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Abstract— Robustness of nominal Global Navigation Satellite
Systems (GNSS) performance can be enhanced by means of
complimentary systems, such as the Long Term Evolution (LTE).
Particularly, the LTE standard specifies a dedicated downlink sig-
nal for positioning purposes, i.e. the positioning reference signal
(PRS). This paper presents the achievable localization accuracy of
the PRS signal for different interference LTE scenarios by means
of the Cramer-Rao bound (CRB) for time delay estimation, in
order to assess the LTE positioning capabilities.

I. INTRODUCTION

The introduction of mass-market Global Navigation Satellite
System (GNSS) receivers in mobile phones and portable
devices has given rise a myriad of possible working conditions.
Mobile terminals can be operated either outdoors or indoors,
in sparsely populated areas or in deep urban scenarios, and
thus robustness is critical for localization purposes in those
conditions. Certainly, huge efforts have been devoted to the
enhancement of GNSS receivers in challenging environments,
but they find serious difficulties to achieve the demanded
performance. It is for this reason that complementary systems
are usually proposed to assist the operation of GNSS systems.
Traditionally, assistance data provided by an external source,
such as a cellular network, or inertial navigation systems
(INS) has been introduced in harsh environments. Moreover,
other alternatives, such as the hybridization with signals of
opportunity (SoO) or backup systems, have recently been
considered, too.

A notable example of signal of opportunity or backup
system is the Long Term Evolution (LTE) specified by the 3™
Generation Partnership Project (3GPP) consortium [1]. This
technology, which has received significant interest from mobile
network providers, is expected to be highly deployed with
a significant coverage. More importantly, LTE incorporates
positioning capabilities to satisfy two main drivers: legal
mandates for location identification of emergency calls (e.g.
E911 in US or E112 in Europe), and commercial applica-
tions or location-based services (LBS), such as navigation,
advertising or social media. LTE adopts assisted-GNSS (A-
GNSS), as a primary positioning method, and the enhanced
Cell-ID (e-CID) and the Observed Time Difference of Arrival
(OTDoA), as complimentary methods. Our interest is focused
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on OTDoA due to the use of a dedicated downlink signal for
positioning, i.e. the positioning reference signal (PRS), which
is a multicarrier Orthogonal Frequency Division Multiplexing
(OFDM) signal. Multicarrier signals are well-known in wire-
less communications because of their flexibility, which offers
spectral efficiency, and robustness against frequency-selective
fading introduced by multipath, among other advantages with
respect to traditional single-carrier signals.

The aim of this paper is to find the achievable localization
accuracy of the LTE positioning reference signal from the
maximum likelihood point of view. Following the preliminary
analysis on the LTE signal structure shown in [2], the Crdmer-
Rao bound (CRB) for time delay estimation is also introduced
to assess the positioning capabilities in additive white Gaussian
noise (AWGN) channel, presenting a feasible estimator. Then,
the interference case is applied to the LTE scenario simulations
and final position errors are shown in terms of the CRB for
OTDoA localization. Finally, we draw the conclusions.

II. LoNG TERM EVOLUTION (LTE)

The Long Term Evolution (LTE) moves towards the fourth
generation (4G) of mobile communications. Mostly of its
standard, which is driven by the 3GPP, has been inherited from
the Universal Mobile Telecommunication System (UMTS)
in order to maintain backward compatibility. The main new
features introduced are the downlink Orthogonal Frequency-
Division Multiple Access (OFDMA) and the Multiple Input
Multiple Output (MIMO) data transmission. The signal band-
width is scalable from 1.4 MHz to 20 MHz with a symbol
period T of 66.67 us, which corresponds to a subcarrier
spacing F. of 15 kHz.

According to the LTE specification [3], the downlink po-
sitioning procedure, defined by the OTDoA method, uses
the difference in the arrival times of downlink radio signals
from multiple base stations (i.e. eNodeBs) to compute the
user position. The method relies on a network-based strategy
because the eNodeB locations are not provided to the user.
First, the user equipment (UE) requests assistance information
to proceed with the timing measurements. Then, the LTE
Positioning Protocol (LLP) transfers the UE measurements to
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Fig. 1. Time-frequency grid of the LTE signals for 1.4 MHz bandwidth,
FDD structure and normal cyclic prefix (CP).
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the location server, E-SMLC (Enhanced Serving Mobile Lo-
cation Center). Based on the UE measurements, the E-SMLC
estimates the UE position using a trilateration technique, and
this position information is finally sent back to the user.

The LTE standard [4] specifies a set of downlink sig-
nals based on an OFDM modulation with different time-
frequency distribution, whose basic structure is shown in
Fig. 1. Downlink synchronization and reference signals are
completely known (like the pilot signals in GNSS), thus they
are suitable for ranging purposes, or even for SoO applications,
such as the primary and secondary synchronization signal (i.e.
PSS and SSS), as well as the cell-specific reference signal
(CRS), that do not require any assistance data. However,
LTE follows the typical frequency reuse factor of a cellular
network, which is equal to one. Thus, the received serving
cell signal interferes with the received neighbour cell signals
producing inter-cell interference, and resulting in the near-
far effect. In order to obtain proper ranging measurements
of the neighbour cells, the LTE standard in Release 9 spec-
ifies a positioning reference signal (PRS) that is especially
dedicated for positioning purposes and mitigates the near-far
effect, due to a higher frequency reuse factor (i.e. of six), by
shifting one subcarrier position the frequency pilot allocation
transmitted by each base station. The main parameters for
PRS configuration are shown in Table I. The PRS signal is
scattered in time and frequency in the so-called positioning
occasion, which allocates consecutive positioning subframes
with a certain periodicity. The sophistication of this signal is
even higher when the network mutes the PRS transmissions
of certain base stations (i.e. PRS muting), in order to further
reduce the inter-cell interference.

III. TIME DELAY ESTIMATION

The performance of the time delay estimation (TDE) can
be assessed by establishing an accuracy limit. Thus, a lower
bound on timing estimation can help us to analyse the time
synchronization algorithm implemented. For this analysis, the
cyclic prefix (CP) is already removed in a previous stage.

TABLE I
MAIN PARAMETERS OF THE PRS SIGNAL.

PRS bandwidth
PRS periodicity

1.4, 3,5, 10, 15 and 20 MHz
160, 320, 640 or 1280 ms
1,2,4,0r6

2, 4, 8, 16 bits

6-reuse in frequency
Length-31 Gold sequence

Consecutive subframes
PRS muting information'
PRS pattern

PRS sequence

! Number of positioning occasion configured for PRS mut-
ing (i.e. bit equal to 0 when PRS is muted).

A. Crdmer—Rao bound (CRB)

The Cramer—-Rao bound (CRB) is a well-known lower
bound that describes the maximum achievable accuracy of any
unbiased estimator in the moderate- to high-SNR region. Since
the time delay is estimated with pilot sequences, the CRB can
be analytically computed.

Let us define the OFDM baseband signal format for one
symbol used in the LTE downlink (without CP) as

2-C 2mnk
x[n]:\/NZPk'dk'eXP(j?\?» 1)

¢ keN,

where C' is defined as the power of the band-pass signal, IV, is
the number of subcarriers (excluding unused DC subcarrier),
N, is the subset of active pilot subcarriers N,, which must sat-
isfy N, < N, di, are the symbols, and pi is the relative power
weight of subcarrier k, which is constrained by >, p? = N,
to give the nominal signal power C. This notation allows the
flexible design of OFDM multicarrier signal optimizing the
power and spectra distribution. It also has to be noticed that
the OFDM symbol duration T is inverse to the subcarrier
spacing F., i.e. Ts = 1/Fs.. In addition, the OFDM signal
generation can be efficiently implemented with the inverse fast
Fourier transform (IFFT) of the pilot symbols vector d.

Since the OFDM signal described in (1) is completely
known, the Cramér-Rao Bound (CRB) expression for time
delay estimation, 7, applied to the LTE signal formats can
be derived from the general definition given by Kay [5],

-
B,
No/2

var (7) > CRB(7) = 2)

where E; = C - T, and SNR = (C/Ny)/B, being C/Ny
the carrier-to-noise-density ratio and B the bandwidth of
the signal. The mean square bandwidth (MSB) or Gabor
bandwidth of the OFDM signal, 152, defined by
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can be approximated as follows,
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by considering a rectangular power spectral density (PSD).
Thus, disregarding the presence of CP, the CRB for LTE signal
pilots, and in general any OFDM signal for one symbol, is
T2
8% - SNR- ) pi-k?
kEN,

CRB(r) =

(&)

B. Maximum Likelihood Estimation

Once the lower bound for timing estimation in LTE has been
evaluated, the maximum likelihood estimation (MLE) method
is analysed, and preliminary ranging accuracy with LTE pilot
signal is presented in additive white Gaussian noise (AWGN)
channel. Let us define the received signal 7 [n] as

rn] =z [n;n.] +win], (6)

where the discrete time delay (in samples) is n, = 7- F, being
F, the sampling frequency, and w [n] the noise component.
The MLE method is based on the correlation of the received
signal r [n] with a shifted and conjugated version of the ref-
erence signal x [n], which is assumed periodical (i.e. circular
correlation), in order to find the correlation peak. Thus, the
correlation between the received and the transmitted signal is
defined by
Ne—1
R, (1) = Z rin]- -z [n+n.], (7
n=0
where . [n] is a circular shifted version of the original z[n],

resulting in the matched filter of the OFDM signal, whose
estimated delay can be expressed as

A Ts 2
= argmgx{|Rm (7] } , 8)

C

where 7 is the time delay in seconds. This method can be
efficiently implemented by using the FFT operation, as it is
usually done for time and frequency acquisition in GNSS
receivers.

C. Application of Fitz Estimator

The application of the previous maximum likelihood pro-
cedure may pose two main issues. First, its implementation
implies a high complexity for a mass-market receiver, and
oversampling may even be necessary to avoid quantization
errors. Second, this method requires the complete knowledge
of the signal, for instance, it cannot be directly applied when
data symbols are received. Therefore, a feasible synchroniza-
tion procedure has to be presented.

Traditionally, in OFDM communications, coarse timing
synchronization has been implemented by blind techniques,
such as van de Beek algorithm [6], and fine timing syn-
chronization has been achieved with close-loop architectures,
such as the well-known delay look loop (DLL) in [7] or [8].
However, open-loop synchronization techniques can also be
implemented for fine synchronization purposes, as we show.

The received signal multiplied with the conjugate of the
pilot subcarriers in the frequency domain can be expressed, in
absence of frequency and phase offsets, as

27-k-ng

s[k] = F{rn]}-d" [k] = '

+w' [n], 9)

where k is the subcarrier index and w’ [n] is the frequency
noise contribution. As it can be noticed, we can take ad-
vantage of the time shift property of the Fourier transform,
Flz[nEtn]} = X[k]e* %Nkiclr to entirely estimate the
time delay in the frequency domain. Thus, the TDE estimation
becomes a frequency-like estimation problem, and well-known
ML frequency estimators can be adopted for time delay esti-
mation after the FFT operation. Examples of low-complexity
open-loop carrier frequency estimators are proposed by Kay
[9], Fitz [10], Luise and Reggiannini (L&R) [11], and Xiao
et al. [12], and a good reference on the performance and
complexity comparison can be found in [13, Sec. 3.2] or [14].
For our application, we choose Fitz estimator, which is able
to attain the CRB even at low SNR.

Fitz estimator is an approximation of the ML estimator
of the frequency of a sinusoid in white noise, which is the
maximum of the periodogram [10]. This practical estimator
can be found with the unnormalized autocorrelation function.
Nevertheless, the distribution of pilots is scattered over the
spectrum, and only few samples of the FFT-output signal can
be used. Thus, the application of the Fitz estimator requires
a modification on the summation indexes. Let us describe the
modified autocorrelation function as

> skl st [k —m],

keAp

R(m) = (10)

where the subset of available pilot subcarriers k for correlation

lag m is expressed as Ay = {z € N|z, (z — m) € N,}, which
S 27ong

results in R(m) = e’ "~ ™ + w” (m), being w” (m) the

noise contribution. Then, the Fitz estimator for time delay
estimation of LTE PRS signals can be expressed as

> arg{R(m)}
Ts meA,
o Swm

meA;

(1)

72:

where the subset of correlation lags for the PRS pilot distri-
bution is A; = (A2 U A3) N Ay, defined by

Ay={zeN|z=6i i=1,...,N,/2—1}, (12)
As={2eN|z=6i+1 i=1,...,N,—1}, (13)
Ay={zeN|z<M M < N,}. (14)
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Fig. 2. Comparison between the RMSE of the MLE method and the feasible
estimator for the 1.08 MHz PRS signal and only one OFDM symbol.

The value M limits the number of lags, e.g. resulting in

6 it M =6,
> m=< (3BN2-5N,—2)/2 if M =N./2,
meA;

N, (15N, — 14) /4 — 1 if M = N,.

D. TDE performance assessment

15)

The timing performance of the maximum likelihood method
and the application of Fitz estimator is evaluated by using the
root mean square error (RMSE). The RMSE is computed for
the LTE pilot signal considering the maximum transmission
power according to the bandwidths specified in the standard.
In [15, Sec.4.6], the maximum base station (BS) power is
specified as follows:

e 43 dBm for bandwidth < 5 MHz, and

e 46 dBm for 10, 15 and 20 MHz bandwidth.

Assuming the power uniformly distributed among all the
active subcarriers, the relative power weight of subcarrier k

is
[ Ne
Pk = E, fOI' k S Na.

For this analysis, pilot signals are transmitted only, thus
the power is spread over all the active subcarriers. Using a
PRS signal of 12 subcarriers distributed in a bandwidth of
1.08 MHz, the RMSE is computed with 10000 Monte-carlo
simulations for the maximum likelihood and the application
of Fitz estimator. In Fig. 2, the results are compared with the
CRB in terms of RMSE in meters, RMSE (7) = c- /var (7),
being c the speed of light. As it can be noticed, Fitz estimator
approximates the ML behaviour and the CRB when increasing
the number of lags M. In addition, M = N./2 is not yet
optimal in our application.

(16)

IV. CRB FOR OTDOA LOCALIZATION
The estimation of the user position, x = (x,y)T, can be
assessed by means of the CRB for OTDoA localization. For
this purpose, the most powerful K base stations with respect
to position x are considered, defining their locations by x; =

T, Yi T, where © = 1, ..., K. The range between these base
g

stations and the user is computed with the Euclidean distance
of their positions as

di =[x —xi| = /(& —2)* + (v~ v)*.

The OTDoA localization is based on computing the difference
of these range measurements. For this computation, the most
powerful base station, which location is x;, is considered
the reference BS. Thus, assuming no clock offsets, the LTE
network can estimate range differences as

a7

d=d+n, n~N(0,R), (18)
where d is defined as the true range differences vector,
d=[x—xi|—[x—%j], j=2,... K, (19)

and n is the noise vector assumed to be additive white
Gaussian noise (AWGN) with constant covariance matrix R,

O’%—‘;G’% 20% , O’;
o1 oy +o3 - o1
R = ) ) . . ; (20)
of o7 of + o

being o; the standard deviation, which is defined by RMSE (7)
for the CRB(7) written in (5). The general derivation of
the CRB in AWGN channel can be found in [5, p.47], and
it is applied for TDoA in [16], [17]. Although incurring in
a penalty, as noted in [17] and [18], the covariance R is
approximated to be constant or non-dependant of the user
position, thus the CRB for OTDoA localization results in

_ -1
CRB(x) = (D'R'D) , 21
where
T—T1 _ T—X3 Y-y _ Y—y2
dy do 1 d2
r—T1 _ T—x3 Y—yis _ Y—ys
d d d d
p-| * 22)
T—T1 _ T-TK Yy=y1 _ T—TK
dy di dy dk

The position error in meters with respect to the true position
x is finally computed as

ex = /tr (CRB(x)).

V. SIMULATION RESULTS IN THE LTE SCENARIO

(23)

The previous analysis reveals the maximum achievable
accuracy in AWGN channel. This analysis can be applied to
the LTE scenario by introducing inter-cell interference into
the channel model. In [19], system and propagation errors are
also considered to assess the LTE positioning performance
with a sensitivity analysis. In contrast, our interest is based
on the assessment of the LTE localization accuracy from the
maximum likelihood point of view. A study in challenging
conditions, such as in the presence of severe shadowing or
multipath, is left for future work.



A. Non-coordinated network

The inter-cell interference is produced due to the single
frequency transmission of the different base stations, as is
typically planned in cellular networks for spectral efficiency.
The received signal from neighbour cells is heavily masked by
the strong signal of the serving cell, leading to the so-called
near-far effect. Since the network provider decides if data is
transmitted during positioning occasions, the PRS pattern can
be used inefficiently by interfering the PRS pilots with data of
neighbour cells, resulting on a non-coordinated network from
the positioning point of view. Our analysis is based on the PRS
signal over six resource blocks (RB), i.e. 12 pilot subcarriers
along 1.08 MHz, and using only one OFDM symbol.

This interference LTE scenario is studied by means of a
simulator implemented in MATLAB. The simulation follows
the LTE standard [15], and creates a typical cell layout based
on a hexagonal grid with three-sectorial base stations (i.e. 3
dB-beamwidth of 65-degree) and inter-site distance of 750
meters. Considering the parameters summarized in Table II,
the received signal power from BS 7 is computed using the
expression given in [15, p.14],

Pmc,i = Ptz,i — max (Lz - Gtm,i — Gras MCL) s (24)

where Py, ; is the transmitted signal power, L; is the macro-
scopic pathloss, Gy, ; is the transmitter antenna gain, G, is
the receiver antenna gain and MCL is the minimum coupling
loss [15], defined as the minimum path loss between mobile
and base station antenna connectors. This power budget is used
to compute the signal-to-interference plus noise ratio (SINR)
in an AWGN channel. The SINR can be expressed as the ratio
of signal power to the combined interference and noise power,

Pmc,i
ijﬁi PTIJ + Npa

where P, ; is the received power from other antenna sectors,
which causes the interference, and IV, is the receiver noise
floor. As it shown in Fig. 3(a) for BS 1, the SINR drastically
decreases near the neighbour base stations, which clearly
shows the near-far effect. Applying (23), the position error
can be computed for this interference case by using the CRB
of (5) with the SINR values and considering five base stations
for OTDoA. As it is shown in Fig. 3(b), the errors are
only below 100 meters for intermediate areas between base
stations, because of their minimal mutual interference, leading
to position errors between 20 and 40 meters.

SINR = 25)

B. Interference cancellation

In order to reduce the interference impact, the LTE stan-
dard already provides inter-cell interference coordination tech-
niques to increase data transmission performance at critical
positions of the cell layout, such as at the cell edge. An
overview of these techniques can be found in [20], where the
interference cancellation (IC) technique can be highlighted.
The IC technique is based on reconstructing the signal from
the strongest BS and subtracting it from the received signal, in

TABLE I
SPECIFIC SIMULATION PARAMETERS ACCORDING TO [15].

BS antenna gain 15 dBi

Minimum coupling loss 70 dB

UE antenna model Omnidirectional, 0 dBi
UE noise figure 9 dB

Path loss model' 128.1 + 37.6log10(R) dB

' R is the propagation distance.
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Fig. 3. SINR and position error maps computed with the CRB for OTDoA
localization for BS 1 transmitting 6 RB of PRS signal.

order to obtain a superposition of the signals from the weaker
base stations. Thus, the resulting SINR can be expressed as

Prw,i
Z j;él Prm,j + er7

JFm

SINR =

(26)

where P, ,, is the received power from the strongest BS.
This approach is applied for positioning purposes by Mensing
et al. in [21], and their results show to enhance the accuracy
performance. Nevertheless, errors on the demodulation of the
strongest BS signal may deteriorate the cancellation or even
increase the interference. This is avoided when the interference
source is a pilot signal (i.e. PSS, SSS or CRS signals).
Supposing the IC technique is ideal over the PRS signal, the
SINR obtained for BS 1, in Fig. 3(c), results on a notable
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Fig. 4. Position errors computed for medium to high PRS bandwidths in a coordinated network.

improvement of the position errors, which are shown in Fig.
3(d) with values between 10 and 40 meters.

C. Coordinated network

The interference can be definitely reduced by properly
applying the PRS configuration. The PRS capabilities specified
in the LTE standard lead to a coordinated network for position-
ing purposes, by no transmitting data on the PRS bandwidth.
Although this coordinated scheme comes at the expense of
decreasing the spectral efficiency, the interference avoidance
is such that the SINR may be considered equal to the SNR, as
is shown in Fig. 3(e), with position errors well below 1 meter,
in Fig. 3(f). Sub-centimeter level accuracy can be achieved by
spreading the PRS signal up to 20 MHz channel bandwidth
(i.e. 100 RB), as it can be found in Fig. 4. Although the
maximum achievable accuracy of positioning reference signals
is shown, these results are not realistic because propagation
effects, such as shadowing and multipath, are not included,
thus considerable lost is expected and future work is required
to determine the LTE performance in real environments.

VI. CONCLUSION

The achievable localization accuracy of the Long Term
Evolution (LTE) positioning reference signal (PRS) has been
analysed in terms of maximum likelihood estimation, in order
to assess its potential as a complimentary system to GNSS.
Thus, the Cramer-Rao bound (CRB) for time delay estimation
is used as a reference to evaluate the RMSE performance
of the ML method (i.e. matched filter) and an adaptation of
Fitz estimator, which results practically optimal even at low
SNR. Then, the inter-cell interference has been introduced to
study the LTE scenario assuming three different cases: non-
coordinated network, interference cancellation and coordinated
network. Finally, the corresponding position error is computed
with the CRB for OTDoA localization. Considering only
interference channel, LTE coordinated networks may achieve
positioning accuracy below one meter. Future work is neces-
sary to complete the LTE positioning capabilities assessment,
for instance, by introducing other propagation effects, such as
shadowing or multipath.
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