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Foreword

This Technical Report has been produced by the 3rd Generation Partnership Project (3GPP).

The contents of the present document are subject to continuing work within the TSG and may change following formal TSG approval. Should the TSG modify the contents of the present document, it will be re-released by the TSG with an identifying change of release date and an increase in version number as follows:

Version x.y.z

where:

x
the first digit:

1
presented to TSG for information;

2
presented to TSG for approval;

3
or greater indicates TSG approved document under change control.

y
the second digit is incremented for all changes of substance, i.e. technical enhancements, corrections, updates, etc.

z
the third digit is incremented when editorial only changes have been incorporated in the document.

Introduction

1
Scope

The present document is a study of the performance of RF Pattern Matching positioning method in the E-UTRAN environment as it compares to the performance of E-CID.  This document will define the simulation structure and procedures for E-CID and RF Pattern Matching.  The results of these simulations will be presented and compared.

2
References

The following documents contain provisions which, through reference in this text, constitute provisions of the present document.

-
References are either specific (identified by date of publication, edition number, version number, etc.) or non‑specific.

-
For a specific reference, subsequent revisions do not apply.

-
For a non-specific reference, the latest version applies. In the case of a reference to a 3GPP document (including a GSM document), a non-specific reference implicitly refers to the latest version of that document in the same Release as the present document.

[1]
3GPP TR 21.905: "Vocabulary for 3GPP Specifications".

[2]
3GPP TR 36.305: "Stage 2 functional specification of UE positioning in E-UTRAN".

[3]
3GPP TS 36.211: "Evolved Universal Terrestrial Radio Access Network (E-UTRAN); Physical Channels and Modulation ".

[4]
3GPP TS 36.214: "Evolved Universal Terrestrial Radio Access (E-UTRA); Physical layer – Measurements".

 [5]
3GPP TS 36.133: "Evolved Universal Terrestrial Radio Access (E-UTRA); Requirements for support of radio resource management".
[6]
3GPP TS 36.355: "Evolved Universal Terrestrial Radio Access (E-UTRA); LTE Positioning Protocol (LPP)".

[7]
3GPP TS 36.455: "Evolved Universal Terrestrial Radio Access (E-UTRA); LTE Positioning Protocol A (LPPa)".
3
Definitions, symbols and abbreviations

3.1
Definitions

For the purposes of the present document, the terms and definitions given in TR 21.905 [1] and the following apply. A term defined in the present document takes precedence over the definition of the same term, if any, in TR 21.905 [1].

Cell_ID



Inter-RAT

3.2
Symbols

For the purposes of the present document, the following symbols apply:

Symbol format (EW)

<symbol>
<Explanation>

3.3
Abbreviations

For the purposes of the present document, the abbreviations given in TR 21.905 [x] and the following apply. An abbreviation defined in the present document takes precedence over the definition of the same abbreviation, if any, in TR 21.905 [x].

CPICH
Common Pilot Channel

CRS
Cell-specific Reference Signal

E‑CID
Enhanced Cell-ID (positioning method)

E-SMLC
Enhanced Serving Mobile Location Centre
FBR
Front-to-Back Ratio

FDD

FIM
Fisher Information Matrix
LIS
Low Interference Sub-frames

E-UTRAN
Enhanced Universal Terrestrial Radio Access Network

LPP
LTE Positioning Protocol

LPPa
LTE Positioning Protocol Annex
MAC
Media Access Control
OTDOA
Observed Time Difference Of Arrival
P-CCPCH
Primary Common Control Physical Channel
PDSCH
Physical Downlink Shared Channel
PRS
Positioning Reference Signals
PSS
Primary Synchronization Signal

RAT
Radio Access Technology

RB
Resource Block
RF
Radio Frequency
RFPM
Radio Frequency Pattern Matching

RS

RSRP
Reference Signal Received Power

RSRQ
Reference Signal Received Quality
RSSI
Received Signal Strength Indicator
RSTD
Reference Signal Time Difference

SLP
SUPL Location Platform
SSS
Secondary Synchronization Signal

TA
Timing Advance

TDD

Ts


UTRAN
Universal Terrestrial Radio Access Network

4
General description of RF pattern matching

Pattern Matching represents a family of technologies that locate a UE in an area by comparing its RF measurements against a detailed model of the RF environment for that area. The RF parameters measured by the UE could be serving cell identity, reference signal strengths for serving and neighbouring cells, timing advance measurements etc. The RF environment model could be stored in the form of a database of signal strength vectors indexed by location coordinates of an area, and which could either be constructed in advance or real time using a combination of RF propagation modelling and possibly drive test measurements.  

5
LTE architecture for RF Pattern Matching

The LTE control plane positioning architecture is outlined in TS 36.305 [2] and depicted in Figure 1.   The positioning estimate can be performed in either the E-SMLC (or SLP for user plane) or the UE itself.   For the purposes of the study item, it is assumed that RF Pattern Matching (RFPM) positioning is done within the E-SMLC or the SLP (UE assisted). 
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Figure 1: UE Positioning Architecture applicable to E-UTRAN

The measurements used for RFPM can originate in either the UE or the eNodeB.  On the UE side, the E-UTRA standards include several downlink signals that are measured by the mobile and used for initial cell search, cell selection/reselection, and also for determining the downlink channel quality on a periodic basis. These same signals also carry implicit information that can help determine a mobile’s location relative to the locations of cells transmitting those signals. For example, in a synchronized cellular network, differences between times of arrival of a particular signal from three or more cells can help determine a mobile’s location (the OTDOA method). 

E-UTRA signals (TS 36.211, [3]) that could be of interest to the pattern matching algorithms are:-

- Cell Specific-Reference Signals (CRS)

- Positioning Reference Signals (PRS)

- Primary Synchronization Signal (PSS) and Secondary Synchronization Signal (SSS).

Both signal strength and timing information associated with these signals can potentially be used by the pattern matching algorithm. 

On the eNodeB side, E-UTRA defines several measurements that could be leveraged by RFPM. One example would be the Timing Advance measurement which is indicative of the distance of the UE from the serving cell. Another measurement could be the transmitted power of the cell specific reference signals that can be combined with the received signal strength measurement from the UE to compute path-loss and estimate position. 

Note that PRS was added very recently to the standard after several 3GPP RAN1 studies concluded that PSS, SSS, and CRS, all suffer from hearability problems and thus are not reliable enough for positioning algorithms like OTDOA. PRS will be transmitted in specially designated sub-frames called Low Interference Sub-frames (LIS). Usage of these positioning reference signals requires support from the network in the form of messages informing the mobile about location and periodicity of these signals (TS 36.355 [6], section 6.5.1.2). This simulation study will start by focusing on using only the CRS signal strength measurements along with the cell ID and timing advance (TA) information from the serving cell. Once the baseline performance figures using CRS are established, the study will then incorporate LIS and PRS and quantify any achievable performance gains. 

Another way to deal with the hearability problem is to include measurements from other radio technologies which might be overlaid with the LTE cells (inter-RAT measurements). The simulation framework proposed in this document allows straightforward integration of any inter-RAT measurements that might be available. Quantification of achievable performance gains using inter-RAT measurements would be another future action item for this simulation study. 

5.1
Data Elements used for RF Pattern Matching location calculation
Received Signal Received Power (RSRP, TS 36.214 [4], section 5.1.1) 

· Received power in watts corresponding to cell-specific reference signals (CRS).

· Averaged over Resource Blocks carrying CRS. 

Received Signal Received Quality (RSRQ, TS 36.214[4], section 5.1.3)

· Ratio of RSRP and total received power (reference signal + interference + noise) in watts per. 

· Averaged over Resource Blocks carrying CRS.

UE Rx-Tx Time Difference (TS 36.214 [4], section 5.1.15)

· Difference between the received timing of downlink radio frame #i from the serving cell and the transmit timing of the corresponding uplink frame from the UE.
Received Signal Time Difference (RSTD, TS 36.214 [4], section 5.1.12)

· Relative timing difference between the start of sub-frame from neighbor cell j and the start of sub-frame of reference cell i as measured at the UE. 
Down Link Reference Signal Transmit Power (TS 36.214 [4],  section 5.2.1)

· Transmitted power in watts corresponding to cell-specific reference signals (CRS).

· Averaged over Resource Blocks carrying CRS.
Timing Advance (TA, TS 36.214 [4], section 5.2.4)

· Timing Advance is of two types: 

· Type 1: (eNodeB Rx-Tx time difference) + (UE Rx-Tx time difference).

· Type 2: (eNodeB Rx-Tx time difference):

where UE Rx-Tx time difference is same as defined before and eNodeB Rx-Tx time difference is defined as the difference between the received timing of an uplink radio frame containing PRACH from the UE and the transmit timing of the corresponding downlink frame.
Inter-RAT measurements (TS 36.133[5], sections 4.2.2.5, 8.1.2.4)

· We can measure P-CCPCH RSCP for UTRAN TDD, CPICH measurements for UTRAN FDD, carrier RSSI for GSM etc.
5.1.1
CRS and Timing Advance Procedures

Cell-specific reference signals are transmitted in all LTE downlink sub-frames that support PDSCH transmissions. There are 6 possible frequency patterns for the signals and the pattern being used in a cell depends on the cell ID. The measurements corresponding to CRS are RSRP and RSRQ and are normally made whenever the UE wants to evaluate cell selection or reselection criteria. However the SMLC can use the LPP protocol and instruct the UE to measure these quantities whenever they are needed for location estimation (TS 36.355 [6], section 6.5.3). 

The Timing Advance measurement is made by the eNodeB for each UE it is serving and is used for maintaining time alignment of uplink frames received from different UEs. Normally the measurement is used to form the timing advance command for the UE which is sent out as a MAC message. The timing advance command contains the timing shift (relative to the current UE uplink timing) that the UE needs to apply to its transmissions in order to achieve uplink frame alignment and is expressed in multiples of 16*  (TS 36.133 [5], section 7.3). However, the actual Timing Advance measurement is made at a much higher resolution of 2*Ts (36.133, 10.3) and can be requested by the SMLC using the LPPa protocol (TS 36.455 [7], section 9.3.5). 

5.1.2
PRS Procedure

Positioning reference signals are only transmitted in specially configured LTE downlink sub-frames (configured by higher layers). PDSCH is not transmitted in these sub-frames, which reduces the interference and hence allows more accurate measurements. The time period with which PRS is sent is also configured by the higher layers and varies between 160 and 1280 sub-frames. In addition to the PRS signals, the cell-specific RS signals will also be transmitted during the PRS sub-frame (R1-093024). 

One way to improve the hearability of neighbouring eNodeB and hence possibly improve the accuracy RF Pattern Matching location estimation is to utilize CRS signal measurements during the PRS sub-frames. A second approach could be to utilize PRS measurements (RSTD) as well. 

6
Simulation Methodology

6.1
Overview

In the following sections, a simulation methodology is provided to evaluate the location accuracy of RF Pattern Matching against a baseline of the E-CID (CELL-ID + TA) method. For the first cut, this study will use RSRP measurements along with the E-CID measurements as inputs to the RF Pattern Matching algorithm. The simulation framework however allows for easy integration of other measurements and procedures (PRS, inter-RAT). The simulation also supports both synchronous and asynchronous cells scenarios. It is suggested that the simulation methodology and flows be used as the foundation for further study.
6.2
Network topology

The simulation uses the standard hexagonal distribution of cellular towers shown in Figure 1.  Each tower is assumed to have the same number of sectorized cells at the same angular orientations.  The tower spacing, the number of cells per tower, the orientation of the alpha cell, and the beam-width of each antenna are configurable.  It is possible to specify the above cell pattern for multiple RATs in order to study algorithms utilizing inter-RAT measurements. For each RAT,  it is necessary to specify the location and azimuth offsets for the central cell tower (relative to the LTE RAT).    
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Figure 1 - Network Configuration

6.3
Location methods to be simulated

The simulation models the accuracy of two general methods of calculating the location of a handset in an LTE   network:-

· E-CID (Cell-ID + TA):  In this method, the network measures the timing advance (TA) supplied by the serving cell to the handset. This measurement is used to calculate the distance of the handset from the serving cell.  The intersection of this TA circle with the antenna bore-sight gives an estimate of the handset’s location.

· RF Pattern Matching:  This method also uses the E-CID measurements as measures of the handset’s distance from the cells in the active set.  But in addition, it compares the signal strengths for all decodable cells with a database of predicted signal strengths to derive additional measures of the handset’s location. The details of how the Cell-ID + TA and the signal strength (RSRP) measurements are combined vary from implementation to implementation.  Instead of focusing on a particular way of combining the measurements, this study assumes that the measurements have been combined optimally. This will be elaborated further in the next section which presents location accuracy models for the E-CID and Pattern Matching methods. 

6.4
Error models

In general, the location accuracy obtained using different methods will depend upon the details of the underlying estimation algorithm. The aim of this simulation study is however to compare general classes of methods and not get bogged down by details of a particular algorithmic implementation. To this end, the study derives the Cramer-Rao bounds on achievable error covariance matrices for E-CID and RF Pattern Matching methods and uses them as the physical layer performance metric in system level simulations. 

This study assumes a model where measurements are non-linearly related to the parameter of interest (location, i.e. x, y coordinates of the UE) and are corrupted by Gaussian Noise. More specifically, let y be a length N vector of measurements as below:
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Where, x is the handset location (length 2) and v is a zero-mean Gaussian error vector with covariance matrix R.  The probability density function relating the measurements and the handset location is given by:
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The Fisher Information Matrix (FIM) 
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 is a 2x2 matrix with element 
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where E[.] is the expectation taken over all realizations of the noise vector. Alternately,
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The Cramer-Rao covariance bound P is then given by,
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If the measurement error covariance is assumed to be diagonal, this error covariance can be re-written as the inverse of a sum of outer products:
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where i is the standard deviation of the ith measurement.  A scalar measure of the location error can then be defined:
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In other words, the error sigma is the root sum square of the major and minor axes of the covariance ellipse.

6.4.1
Enhanced Cell ID Error model

The E-CID method uses the timing advance (TA) measurement to calculate the distance from the serving cell to the handset.  Although TA is actually reported in seconds, the simulation simply assumes that it is just a noisy direct distance measurement:
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where xHS  is the handset location,  xCELL is the cell location, and the noise has variance 
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, the partial derivative needed to compute the Fisher Information Matrix  is:
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which is a unit vector in the direction from the cell to the handset.  Therefore, the TA measurement has no sensitivity in the cross-range direction.  However, for a sectorized cell, the width of the antenna beam provides  restrictions on the cross-range error. Defining CELL as the angle of the antenna boresight, and HS as the angle to the handset (both measured counter-clockwise from the x-axis), one would expect HS to be distributed evenly around CELL with most of the probability mass lying within [CELL –BW/2, CELL +BW/2]. This simulation assumes 
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where α is a parameter controlling the density of users inside the cell sector. 

The above information can be incorporated into the construction of the FIM by writing the probability density function.
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Let xHS = [xHS1, xHS2], xCELL = [xCELL1, xCELL2]. Then
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After writing the log-likelihood function, one can see that the FIM can be decomposed into two terms,
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After some algebraic manipulations, it can be easily seen that


[image: image23.wmf]T

HS

TA

TA

T

HS

HS

dx

d

d

dx

÷

÷

ø

ö

ç

ç

è

æ

¶

ú

û

ù

ê

ë

é

-

=

÷

÷

ø

ö

ç

ç

è

æ

¶

1

0

1

1

0

q


Therefore the FIM becomes
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This results in an uncertainty ellipse that is narrow in the down-range direction, and long (but not infinite) in the cross-range direction. 

6.4.2
RFPM Error model

In order to keep the simulation independent of any company’s proprietary algorithms, the simulation uses Hata models to represent the RSRP signature models used by the Pattern Matching method.  This model is given by:
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where  is the pathloss exponent and 
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and where xHS is the handset location, xCELL is the cell location, FBR is the front-to-back ratio, HS is the angle to the handset, and CELL is the angle of the antenna boresight (both angles measured positive counter-clockwise from the x-axis.  After some tedious algebra, we find that:
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Because of the possibility of an unknown bias between the handset signal strength measurements and the predicted signal strengths, the simulation uses a relative signal strength formulation for the RSCP measurements instead of an absolute signal strength formulation.  This approach is informationally equivalent to assuming a common bias in an absolute signal strength formulation, estimating that bias at every point, and substituting it back into the original cost function.  The simulation uses:
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as the variance of the total RSRP error, where RSCP represents the measurement error and MDL represents the signature modelling error.

The Pattern Matching method uses the same uncertainty contributions for TA measurements as the E-CID method, so that:
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As a result, the E-CID location error covariance forms an upper bound on the Pattern Matching error covariance.

6.5
Simulation structure

At a high level, the simulation structure can be described by the flowchart given in Figure 2. 



Figure 1 - Network Configuration


6.5.1
Input parameters

Some of the configurable parameters for the simulation model used in this study are listed below. The parameter values chosen for simulating different environments is based on those defined in R1-091659.  

	towerSpacing
	Distance between towers (m)

	cellsPerTower
	Number of cells on each tower

	azimuth
	Azimuth of bore-sight of alpha sector on tower (deg)

	gamma
	Pathloss exponent

	fbr
	Front-to-back ratio (dB)

	sigmaRsrp
	Rsrp uncertainty  due to measurement error (dB)

	sigmaMdl
	Rsrp modelling error (dB)

	sigmaTa
	Timing Advance uncertainty (m)

	beamWidth
	Cell beam-width (m)

	rsrpRef
	reference signal strength at distance dRef from cell along the cell bore-sight (dBm)

	dRef
	reference distance (m)

	loadingFactor
	fraction of additional power created by traffic channels

	decodeThreshold
	Ec/Io needed to decode signal (dB)

	numSubFrames
	number of sub frames for which simulation should be run

	numRuns
	number of Monte Carlo runs for each subframe

	sampleSpacing
	distance between samples (m)

	isSynchronous
	Boolean determining whether the cells are synchronous or not


6.5.1.1
Urban environment
	towerSpacing
	500 m

	cellsPerTower
	3 

	azimuth
	0 degrees

	Gamma
	3.76

	Fbr
	30 dB

	beamWidth
	120 degrees

	dRef
	100 m

	sampleSpacing
	10 m


6.5.1.2
Suburban environment
	towerSpacing
	1732 m

	cellsPerTower
	3 

	azimuth
	0 degrees

	Gamma
	3.76

	Fbr
	30 dB

	beamWidth
	120 degrees

	dRef
	100 m

	sampleSpacing
	50 m



	
	

	
	

	
	

	
	

	
	

	
	

	
	

	
	



	
	

	
	

	
	

	
	

	
	

	
	


6.5.2
Detailed simulation flow

Figure 2 provides a flow chart giving a detailed algorithmic view of the simulation.   

6.5.3
Propagation models

This simulation uses the Hata model for urban areas (and its variations for suburban and open/rural areas) for modelling the power decay of base station reference signals for frequencies lying between 150 MHz and 1000 MHz, and the COST 231 model for frequencies between 1500 MHz and 2000 MHz:

6.5.3.1
Hata’s propagation model for Urban Areas
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where
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Restrictions for the accuracy of the model are:-
30m < 
[image: image32.wmf]base

h

< 200m
1m < 
[image: image33.wmf]Mobile

h

< 10m
1km  < D < 20km

6.5.3.2
COST231 propagation model
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where 
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and 
[image: image36.wmf]m

C

is 0 dB for medium sized city and suburban centres with medium tree density or 3 dB for metropolitan centres.

6.5.3.3 
Extension to Suburban and Rural Areas

For suburban and rural areas, additional loss factors have to be added:-
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7
Simulation results

Figures 7.1 and 7.2 show the CDFs for minimum achievable location error (σloc from section 6.4) for RFPM and ECID methods. Note that the simulations are based on measurement of average signal strength of the CRS signals (RSRP) which are transmitted with a freq reuse factor of 6 and with a 3dB power gain over the traffic channel. 

A detailed set of parameters and their values used for generating Figures 7.1 and 7.2 is given below:-

7.1
Urban environment

	cellsPerTower
	3

	towerSpacing
	500

	gamma
	3.76

	beamWidth
	120

	dRef
	100

	fbr
	30

	indoorLoss
	10

	centerLoc
	[0,0]

	Azimuth
	0

	rsrpRef
	-80.5

	noisePerTone
	-126

	loadingFactor
	0.5

	decodeThreshold
	-6

	rsGain
	3

	freqReuse
	6

	sigRsrp
	1

	sigMdl
	6

	sigTA
	50

	sampleSpacing
	10

	sampleDistThresh
	35

	numTrials
	10
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  RFPM       (67% = 219m, 95% = 358m, 99% = 470m), Fix = 100%

  ECID       (67% = 379m, 95% = 813m, 99% = 1058m), Fix = 100%



7.2
Suburban environment

	cellsPerTower
	3

	towerSpacing
	1732

	gamma
	3.76

	beamWidth
	120

	dRef
	100

	fbr
	30

	indoorLoss
	10

	centerLoc
	[0,0]

	Azimuth
	0

	rsrpRef
	-80.5

	noisePerTone
	-126

	loadingFactor
	0.5

	decodeThreshold
	-6

	rsGain
	3

	freqReuse
	6

	sigRsrp
	1

	sigMdl
	6

	sigTA
	50

	sampleSpacing
	10

	sampleDistThresh
	35

	numTrials
	10
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  RFPM       (67% = 763m, 95% = 1343m, 99% = 2141m), Fix = 100%

  ECID       (67% = 1313m, 95% = 2818m, 99% = 3599m), Fix = 100%


8
Impact to the E-UTRA specifications

9
Conclusions
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Figure 2: Simulation Structure





Figure 7.1: Urban Environment: 500 m Inter-cell distance





Figure 7.2: Suburban Environment: 1732 m Inter-cell distance
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