCE

In this section, we outline in detail and classify the reported

performance of standardized cellular positioning techniques,

which were introduced in Section II. The AoA method has

not been considered, because it has not been specified in

any cellular system yet. This complements Section III, which

presents the evolution of the cellular communication standards

themselves. The methods are typically based on a two-step

procedure, i.e., first to obtain signal measurements and then to

use these measurements to compute the mobile radio position.

In the following we will present several location methods
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Fig. 8: Expected horizontal accuracy of cellular mobile radio local-
ization methods for indoor, outdoor urban and rural scenarios.

that make use of common communication network features.

The terminology is different between the different cellular

generations, however, the basic concepts behind are similar.

Therefore, we classify these basic concepts for the different

generations in Table III as follows:

• Proximity

• Scene analysis

• Trilateration

• Hybrid

The location methods under review are classified among

technology generation, type of localization and category (i.e.,

mobile- and network-based). A general 67%-location accuracy

of the horizontal and vertical position is assigned to each

method by considering the cited references. The expected

horizontal location accuracy of the location methods is shown

in Figure 8 for indoor, outdoor urban and rural scenarios. The

following sections will describe each localization method that

is currently applied in cellular networks.

A. Challenges of Trilateration-based Localization

The use of trilateration-based positioning may result in a

sufficient accuracy to fulfil legal mandates. However, several

sources of ranging errors need to be considered, as it is

described in [12], [13], [133]:

• Coverage: The transmit power and the number of BSs

mainly define the cost of the network deployment. Cel-

lular networks are primarily designed for communica-

tions, thus the cell coverage is optimized to reduce the

number of deployed BSs to serve a certain service area.

The coverage is affected by the local environment that

results in path loss, shadowing and multipath fading,

which bounds the achievable ranging accuracy. Both,

the coverage and the location of the BSs, impacts the

dilution of precision (DOP) for the position computation,

which depends on the geometry between available BSs

and mobile radio device. Nevertheless, cellular signals are

typically received well above the noise floor, and mobile

users might be commonly surrounded by BSs, where

e.g. the geometric center between four BSs provides the

optimum horizontal DOP.
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Table III: Classification of location methods standardized in cellular systems.

Methods Technology Type Category

67%-loc. accuracy

ReferencesHorizontal Vertical

(meters) (floors)

CID+TA/CID+RTT 2G, 3G, 4G Proximity Network > 100 –
[115], [116], [117],

[118]

E-CID 3G, 4G Proximity Network ∼ 50 1 to 3 [87], [119], [120]

RFPM

2G, 3G, 4G,

WLAN,

Bluetooth

Scene analysis Network > 50 1 to 2

[18], [121], [122],

[123], [124], [125],

[126], [127], [128],

[129], [130]

Uplink ToA 2G Trilateration Network > 100 – [131], [132]

UTDoA 3G, 4G Trilateration Network < 50 – [103], [124]

E-OTD 2G Trilateration Mobile / Network > 100 –
[8], [11], [133], [134],

[135], [136]

AFLT 3G Trilateration Mobile / Network > 50 – [137]

OTDoA 3G, 4G Trilateration Network < 50 ≥ 3

[87], [119], [133],

[136], [138], [139],

[140], [141], [142],

[143], [144], [145],

[146], [147], [148],

[149], [150], [151],

[152], [153], [154]

A-GNSS 2G, 3G, 4G Lateration Mobile / Network ∼ 10 ≥ 3
[44], [155], [156],

[157], [158]

TBS 4G Trilateration Mobile / Network < 50 1 to 2 [87], [102]

Barometer 4G Sensors Mobile / Network – ∼ 1
[120], [159], [160],

[161], [162]

Hybrid 2G, 3G, 4G Hybrid Mobile / Network < 10 1 to 2

[141], [158], [163],

[164], [165], [166],

[167], [168], [169]

• Inter-cell interference: In cellular networks the reuse

of frequencies is essential to ensure the efficient usage

of the operators spectrum. Consequently cellular systems

are interference limited. The serving BSs introduce inter-

cell interference over neighbour BSs in conventional

cellular networks, due to single-frequency transmission.

In addition, the transmit power is optimized depending if

the user is at the cell edge or at the center of the cell.

The position can be successfully estimated by the TDoA-

based trilateration if the mobile radio receives signals

from three or more BSs. However, only at the cell edge

a good reception of several BSs is concurrently ensured.

This limitation is due to the near-far effect or hearability

problem, where the nearest BS masks the neighbour BSs.

In LTE-A, CoMP and eICIC are introduced to improve

the data throughput in heterogeneous networks. However,

macro and small cells still overlap their transmission in

certain scenarios, such as hotspots by using the same

cell ID. Typical positioning solutions to reduce the inter-

cell interference are based on the use of blank or mute

transmission periods, such as PRS muting in LTE, at the

expense of a reduction of the network capacity.

• Multipath: In urban and indoor environments cellular

systems operate with multiple base stations to cover the

needs of several mobile radios. However, the signals

are blocked, diffracted and reflected by the environment,

which may also change dynamically. This results in a

time-varying multipath channel that degrades the com-

munication and positioning performance. However, the

multipath effects are more deleterious for positioning

purposes due to the stringent time-delay estimation con-

straints, such as under non-line-of-sight (NLoS) condi-

tions. The reason is that a reduced signal bandwidth

limits the resolvability of the individual multipath com-

ponents. For example, a bandwidth of 10MHz limits

the resolvability of individual multipath components to

30m. Under NLoS conditions, an additional bias affects

the ranging estimation. Therefore, the impact of the

bias on the estimation performance can be reduced by

determining and weighting the LoS and NLoS conditions

of the propagation channel accordingly.

• Synchronization: Trilateration requires a precise estima-

tion of the distance between transmitters and receiver.

Therefore, the unknown synchronization errors of the
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involved clocks on both ends affect the position accuracy.

In cellular networks this results in an extra deployment

of reference stations or network synchronization proce-

dures. Typical solutions are based on GNSS receivers or

Precision Time Protocol (PTP) mechanisms [170]. These

implementations should consider tight synchronization

in order to avoid any physical delay [133]. The fol-

lowing standards, 2G GSM, 3G UMTS and 4G LTE-

FDD, did not specify any synchronization requirements

for time or phase accuracy [170], in contrast to 3G

cdma2000, 4G LTE-TDD and LTE-A. Especially, with

the recent advances in communications to enable car-

rier aggregation or coordinated multipoint transmission

or reception, the requirements for synchronization have

increased [171]. However, the synchronization require-

ments for trilateration-based positioning methods are at

least one order of magnitude lower than those require-

ments for communications. As a rule of thumb, the

network provider should consider a BS synchronization

below 100 ns for TDoA-based positioning [96]. In this

sense, the network synchronization error defined in [87]

follows a truncated Gaussian distribution with a range of

timing errors between ±100 ns and a variance of 50 ns.
The simulation results in [87] show a reduced impact

of this synchronization error of up to 3m. In [172], the

authors discussed the synchronization issues for current

and future communication systems. They identified that

a key factor of the performance of the oscillator is its

cost and its integration into the radio device. In recent

years, the prices of (temperature compensated or con-

trolled) quartz crystals have been sinking together with

an enhanced performance. The costs range from several

US-cents for an accuracy of 10−6s to several thousands

of US-Dollar for an accuracy of 10−12s.

B. Challenges of Indoor Localization

Current cellular networks are able to provide connectivity to

mobile devices located indoors and outdoors. However, they

are not designed to perform accurate indoor localization with

cellular signals. Conventional cellular deployments are based

on macro-cell layouts tailored to serve minimum communi-

cation requirements with a single BS. Thus, their cellular-

based location methods can only provide coarse positioning

in indoors, due to the high signal attenuation, rich multipath

and inter-cell interference.

Given the challenges of indoor cellular localization, most

widely-adopted methods are based on proprietary solutions

or technologies. On the one hand, fingerprinting techniques

are typically implemented in WLAN systems [15], [18], [20],

[26], to take advantage of their dense indoor deployments.

The positioning performance of these techniques depends on

the precision of the fingerprinting database and the location

algorithm, whose computational complexity can be reduced

by empirical models and tracking techniques [173], [174].

The WLAN fingerprinting solutions have an average hori-

zontal position accuracy between one and five meters [18],

[26]. On the other hand, high-accuracy positioning can be

achieved with dedicated deployments of beacons, such as those

based on UWB with sub-meter level accuracy [17]. These

proprietary deployments can allocate a large signal bandwidth

for the specific indoor coverage, in order to obtain precise

ranging measurements. However, the main disadvantage of

these proprietary solutions and technologies is the additional

cost required to implement the dedicated infrastructure.

The indoor location requirements mandated by the FCC

in [104] has certainly triggered the efforts to enhance indoor

positioning with cellular networks, as it is studied in [87] and

discussed in Section III-F. The standard solutions are based on

the exploitation of heterogeneous networks, by using cellular

signals from macro and small cells, D2D communications,

multi-antenna techniques and additional positioning technolo-

gies, such as TBS, WLAN, Bluetooth and barometers. The

main limiting factors of indoor cellular localization are the

lack of synchronization of indoor small cells and the rich

multipath environment. The following sections describe the

reported performance of standard cellular location methods in

indoors and outdoors.

C. Cell ID-based

Cell ID (CID) is the most popular positioning method in cel-

lular networks. The location of the mobile device is assigned

to the geographic location of the serving BS. The accuracy

of this cell coverage method can be improved by additional

information, such as the cell sector, ranging measurements,

i.e., TA (timing advance) in GSM [45] and RTT (Round Trip

Time) in UMTS [46], and signal strength measurements, i.e.,

RXLEV (reception level) in GSM and received signal code

power (RSCP) in UMTS.

The CID method can be directly applied in any cellular

network, without requiring any extra resources. Thus, the

cell ID-based method is considered as a fall-back or back-

up positioning procedure, in case other methods cannot be

applied. The main drawback is the coarse accuracy achieved,

which is limited by the cell size and the resolution of the

TA for GSM, which is a bit period equal to 554m, or the

resolution of the RTT for UMTS, which is a chip period equal

to 78m (without any oversampling). Experimental results

show in [115] a location accuracy above 100m, even by

combining CID with TA and RXLEV. Similar trial results are

obtained by using signal attenuation measurements and general

path loss models in [116]. The use of RTT measurements from

three BSs is assessed in [117] by forcing soft-handover in

UMTS. However, a more realistic scenario is considered in

[118] by using only one BS. The experimental results with

RTT measurements in UMTS commercial networks show a

radial accuracy between 70m and 90m for 67% of the cases

[118].

D. Enhanced Cell ID

The E-CID method was specified in Release 9 of LTE [81],

and later included also in Release 10 of UMTS [52], as an

improvement of the CID method. This method combines the

cell coverage with additional measurements, such as AoA,

timing (TA or RTT) and signal strength measurements.
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Simulation results with LTE networks in [119] show Rx-

Tx time difference errors below 50m for a signal bandwidth

higher than 5MHz, which are limited by the granularity

of the ranging measurements in multiples of the minimum

LTE sampling period Ts (i.e., 9.77m). Considering the simu-

lated heterogeneous networks in [87], the E-CID method can

achieve horizontal and vertical location accuracy within 50m
and 10m, respectively, for a dense deployment of indoor small

cells. Experimental results in [120] show a probability of floor-

level detection of 70% with the CID method for an indoor

femtocell deployment. The E-CID performance can be further

improved with cooperative techniques based on the proximity

detection of anchor UEs, as it is shown in [87] by means of

D2D-aided positioning.

E. RF pattern matching

One of the most common location methods implemented in

wireless networks is RFPM or fingerprinting [27]. Although

these methods do not require any changes on the standard

network, they need a database of signal fingerprints associated

to a geographic position. Typically a fingerprint of a certain

geo-location is associated with a signal measurement, such as

the RSS, to find the mobile device. The position accuracy of

this method depends on the calibration of the database and the

quality of the location-dependent measurements.

Fingerprinting methods were already implemented in GSM

[121] to enhance the position accuracy over CID. Considering

a dense network of BSs in an urban environment, the database

correlation method (DCM) is shown in [121] to achieve

position errors of 44m in the 67% of the cases with trial

results. However, 2G cell radius or inter-site distance (ISD)

may typically be in the order of kilometres, thus RSS-based

fingerprinting methods fail to fulfil the FCC E911 Phase

II requirements of 1999, as it was assessed with the CRB

in [122]. The problem of large cells may be overcome, as

proposed in [123], by using TA and RTT measurements, whose

accuracy is less dependent on the cell size than RSS mea-

surements. Nonetheless, in indoor environments, the horizontal

location accuracy was above 100m, as in the case of Polaris

Wireless technology in the CSRIC III testbed [124]. GSM-

based fingerprinting was also studied for floor-detection inside

buildings in [125], with a measurement campaign conducted

during 2005 and 2006. Considering a tall building scenario,

the floor was correctly detected in 60% of the cases [125],

by using RSS measurements from up to 29 GSM channels,

instead of only using the 6-strongest cells, such as in [121].

Thus, the authors in [125] recommended the inclusion of

floor identification in E911/E112 specifications, with a vertical

accuracy within two floors of error for 95% of the cases.

In UMTS, fingerprinting methods are also applied by using

RSCP measurements of the CPICH from the serving and

neighbour BSs. In [126], the pilot correlation method (PCM),

which is based on the least-squares minimization of the

power-delay profile (PDP), is tested with field measurements,

achieving 70m and above 150m for the 67% of cases in a

dense urban network and in a large macro cell network (i.e.,

average ISD of 1.2 km), respectively.

RFPM methods have been studied for LTE-A in TR 36.809

[79] for urban and suburban scenarios, i.e., ISD equal to 500m
and 1732m, respectively, including GSM and UMTS inter-

RAT measurements. Using a maximum likelihood estimator

and standard measurements, e.g. RSRP and UE Rx-Tx mea-

surements, the results show positioning errors around 100m
for the 67th percentile and higher than 200m for the 95th

percentile in urban and suburban environments, considering

10MHz system bandwidth and 10m of bin spacing. The

3D localization has also been studied and validated with

fingerprinting techniques by using A-GPS and LTE simulated

measurements in [127] and field measurements in [128].

The communication between UEs can also be exploited for

RFPM methods, as it is described in [129]. D2D communica-

tions for proximity-based services (ProSe), studied in Release

12 [175], can be used to exchange signal measurements

between UEs, in order to improve the RFPM positioning by

using cooperative algorithms.

The use of inter-RAT measurements, such as LTE and

WLAN fingerprints from heterogeneous networks, has been

proposed in [130] within the Self-organized Heterogeneous

Advanced RadIo Networks Generation (SHARING) project

funded by Celtic-Plus cluster. This proposal was validated with

field measurements of signal strength, showing positioning

errors below 50m for the 67th percentile of the occasions.

In addition to the validation with these measurements, this

project proposed the enhancement of the inter-working LTE

and WLAN capabilities in [93] for SON functionalities, such

as the minimization of drive tests (MDT). Since Release 13

of TS 36.305 [95], WLAN and Bluetooth positioning methods

based on fingerprinting are supported, in order to further

enhance indoor localization. These methods have been widely

adopted in commercial applications, and their horizontal po-

sition accuracy is generally below 10m in indoors [18].

F. Uplink ToA

The uplink ToA positioning method was specified in 1999

within the GSM standard [45]. This method is based on the

time-delay estimation of uplink transmissions, which can be

the access bursts defined for asynchronous intra-cell handover,

or the control channel periodically transmitted in idle mode.

The ranging measurements are computed by LMUs, which

may be stand-alone units or integrated in the BSs. These

signal measurements are used by the Serving Mobile Location

Center (SMLC) to calculate the user position by trilateration.

The SMLC has access to the coordinates of the BSs and the

synchronization among them, which is defined by real-time

difference (RTD) values.

As it is discussed in [131], uplink ToA suffers by the same

limitations as other trilateration methods, such as limited cell

coverage, DOP, inter-cell interference, multipath and synchro-

nization. In [132], simulations results for a GSM and IS-136

networks show location errors above 100m for the 67% of the

cases in an urban environment.

G. Uplink TDoA

The UTDoA method was specified in Release 7 of UMTS

in 2005 [51] and in Release 11 of LTE-A in 2012 [176]. This
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method is the counterpart of uplink ToA in GSM. Ranging

measurements are computed based on the uplink signals of

the mobile device by LMUs placed at known locations. In

LTE, these uplink signals are usually the SRS, and the network

requests (to the eNodeB scheduler) to allocate the maximum

SRS bandwidth available. But, the LMUs can also exchange

snapshots of the uplink data signals with dynamic scheduling

or SPS, in order to compute their cross-correlation. The

UTDoA measurements are then transferred to the location

server, where the mobile position is calculated. Thus, this

method is compatible with legacy mobile devices.

The positioning capabilities of UTDoA technology in

UMTS networks were shown by TruePosition in [103] for sim-

ulated emergency calls in a real deployment, using commercial

off-the-shelf (COTS) smartphones and the existing AT&T 3G

UMTS network. Similarly to the CSRIC III campaign in

[124], the testbed compared UTDoA with a hybrid solution

between A-GPS and UTDoA, which selected each technology

depending on the best accuracy achieved. The results show

positioning errors below 50m for both solutions under the

67th percentile of the calls. TruePosition claims in [77] to

have implemented LMUs at approximately 90,000 cell sites

within AT&T and T-Mobile networks.

H. Enhanced Observed Time Difference

The E-OTD method is a trilateration positioning method

specified in GSM [45], as an extension of the OTD synchro-

nization method. The mobile device computes TDoA, called

OTD, measurements between the signals transmitted from

different BSs. These pilot signals are usually the broadcast

control channel (BCCH) and the synchronization channel

(SCH), whose bursts are less frequent than those of BCCH.

The correlation of the corresponding training sequence is used

to estimate the OTD measurements in idle or communication

modes. Since GSM networks are typically asynchronous,

LMUs at known fixed positions compute RTD measurements

between BSs. The geometric time difference (GTD) stands

for the propagation between BS and mobile device, which

is obtained by compensating RTD from OTD measurements.

The mobile device can calculate its position through broadcast

assistance data, i.e., RTD values and BS coordinates. However,

the mobile device can also provide the ranging measurements

to the network, where the SMLC computes the user location.

Early trials using this technique with GSM signals obtained

an average accuracy of 151.2m in an urban environment [8].

The positioning performance is mainly limited by the low

signal bandwidth. The extra deployment cost of LMUs for

network synchronization can be reduced by using multiple

receivers in a cooperative approach [134]. The impact of the

geometric dilution of precision (GDOP) between the location

of the BSs and the mobile device is assessed in [11]. However,

multipath is certainly the major source of ranging errors,

producing a critical degradation in GSM [133]. Experimental

measurements on different environments in [135] show typical

position errors between 50m and 500m, where most of the

error contribution is due to multipath. Thus, E-OTD has failed

to fulfil the E911 accuracy requirements [136].

I. Advanced Forward Link Trilateration

The AFLT location method was specified in 1999, first for

IS-901 system, and later for IS-95 CDMA and cdma2000

by 3GPP2 [53]. Similarly to E-OTD, AFLT is based on

the time-difference measurements between pilot signals from

serving and neighbour BSs. Nonetheless, the position can be

computed at the mobile device, because CDMA networks are

synchronized to the GPS time with an accuracy of 100 ns.
Thus, the AFLT method can be easily implemented at the

mobile device in CDMA networks, without any additional

infrastructure. In addition, the standard allows authorized

mobile devices to send the ranging measurements to the

location server, where the position is computed with additional

synchronization corrections.

The main advantage of the AFLT method is the low-

complexity implementation due to the built-in network syn-

chronization. However, serving and neighbour BSs transmit on

the same time and frequency, resulting in an increase of the

near-far or hearability problem. In addition, since cdma2000

signals have a low bandwidth, the resulting AFLT accuracy

is above 50m, as it is shown in [137] with experimental

measurements for a stand-alone receiver.

J. Observed TDoA

The OTDoA positioning method is defined in UMTS as

the counterpart of E-OTD in GSM, being also standardized

in 1999 [46]. The user position can be computed at the

mobile device with assistance data or at the SMLC, in both

cases, by using the ranging measurements obtained from the

primary CPICH signals. In addition, UMTS specifies the IPDL

method in order to reduce the inter-cell interference on the

OTDoA measurements. This method consists on muting the

transmission of certain BSs at certain periods to increase the

hearability of the pilot signals. In case the network of BSs is

not tightly synchronized, the UMTS standard also solves this

problem by adding LMUs to the network in order to compute

the RTD measurements [46].

The four main limitations for accurate OTDoA positioning

in UMTS are multipath, the hearability problem, the geom-

etry of BSs and the network synchronization, which results

in an extra cost of the network deployment [133]. As an

alternative to overcome the positioning complexity from using

LMUs and capacity loss by the IPDL, the cumulative virtual

blanking (CVB) technique is proposed in [138], which uses

snapshots of the baseband signal captured at the UE and

BSs for interference cancellation. Using this technique within

the SMLC, trial results in a rural UMTS network show an

OTDoA positioning accuracy of 20m [138]. However, OTDoA

has not been deployed in any commercial UMTS network,

since carriers were already expecting in 2011 [136] to migrate

directly to the LTE technology.

As an evolution of UMTS, the LTE standard specified the

OTDoA method in 2009 [81]. The ranging measurements are

computed by the mobile device using dedicated pilot signals

for positioning, i.e., PRS. These signals have high config-

urability in terms of power, time and frequency allocation,

including muting patterns to reduce inter-cell interference.
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Considering COTS mobile devices, the computation of the

position is restricted to the enhanced SMLC (E-SMLC), which

has access to the BSs coordinates and the time synchronization

between BSs.

Academic and private studies have assessed the performance

of LTE OTDoA. Ericsson AB in [139] uses field measurements

to estimate the LTE PRS ranging performance. The results

show an LTE OTDoA positioning accuracy better than 20m
for 50% of the cases and 63m for 95% of the cases, using

the PRS over a bandwidth of 20MHz. LTE PRS-like signals

with a sampling frequency of 20MHz are used in [140] and

obtained an indoor location accuracy below 30m. In [141] and

[142] the authors evaluated the performance of TDoA in urban

environments with and without GPS close to the BS and at the

cell edge of the BS. Especially for mobiles close to the BS, the

TDoA performance is significantly reduced by inter-cell inter-

ference. Within the WHERE project, interference cancellation

techniques were proposed for LTE [143] to exploit multiple

links from different BSs. The proposed technique based on

the secondary synchronization channel (S-SCH) increases the

hearability of the neighboring cells especially close to the

serving BS and improves the performance significantly, by

achieving a positioning accuracy of 100m for the 70% with

respect to a 30% without using interference cancellation. The

achievable localization accuracy of the LTE PRS is assessed in

[144] and [145], resulting in a position accuracy around 10m
in multipath channels with a 20MHz system bandwidth. Most

of these contributions mainly use threshold-based or first-peak

estimators, such as in [119], due to their low complexity.

Advanced multipath mitigation techniques have also been pro-

posed by using joint maximum likelihood (JML) time-delay

and channel estimators in [146], or with a subspace-approach

in [147]. The performance of LTE-A Pro OTDoA positioning

has been assessed with simulations by the 3GPP consortium in

[87]. The results show a horizontal accuracy within 50m for

80% of the attempts. The vertical accuracy is higher than 10m
(i.e., around 3 floors), although it can be improved with a high

number of small cells. OTDoA positioning can be enhanced

with D2D cooperative techniques, as it is discussed in [87]

and [148]. The new positioning enhancements proposed for

LTE-A are assessed in [149]. A cooperative location algorithm

is studied for LTE-A heterogeneous networks in [150], where

their tracking algorithm achieves a position accuracy around

10m in indoor environments with femtocells. Simulation

results on 3D positioning with LTE are provided in [151],

with position errors below 7m for the 90% of the cases.

The LTE ToA positioning performance has also been eval-

uated with cellular signals of opportunity. In [152] and [153],

the CRS is used to obtain field ToA measurements, resulting in

a location accuracy below 21m in outdoors [152] and below

8m in indoors [153] for the 50% of the cases. Vehicle and

aerial LTE field measurements are also obtained opportunisti-

cally with the CRS in [154], whose results show a RMSE of

the ToA-based position of 9.32m.

K. Assisted GNSS

Assistance data of GNSS systems is provided within the

GSM [45], UMTS [46], CDMA [53] and LTE networks

[81] to aid the GNSS receiver embedded in most mobile

devices. The assistance data can be formed by [155]: accurate

timing, satellite Doppler shift, coarse position of the mobile

device, navigation message, or differential corrections from a

reference receiver, i.e., differential GNSS. The main advan-

tages of this external data (provided by the cellular network)

are a significant reduction of the TTFF, a reduced battery

consumption, and a high sensitivity (being able to acquire

GNSS signals with 25 dB of attenuation) [44].

Although the A-GPS and A-GNSS methods were supported

in 2G, 3G and 4G, performance requirements were not in-

troduced until Release 6 of UMTS [177] and Release 9 of

LTE [178], respectively. The A-GNSS position calculation

can be performed at the mobile device or at the location

server. As it is proposed in [156] and [157] based on the

Matrix concept, the position and timing assistance can also

be provided autonomously within the mobile device, by using

other cellular-based location methods. Field measurements in

[44] and [156] show horizontal location accuracy around 10m
in open sky and light urban conditions. Experimental results

in indoors show vertical location errors above 10m (similar

to three floors) with a stand-alone GPS solution [158].

L. TBS (pseudolites)

The TBS method has been specified in Release 13 of

LTE [95]. This method is based on a network of ground

stations that transmit dedicated positioning signals, in order

to complement GNSS in indoor and urban environments.

The standard supports spread spectrum signals (i.e., GNSS-

like signals) with TDMA for near-far mitigation, which are

based on the metropolitan beacon systems (MBS) defined

by NextNav. Thus, these ground-based transmitters can be

considered pseudolites operating at different frequency bands

than GNSS. The PRS-based TBS transmission is considered

part of the OTDoA method in Release 14 of LTE [179].

The positioning performance of the MBS technology is

assessed within the CSRIC III WG3 indoor testbed [102].

The results show a horizontal indoor accuracy around 50m
for the 67% of the cases in urban and rural environments,

and a median vertical accuracy of approximately 2m. In [87],

the TBS technology was simulated with GNSS-like signals by

NextNav and Broadcom and with LTE PRS-like signals by

Qualcomm, resulting in a horizontal accuracy below 50m for

the 90% of the cases, and a vertical accuracy above 20m for

the 40% of the cases.

M. Barometer

The barometric sensor method has also been specified in

Release 13 of LTE [95] for the determination of the floor level

in indoors. The use of barometric pressure measurements has

been widely studied in the literature, such as in [159] and

[160], resulting in a vertical positioning accuracy below one

meter. Since this method is sensitive to local pressure condi-

tions, additional pressure measurements from other sources

can be used at the mobile device or location server [95].

Further improvements on the indoor vertical positioning can be

achieved by using inertial sensors or magnetometers, such as
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in [161] and [162]. Field measurements within an experimental

LTE femtocell network in [120] show a floor detection above

90% of the cases.

N. Hybrid

The hybrid solution is based on the combination of multiple

standard positioning methods. The most common hybridiza-

tion is the fusion of cellular trilateration methods with GNSS.

Since the GNSS satellite visibility is severely degraded in

urban environments due to blockage of the LoS signal, the

cellular ranging measurements are used to complement the

GNSS method.

Nevertheless, the standards do not provide specific hybrid

algorithms to compute the position. These hybrid solutions

are left for proprietary implementations in every network.

Recommendations for minimum requirements with hybrid

solutions can only be found in the 3GPP2 standard for CDMA

systems in [180], where hybrid AFLT and A-GPS solutions are

required to provide horizontal location accuracy of 100m and

175m for 67% and 95% of the cases, respectively. Hybrid

location systems have been commercially deployed in US

networks, such as hybrid A-GPS and AFLT in [12] and [124],

and hybrid A-GPS and UTDoA in [103].

Several nonlinear Kalman filters (KFs) are used in [163]

with simulation and field trials to compute the hybrid GPS

and GSM solution with TA and RXLEV measurements, re-

sulting in horizontal errors around 70m. Fields measurements

conducted within EMILY project show the improvement on

the localization availability by hybridising E-OTD or OT-

DoA measurements with A-GNSS in [164]. The authors in

[165] propose the loosely-coupled integration of GNSS and

2G/3G networks, by either using the satellite- or cellular-

based position fix depending on the availability. Considering

a distance-dependent NLoS model, the simulations results

show a position accuracy of 37m for 90% of the cases with

a cell radii of 200m [165]. A hybrid solution between A-

GPS and OTDoA with W-CDMA signals is simulated in

[166], resulting in a slight improvement of the position and

velocity estimation. The hybridisation of GNSS and LTE

OTDoA measurements was studied in the WHERE project

[141]. Considering ray-tracing models, simulations results in

[141] showed a horizontal position accuracy below 10m with a

hybrid GPS, Galileo and LTE solution, by means of nonlinear

KFs. An evaluation methodology for hybrid multi-GNSS and

LTE positioning is proposed in [167], also resulting in a

horizontal positioning accuracy below 10m with field GNSS

observables and simulated LTE measurements. In [158], a

hybrid GPS and pseudolite is experimentally tested in indoors

and outdoors to achieve a horizontal position error below 5m
and a vertical position error between 1 and 2 floors. This

pseudolite system is similar to the TBS specified in LTE-A

Pro [87]. Furthermore, simultaneous localization and mapping

(SLAM) techniques have been presented as advanced hybrid

location algorithms, such as in [168] and [169], in order to

combine multiple cellular and wireless technologies.

VI. THE EVOLUTION TOWARDS 5G

5G technology is expected to revolutionise the communica-

tion and positioning aspects of next-generation cellular mobile

radio. 5G systems are aimed at fulfilling the recommendation

of IMT for 2020 and beyond in [181]. This recommendation

targets three main usage scenarios with specific capabilities

and requirements:

• Enhanced mobile broadband (eMBB): wide-area cov-

erage and hotspots for seamless user experience and high

throughput.

• Ultra-reliable and low latency communications

(URLLC): high throughput, low latency and high avail-

ability.

• Massive machine type communications (mMTC): very

large coverage and number of connected low-cost devices

with a very long battery life.

Indeed, high positioning accuracy is also a key requirement

within the 5G vision. For instance, the automotive industry

envisages a location accuracy as low as 10 cm for self- or

assisted-driving applications [182], [183], or enhanced services

defined in [184] expect an accuracy below 10m for 80% of

the occasions and below 1m for indoor deployments. In this

context, the 3GPP consortium defines a set of use cases to be

supported in the future [185], where the positioning accuracy

is one of the potential requirements. New technologies are

expected to provide the necessary means to achieve these

performance requirements, such as optimized waveforms, wide

bandwidth, massive MIMO, millimetre wave (mmWave), D2D

or high-density networks. Although the positioning support

may not be considered a priority on the 5G standardization

process, its significance is expected to notably increase due

the forward-compatible nature envisaged within the future 5G

standard, being even considered in 3GPP Release 15. For

instance, high-accuracy vehicular positioning can benefit from

these 5G disruptive technologies [186]. This section provides

a summary of the new research trends on 5G positioning,

and the lessons learned from previous generations towards 5G

standardization.

A. New research trends on 5G positioning

Recent research contributions have initiated the study of

5G technologies for positioning purposes. On the one side,

location-awareness is a key feature of 5G aimed at enhancing

the communication performance. A review of the benefits of

location information is provided in [187] for each layer of the

protocol stack. On the other side, dedicated network and signal

designs can boost the achievable positioning capabilities in

5G, as it is studied in [188] and [189]. Indeed, the design and

exploitation of future 5G cellular networks has triggered new

research trends within the topic of cellular radio localization.

Given the new technical features within 5G, previous and

innovative works on wireless location technologies can be

adopted for the first time in cellular networks. The main

research trends are here classified as:

1) Millimetre-wave massive MIMO: The use of mmWave

and a massive number of antennas is one of the main revo-

lutions in 5G. These features allow the generation of highly
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directional beams between transmitter and receiver, while the

high attenuation losses limit the number of arrival multipath

reflections, resulting in LoS conditions for most of the cases.

Fundamental bounds on position and orientation of massive

MIMO systems are derived in [190] and [191], confirming

achievable position accuracy below one meter. The uplink

RSS measurements are used in [192] with fingerprinting-

based techniques and distributed massive MIMO arrays for

positioning. Their results show a RMSE of the mobile position

around 35m with RSS measurements from only one BS.

Still, further research is necessary on the exploitation of this

promising technology.

2) Multipath-assisted localization: Wideband signals are a

key feature to achieve accurate positioning, as it has been

widely studied in UWB systems [17], because multipath

can be mostly mitigated due to its resolvability. However,

multipath components of the channel impulse response can

also be exploited for localization. A new research trend is

based on the use of the multipath components (MPC) for

positioning, with advanced tracking algorithms [193] or by

considering the signal reflectors as virtual transmitters [194],

[195], [196]. For instance, multipath-assisted techniques can

be used for assisted living [195], e.g. medical assistance or

emergency services, where a single transmitter is used to locate

the mobile device indoors. These innovative techniques are

able to achieve high-accuracy localization at the centimeter

level [195].

3) Device-to-device communication enables cooperative

positioning in ultra-dense networks: The direct communi-

cation between mobile devices and the existence of a high

density of small cells paves the way for the application of

cooperative positioning. As it has been studied in wireless

sensor networks (WSN) and UWB [21], the cooperation

between nodes can result in a high accuracy and robustness.

In addition, the adequate resource allocation between users

themselves can enhance the positioning performance, as it

is studied in [197]. Thus, cooperative positioning with D2D

communications in ultra-dense 5G networks is expected to

achieve seamless or ubiquitous positioning with accuracies

below one meter, in addition to the use of high bandwidth,

high carrier frequencies and beamforming techniques to reduce

NLoS bias, as it is shown in [198]. Ultra-dense 5G networks

can also be exploited with relatevely narrow bandwidth by

combining ranging and angle measurements, as it is shown in

[199], [200]. Their simulation results show a position accuracy

below one meter at the 95% of the cases for a signal bandwidth

below 10MHz, by using a joint ToA and DoA algorithm and

using one or two base stations in an urban 5G ultra-dense

network.

4) Hybrid fusion of multiple sensors: The combination of

5G communications with multi-sensor technologies, such as

inertial sensors, camera or GNSS modules, is expected to

support innovative applications, such as mobile cloud sensing

[201], massive automotive sensing [202], or cloud GNSS

positioning [203]. Indeed, cloud GNSS signal processing,

whose concept was early demonstrated in [204] based on the

transmission of GNSS signal snapshots for remote processing,

can now be widely adopted and implemented, in order to en-

able advanced positioning applications [203], such as security

and authentication, integrity monitoring, or jammer detection.

In addition, the hybrid fusion of 5G radio localization and

various multiple sensors is also of special interest to achieve

high-accuracy and robust positioning.

B. Lessons learned

The 5G technology is envisaged to provide intrinsic features

to notably enhance the achievable positioning capabilities

of future cellular networks, such as ultra-wideband signals,

tight network synchronization, ultra-high density of BSs, or

narrow beam transmission. Thus, the deployment of accurate

positioning methods may not require additional infrastructure.

In addition, the positioning support is expected to have a

key role in the 5G forward-compatible standard, in order

to fulfil the positioning requirements of 5G applications.

These requirements vary with different level of position accu-

racy, robustness or availability, depending on the application.

Thus, the network design can be tailored to accomplish the

corresponding communication and positioning requirements.

This section provides ten potential lessons learned from the

past standardisation processes of cellular mobile systems to

consider positioning in 5G networks:

1) GNSS: The 5G standard is expected to support any

positioning method available within the mobile device or

the network. Still, their deployment will be subject to a

minimal implementation cost. In this sense, GNSS will have

a key role in terms of network synchronization and mobile

device localization, as it has been in previous generations.

This is due to the wide adoption, global coverage and high

performance of GNSS in outdoor environments. Thus, the

5G positioning standard should continue to provide assistance

data, such as extended ephemeris, precise corrections for

precise point positioning (PPP), or reference observables from

GNSS stations for differential GNSS. In addition, the 5G

standard should support authentication methods for GNSS,

in order to enhance the GNSS protection against potential

threads, such as jamming and spoofing.

2) Indoor positioning: The focus of the location of mobile

radio users has changed (with respect to the first generations)

from mostly outdoors to indoors. Therefore, also the spec-

ifications of hybrid or complementary positioning methods

to GNSS need to adapt. Proprietary positioning solutions,

such as fingerprinting methods, are expected to be adopted

without any impact on the physical-layer standardization. In

order to provide alternatives to third-party solutions, cellular-

based indoor positioning methods should be supported, by

considering the specific scenario conditions.

3) Heterogeneity: Next-generation networks are not ex-

pected to consider a preferred cellular-based location method

within the standard. They should be flexible enough to deter-

mine the appropriate method, in order to adapt to the network

needs. Nonetheless, AoA and its combination with ranging

estimates is expected to achieve a very high position accuracy.

This is due to the introduction of mmWave massive MIMO,

which should operate most of the occasions with a very

high bandwidth in LoS conditions. However, this advanced
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technology is not expected to be deployed at every element of

the network. Thus, there may be a predominance of cellular

ranging-based methods for accurate positioning, in addition to

GNSS and hybrid methods. Proximity methods are expected

to be considered as back-up methods, or to be used only when

coarse localization is required.

4) Synchronization: One of the critical aspects for the

deployment of cellular ranging-based location methods, e.g.

OTDoA, UTDoA or TBS, is the network synchronization,

which should be in the order of nanoseconds to provide

accurate positioning. Thus, this aspect should be considered in

the specification of tight network synchronization requirements

in future cellular standards, in order to support ranging-based

methods. In this sense, the GNSS-based procedures are the

main candidate to fulfil these synchronization requirements in

outdoor environments. The use of accurate RTT or advanced

network time protocols should be considered for indoors. Fur-

ther, the chosen waveform will impact the synchronization re-

quirements with a potential benefit for location methods [171].

5) Interference: Another important aspect is the need for

the standardization of interference-avoidance schemes for lo-

calization. Initial mechanisms to counteract the hearability

problem between stations within OTDoA methods were spec-

ified in UMTS [46]. A dedicated positioning signal was

finally specified in LTE, in order to further enhance the

OTDoA location accuracy, and a positioning protocol was

included. However, the current schemes defined for OTDoA

positioning methods, i.e., the PRS muting mechanism, may

not be sufficient for a network with a very high number

of heterogeneous nodes. Thus, the standard should include

new resource allocation mechanisms for positioning purposes,

in order to allow accurate ranging measurements in next-

generation networks.

6) Power consumption: GNSS modules with low power

consumption are currently commercialised for IoT devices.

Nonetheless, some mMTC applications are expected to de-

mand a very stringent power consumption and a relaxed posi-

tion accuracy. Thus, complementary location methods should

be specified for narrowband transmissions, as it is currently

studied for NB-IoT [85].

7) Cooperative positioning: Independently of the location

method, cooperative positioning protocols could exploit the

high density of synchronous and asynchronous nodes in fu-

ture heterogeneous networks. Although preliminary work has

been initiated within D2D communications, the exchange of

location information between mobile devices, small cells and

BSs needs to be enhanced, in order to allow the deployment

of cooperative positioning techniques in the whole network,

such as for vehicle-to-vehicle (V2V) applications. Thus, the

standard should include a cooperative protocol within the

network elements, in order to enhance the resource allocation

and location information sharing for positioning and commu-

nications purposes.

8) Device-centric and network-centric: Most cellular-based

location methods rely on a network server to solve the mobile

device position. This is due to the confidential treatment of the

network information by the operators, such as BS locations

and network synchronization. However, this limits the imple-

mentation of certain positioning methods, such as mobile-

based OTDoA, and their hybridisation with local sensors.

For instance, the latency of the position calculation is very

important for applications that require an immediate response

at the mobile device, such as mission-critical applications. In

this sense, the standard should introduce secure mechanisms to

support both mobile- and network-based positioning methods,

when downlink and sidelink signals are used.

9) Network planning: The network planning, such as BS

placement or power allocation, should also be based on the

potential positioning capabilities of cellular-based location

methods. In this sense, the resource allocation should be

optimized for both positioning and communication purposes.

Thus, the future standard should support a dynamic allocation

able to maximize the data throughput and the achievable po-

sitioning capabilities, when required by a certain application.

10) Commercial exploitation: Last but not least, there

has been a significant interest for location-based services in

existing cellular networks. However, the additional infras-

tructure required in certain positioning methods has limited

their deployment and exploitation. This trend is expected to

change in 5G, because its advanced network features can boost

the cellular-based positioning capabilities without additional

investments. Thus, it is up to the operators and vendors

to exploit cellular mobile radio localization as a profitable

business in next-generation networks.

VII. SUMMARY

This survey provides a detailed overview of the cellular

mobile radio localization methods, their reported performance,

drawbacks and strong points, from the first generation (1G)

towards the fifth generation (5G). The evolution of these

cellular location methods is reviewed for each generation of

standards. The trilateration and hybrid location methods have

shown the best performance according to the literature review.

In addition, governmental bodies have reinforced the need

for complementary cellular-based location methods. However,

the network providers are still reluctant to assume the costs

implied on the implementation complexity of this kind of

methods, a trend that may change in the future with the

inherent technological improvements of future 5G networks.

This survey has also outlined the new research trends on

5G positioning, as well as the lessons learned from previous

generations. This outlook envisages a promising perspective

of 5G location methods, still the standardization bodies need

to consider the positioning support as a key aspect of cellular

network design.

LIST OF ACRONYMS

1G First Generation

2G Second Generation

3D Three Dimensional

3G Third Generation

3GPP Third Generation Partnership Project

3GPP2 Third Generation Partnership Project 2
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4G Fourth Generation

5G Fifth Generation

A-GPS Assisted Global Positioning System

ABS Almost Blank Subframes

AFLT Advanced Forward Link Trilateration

ALI Automatic Location Identification

AMPS Advanced Mobile Phone System

ANI Automatic Number Identification

AoA Angle of Arrival

BCCH Broadcast Control Channel

BS Base Station

CA Carrier Aggregation

CDMA Code-division Multiple Access

CEPT Conférence Européenne des Administrations des

Postes et Télécommunications

CGALIES Coordination Group on Access to Location In-

formation by Emergency Services

CID Cell Identity

CoMP Coordinated Multipoint

COTS Commercial Off-the-shelf

CPICH Common Pilot Channel

CRS Cell-specific Reference Signal

CSRIC Communications Security, Reliability and Inter-

operability Council

CVB Cumulative Virtual Blanking

D-AMPS Digital Advanced Mobile Phone System

D2D Device-to-device

DCM Database Correlation Method

DoA Direction of Arrival

DOP Dilution of Precision

E-CID Enhanced Cell Identity

E-OTD Enhanced Observed Time Difference

E-SMLC Enhanced Serving Mobile Location Center

E-UTRA Evolved Universal Terrestrial Radio Access

E-UTRAN Evolved Universal Terrestrial Radio Access Net-

work

E112 Enhanced 112

E911 Enhanced 911

EB/FD Elevation beamforming/full dimension

EC European Commission

eCall In-vehicle Emergency Call

EDGE Enhanced Data rates for GSM Evolution

EIA Electronic Industries Alliance

eMBB Enhanced Mobile Broadband

EMILY European Mobile Integrated Location System

EPA Extended Pedestrian A

ERA Emergency Response to Accidents

ETSI European Telecommunications Standards Insti-

tute

ETU Extended Typical Urban

FCC Federal Communications Commission

FDD Frequency Division Duplex

FH Frequency Hopping

GDOP Geometric Dilution of Precision

GERAN GSM/EDGE Radio Access Network

GLONASS Globalnaya Navigatsionnaya Sputnikovaya Sis-

tema

GMSK Gaussian Minimum Shift Keying

GNSS Global Navigation Satellite Systems

GPRS General Packet Radio System

GPS Global Positioning System

GSM Global System for Mobile Communications

GTD Geometric Time Difference

iDEN Integrated Dispatch Enhanced Network

IMS IP Multimedia Subsystem

IMT International Mobile Telecommunications

IoT Internet of Things

IP Internet Protocol

IPDL Idle Periods in Downlink

IS Interim Standard

ISD Inter-site Distance

ITS Intelligent Transportation Systems

ITU International Telecommunication Union

IVHS Intelligent Vehicle Highway

LBS Location-based Services

LCS Location Services

LIS Low-interference Subframes

LMU Location Measurement Unit

LoS Line-of-sight

LPN Low Power Node

LPP LTE Positioning Protocol

LTE Long Term Evolution

LTE-A LTE-Advanced

MBS Metropolitan Beacon Systems

MDT Minimization of Drive Tests

MIMO Multiple-input Multiple-output

mMTC Massive Machine Type Communications

mmWave Millimetre Wave

MoU Memorandum of Understanding

MPC Multipath Components

NB-IoT Narrowband IoT

NLoS Non-line-of-sight

NMT Nordic Mobile Telephone

OFDMA Orthogonal Frequency-division Multiple Access

OTD Observed Time Difference

OTDoA Observed Time Difference of Arrival

PCM Pilot Correlation Method

PDC Personal Digital Cellular

PDP Power-delay Profile

PHS Personal Handy-phone System

PPP Precise Point Positioning

ProSe Proximity-based Services

PRS Positioning Reference Signal

PSAP Public Safety Answering Point

PSDCH Physical Sidelink Discovery Channel

PTP Precision Time Protocol

PUSCH Physical Uplink Shared Channel

RAN Radio Access Network

RAT Radio Access Technology

RB Resource Blocks

RFPM Radio Frequency Pattern Matching

RMSE Root-mean-square Error

RRH Remote Radio Head

RSCP Reference Signal Code Power

RSRP Reference Signal Received Power

RSS Received Signal Strength
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RSTD Reference Signal Time Difference

RTD Real-time Difference

RTT Round-Trip Time

RXLEV Reception Level

SC-FDMA Single-carrier Frequency-division Multiple Ac-

cess

SCH Synchronization Channel

SHARING Self-organized Heterogeneous Advanced Radio

Networks Generation

SINR Signal-to-interference-plus-noise Ratio

SLAM Simultaneous Localization and Mapping

SMG Special Mobile Group

SMLC Serving Mobile Location Center

SON Self-organizing Networks

SPS Semi-persistent Scheduling

SRS Sounding Reference Signal

TA Timing Advance

TACS Total Access Communications System

TBS Terrestrial Beacon Systems

TCP Transport Control Protocol

TDD Time Division Duplex

TDMA Time-Division Multiple Access

TDoA Time Difference of Arrival

TIA Telecommunications Industry Association

ToA Time of Arrival

TR Technical Reports

TS Technical Specifications

TTFF Time-to-first-fix

UE User Equipment

UMTS Universal Mobile Telecommunications System

URLLC Ultra-reliable and Low Latency Communications

US United States

UTDoA Uplink Time Difference of Arrival

UTRA Universal Terrestrial Radio Access

UTRAN Universal Terrestrial Radio Access Network

UWB Ultra-wideband

VANET Vehicular Ad-hoc Network

WCDMA Wideband Code-division Multiple Access

WG Working Group

WHERE Wireless Hybrid Enhanced Mobile Radio Esti-

mators

WLAN Wireless Local Area Networks

WSN Wireless Sensor Networks
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