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TIME OF ARRIVAL (TOA) ESTIMATION FOR POSITIONING
IN A WIRELESS COMMUNICATION NETWORK

I. Claim of Priority under 35 U.S.C. §119

The present Application for Patent claims priority to Provisional U.S.
Application Serial No. 61/109,165, entitled “Time of Arrival Estimation for Position
Location,” filed October 28, 2008, assigned to the assignee hereof, and expressly

incorporated herein by reference.

BACKGROUND
L. Field

The present disclosure relates generally to communication, and more specifically
to techniques for estimating time of arrival (TOA) of signals in a wireless

communication network.

II.  Background

Wireless communication networks are widely deployed to provide various
communication content such as voice, video, packet data, messaging, broadcast, etc.
These wireless networks may be multiple-access networks capable of supporting
multiple users by sharing the available network resources. Examples of such multiple-
access networks include Code Division Multiple Access (CDMA) networks, Time
Division Multiple Access (TDMA) networks, Frequency Division Multiple Access
(FDMA) networks, Orthogonal FDMA (OFDMA) networks, and Single-Carrier FDMA
(SC-FDMA) networks.

A wireless communication network may include a number of base stations that
can support communication for a number of user equipments (UEs). A base station may
transmit various signals on the downlink to support communication with UEs. Some of
the signals may be known a priori by the UEs and may be used for various purposes
such as cell detection, channel estimation, timing adjustment, frequency correction, etc.
Different signals may have different characteristics to provide good performance for the

intended uses of these signals.
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SUMMARY

Techniques for determining TOAs of signals in a wireless communication
network are described herein. In one design, each cell in the wireless network may
transmit a primary synchronization signal and a secondary synchronization signal on a
set of contiguous subcarriers in the center portion of the system bandwidth. Each cell
may also transmit first and second reference signals on different sets of non-contiguous
subcarriers distributed across the system bandwidth.

In an aspect, a TOA for a cell at a UE (or some other entity) may be determined
based on multiple signals transmitted by the cell on different sets of subcarriers. In one
design, the TOA for the cell may be determined based on a reference signal transmitted
on a set of non-contiguous subcarriers and a synchronization signal transmitted on a set
of contiguous subcarriers. In another design, the TOA for the cell may be determined
based on a first reference signal transmitted on a first set of non-contiguous subcarriers
and a second reference signal transmitted on a second set of non-contiguous subcarriers.
In yet another design, the TOA for the cell may be determined based on the first and
second reference signals and the primary and secondary synchronization signals. In
general, the TOA for the cell may be determined based on any number of signals, and
cach signal may be transmitted on a set of contiguous or non-contiguous subcarriers.
The TOA for the cell may be more accurately estimated using multiple signals
transmitted on different sets of subcarriers, as described below. This may improve the
accuracy of a location estimate or a relative time difference (RTD) determined based on
the TOA.

In one design, a UE may perform correlation for a first signal (e.g., a
synchronization signal) from a cell to obtain first correlation results for a plurality of
time offsets. The UE may perform correlation for a second signal (e.g., a reference
signal) from the cell to obtain second correlation results for the plurality of time offsets.
The UE may also perform correlation for each of one or more additional signals from
the cell to obtain correlation results for the signal. The UE may combine the first and
second correlation results (and possibly correlation results for additional signals) to
obtain combined correlation results for the cell. The UE may determine the TOA for
the cell based on the combined correlation results. The UE may determine TOAs for

multiple cells, which may be used to determine a location estimate for the UE.
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Various aspects and features of the disclosure are described in further detail

below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a wireless communication network.

FIG. 2 shows an exemplary frame structure.

FIG. 3 shows an exemplary subframe format.

FIGS. 4A to 4F show plots of correlation functions for synchronization signals
and reference signals.

FIG. 5 shows positioning for a UE.

FIG. 6 shows a process for determining TOAs for positioning.

FIG. 7 shows a process for determining TOA for one transmitter.

FIG. 8 shows a block diagram of a UE and a base station.

DETAILED DESCRIPTION

The techniques described herein may be used for various wireless
communication networks such as CDMA, TDMA, FDMA, OFDMA, SC-FDMA and
other networks. The terms “network™ and “system” are often used interchangeably. A
CDMA network may implement a radio technology such as Universal Terrestrial Radio
Access (UTRA), cdma2000, etc. UTRA includes Wideband CDMA (WCDMA) and
other variants of CDMA. c¢dma2000 covers IS-2000, IS-95 and 1S-856 standards. A
TDMA network may implement a radio technology such as Global System for Mobile
Communications (GSM). An OFDMA network may implement a radio technology
such as Evolved UTRA (E-UTRA), Ultra Mobile Broadband (UMB), IEEE 802.11 (Wi-
Fi), IEEE 802.16 (WiMAX), IEEE 802.20, Flash-OFDM®, etc. UTRA and E-UTRA
are part of Universal Mobile Telecommunication System (UMTS). 3GPP Long Term
Evolution (LTE) and LTE-Advanced (LTE-A) are new releases of UMTS that use E-
UTRA, which employs OFDMA on the downlink and SC-FDMA on the uplink.
UTRA, E-UTRA, UMTS, LTE, LTE-A and GSM are described in documents from an
organization named “3rd Generation Partnership Project” (3GPP). ¢cdma2000 and UMB
are described in documents from an organization named “3rd Generation Partnership
Project 2” (3GPP2). The techniques described herein may be used for the wireless

networks and radio technologies mentioned above as well as other wireless networks
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and radio technologies. For clarity, certain aspects of the techniques are described
below for LTE, and LTE terminology is used in much of the description below

FIG. 1 shows a wireless communication network 100, which may be an Evolved
Universal Terrestrial Radio Access Network (E-UTRAN) in LTE or some other
wireless network. Wireless network 100 may include a number of evolved Node Bs
(eNBs) and other network entities. For simplicity, only three eNBs 110a, 110b and
110c and one evolved Location Measurement Unit (¢eLMU) 130 are shown in FIG. 1.
An eNB may be a station that communicates with the UEs and may also be referred to
as a Node B, a base station, an access point, a femtocell, etc. Each eNB 110 may
provide communication coverage for a particular geographic areca. The overall coverage
arca of an eNB may be partitioned into multiple smaller arcas, and each smaller arca
may be served by a respective eNB subsystem. In 3GPP, the term “cell” can refer to a
coverage arca of an eNB and/or an eNB subsystem serving this coverage area. In
3GPP2, the term “sector” or “cell-sector” can refer to a coverage area of a base station
and/or a base station subsystem serving this coverage arca. For clarity, 3GPP concept
of cell is used in the description below. An eNB may serve one or multiple (e.g., three)
cells.

Wireless network 100 may support synchronous or asynchronous operation. For
synchronous operation, the eNBs may have their timing aligned to a common time
source and may transmit their signals at approximately the same time. The common
time source may be from the United States Global Positioning System (GPS), the
European Galileo system, the Russian GLONASS system, or some other navigation
satellite system (NSS). For asynchronous operation, the eNBs may have different
timing, and the signals from different eNBs may not be aligned in time. The techniques
described herein may be used for both synchronous and asynchronous networks.

eLMU 130 may be deployed at a known location and may measure TOAs of
signals from different cells. The TOAs and the known location of eLMU 130 may be
used to determine RTDs between different cells, as described below. The RTDs may be
used for positioning of UEs in an asynchronous network. e¢LMU 130 may be a
standalone element (as shown in FIG. 1) or may be integrated in an eNB. eLMU 130
may communicate with the network via one or more wireless or wireline
communication links, e.g., to report its measurements to a network entity, to receive

measurement instructions from a network entity, etc. eLMU 130 may obtain
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measurements for TOAs for various cells, RTDs for various pairs of cells, quality
estimates for the measurements, etc. ¢LMU 130 may report its measurements to a
location server in the network. The location server may be a Serving Mobile Location
Center (SMLC), an evolved SMLC (eSMLC), a Gateway Mobile Location Center
(GMLC), a Position Determination Entity (PDE), a Standalone SMLC (SAS), a Secure
User Plane Location (SUPL) Location Platform (SLP), etc. ¢eLMU 130 may report the
measurements on demand, periodically, or on modification (e.g., when the measurement
quantity changed by a certain amount compared to the previous measurement report). A
network entity (e.g., an eSMLC, etc.) may store the eLMU measurements in a database
(c.g., in a Base Station Almanac) together with other information (e.g., eNB locations,
eNB radio parameters, eNB cell IDs, etc.) to be used for positioning of a target UE or
for provision of assistance data to a UE, as described below.

A number of UEs may be dispersed throughout wireless network 100, and each
UE may be stationary or mobile. For simplicity, FIG. 1 shows only one UE 120. A UE
may also be referred to as a terminal, a mobile station (MS), a subscriber unit, a station,
etc. A UE may be a cellular phone, a personal digital assistant (PDA), a wireless
modem, a wireless communication device, a handheld device, a laptop computer, a
cordless phone, a wireless local loop (WLL) station, a tracking device, etc. A UE may
communicate with an eNB via the downlink and uplink. The downlink (or forward
link) refers to the communication link from the eNB to the UE, and the uplink (or
reverse link) refers to the communication link from the UE to the eNB. FIG. 1 shows
downlink transmissions from eNBs 110a, 110b and 110c to UE 120. Uplink
transmissions from the UE to the eNBs are not shown in FIG. 1.

LTE utilizes orthogonal frequency division multiplexing (OFDM) on the
downlink and single-carrier frequency division multiplexing (SC-FDM) on the uplink.
OFDM and SC-FDM npartition the system bandwidth into multiple (K) orthogonal
subcarriers, which are also commonly referred to as tones, bins, etc. Each subcarrier
may be modulated with data. In general, modulation symbols are sent in the frequency
domain with OFDM and in the time domain with SC-FDM. The spacing between
adjacent subcarriers may be fixed, and the total number of subcarriers (K) may be
dependent on the system bandwidth. For example, the spacing between adjacent
subcarriers may be 15 KHz, and K may be equal to 83, 166, 333, 666 or 1333 for
system bandwidth of 1.25, 2.5, 5, 10 or 20 MHz, respectively.
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FIG. 2 shows a frame structure in LTE. The transmission timeline for the
downlink may be partitioned into units of radio frames. Each radio frame may have a
predetermined duration (e.g., 10 milliseconds (ms)) and may be partitioned into 10
subframes with indices of 0 through 9. Each subframe may include two slots. Each
radio frame may thus include 20 slots with indices of 0 through 19. Each slot may
include L symbol periods, e.g., L =7 symbol periods for a normal cyclic prefix (as
shown in FIG. 2) or L=6 symbol periods for an extended cyclic prefix. The 2L
symbol periods in each subframe may be assigned indices of 0 through 21L—-1.

In LTE, each eNB may periodically transmit a primary synchronization signal
(PSS) and a secondary synchronization signal (SSS) for each cell in that eNB. The
primary and secondary synchronization signals may be sent in symbol periods 6 and 5,
respectively, in subframes 0 and 5 of each radio frame with the normal cyclic prefix, as
shown in FIG. 2. The UEs may search for the primary and secondary synchronization
signals to detect for cells and may obtain information such as cell identity (ID), timing,
and frequency offset of the detected cells. Each eNB may also periodically transmit
reference signals for each cell in that eNB. The UEs may use the reference signals from
the detected cells for various functions such as channel estimation, signal strength
measurement, signal quality measurement, etc.

In LTE, each cell may be assigned a cell ID, which may be given as:
Np' =3-Nj +NJ . Eq (1)

where N&' €{0,...,503} is the cell ID,
N €{0,..,167} is an index of a cell ID group to which the cell ID belongs, and

N® €{0,1,2} is an index of a specific ID within the cell ID group.

The primary and secondary synchronization signals for each cell may be generated
based on N and N&) for the cell.

An eNB may generate a primary synchronization signal for a cell as follows.
The eNB may first generate a sequence d,4(n) of 62 complex values based on a
Zadoff-Chu sequence and N for the cell. The eNB may map the 62 complex values
in d,4(n) to 62 subcarriers in the center of the system bandwidth, as shown in FIG. 2.

The eNB may map zero symbols with signal value of zero to the remaining subcarriers.
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The eNB may then generate an OFDM symbol with the primary synchronization signal
sent on the center 62 subcarriers. To generate the OFDM symbol, the eNB may (i)
perform an Ngpr-point fast Fourier transform (FFT) on Nrrr mapped symbols to obtain
Nrrr time-domain samples for a useful portion and (ii) copy the last C samples of the
useful portion and append these samples to the front of the useful portion to obtain the
OFDM symbol comprising N, +C samples. C is the length of a cyclic prefix used to

combat frequency selective fading caused by multipath in a wireless channel. The eNB
may transmit the OFDM symbol in each symbol period in which the primary
synchronization signal is sent.

The eNB may generate a secondary synchronization signal for the cell as

follows. The eNB may first generate a sequence dg(n) of 62 complex values based

on scrambling and pseudo-random number (PN) sequences as well as N{) and N¢ for
the cell. The eNB may map the 62 complex values in d(n) to 62 subcarriers in the

center of the system bandwidth, as shown in FIG. 2. The eNB may map zero symbols
to the remaining subcarriers and may generate an OFDM symbol with the secondary
synchronization signal sent on the center 62 subcarriers. The eNB may transmit the
OFDM symbol in each symbol period in which the secondary synchronization signal is
sent. The primary and secondary synchronization signals in LTE are described in 3GPP
TS 36.211, entitled “Evolved Universal Terrestrial Radio Access (E-UTRA); Physical
Channels and Modulation,” which is publicly available.

A UE may perform cell search to detect for cells. The UE may detect for
primary synchronization signals in the first step of the cell search. The UE can ascertain

@
[

symbol timing and obtain N;] from each detected primary synchronization signal. The

UE may then detect for the secondary synchronization signal for each detected primary

synchronization signal in the second step of the cell search. The UE can ascertain frame
timing and obtain N{ from each detected secondary synchronization signal.

FIG. 3 shows a subframe format in LTE. The available time frequency
resources may be partitioned into resource blocks. In LTE, each resource block covers
12 subcarriers in one slot and includes a number of resource elements. Each resource
element covers one subcarrier in one symbol period and may be used to send one

symbol, which may be a real or complex value.
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The subframe format shown in FIG. 3 may be used by an eNB with two
antennas. A cell-specific reference signal may be sent in each of symbol periods 0, 4, 7
and 11 of a subframe for the normal cyclic prefix. A reference signal is a signal that is
known a priori by a transmitter and a receiver and may also be referred to as pilot, etc.
A cell-specific reference signal is a reference signal that is specific for a cell, e.g.,
generated with one or more sequences determined based on the cell ID. A cell-specific
reference signal may also be referred to as a common reference signal, common pilot,
etc. For simplicity, a cell-specific reference signal is referred to as a reference signal in
much of the description below.

For antenna 0, a first reference signal may be sent on a first set of subcarriers in
the first symbol period of each slot. A second reference signal may be sent on a second
set of carriers in the fifth symbol period of each slot with the normal cyclic prefix. Each
set may include subcarriers that are spaced apart by six subcarriers. The subcarriers in
the first set may be offset from the subcarriers in the second set by three subcarriers.
For antenna 1, a first reference signal may be sent on the second set of subcarriers in the
first symbol period of each slot. A second reference signal may be sent on the first set
of subcarriers in the fifth symbol period of each slot with the normal cyclic prefix. In
FIG. 3, resource elements used for the reference signals are shown with black fill, and
resource elements used for other transmissions are shown with white fill. Resource
elements used for reference signals by a given antenna are not used for transmission by
other antennas. For each antenna, the resource elements not used for transmission by
that antenna are shown with cross hash.

An eNB may generate a reference signal for a cell as follows. The eNB may

first generate a sequence d,(n) of Q complex values based on a PN sequence and N

for the cell, where Q is dependent on the total number of subcarriers (K). The eNB may

map the Q complex values in d,,(n) to Q subcarriers uniformly distributed across the

system bandwidth and spaced apart by six subcarriers, as shown in FIG. 3. The specific
subcarriers to use for the reference signal may be determined by the cell ID. Different
cells with different cell IDs may use different subcarriers for their reference signals.
The eNB may map other symbols (e.g., data symbols, control symbols, zero symbols,

etc.) on the remaining subcarriers and may generate an OFDM symbol with the
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reference signal sent on the Q non-contiguous subcarriers. The eNB may transmit the
OFDM symbol in each symbol period in which the reference signal is sent.
The eNB may generate the first and second reference signals for each slot in

similar manner. Sequence d,q(#) may be a function of slot index as well as symbol

period index and may thus be different for different reference signals. Different
subcarriers may also be used for the first and second reference signals, as shown in FIG.
3. The OFDM symbol for the first reference signal may thus be different from the
OFDM symbol for the second reference signal, even if the remaining subcarriers are
filled with zero symbols. The reference signals in LTE are described in the
aforementioned 3GPP TS 36.211.

The synchronization signals and the reference signals from each cell are known
by the UEs and may be used for positioning. Positioning refers to a functionality that
determines a geographical location of a target device, e.g., a UE. The synchronization
signals may be sent in two symbol periods every 5 ms, as shown in FIG. 2.
Furthermore, the synchronization signals may be sent in the center 930 KHz of the
system bandwidth to allow all UEs to receive these signals regardless of their bandwidth
capability. The reference signals may be sent in two symbol periods of each slot, as
shown in FIG. 3. Furthermore, the reference signals may be sent on non-contiguous
subcarriers distributed across the system bandwidth to allow UEs to derive a channel
estimate for the entire system bandwidth.

A UE may determine the TOAs of synchronization signals and/or reference
signals from cells that have been detected by the UE. The TOAs for different cells and
their known locations may be used to derive a location estimate for the UE, as described
below.

The UE may determine the TOA of a synchronization signal (e.g., a primary or
secondary synchronization signal) from a given cell m as follows. The UE may locally

generate a sample sequence dg ,(n) for an OFDM symbol comprising the

synchronization signal in similar manner as cell m. The UE may correlate its received

samples r(n) with the locally generated sample sequence d () in the time domain,

as follows:

Sgon ()= D r (n)-dys, (n+), Eq(2)
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where L is the number of samples in the sample sequence, e.g., L =N, +C, and
Ss.m(k) 18 a correlation result for the synchronization signal from cell m for

time offset £.

The UE may obtain a correlation result for each time offset within a search
window. The width of the search window may be dependent on the size of the cell,
which may define the minimum and maximum TOAs. For example, the center of the
serving cell may be used as a coarse location estimate for the UE. The expected TOAs
for each neighbor cell may be predicted using the known location of the cells by
calculating the distance between each neighbor cell and the coarse location estimate for
the UE. Since the true UE location can be anywhere within the coverage area of the
serving cell, a minimum and maximum expected TOA for each neighbor cell may be
determined by the shortest and longest distances between the cell edges of the serving
cell and each neighbor cell, respectively. If the network operates in asynchronous
mode, then the RTDs may be taken into account when predicting expected TOAs and
secarch window sizes. The expected TOAs and search window calculations may be
performed by a network entity (e.g., an eSMLC, etc.) and provided as assistance data to
the UE. Alternatively, the UE may perform these calculations using information about
neighbor cell locations and RTDs (if applicable), which may be provided to the UE in
assistance data or may be available from other sources (e.g., cell broadcast information).
The center of the search window may be placed at an expected TOA.

In one design, the UE may compare the squared magnitude of the correlation
result for each time offset against a threshold Sy, The UE may declare a detected

synchronization signal if the following condition is satisfied:
|Sss,m(k)|2>5m : Eq (3)

In other designs, the UE may compare the magnitude, the absolute value, or
some other metric of the correlation result against a suitable threshold. In one design,
the threshold Szz may be a fixed value. In another design, the threshold S7y may be a
configurable value that may be set to a particular percentage of the energy of the
received samples. For both designs, the threshold may be selected based on a trade off
between detection probability and false alarm probability. A higher threshold may

reduce both detection probability and false alarm probability, and vice versa.
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The UE may correlate the received samples with the locally generated sequence
for each time offset as shown in equation (2) and may compare the correlation result
against the threshold as shown in equation (3). The UE may determine the earliest time
offset with the correlation result exceeding the threshold and may provide this time
offset as the TOA of the synchronization signal from cell m at the UE. This TOA
estimate may be given with sampling period resolution. The UE may perform
interpolation to obtain a TOA estimate with a finer time resolution. For example, the
TOA estimate obtained with sampling period resolution may be interpolated using
neighbor sampling points in accordance with parabolic, cubic, and/or other interpolation
functions known in the art. Additional adjustments may be applied to the interpolated
TOA estimate to compensate for known biases between a transmitted pulse shape and a
selected interpolating function.

The UE may determine the TOA of a reference signal from cell m as follows.

The UE may locally generate a sample sequence dyg ,(n) for an OFDM symbol

comprising the reference signal from cell m. In one design, the sample sequence
generated locally by the UE may include zero symbols on subcarriers not used for the
reference signal whereas the OFDM symbol generated by cell m may comprise non-zero
symbols on the subcarriers not used for the reference signal. The non-zero symbols sent
by cell m may then act as noise.

The UE may correlate its received samples r(n) with the locally generated
sequence dyg ,,(n) in the time domain for different time offsets, ¢.g., as shown in

equation (2). The UE may compare the squared magnitude or some other metric of the
correlation result for each time offset against a threshold, e.g., as shown in equation (3).
The UE may provide the earliest time offset with the correlation result exceeding the
threshold as the TOA of the reference signal from cell m at the UE. The UE may also
perform interpolation and bias compensation to obtain a more accurate TOA estimate.
For example, interpolation may be performed on at least two combined correlation
results, including the combined correlation result for the identified time offset, to obtain
an interpolated time offset, and the TOA may be determined for the transmitter based on
the interpolated time offset. Determining the TOA for the transmitter based on the

interpolated time offset may include determining the TOA for the transmitter based
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further on an adjustment to account for known biases between a transmitted pulse shape
and an interpolating function.

Equation (2) shows correlation of the received samples with a locally generated
sample sequence for one OFDM symbol. The received samples may be noisy, and the
correlation results may also be noisy. In one design, the correlation results for different

OFDM symbols may be coherently combined, as follows:

Secen®)=2.8,,(k) , Eq (4)

where S, ,(k) is a correlation result for time offset £ in OFDM symbol 7, and

Scc.(k) 18 a coherently combined correlation result for time offset £.

In another design, the correlation results for different OFDM symbols may be

non-coherently combined, as follows:

Sven®) =218, Eq ()

where Sy, (k) is a non-coherently combined correlation result for time offset .

As shown in equation (4), coherent combining sums complex values such that
the phases of the complex values affect the result. As shown in equation (5), non-
coherent combining sums real values for energies. Coherent and non-coherent
combining may be used to average the noise and improve accuracy of the correlation
results. Coherent combining may provide better performance but may be limited to
situations in which the wireless channel does not changed noticeably, to avoid
combining complex values with large phase difference. Non-coherent combining may
be used for all situations.

The correlation of the received samples with a locally generated sample
sequence may be defined by a correlation function. The correlation function may
assume ideal received samples with no noise and only known symbols for a
synchronization signal or a reference signal (e.g., zero symbols on subcarriers not used
for the synchronization signal or the reference signal). The correlation function for a
synchronization signal or a reference signal for a single propagation path may be

expressed as:
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(TSYM—|t|)sin[7zP&UP_1J+lj Af t]

Nipr Af sin(z P Af 1)

. Eq (6)

|R(D)|=

where Tgyy is the duration (in seconds) of one OFDM symbol,

t1s a temporal lag around a correlation peak, with — T, << Tg,»
Afis the spacing between subcarriers, ¢.g., Af =15 KHz in LTE,

Nrrr is the FFT length, e¢.g., N =512 for 5 MHz system bandwidth in LTE,

U is the total number subcarriers used for the synchronization or reference signal,

P is the spacing between subcarriers used for the synchronization or reference
signal (in number of subcarriers), and

| R(?)| is a normalized correlation value for the synchronization or reference signal.

For example, for a synchronization signal, U=62 and P=1. For example, for
a reference signal, U=301 for 5 MHz system bandwidth and P=6. The other
parameters are the same for both the synchronization signals and the reference signals.

The correlation function has peaks at values of ¢ that make the denominator of

equation (6) equal to zero. These values of # may be expressed as:

[

t= , fori=1,2,.... Eq (7
AT q(7)

FIG. 4A shows a plot 410 of the correlation function for a reference signal
transmitted in one OFDM symbol. The horizontal axis shows TOA error in units of
kilometers (km), and the vertical axis shows normalized correlation value. As shown in
FIG. 4A, the correlation function for the reference signal has a main peak at zero TOA
error and secondary peaks every 3.3 km. The secondary peaks are due to
undersampling in the frequency domain, with every sixth subcarrier being used for the
reference signal, as shown in FIG. 3.

FIG. 4B shows a plot 420 of the correlation function for a synchronization
signal transmitted in one OFDM symbol. As shown in FIG. 4B, the correlation function
for the synchronization signal has a single main peak at zero TOA error and no

secondary peaks.
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FIG. 4E shows a zoom-in plot 412 of the main peak of the correlation function
for the reference signal for 5 MHz system bandwidth. FIG. 4E also shows a plot 422 of
the main peak of the correlation function for the synchronization signal. The width of
the main peak for each signal is determined by the bandwidth of the signal. For 5 MHz
system bandwidth, the bandwidth of the reference signal may be more than four times
the bandwidth of the synchronization signal. The width of the main peak for the
reference signal would then be more than four times more narrow than the width of the
main peak for the synchronization signal, as shown in FIG. 4E.

In LTE, the bandwidth of the synchronization signal is fixed at 930 KHz
regardless of the system bandwidth. The width of the main peak for the synchronization
signal may be fixed and shown by plot 422 in FIG. 4E. The bandwidth of the reference
signal may be dependent on the system bandwidth and may be variable from 1.25 MHz
to 20 MHz. The width of the main peak for the reference signal may be progressively
more narrow as the system bandwidth progressively increases from 1.25 MHz to 20
MHz.

The width of the main peak for each signal determines the time resolution of the
correlation function for that signal. A TOA estimator that performs correlation may be
considered as a matched filter. The TOA estimator may be able to resolve two

multipath components if Az B, >1, where Ar is the time difference between two

propagation paths, and B, is the equivalent bandwidth of the signal. Graphically, the
TOA estimator may be able to resolve multipath components that are closer together if
the main peak is more narrow. Hence, it may be desirable to use a reference signal
(instead of a synchronization signal) for TOA estimation due to a potentially more
narrow main peak for the reference signal. However, the reference signal has secondary
peaks, as shown in FIG. 4A, which may result in an erroneous TOA if the correlation
window is not properly placed or if the correlation search window is too large so that
multiple peaks fall within the correlation window (e.g., if the cell sizes are too large)
and the correlation results are too noisy.

In summary, the synchronization signals may have the following characteristics:

e Unambiguous correlation function with no secondary peaks,
e Transmitted infrequently in two OFDM symbols every 5 ms, and

e Occupy the center 62 subcarriers independent of the system bandwidth.
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The reference signals may have the following characteristics:

e Ambiguous correlation function with secondary peaks,
e Transmitted frequently in two OFDM symbols every slot of 0.5 ms, and

e Higher system bandwidth gives more energy and narrower main peak.

In an aspect, ambiguity in the correlation of a reference signal may be reduced
by coherently combining correlation results for the first and second reference signals
sent on two sets of subcarriers. This may effectively reduce the subcarrier spacing P in
half, from six subcarriers down to three subcarriers. The secondary peaks may then
occur every 6.6 km (instead of every 3.3 km).

Correlation for two reference signals transmitted by a given cell m on two sets of

subcarriers may be performed as follows:

1. Perform correlation for the first reference signal by correlating the received
samples with a first locally generated sample sequence for the first reference

signal at different time offsets £ and obtain correlation results Sy, ,, (k), €.g., as

shown in equation (2),
2. Perform correlation for the second reference signal by correlating the received
samples with a second locally generated sample sequence for the second

reference signal at different time offsets & and obtain correlation results
Sesam (k) 5

3. Coherently combine the correlation results for the first and second reference

signals for different time offsets, €.g., Sy, (k) = Spqy,, (k) + Sgy, . (k) , and
4. Compare the combined correlation result Sgq, (k) against a threshold and

provide the earliest time offset with the combined correlation result exceeding

the threshold as the TOA of the reference signals from cell m at the UE.

FIG. 4C shows a plot 430 of a correlation function for the first and second
reference signals transmitted in two OFDM symbols of one slot. As shown in FIG. 4C,
the correlation function has a main peak at zero TOA error and secondary peaks every
6.6 km. The secondary peaks are due to undersampling in the frequency domain, with
every third subcarrier being used for the two reference signals. The inter-peak distance

with two reference signals is increased by a factor of two versus the inter-peak distance
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with one reference signal. Hence, the search window sizes (e.g., cell sizes) can be
larger in this case.

Coherently combining the correlation results for two reference signals may
increase the inter-peak distance. However, the secondary peaks are still present and
may result in an erroneous TOA; for example, if the correlation window is not properly
placed, or the correlation results are too noisy.

In another aspect, a narrow main peak and attenuated secondary peaks may be
obtained by coherently combining correlation results for a reference signal with
correlation results for a synchronization signal. The narrow main peak may be obtained
by using the reference signal. The secondary peaks from the reference signal may be
attenuated by using the synchronization signal. Coherently combining the two signals
may provide the advantage of the narrow main peak with less adverse effects due to the
secondary peaks.

In general, correlation results for any number of synchronization signals and any
number of reference signals may be coherently combined. In one design, correlation
results for one synchronization signal and one reference signal may be coherently
combined. In another design, correlation results for the primary and secondary
synchronization signals and the first and second reference signals transmitted in one slot
may be coherently combined. In another design, correlation results for all
synchronization signals and all reference signals transmitted in one subframe may be
coherently combined. Correlation results for other combinations of synchronization
signals and reference signals may also be coherently combined. Coherent combining
may be limited to the coherence time of the wireless channel.

For simplicity, much of the description herein assumes correlation (and hence
coherent accumulation) across all active subcarriers in each symbol period. In general,
coherent combining across subcarriers may be limited to the coherence bandwidth of the
communication channel. Coherent combining over a wider bandwidth may result in
similar degradation as coherent combining too long in time (i.e., integration beyond the
coherence time of the communication channel). If the coherence bandwidth is smaller
than the signal bandwidth, then the signal bandwidth may be partitioned into multiple
(L) portions, where L > (signal bandwidth/coherence bandwidth). Coherent combining

may be performed for each portion, and non-coherent combining may be performed for
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the L portions. Correlation results may thus be non-coherently combined across
frequency and/or time to obtain the final peak energies.

Correlation for the primary and secondary synchronization signals and the first
and second reference signals transmitted in one slot by a given cell m may be performed

as follows:

1. Perform correlation for the primary synchronization signal by correlating the
received samples with a first locally generated sample sequence for the primary
synchronization signal at different time offsets & and obtain correlation results

Spssm(K), €.g., as shown in equation (2),

2. Perform correlation for the secondary synchronization signal by correlating the
received samples with a second locally generated sample sequence for the
secondary synchronization signal at different time offsets & and obtain

correlation results S, (k) ,

3. Perform correlation for the first reference signal at different time offsets and

obtain correlation results Sy, ,, (K),

4. Perform correlation for the second reference signal at different time offsets and

obtain correlation results Sy, ,, (k) ,

5. Coherently combine the correlation results for the primary and secondary
synchronization signals and the first and second reference signals, e.g.,

S, (k)= SRSl,m (k)+ SRsz,m (k) + SPSS,m (k)+ SSSS,m (k),and
6. Compare the combined correlation result S, (k) against a threshold and provide

the earliest time offset with the combined correlation result exceeding the

threshold as the TOA of the signals from cell m at the UE.

Correlation results for the synchronization signals and the reference signals may
also be non-coherently combined (instead of coherently combined).

FIG. 4D shows a plot 440 of a correlation function for the primary and
secondary synchronization signals and the first and second reference signals transmitted
in one slot. As shown in FIG. 4D, the correlation function has a main peak at zero TOA
error and secondary peaks every 6.6 km. However, the secondary peaks are attenuated
relative to the secondary peaks shown in FIG. 4C due to the use of the synchronization

signals.
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FIG. 4F shows a zoom-in plot 442 of the main peak of the correlation function
shown in FIG. 4D. The width of the main peak in plot 442 is approximately equal to the
width of the main peak for the reference signal in plot 412 in FIG. 4E.

A UE may perform correlation with locally generated sample sequences in the
time domain, as described above. In another design, the UE may perform correlation in
the frequency domain. In yet another design, the received samples may be transformed
to the frequency domain to obtain received symbols for all K total subcarriers.
Received symbols on subcarriers not used for the synchronization signals or the
reference signals may be replaced with zero symbols. The received symbols and zero
symbols may be transformed back to the time domain to obtain input samples.
Correlation may then be performed on the input samples instead of the received
samples. Correlation may also be performed in other manners.

Regardless of how correlation may be performed, the UE may coherently and/or
non-coherently combine correlation results. In general, the UE may coherently combine
correlation results across any suitable time interval. The time interval may be limited
by the coherence time of the wireless channel, which may in turn be dependent on the
UE mobility. The UE may coherently combine correlation results across a slot, a
subframe, a frame, etc. The UE may also non-coherently combine correlation results
across different time intervals to further improve accuracy.

In one design, the UE may coherently combine correlation results across OFDM
symbols in each slot. For each slot, the UE may perform correlation for all
synchronization signals and reference signals transmitted in that slot and may obtain
correlation results for the slot. The UE may then non-coherently combine correlation
results across slots, ¢.g., as shown in equation (5).

For simplicity, the description above is for correlation for one transmit antenna
at an eNB. The eNB may transmit synchronization signals and reference signals from
multiple transmit antennas. For each antenna, the eNB may transmit reference signals
on resource elements reserved for the reference signals for that antenna, e.g., as shown
in FIG. 3. The UE may perform correlation for each antenna, as described above, and
obtain correlation results for the antenna. For ecach antenna, the UE may locally
generate a sample sequence for each signal with known symbols mapped to the proper
subcarriers. The UE may then perform correlation for each signal with the locally

generated sample sequence for that signal. For each antenna, the UE may coherently
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combine correlation results for different signals across a suitable time interval. The UE
may then non-coherently combine correlation results for different antennas to obtain
accumulated correlation results for all antennas. The UE may further non-coherently
combine the accumulated correlation results across different time intervals to further
Improve accuracy.

For example, in case of two transmit antennas at an eNB and one or more
receive antennas at the UE, the signal received at each receive antenna is the sum of the
transmit signals after propagation through the wireless channel. The composite signal at
cach receive antenna may be correlated coherently against locally generated sample
sequences, one sequence at a time, for the reference signals transmitted from the two
transmit antennas. The two correlation results for the two transmit antennas may then
be summed non-coherently, effectively doubling the number of non-coherent
accumulations. If two receive antennas arc available at the UE, then the correlation
results for the two receive antennas may be added non-coherently. Thus, for a given
total observation time, the effective number of non-coherent sums in a 2x1 or 1x2
system may be twice that of a 1x1 system, where a TxR system denotes T transmit
antennas and R receive antennas. In a 2x2 MIMO system, the number of non-coherent
sums may be four times that of the 1x1 system. Other ways of combining correlation
results from multiple transmit and/or multiple receive antennas may also be possible.

In one design, the UE may be provided with assistance data to facilitate TOA
measurements for different cells or to perform position calculation by the UE using the
TOA measurements. In one design, the UE may be provided with assistance data

comprising one or more of the following:

e Cell IDs of neighbor cells — used to (i) locally generate sample sequences for
synchronization signals and reference signals used for correlation and (ii)
determine the subcarriers used for the reference signals,

e Carrier frequency information — useful if neighbor cells operate on other
frequency bands,

e Cyclic prefix length (e.g., normal or extended cyclic prefix) — used to locally
generate sample sequences,

e Number of transmit antennas — used to determine the number of correlations to

perform,
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e Coarse or fine RTD for neighbor cells — useful for an asynchronous network,
e Cell location — useful for UE-based positioning methods, and

e Scarch window size — determine the number of time offsets to perform correlation.

The UE may also be provided with other assistance data that may be useful for
TOA measurements and/or position calculation. Some or all of the assistance data may
be provided to the UE via dedicated signaling or via a broadcast channel. The neighbor
cell IDs for TOA measurements may be selected by the assistance data source (e.g., an
eSMLC, etc.) in such a way that good measurement geometry for position calculation
may be obtained if the UE is measuring all or a subset of the neighbor cells provided by
the assistance data.

The UE may determine TOAs for at least three cells in different eNBs. The UE
location may then be estimated based on the TOAs using an Observed Time Different of
Arrival (OTDOA) positioning method.

FIG. 5 shows positioning for UE 120 based on OTDOA. The UE may receive
synchronization signals and reference signals from three cells 1, 2 and 3 in eNBs 110a,
110b and 110c, respectively. Cell 1 may transmit its signals with a transmit time of

Trxy» cell 2 may transmit its signals with a transmit time of 7.,, and cell 3 may
transmit its signals with a transmit time of 7,.,. The transmit times 7.y,, 7, and
Tx; May be similar in a synchronous network and may be different in an asynchronous

network. The UE may determine the TOAs of the signals from cells 1, 2 and 3, e.g., by

performing correlation for the synchronization signals and the reference signals from

each cell, as described above. The UE may obtain a TOA of 7., for cell 1, a TOA of
Tpx, for cell 2, and a TOA of 7y, for cell 3.

Cell 1 may be used as a reference cell. Two hyperbolic TDOA equations may

be expressed as:
Tpxo — Trxa = (Trxo — Trg) H(dy —d;) /¢, and Eq (8a)
Texs — Trxt = (Frxs — ) T(d; —d)) /¢, Eq (8b)

where dj, d; and d; are distances from cells 1, 2 and 3 to the UE, and

c is the speed of light.
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[0077] Equation set (8) may be expressed in terms of the UE location, as follows:

fuos = o + W =27 + (s 7 —J(8 —2) (7, 30" J/c , and  Eq(%a)

fuxss = Zoxsr + 05 — 207 + (s =9~ 27 + () e Eq (9b)

where (x1, 1), (x2, 12) and (x3, y3) are the locations of cell 1, 2 and 3, respectively,
(x, v) is the location of the UE,

Texol = Trxo — Trxy 18 @ time difference of arrival (TDOA) between cells 2 and 1,
Texar = Trxs — Trxy 18 @ TDOA between cells 3 and 1.
Trxor = Trxa — Trxy 18 @n RTD between cells 2 and 1, and

Toxs1 = Trxs — Trxg 18 an RTD between cells 3 and 1.

TDOA is also referred to as observed time difference (OTD).

[0078] For a synchronous network, the RTDs 7.y, and 7., may be assumed to be
zero. The TDOASs 7y, and 7,,, may be computed based on the TOAs for cells 1, 2

and 3. The locations of cells 1, 2 and 3 may be known. For an asynchronous network,

the RTDs 7.y, and 7,45, may be non-zero and may be determined by eLMU 130. For

both synchronous and asynchronous networks, the UE location (x, y) may be determined
based on equation set (9) using all of the known parameters. The computation may be
performed by the UE for UE-based positioning or by a network entity (e.g., an eSMLC,
etc.) for UE-assisted positioning.

[0079] eLMU 130 may determine the TOAs of synchronization signals and/or reference
signals from cells in a similar manner as described above for the UE. The TOAs for
different cells and their known locations together with the known eLMU location may
be used to derive RTD estimates, which may be used to derive a location estimate for
the UE in an asynchronous network. In particular, eLMU 130 may determine RTDs for
different pairs of cells based on equation set (9). eLMU 130 may obtain TOAs for cells
1, 2 and 3, e.g., by performing correlation for the synchronization signals and/or the

reference signals for each cell, as described above. The TDOAS 7,4,, and 7,45, may be

computed based on the TOAs for cells 1, 2 and 3. The location of eLMU 130 and the
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locations of cells 1, 2 and 3 may be known. The RTDs 7., and 7,.;, may then be

determined based on equation set (9) using all of the known parameters.

In another design, eLMU 130 may obtain TOAs for cells, e.g., by performing
correlation for the synchronization signals and the reference signals for a cell, as
described above. eLMU 130 may associate (e.g., time-stamp) these TOAs with some
absolute time base (e.g., GPS system time, Galileo system time, GLONASS system
time, etc). RTDs for different pairs of cells may then be obtained by forming absolute
time differences. Such a design may be preferable if eLMUs are integrated in each
eNB, since for such an eLMU, it may be difficult to receive sufficient neighbor eNB
signals for determining RTDs directly (e.g., the strong signal from the eNB may block
the reception of signals from neighbor eNBs, sometimes referred to as “near-far
effect”).

FIG. 6 shows a design of a process 600 for determining TOAs for positioning.
Process 600 may be performed by a receiver, which may be a UE, an ¢eLMU, or some
other entity. The receiver may receive a plurality of signals from each of multiple
transmitters (block 610). The plurality of signals from each transmitter may comprise
first and second signals, which may be sent in different symbol periods. Each
transmitter may be for a cell or some other entity. The receiver may determine a TOA
of the plurality of signals from each transmitter based on the first signal sent by the
transmitter on a first set of subcarriers and the second signal sent by the transmitter on a
second set of subcarriers (block 620). The receiver may use TOAs for the multiple
transmitters for positioning (block 630).

In one design, the first signal may comprise a reference signal sent on the first
set of non-contiguous subcarriers, and the second signal may comprise a
synchronization signal sent on the second set of contiguous subcarriers. The first set
may include non-contiguous subcarriers distributed across the system bandwidth. The
second set may include contiguous subcarriers in a center portion of the system
bandwidth. The first set may include a configurable number of subcarriers determined
by the system bandwidth. The second set may include a fixed number of subcarriers
independent of the system bandwidth. In one design, the first and second sets may
overlap partially and may include at least one subcarrier that is common to both sets. At
one extreme, one set may include all subcarriers in the other set plus at least one

additional subcarrier. In another design, the first and second sets may be non-
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overlapping, and each set may include subcarriers not included in the other set. In yet
another design, the first and second sets may overlap completely, and both sets may
include the same subcarriers.

In another design, the first signal may comprise a first reference signal sent on
the first set of non-contiguous subcarriers, and the second signal may comprise a second
reference signal sent on the second set of non-contiguous subcarriers. The first and
second sets may include different subcarriers, e.g., as shown in FIG. 3. In yet another
design, the first and second signals may comprise two reference signals, and the TOA
for each transmitter may be determined based further on a synchronization signal sent
by the transmitter on a third set of contiguous subcarriers. In yet another design, the
first and second signals may comprise two reference signals, and the TOA for each
transmitter may be determined based further on a primary synchronization signal and a
secondary synchronization signal sent by the transmitter on a third set of contiguous
subcarriers. In general, the TOA for each transmitter may be determined based on any
number of signals, and each signal may be sent by the transmitter on a set of contiguous
or non-contiguous subcarriers.

FIG. 7 shows a design of determining the TOA for one transmitter in block 620
in FIG. 6. The receiver may perform correlation for the first signal from the transmitter
to obtain first correlation results for a plurality of time offsets (block 712). The receiver
may perform correlation for the second signal from the transmitter to obtain second
correlation results for the plurality of time offsets (block 714). For each signal, the
receiver may perform correlation across the entire signal bandwidth or across each
portion of the signal bandwidth, depending on the signal bandwidth and the coherence
bandwidth of the wireless channel. The receiver may also perform correlation for each
of one or more additional signals from the transmitter to obtain correlation results for
the signal. The receiver may combine the first and second correlation results (and
possibly correlation results for other signals) to obtain combined correlation results for
the transmitter (block 716). The receiver may determine the TOA for the transmitter
based on the combined correlation results (block 718).

In one design of block 712, the receiver may generate a sample sequence with
known symbols mapped to the first set of subcarriers used for the first signal. The
receiver may then correlate the received samples at the receiver with the sample

sequence at ecach time offset to obtain the first correlation results for the plurality of
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time offsets. The receiver may also perform correlation for each signal in other
manners, as described above.

In one design of block 716, the receiver may coherently combine the first and
second correlation results to obtain the combined correlation results for the transmitter.
In another design, the receiver may non-coherently combine the first and second
correlation results to obtain the combined correlation results. In yet another design, the
receiver may coherently combine the first and second correlation results for each time
interval to obtain intermediate correlation results for the time interval. The receiver
may then non-coherently combine the intermediate correlation results across multiple
time intervals to obtain the combined correlation results for the transmitter. In yet
another design, the receiver may non-coherently combine the first and second
correlation results for different portions of the signal bandwidth in each symbol period.
The receiver may then non-coherently combine the correlation results across different
symbol periods or time intervals and/or across different parts of the signal bandwidth to
obtain the combined correlation results for the transmitter. In yet another design, the
receiver may coherently combine the first and second correlation results for each
antenna at the transmitter to obtain intermediate correlation results for the antenna. The
receiver may then non-coherently combine the intermediate correlation results across
multiple antennas at the transmitter to obtain the combined correlation results for the
transmitter. In general, the receiver may coherently combine correlation results for any
number of signals across a suitable time interval and/or a suitable frequency range. The
receiver may non-coherently combine correlation results across different time intervals,
frequency ranges, antennas, etc.

In one design of block 718, the receiver may identify the earliest time offset with
a combined correlation result exceeding a threshold. The receiver may then provide the
identified time offset as the TOA for the transmitter. The receiver may also determine
the TOA for the transmitter based on the combined correlation results in other manners.

Referring back to FIG. 6, in one design of block 630, the receiver may determine
OTDOAs for multiple pairs of transmitters, one OTDOA for each pair of transmitters.
Each OTDOA may be determined based on the TOAs for the transmitters in the
corresponding pair. The receiver may compute a location estimate for itself based on
the OTDOAs for the multiple pairs of transmitters and the known locations of the

transmitters, €.g., as shown in equation set (9). The receiver may obtain assistance data



WO 2010/062606 PCT/US2009/062233

[0089]

[0090]

[0091]

[0092]

[0093]

25

for the multiple transmitters, e.g., RTDs for the transmitters, transmitter locations, etc.
The receiver may compute the location estimate using the assistance data

In another design, the receiver may send measurement information comprising
TOAs for the multiple transmitters (e.g., OTDOAs for pairs of transmitters) to a
network entity. The receiver may receive a location estimate for itself from the network
entity. The location estimate may be determined based on the TOAs for the multiple
transmitters (e.g., the OTDOAS for pairs of transmitters).

In yet another design, the receiver may be for an eLMU. The receiver may
determine RTDs for multiple pairs of transmitters, one RTD for each pair of
transmitters. Each RTD may be determined based on (i) the TOAs and known locations
of the transmitters in the corresponding pair and (ii) the known location of the receiver.

The receiver may receive assistance data for the multiple transmitters, which
may be for multiple cells. The assistance data may comprise cell IDs of the cells,
locations of the cells, carrier frequency information for the cells, the cyclic prefix length
for each cell, the number of transmit antenna for each cell, RTDs for the cells, a search
window size, some other information, or any combination thereof. The receiver may
determine the TOAs for the multiple transmitters using the assistance data.

FIG. 8 shows a block diagram of a design of UE 120 and an eNB/base station
110, which may be one of the eNBs/base stations in FIG. 1. eNB 110 may be equipped
with T antennas 834a through 834t, and UE 120 may be equipped with R antennas 852a
through 852r, where in general T>1 and R >1.

At eNB 110, a transmit processor 820 may receive data for one or more UEs
from a data source 812, process the data for each UE based on one or more modulation
and coding schemes selected for that UE, and provide data symbols for all UEs.
Transmit processor 820 may also process control information (e.g., for assistance data)
and provide control symbols. Transmit processor 820 may also generate the primary
and secondary synchronization signals and the reference signals for each cell and may
provide known symbols for all synchronization and reference signals for all cells in
eNB 110. A transmit (TX) multiple-input multiple-output (MIMO) processor 830 may
multiplex the data symbols, the control symbols, and the known symbols for the
synchronization and reference signals. TX MIMO processor 830 may perform spatial
processing (e.g., precoding) on the multiplexed symbols, if applicable, and provide T

output symbol streams to T modulators (MODs) 832a through 832t. Each modulator
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832 may process a respective output symbol stream (e.g., for OFDM) to obtain an
output sample stream. Each modulator 832 may further process (e.g., convert to analog,
amplify, filter, and upconvert) the output sample stream to obtain a downlink signal. T
downlink signals from modulators 832a through 832t may be transmitted via T antennas
834a through 834t, respectively.

At UE 120, antennas 852a through 852r may receive the downlink signals from
eNB 110 and provide received signals to demodulators (DEMODs) 854a through 854r,
respectively. Each demodulator 854 may condition (e.g., filter, amplify, downconvert,
and digitize) a respective received signal to obtain received samples and may further
process the received samples (e.g., for OFDM) to obtain received symbols for different
subcarriers. A MIMO detector 856 may obtain received symbols from all R
demodulators 854a through 854r, perform MIMO detection on the received symbols if
applicable, and provide detected symbols. A receive processor 858 may process (e.g.,
demodulate, deinterleave, and decode) the detected symbols, provide decoded data for
UE 120 to data sink 860, and provide decoded control information to controller/
processor 880.

On the uplink, at UE 120, data from a data source 862 and control information
(e.g., measurement information comprising TOAs for cells) from controller/processor
880 may be processed by a transmit processor 864, further processed by a TX MIMO
processor 866 if applicable, conditioned by modulators 854a through 854r, and
transmitted to eNB 110. At eNB 110, the uplink signals from UE 120 may be received
by antennas 834, conditioned by demodulators 832, processed by a MIMO detector 836
if applicable, and further processed by a receive processor 838 to obtain the data and
control information transmitted by UE 120, to provide decoded data to data sink 839,
and to provide decoded control information to controller/processor 840, for example.

Controllers/processors 840 and 880 may direct the operation at eNB 110 and UE
120, respectively. A TOA processor 870 at UE 120 may perform correlation for
synchronization signals and/or reference signals from detected cells to obtain TOAs for
the cells. Processor 870, processor 880 and/or other modules at UE 120 may perform or
direct process 600 in FIG. 6, process 620 in FIG. 7, and/or other processes for the
techniques described herein. Memories 842 and 882 may store data and program codes
for eNB 110 and UE 120, respectively. A scheduler 844 may schedule UEs for data

transmission and may provide assignments of resources for the scheduled UEs.
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eLMU 130 in FIG. 1 may be implemented in similar manner as UE 120 in FIG.
8. eLMU 130 may determine TOAs for different cells based on the synchronization
signals and/or the reference signals from the cells. ¢eLMU 130 may determine RTDs for
different pairs of cells based on the TOAs for the cells, as described above.

Those of skill in the art would understand that information and signals may be
represented using any of a variety of different technologies and techniques. For
example, data, instructions, commands, information, signals, bits, symbols, and chips
that may be referenced throughout the above description may be represented by
voltages, currents, electromagnetic waves, magnetic fields or particles, optical fields or
particles, or any combination thereof.

Those of skill would further appreciate that the various illustrative logical
blocks, modules, circuits, and algorithm steps described in connection with the
disclosure herein may be implemented as electronic hardware, computer software, or
combinations of both. To clearly illustrate this interchangeability of hardware and
software, various illustrative components, blocks, modules, circuits, and steps have been
described above generally in terms of their functionality. Whether such functionality is
implemented as hardware or software depends upon the particular application and
design constraints imposed on the overall system. Skilled artisans may implement the
described functionality in varying ways for each particular application, but such
implementation decisions should not be interpreted as causing a departure from the
scope of the present disclosure.

The various illustrative logical blocks, modules, and circuits described in
connection with the disclosure herein may be implemented or performed with a
processor, a digital signal processor (DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware components, or any combination
thereof designed to perform the functions described herein. A processor may be a
general-purpose processor, a microprocessor, any conventional processor, controller,
microcontroller, or state machine. A processor may also be implemented as a
combination of computing devices, ¢.g., a combination of a DSP and a microprocessor,
a plurality of microprocessors, one or more microprocessors in conjunction with a DSP

core, or any other such configuration.
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[00101] The steps of a method or algorithm described in connection with the disclosure
herein may be embodied directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module may reside in RAM
memory, flash memory, ROM memory, EPROM memory, EEPROM memory,
registers, hard disk, a removable disk, a CD-ROM, or any other form of storage medium
known in the art. An exemplary storage medium is coupled to the processor such that
the processor can read information from, and write information to, the storage medium.
In the alternative, the storage medium may be integral to the processor. The processor
and the storage medium may reside in an ASIC. The ASIC may reside in a user
terminal. In the alternative, the processor and the storage medium may reside as
discrete components in a user terminal.

[00102] Position determination techniques described herein may be implemented in
conjunction with various wireless communication networks such as a wireless wide area
network (WWAN), a wireless local area network (WLAN), a wireless personal arca
network (WPAN), and so on. The term “network™ and “system” are often used
interchangeably. A WWAN may be a Code Division Multiple Access (CDMA)
network, a Time Division Multiple Access (TDMA) network, a Frequency Division
Multiple Access (FDMA) network, an Orthogonal Frequency Division Multiple Access
(OFDMA) network, a Single-Carrier Frequency Division Multiple Access (SC-FDMA)
network, Long Term Evolution (LTE), and so on. A CDMA network may implement
one or more radio access technologies (RATs) such as cdma2000, Wideband-CDMA
(W-CDMA), and so on. Cdma2000 includes IS-95, IS-2000, and 1S-856 standards. A
TDMA network may implement Global System for Mobile Communications (GSM),
Digital Advanced Mobile Phone System (D-AMPS), or some other RAT. GSM and W-
CDMA are described in documents from a consortium named “3rd Generation
Partnership Project” (3GPP). Cdma2000 is described in documents from a consortium
named “3rd Generation Partnership Project 2 (3GPP2). 3GPP and 3GPP2 documents
are publicly available. A WLAN may be an IEEE 802.11x network, and a WPAN may
be a Bluetooth network, an IEEE 802.15x, or some other type of network. The
techniques may also be implemented in conjunction with any combination of WWAN,
WLAN and/or WPAN.

[00103] A satellite positioning system (SPS), where applicable, typically includes a

system of transmitters positioned to enable entities to determine their location on or
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above the Earth based, at least in part, on signals received from the transmitters. Such a
transmitter typically transmits a signal marked with a repeating pseudo-random noise
(PN) code of a set number of chips and may be located on ground based control
stations, user equipment and/or space vehicles. In a particular example, such
transmitters may be located on Earth orbiting satellite vehicles (SVs). For example, a
SV in a constellation of Global Navigation Satellite System (GNSS) such as Global
Positioning System (GPS), Galileo, Glonass or Compass may transmit a signal marked
with a PN code that is distinguishable from PN codes transmitted by other SVs in the
constellation (e.g., using different PN codes for each satellite as in GPS or using the
same code on different frequencies as in Glonass). In accordance with certain aspects,
the techniques presented herein are not restricted to global systems (e.g., GNSS) for
SPS. For example, the techniques provided herein may be applied to or otherwise
enabled for use in various regional systems, such as, ¢.g., Quasi-Zenith Satellite System
(QZSS) over Japan, Indian Regional Navigational Satellite System (IRNSS) over India,
Beidou over China, etc., and/or various augmentation systems (e.g., an Satellite Based
Augmentation System (SBAS)) that may be associated with or otherwise enabled for
use with one or more global and/or regional navigation satellite systems. By way of
example but not limitation, an SBAS may include an augmentation system(s) that
provides integrity information, differential corrections, etc., such as, e.g., Wide Area
Augmentation System (WAAS), European Geostationary Navigation Overlay Service
(EGNOS), Multi-functional Satellite Augmentation System (MSAS), GPS Aided Geo
Augmented Navigation or GPS and Geo Augmented Navigation system (GAGAN),
and/or the like. Thus, as used herein an SPS may include any combination of one or
more global and/or regional navigation satellite systems and/or augmentation systems,
and SPS signals may include SPS, SPS-like, and/or other signals associated with such
one or more SPS.

[00104] A mobile station (MS) can refer to a device such as a cellular or other wireless
communication device, personal communication system (PCS) device, personal
navigation device (PND), Personal Information Manager (PIM), Personal Digital
Assistant (PDA), laptop or other suitable mobile device which is capable of receiving
wireless communication and/or navigation signals. The term “mobile station” can also
include devices which communicate with a personal navigation device (PND), such as

by short-range wireless, infrared, wireline connection, or other connection — regardless
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of whether satellite signal reception, assistance data reception, and/or position-related
processing occurs at the device or at the PND. Also, “mobile station” can include all
devices, including wireless communication devices, computers, laptops, etc. which are
capable of communication with a server, such as via the Internet, Wi-Fi, or other
network, and regardless of whether satellite signal reception, assistance data reception,
and/or position-related processing occurs at the device, at a server, or at another device
associated with the network. Any operable combination of the above can also be
considered a “mobile station.”

[00105] The methodologies described herein may be implemented by various means
depending upon the application. For example, these methodologies may be
implemented in hardware, firmware, software, or any combination thereof. For an
implementation involving hardware, the processors/processing units may be
implemented within one or more application specific integrated circuits (ASICs), digital
signal processors (DSPs), digital signal processing devices (DSPDs), programmable
logic devices (PLDs), field programmable gate arrays (FPGAs), processors, controllers,
micro-controllers, microprocessors, electronic devices, other electronic units designed
to perform the functions described herein, or a combination thereof.

[00106] For an implementation involving firmware and/or software, the methodologies
may be implemented with modules (e.g., procedures, functions, and so on) that perform
the functions described herein. Any machine-readable medium tangibly embodying
instructions may be used in implementing the methodologies described herein. For
example, software codes may be stored in a memory and executed by a processor unit.
Memory may be implemented within the processor unit or external to the processor unit.
As used herein the term “memory” refers to any type of long term, short term, volatile,
nonvolatile, or other memory and is not to be limited to any particular type of memory
or number of memories, or type of media upon which memory is stored.

[00107] If implemented in firmware and/or software, the functions may be stored as one
or more instructions or code on a computer-readable medium. Examples include
computer-readable media encoded with a data structure and computer-readable media
encoded with a computer program. Computer-readable media includes physical
computer storage media. A storage medium may be any available medium that can be
accessed by a computer. By way of example, and not limitation, such computer-

readable media can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk
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storage, magnetic disk storage, semiconductor storage, or other storage devices, or any
other medium that can be used to store desired program code in the form of instructions
or data structures and that can be accessed by a computer; disk and disc, as used herein,
includes compact disc (CD), laser disc, optical disc, digital versatile disc (DVD), floppy
disk and Blu-ray disc where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the above should also be included
within the scope of computer-readable media.

In addition to storage on computer-readable medium, instructions and/or data
may be provided as signals on transmission media included in a communication
apparatus. For example, a communication apparatus may include a transceiver having
signals indicative of instructions and data. The instructions and data are configured to
cause one or more processors to implement the functions outlined in the claims. That is,
the communication apparatus includes transmission media with signals indicative of
information to perform disclosed functions. At a first time, the transmission media
included in the communication apparatus may include a first portion of the information
to perform the disclosed functions, while at a second time the transmission media
included in the communication apparatus may include a second portion of the
information to perform the disclosed functions.

The previous description of the disclosure is provided to enable any person
skilled in the art to make or use the disclosure. Various modifications to the disclosure
will be readily apparent to those skilled in the art, and the generic principles defined
herein may be applied to other variations without departing from the scope of the
disclosure. Thus, the disclosure is not intended to be limited to the examples and
designs described herein but is to be accorded the widest scope consistent with the

principles and novel features disclosed herein.

WHAT IS CLAIMED IS:
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CLAIMS

1. A method of supporting positioning, comprising:

receiving a plurality of signals from each of multiple transmitters at a receiver;
and

determining a time of arrival (TOA) of the plurality of signals from each
transmitter based on a first signal sent by the transmitter on a first set of subcarriers and
a second signal sent by the transmitter on a second set of subcarriers, the plurality of

signals comprising the first and second signals.

2. The method of claim 1, wherein the first signal comprises a reference
signal sent on the first set of non-contiguous subcarriers, and wherein the second signal

comprises a synchronization signal sent on the second set of contiguous subcarriers.

3. The method of claim 2, wherein the first set includes non-contiguous
subcarriers distributed across system bandwidth, and wherein the second set includes

contiguous subcarriers in a center portion of the system bandwidth.

4. The method of claim 2, wherein the first set includes a configurable
number of subcarriers determined by system bandwidth, and wherein the second set

includes a fixed number of subcarriers independent of the system bandwidth.

5. The method of claim 1, wherein the first signal comprises a first
reference signal sent on the first set of non-contiguous subcarriers, wherein the second
signal comprises a second reference signal sent on the second set of non-contiguous
subcarriers, and wherein the first and second sets include different subcarriers

distributed across system bandwidth.

6. The method of claim 5, wherein the determining the TOA for each
transmitter further comprises determining the TOA for each transmitter based further on

a synchronization signal sent by the transmitter on a third set of contiguous subcarriers.
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7. The method of claim 5, wherein the determining the TOA for each
transmitter further comprises determining the TOA for each transmitter based further on
a primary synchronization signal and a secondary synchronization signal sent by the

transmitter on a third set of contiguous subcarriers.

8. The method of claim 1, wherein the first and second sets overlap
partially, and wherein the first and second sets include at least one subcarrier common

to both sets.

9. The method of claim 1, wherein the first and second sets are non-

overlapping, with each set including subcarriers not included in the other set.

10.  The method of claim 1, wherein the determining the TOA of the plurality
of signals from each transmitter comprises

performing correlation for the first signal from the transmitter to obtain first
correlation results for a plurality of time offsets,

performing correlation for the second signal from the transmitter to obtain
second correlation results for the plurality of time offsets,

combining the first and second correlation results to obtain combined correlation
results for the transmitter, and

determining the TOA for the transmitter based on the combined correlation

results.

11.  The method of claim 10, wherein the performing correlation for the first
signal comprises

generating a sample sequence with known symbols mapped to the first set of
subcarriers used for the first signal, and

correlating received samples at the receiver with the sample sequence at each

time offset to obtain the first correlation results for the plurality of time offsets.

12. The method of claim 10, wherein the combining the first and second
correlation results comprises coherently combining the first and second correlation

results to obtain the combined correlation results for the transmitter.
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13. The method of claim 10, wherein the combining the first and second
correlation results comprises

coherently combining the first and second correlation results for each time
interval to obtain intermediate correlation results for the time interval, and

non-coherently combining the intermediate correlation results across multiple

time intervals to obtain the combined correlation results for the transmitter.

14.  The method of claim 10, wherein the performing correlation for the first
signal from the transmitter comprises

performing correlation for the first signal for each of multiple portions of a
signal bandwidth, and

non-coherently combining correlation results for the multiple portions of the

signal bandwidth to obtain the first correlation results.

15. The method of claim 10, wherein the combining the first and second
correlation results comprises

coherently combining the first and second correlation results for each antenna at
the transmitter to obtain intermediate correlation results for the antenna, and

non-coherently combining the intermediate correlation results across multiple

antennas at the transmitter to obtain the combined correlation results for the transmitter.

16.  The method of claim 10, wherein the determining the TOA for the
transmitter based on the combined correlation results comprises

identifying an earliest time offset with a combined correlation result exceeding a
threshold, and

determining the TOA for the transmitter based on the identified time offset.

17.  The method of claim 10, wherein the determining the TOA for the
transmitter based on the combined correlation results comprises

identifying an earliest time offset with a combined correlation result exceeding a

threshold,
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performing interpolation on at least two combined correlation results, including
the combined correlation result for the identified time offset, to obtain an interpolated
time offset, and

determining the TOA for the transmitter based on the interpolated time offset.

18.  The method of claim 17, wherein the determining the TOA for the
transmitter based on the interpolated time offset comprises determining the TOA for the
transmitter based further on an adjustment to account for known biases between a

transmitted pulse shape and an interpolating function.

19. The method of claim 1, further comprising:

determining observed time difference of arrivals (OTDOAs) for multiple pairs of
transmitters, one OTDOA for each pair of transmitters, each OTDOA being determined
based on TOAs for the transmitters in the corresponding pair, and

wherein a location estimate for the receiver is determined based on the OTDOAs

for the multiple pairs of transmitters.

20.  The method of claim 1, further comprising:
computing a location estimate for the receiver based on TOAs for the multiple

transmitters and known locations of the transmitters.

21. The method of claim 20, further comprising;:
receiving assistance data for the multiple transmitters, and wherein the location

estimate for the receiver is computed using the assistance data.

22. The method of claim 1, further comprising:

sending measurement information comprising TOAs for the multiple
transmitters to a network entity; and

receiving a location estimate for the receiver from the network entity, the

location estimate being determined based on the TOAs for the multiple transmitters.

23. The method of claim 1, further comprising:
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determining relative time differences (RTDs) for multiple pairs of transmitters,
one RTD for each pair of transmitters, each RTD being determined based on TOAs and
known locations of the transmitters in the corresponding pair and known location of the

receiver.

24.  The method of claim 1, further comprising:
receiving assistance data for the multiple transmitters, and wherein TOAs for the

multiple transmitters are determined using the assistance data.

25.  The method of claim 24, wherein the multiple transmitters are for
multiple cells, and wherein the assistance data comprises cell identities (IDs) of the
cells, locations of the cells, carrier frequency information for the cells, cyclic prefix
length for each cell, number of transmit antenna for each cell, relative time differences

(RTDs) for the cells, a search window size, or a combination thereof.

26.  An apparatus for supporting positioning, comprising:

means for receiving a plurality of signals from each of multiple transmitters at a
receiver; and

means for determining a time of arrival (TOA) of the plurality of signals from
cach transmitter based on a first signal sent by the transmitter on a first set of subcarriers
and a second signal sent by the transmitter on a second set of subcarriers, the plurality

of signals comprising the first and second signals.

27.  The apparatus of claim 26, wherein the first signal comprises a reference
signal sent on the first set of non-contiguous subcarriers, and wherein the second signal

comprises a synchronization signal sent on the second set of contiguous subcarriers.

28.  The apparatus of claim 26, wherein the first signal comprises a first
reference signal sent on the first set of non-contiguous subcarriers, wherein the second
signal comprises a second reference signal sent on the second set of non-contiguous
subcarriers, and wherein the first and second sets include different subcarriers

distributed across system bandwidth.
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29. The apparatus of claim 26, wherein the means for determining the TOA
of the plurality of signals from each transmitter comprises

means for performing correlation for the first signal from the transmitter to
obtain first correlation results for a plurality of time offsets,

means for performing correlation for the second signal from the transmitter to
obtain second correlation results for the plurality of time offsets,

means for combining the first and second correlation results to obtain combined
correlation results for the transmitter, and

means for determining the TOA for the transmitter based on the combined

correlation results.

30.  The apparatus of claim 29, wherein the means for combining the first and
second correlation results comprises

means for coherently combining the first and second correlation results for each
time interval to obtain intermediate correlation results for the time interval, and

means for non-coherently combining the intermediate correlation results across

multiple time intervals to obtain the combined correlation results for the transmitter.

31.  The apparatus of claim 29, wherein the means for combining the first and
second correlation results comprises

means for coherently combining the first and second correlation results for each
antenna at the transmitter to obtain intermediate correlation results for the antenna, and

means for non-coherently combining the intermediate correlation results across
multiple antennas at the transmitter to obtain the combined correlation results for the

transmitter.

32.  An apparatus for supporting positioning, comprising:

at least one processor configured to receive a plurality of signals from each of
multiple transmitters at a receiver, and to determine a time of arrival (TOA) of the
plurality of signals from each transmitter based on a first signal sent by the transmitter
on a first set of subcarriers and a second signal sent by the transmitter on a second set of

subcarriers, the plurality of signals comprising the first and second signals.



WO 2010/062606 PCT/US2009/062233

38

33.  The apparatus of claim 32, wherein the first signal comprises a reference
signal sent on the first set of non-contiguous subcarriers, and wherein the second signal

comprises a synchronization signal sent on the second set of contiguous subcarriers.

34.  The apparatus of claim 32, wherein the first signal comprises a first
reference signal sent on the first set of non-contiguous subcarriers, wherein the second
signal comprises a second reference signal sent on the second set of non-contiguous
subcarriers, and wherein the first and second sets include different subcarriers

distributed across system bandwidth.

35.  The apparatus of claim 32, wherein for each transmitter the at least one
processor is configured to perform correlation for the first signal from the transmitter to
obtain first correlation results for a plurality of time offsets, to perform correlation for
the second signal from the transmitter to obtain second correlation results for the
plurality of time offsets, to combine the first and second correlation results to obtain
combined correlation results for the transmitter, and to determine the TOA for the

transmitter based on the combined correlation results.

36. The apparatus of claim 35, wherein for each transmitter the at least one
processor is configured to coherently combine the first and second correlation results for
cach time interval to obtain intermediate correlation results for the time interval, and to
non-coherently combine the intermediate correlation results across multiple time

intervals to obtain the combined correlation results for the transmitter.

37. The apparatus of claim 35, wherein for each transmitter the at least one
processor is configured to coherently combine the first and second correlation results for
cach antenna at the transmitter to obtain intermediate correlation results for the antenna,
and to non-coherently combine the intermediate correlation results across multiple

antennas at the transmitter to obtain the combined correlation results for the transmitter.

38. A computer program product, comprising;:

a computer-readable medium comprising:
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code to cause at least one processor to receive a plurality of signals from
cach of multiple transmitters at a receiver, and

code to cause the at least one processor to determine a time of arrival
(TOA) of the plurality of signals from each transmitter based on a first signal sent by the
transmitter on a first set of subcarriers and a second signal sent by the transmitter on a

second set of subcarriers, the plurality of signals comprising the first and second signals.
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