
Received: 12 December 2017 Revised: 23 July 2018 Accepted: 9 August 2018

DOI: 10.1002/navi.272

O R I G I N A L A R T I C L E

LTE receiver design and multipath analysis for navigation
in urban environments

Kimia Shamaei Zaher M. Kassas

Department of Electrical and Computer
Engineering, University of California,
Riverside, Riverside, California

Correspondence
Zaher M. Kassas, Department of

Electrical and Computer Engineering,
University of California, Riverside, 900
University Ave, Riverside, CA 92521.
Email: zkassas@ieee.org

Funding information
Office of Naval Research, Grant/Award
Number: N00014-16-1-2305

Abstract

Mitigating multipath of cellular long-term evolution (LTE) signals for robust
positioning in urban environments is considered. A computationally efficient
receiver, which uses a phase-locked loop (PLL)–aided delay-locked loop (DLL)
to track the received LTE signals, is presented. The PLL-aided DLL uses orthog-
onal frequency division multiplexing (OFDM)–based discriminator functions to
estimate and track the time-of-arrival. The code phase and carrier phase per-
formances in an additive white Gaussian noise (AWGN) channel are evaluated
numerically. The effects of multipath on the code phase and carrier phase are
analyzed, demonstrating robust multipath mitigation for high transmission LTE
bandwidths. The average of the DLL discriminator functions over multiple LTE
symbols is presented to reduce the pseudorange error. The proposed receiver is
evaluated on a ground vehicle in an urban environment. Experimental results
show a root mean square error (RMSE) of 3.17 m, a standard deviation of 1.06 m,
and a maximum error of 6.58 m between the proposed LTE receiver and the
GPS navigation solution over a 1.44 km trajectory. The accuracy of the obtained
pseudoranges with the proposed receiver is compared against two algorithms:
estimation of signal parameters by rotational invariance techniques (ESPRIT)
and EKAT (ESPRIT and Kalman filter).

1 INTRODUCTION

The inherently weak global navigation satellite system
(GNSS) signals undergo severe attenuation in deep urban
environments, making them unreliable for navigation.1

Under these weak signal conditions, receivers cannot pro-
duce a navigation solution, since they cannot continuously
track GNSS signals. Despite the inability to produce a
navigation solution, some approaches use the received sig-
nal power, the periodicity of GPS satellites, and a power
matching algorithm to estimate the receiver's state.2,3

Other approaches use three-dimensional (3-D) building
maps to predict satellite visibility via shadow matching
to aid conventional range-based GNSS positioning.4,5 The
most common approach to address the limitations of
GNSS-based navigation in urban environments is to fuse

GNSS receivers with inertial navigation systems (INSs),
lidars, cameras, and map matching algorithms.6-8

An alternative approach to these map-based and
sensor-fusion–based approaches has emerged over the
past decade. It exploits ambient signals of opportunity
(SOPs), such as cellular, digital television, AM/FM, WiFi,
and iridium satellite signals.9-16 Among the different
SOPs, cellular signals are particularly attractive due to
their ubiquity, geometric diversity, high received power,
and large bandwidth.17 Cellular signals can be exploited
for localization either to produce a navigation solution
in a standalone fashion18,19 or to aid the INS in the
absence of GNSS signals.20 Moreover, it has been demon-
strated that fusing cellular signals with GNSS signals,
when available, significantly improves the positioning
accuracy.21,22
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Multipath is arguably the most significant source of
error when using cellular signals for positioning. Received
cellular signals experience more multipath than GNSS
signals, particularly for ground-based receivers in urban
canyons, due to the low elevation angles at which signals
are received.23 High transmission bandwidth signals could
resolve multipath, making cellular long-term evolution
(LTE) signals attractive due to their large bandwidth.

The positioning performance achieved with LTE
signals has been analyzed in the literature,24-27 and-
several software-defined receivers (SDRs) have been
proposed for navigation with real and laboratory-emulated
LTE signals.28-30 Experimental results demonstrated nav-
igation solutions with different types of LTE reference
signals in different environments, achieving meter-level
accuracy.17,23,30-32

Five reference sequences in the received LTE signal
have been studied for positioning: primary synchroniza-
tion signal (PSS), secondary synchronization signal (SSS),
cell-specific reference signal (CRS), positioning refer-
ence signal (PRS), and cyclic prefix (CP). Among these
sequences, it was demonstrated that the CRS is always
available and yields the most precise positioning due to
its large transmission bandwidth.23 CRS could have a
bandwidth up to 20 MHz, which enables resolving the
line-of-sight (LOS) signal from multipath signals in the
environment. The CRS is transmitted to estimate the chan-
nel between the LTE base station (also known as Evolved
Node B or eNodeB) and the user equipment (UE).

The CRS is scattered in the bandwidth and is trans-
mitted in multiple symbols of the LTE frame, making
the usage of computationally inexpensive delay-locked
loops (DLLs) for tracking the signal infeasible. Sev-
eral non-DLL–based approaches have been proposed. A
super resolution algorithm (SRA)–based technique was
developed in Driusso et al33,34 to obtain the best case
performance for positioning with CRS. While this method
provided meter-level accuracy, it was computationally
expensive and not suitable for real-time implementation.
A first peak detection was proposed in del Peral-Rosado
et al28 and Shamaei et al30 to obtain the time-of-arrival
(TOA) using the CRS. While this method is computation-
ally inexpensive, the first peak of the channel impulse
response (CIR) cannot be detected when the multipath has
a short range.

A novel, computationally efficient receiver that
deals with the shortcomings of the SRA-based and
first-peak-detection–based receivers was proposed in
Shamaei et al.35 In this receiver, a specialized orthogonal
frequency division multiplexing (OFDM)–based DLL was
designed to track the CRSs. This paper extends Shamaei
et al.35 and makes five contributions:

• A novel phase-locked loop (PLL) discriminator func-
tion is proposed to extract the carrier phase error from
the CRS. The proposed PLL is used to aid the DLL,
which reduces the TOA estimation error. The structure
of the PLL and carrier phase discriminator function is
discussed in detail.

• The average of the DLL discriminator functions over
multiple LTE symbols is presented to reduce the pseu-
dorange error, and the resulting error statistics are
derived.

• The effects of multipath on the discriminator functions
of the DLL and PLL are analyzed analytically and eval-
uated numerically.

• The performance of the proposed receiver is compared
against two methods: estimation of signal parameters by
rotational invariance techniques (ESPRIT)36 and EKAT
(ESPRIT and Kalman filter).34 The comparison is made
in terms of the accuracy of the produced pseudoranges
and implementation cost.

• Experimental results are presented for a ground vehicle
navigating in downtown Riverside, California, with the
proposed LTE receiver. Despite navigating in a severe
LTE multipath environment, it is demonstrated that the
achieved root mean square error (RMSE) with four LTE
eNodeBs was 3.17 m from a GPS navigation solution
with 10 GPS satellites.

The proposed SDR has two main stages: acquisition and
tracking. In the acquisition stage, the TOA initial estimate
is first obtained by correlating the received signal with
locally generated PSS and SSS. The PSS and SSS have less
than 1 MHz transmission bandwidth, making them sus-
ceptible to multipath-induced error while estimating the
TOA. Such error is then mitigated through the ESPRIT
algorithm. In the ESPRIT algorithm, the CIR is estimated
to differentiate the LOS from the multipath. In the track-
ing stage, the proposed PLL-aided DLL structure exploits
the high transmission bandwidth of the CRS to further
reduce multipath error. Therefore, the design approach of
the proposed receiver is aimed at mitigating multipath for
positioning with LTE signals in urban environments.

Throughout the paper, italic capital letters (eg, X)
represent the frequency domain, italic small bold letters
(eg, x) represent vectors, and capital bold letters represent
matrices (eg, X). The letters i, k,n, and j represent the sym-
bol, subcarrier, time index, and pseudorange measurement
number, respectively. Note that each pseudorange mea-
surement is obtained every one LTE frame. Therefore, j
also shows the frame number.

The remainder of this paper is organized as follows.
Section 2 presents a brief review of the LTE signal structure
and received signal model. Section 3 discusses the receiver
architecture. Section 4 analyzes the statistics of the code
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and carrier phase errors. Section 5 discusses the naviga-
tion framework. Section 6 presents experimental results
for a ground vehicle navigating exclusively with real LTE
signals and compares the proposed receiver against the
ESPRIT and EKAT algorithms. Section 7 concludes the
paper and provides future work.

2 LTE SIGNAL MODEL

In this section, the structure of the LTE signals is first dis-
cussed. Then, the signals that can be used for positioning
in LTE systems are overviewed. Finally, the received signal
model is presented.

2.1 Frame structure
In LTE systems, the OFDM encoding scheme is used for
data transmission. In OFDM, the transmitted symbols are
mapped to different carrier frequencies called subcarri-
ers, where a Δf = 15 kHz spacing is assigned between
different subcarriers. Assuming that Nr subcarriers are
allocated to data transmission, the transmitted serial data
symbols must be first divided into groups of length Nr and
mapped to each of these subcarriers. The mapping process
depends on the LTE frame structure. Therefore, different
data types are transmitted at different times and subcar-
riers. To reduce the interference on the received signal, a
guard band is allocated to the OFDM signals, where no
data are transmitted on the subcarriers at both sides of the
Nr data subcarriers. This process is done by zero-padding
the Nr data symbols to length Nc. Note that in LTE systems,
no information is transmitted on direct current (DC) sub-
carrier. Next, an inverse fast Fourier transform (IFFT) is
taken, resulting in an OFDM symbol in the time domain,
which has a duration of Tsymb = 1∕Δf. The last LCP ele-
ments of the symbol are repeated at the beginning to pro-
vide the CP and are used to suppress the interference due
to multipath. Figure 1 summarizes the OFDM encoding
scheme for a digital transmission.

In LTE systems, the values of Nr and Nc, which represent
the bandwidth, are not unique and can be assigned to the
values presented37 in Table 1.

The resulting OFDM symbols are grouped into frames
with a duration of Tf = 10 milliseconds. In frequency divi-
sion duplexing (FDD) transmission, each frame is divided
into 20 slots with a duration of 0.5 millisecond. Each slot
with a normal CP allocation contains seven OFDM sym-
bols. In a normal CP allocation, the CP of the first symbol
of each slot has a duration of 5.21 𝜇s and the rest of the
symbols' CPs have a duration of 4.69 𝜇s.

Since each data type is mapped to a specific time and
symbol, the UE needs to exactly know the frame start time

FIGURE 1 Block diagram of orthogonal frequency division
multiplexing (OFMD) encoding scheme for a digital transmission.
Abbreviation: CP, cyclic prefix; IFFT, inverse fast Fourier transform

TABLE 1 LTE system bandwidths and number of subcarriers

Bandwidth, Total Number Number of
MHz of Subcarriers (Nc) Subcarriers Used (Nr)

1.4 128 72
3 256 180
5 512 300
10 1024 600
15 1536 900
20 2048 1200

Abbreviation: LTE, long-term evolution.

to be able to extract its data. To provide the frame start
time to the UE, the PSS and SSS are transmitted in each
frame. The UE can estimate the frame start time by find-
ing the peak of the correlation of the received signal with
the locally generated PSS and SSS. The structures of the
PSS and SSS are discussed in details in the next subsection.
Figure 2 shows an example of the LTE frame structure.

2.2 Ranging signals
There are five different sequences in the received LTE sig-
nal that can be used for positioning: PSS, SSS, CP, PRS,
and CRS. Note that these reference signals are broadcast in
every LTE frame regardless of whether any data are trans-
mitted to any UE. Therefore, it is always possible to use
these reference signals for positioning. Besides, since the
LTE reference signals are broadcast, the receiver does not
need to be an authorized UE to be able to exploit these ref-
erence signals for navigation. This makes it possible to use
the reference signals transmitted from eNodeBs of different
network operators simultaneously.

The PSS and SSS are continual pilot signals transmitted
to provide the frame start time to the UE. The PSS is a
Zadoff-Chu sequence of length 62, which is transmitted on
the last symbols of slots 0 and 10. The PSS is transmitted in
one form of three possible sequences, each of which maps
to an integer representing the sector ID of the eNodeB, ie,
N(2)

ID ∈ {0, 1, 2}.
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FIGURE 2 An example of the long-term evolution (LTE) frame
structure with Nr = 72. Primary synchronization signal (PSS) and
secondary synchronization signal (SSS) are transmitted on the
middle 62 subcarriers. The last symbols of slots 0 and 10 are
allocated to PSS. SSS is transmitted on the sixth symbol of slot 0 or
10. Cell-specific reference signal (CRS) is scattered in both
frequency and time. CRS subcarriers are assigned based on the cell
ID and symbol number

The SSS is also a sequence of length 62, which is trans-
mitted on the sixth symbol of slot 0 or 10. This sequence
is defined based on N(2)

ID and the slot number in which
the SSS is transmitted such that different eNodeBs' SSS
sequences are orthogonal to each other. The SSS is trans-
mitted in one of 168 possible forms, each of which maps to
an integer representing the eNodeB's group identifier, ie,
N(1)

ID ∈ {0, · · · , 167}. By knowing N(1)
ID and N(2)

ID , the UE can
obtain the eNodeB's cell ID as37,38

NCell
ID = 3 × N(1)

ID + N(2)
ID .

It has been shown analytically and experimentally that due
to the low transmission bandwidth of the PSS and SSS, the
estimated position using the PSS and SSS can have signif-
icantly high error in multipath environments.27,39 There-
fore, the PSS and SSS are more desirable for the acquisition
stage.

An approach to estimate the time and frequency offset
in an additive white Gaussian noise channel with CP was
introduced in van de Beek et al.40 However, the estimation
results may have high error in multipath environments.
Besides, since the transmitted CPs for different eNodeBs
are not orthogonal, it is not possible to estimate TOAs for
different eNodeBs using the CPs.

The PRS is a scattered pilot signal, which was intro-
duced in LTE Release 9 for network-based positioning.
In positioning with the PRS, the dedicated resources to
the PRS are free from interference and the expected posi-
tioning accuracy is on the order of 50 m.41 However,

PRS-based positioning suffers from a number of draw-
backs: (1) The user's privacy is compromised since the
user's location is revealed to the network,42 (2) localiza-
tion services are limited only to paying subscribers and
from a particular cellular provider, (3) ambient LTE signals
transmitted by other cellular providers are not exploited,
and (4) additional bandwidth is required to accommodate
the PRS, which caused the majority of cellular providers
to choose not to transmit the PRS in favor of dedicating
more bandwidth for traffic channels. To circumvent these
drawbacks, UE-based positioning approaches that exploit
the CRS have been explored, where several advanced sig-
nal processing techniques were developed to achieve a
performance similar to the PRS.28,29,31,34,43

The CRS is transmitted for channel estimation purposes
and is scattered in time and bandwidth. The CRS sequence
is defined based on the cell ID, allocated symbol, slot,
and transmission antenna port number, such that differ-
ent eNodeBs' CRS sequences are orthogonal to each other.
The eNodeB's cell ID indicates the designated subcarriers
to the CRS. In this paper, the CRS transmitted on the kth
subcarrier and ith symbol is denoted by Si(k), where k =
mΔCRS + 𝜅,m = 0, · · · ,M − 1,M = ⌊Nr∕ΔCRS⌋,ΔCRS =
6, and 𝜅 is a constant shift depending on the cell ID and
the symbol number i. In the sequel, for simplicity of nota-
tions, the subscript i is only used when it is required to
indicate a specific symbol number. Figure 2 shows the PSS,
SSS, and CRS.

2.3 Received signal models
The OFDM symbol is transmitted in a multipath fading
channel, which is assumed to stay constant over the dura-
tion of a symbol and has the CIR as

h(𝜏) =
L−1∑
l=0
𝛼(l)𝛿(𝜏 − 𝜏(l)),

where L is the number of multipath components; 𝛼(l) and
𝜏(l) are the relative attenuation and delay components,
respectively, of the lth path with respect to the first path;
𝛼(0) = 1 and 𝜏(0) = 0; and 𝛿 is the Dirac delta func-
tion. Therefore, the received symbol after removing the
CP and taking a fast Fourier transform (FFT) in a perfect
synchronization condition will be

R(k) =
√

C Y (k)H(k) + W(k),

for k = 0, · · · ,Nc − 1,

where Y(k) is transmitted OFDM symbol, C is the received
signal power due to the antenna gain and any implementa-
tion loss, W(k) ∼  (0, 𝜎2), where  (a, b) denotes the
complex Gaussian distribution with mean a and variance
b, and
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H(k) =
L−1∑
l=0
𝛼(l)e−𝑗2𝜋𝜏(l)k∕Ts𝑦mb (1)

is the channel frequency response (CFR). In general, there
is a mismatch between the estimated received symbol tim-
ing and the actual one, which can be due to imperfect
synchronization, clock drift, Doppler frequency, and/or
carrier frequency offset. Assuming that time mismatch is
less than the CP duration, the received signal at the ith
symbol can be rewritten as44,45

Ri(k) = e𝑗𝜋e𝑓 e𝑗2𝜋(iNt+LCP)e𝑓∕Nc e𝑗2𝜋e𝜃k∕Nc
√

C Yi(k)Hi(k)

+ Wi(k),

for k = 0, · · · ,Nc − 1,
(2)

where Nt = Nc + LCP; e𝑓 = 𝑓D
Δ𝑓

; fD is the total carrier
frequency offset due to the Doppler frequency, clock drift,
and oscillators' mismatch; e𝜃 = �̂� − 𝜃 is the symbol timing
error normalized by the sampling interval Ts = Tsymb∕Nc;
and �̂� and 𝜃 are the normalized estimated and true symbol
timings, respectively. Note that the first two exponentials
in (2) model the effects of the carrier frequency offset and
the third exponential models the effect of the symbol tim-
ing error. It is worth mentioning that Doppler frequency
for each subcarrier is slightly different due to their dif-
ferent carrier frequencies. In this paper, this difference
is neglected and the Doppler frequency is defined with
respect to the center frequency fc (in Hz).

3 RECEIVER ARCHITECTURE

The structure of the proposed LTE SDR is shown in
Figure 3. The proposed receiver has two main stages,
namely, acquisition and tracking. In the following, the
structure of each stage is discussed in detail.

3.1 Acquisition
In the acquisition stage, nodes A, B, and C are first con-
nected to node 1, where an initial estimate of the frame
start time is obtained by acquiring the PSS and SSS. Then,
nodes A, B, and C switch to node 2, in which the initial
time estimate is refined using the ESPRIT algorithm and
an initial estimate of the Doppler frequency is obtained. In
this subsection, the acquisition stage is discussed in detail.

3.1.1 Initial acquisition
In the first stage, nodes A, B, and C are connected to node
1. Here, the carrier is wiped off and the baseband sam-
ples of the OFDM symbols and their corresponding CPs are
received at the UE as shown in Figure 4. The UE may start
receiving a signal at any time of any frame. The UE needs
to obtain the symbol start time to be able to remove the CPs
and take the FFT to convert the signal to the frame struc-
ture. For this purpose, the UE first correlates the received
signal with the locally generated time-domain PSS.30 The
PSS is transmitted twice per frame. Hence, the correlation
result has two peaks in the duration of one frame, which
is 10 milliseconds. Since the transmitted PSS sequences
on slots 0 and 10 are the same, the UE cannot extract the
symbol numbers from the correlation result and only the
symbol start time can be obtained. Note that each type of
signal is transmitted on a specific symbol and subcarrier
of each frame. Therefore, knowing the symbol start time is

FIGURE 4 Received signal's samples structure. The receiver may
start receiving the samples at any random time. Abbreviation: CP,
cyclic prefix

FIGURE 3 Block diagram of the proposed long-term evolution (LTE) receiver architecture. Abbreviation: ESPRIT, estimation of signal
parameters by rotational invariance techniques; FFT, fast Fourier transform; NCO, numerically controlled oscillator; PSS, primary
synchronization signal; SSS, secondary synchronization signal



660 SHAMAEI AND KASSAS

FIGURE 5 Primary synchronization signal (PSS) and secondary
synchronization signal (SSS) normalized correlation results with
real long-term evolution (LTE) signals [Color figure can be viewed
at wileyonlinelibrary.com and www.ion.org]

not enough and the UE needs to exactly obtain the symbol
numbers in each frame. Therefore, the signal is next cor-
related with the locally generated time-domain SSS. The
SSS correlation result has only one peak, since the SSS is
transmitted only once per frame. Since the SSS sequence
depends on the slot number, it is possible to obtain the
symbol number using the SSS correlation results. Figure 5
shows an example of the correlation of locally generated
PSS and SSS with real LTE signals. The PSS and SSS have
approximately 1 MHz bandwidth. The peak of the correla-
tions may have a bias compared with the true frame timing
in a multipath environment, which is modeled by sym-
bol timing error presented in the received signal model
in (2). In addition, due to the receiver's and transmitter's
oscillator mismatches and Doppler frequency, a carrier fre-
quency offset may remain in the received signal after car-
rier wipeoff. This is modeled by the total carrier frequency
offset in (2).

3.1.2 Acquisition refinement
In the second stage, nodes A, B, and C are connected to
node 2. Here, the symbol timing error and carrier fre-
quency offset are estimated and removed from the received
signal. For this purpose, the CFR must first be estimated.
In the symbols carrying the CRS, the transmitted signal
Y(k) is equal to the CRS sequence S(k). Since the CRS
sequence is known at the receiver, it is possible to estimate
the CFR at the ith symbol as

Ĥi(k) = Ri(k)S∗
i (k),

=
√

C
L−1∑
l=0
𝛼(l)e𝑗𝜋e𝑓 e𝑗

2𝜋(iNt+LCP)e𝑓
Nc e𝑗

2𝜋(e𝜃−𝜏(l)∕Ts)k
Nc

+ W ′(k),

(3)

for k = mΔCRS + 𝜅,m = 0, · · · ,M − 1, and W ′(k) =
W(k)S∗

i (k). The estimated CFR at the ith symbol and sub-
carriers allocated to the CRS can be rewritten as

Ĥ′(m) ≜ Ĥi(mΔ CRS + 𝜅)

=
L−1∑
l=0
𝛼′(l)e

−𝑗 2𝜋mΔCRS𝜏′ (l)
Ts𝑦mb + W ′′(m)

= aT(m)𝜶 + W ′′(m), (4)

for m = 0, · · · ,M − 1.

where

𝜶 =
[
𝛼′(0), · · · , 𝛼′(L − 1)

]T
,

a(m) =
[

e
−𝑗 2𝜋k𝜏′(0)

Ts𝑦mb , · · · , e
−𝑗 2𝜋k𝜏′(L−1)

Ts𝑦mb

]T

,

𝛼′(l) =
√

Ce𝑗𝜋e𝑓 e𝑗
2𝜋(iNt+LCP)e𝑓

Nc e
−𝑗 2𝜋𝜅𝜏(l)

Ts𝑦mb 𝛼(l),

𝜏′(l) = 𝜏(l) − Tse𝜃,

W ′′(m) = W ′(mΔ CRS + 𝜅).

The set of estimated CFR over M different subcarriers can
be written as

Ĥ′ =
[
Ĥ′(0), · · · , Ĥ′(M − 1)

]T
= A𝜶 + W ′′,

where
A = [a(0), · · · ,a(M − 1)]T,

W ′′ =
[
W ′′(0), · · · ,W ′′(M − 1)

]T
.

The covariance matrix of the estimated channel Ĥ′ can be
written as

RH = AR𝛼AH + RW ,

where RH,R𝛼 , and RW are the covariance matrices of
Ĥ′
, 𝜶, and W ′′, respectively, and H represents the Her-

mitian operator. It can be shown that A has L linearly
independent vectors, which span the L-dimensional sig-
nal subspace. The goal is to find L independent vectors
that best fit the observed CFR. Several methods have been
proposed to solve this problem including multiple signal
classification (MUSIC) and ESPRIT. The ESPRIT method
has lower complexity compared with other approaches. It
uses the rotational invariance properties of the subarrays of
the subcarriers with respect to each other to estimate 𝜏′.36,46

To be able to use the ESPRIT algorithm, the channel length
L must first be estimated. The minimum descriptive length
(MDL) criterion is one approach to estimate L.47 In this
subsection, the MDL criterion and the ESPRIT algorithm
are summarized. The details of the proof of each approach
are provided in Roy and Kailath36 and Wax and Kailath.47

Step 1: The data matrix X must first be constructed with
snap shots of estimated CFR as

X =
⎡⎢⎢⎢⎣

Ĥ′(0) Ĥ′(1) · · · Ĥ′(K − 1)
Ĥ′(1) Ĥ′(2) · · · Ĥ′(K)
⋮ ⋮ · · · ⋮

Ĥ′(P − 1) Ĥ′(P) · · · Ĥ′(M − 1)

⎤⎥⎥⎥⎦ ,

http://wileyonlinelibrary.com
www.ion.org
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where P is the design parameter and K = M −
P + 1.

Step 2: The channel length L can be estimated using
the MDL metric. For this purpose, the singular
value decomposition (SVD) of X = UΣVH must
be calculated, U and V are unitary matrices, and
Σ is a rectangular diagonal matrix with singular
values 𝜎1 ≥ · · · ≥ 𝜎P on the diagonal. Next,
calculate the MDL criterion as

MDL(𝛾) = −K(P − 𝛾) log
⎛⎜⎜⎝
∏P−1

l=𝛾 𝜆
1∕(P−𝛾)
l

1
P−𝛾

∑P−1
l=𝛾 𝜆l

⎞⎟⎟⎠
+ 1

2
𝛾(2P − 𝛾) log K,

for 𝛾 = 0, · · · ,P − 1,

where 𝜆l = 𝜎2
l . The estimate of L is obtained as

L̂ = argmin
𝛾

MDL(𝛾).

Step 3: By knowing the channel length, it is possible to
organize the eigenvectors corresponding to the
L̂ largest eigenvalues as Us = U

[
IL̂ 0L̂×(P−L̂)

]T,
where Il is an identity matrix of size l and 0l× p

is an l-by-p matrix whose elements are zeros.
Then, construct

U1 ≜
[
IP−1 0(P−1)×1

]
Us,

U2 ≜
[
0(P−1)×1 IP−1

]
Us.

Step 4: Finally, the ESPRIT rotational matrix must be
constructed as

Ψ =
(
UH

1 U1
)−1UH

1 U2,

and compute its eigenvalues 𝜓 l, for l = 0, · · · , L̂
− 1. The values of 𝜏′(l) can be obtained as

𝜏′(l) = − 1
2𝜋TsΔ𝑓ΔCRS

arg{𝜓l}.

Since it was assumed that 𝜏(0) = 0 and 𝜏′(l) =
𝜏(l) − Tse𝜃 , the normalized estimated symbol
timing error can be obtained as

ê𝜃 = − 1
Ts

min
l
𝜏′(l).

Note that in some environments, the direct sig-
nal may be blocked and the minimum of the
estimated channel delays may not correspond
to the LOS signal. However, differentiating the
LOS signal from non-LOS (NLOS) signals is out
of the scope of this paper.

The normalized estimated symbol timing error ê𝜃 can
be divided into two parts: integer, Int{·}, and fractional,
Frac{·}, given by

ê𝜃 = Int{ê𝜃} + Frac{ê𝜃},

where −1 ≤ Frac{ê𝜃} ≤ 0.
Next, the initial Doppler frequency can be estimated,

by measuring the difference between the received signals'
phases on the same symbols of two consecutive slots. For
this purpose, define z(m) as

z(m) = Ri+7(k)R∗
i (k)S

∗
i+7(k)Si(k) (5)

= Ce𝑗2𝜋7Nte𝑓∕Nc |Hi(k)|2 + W ′(k),

for k = mΔCRS + 𝜅, m = 0, · · · ,M − 1.

Then, the initial carrier frequency offset is estimated as

𝑓D = 1
2𝜋Tslot

Δ𝜑, (6)

where Tslot = 0.5 millisecond and

Δ𝜑 ≜ arg

[M−1∑
m=0

z(m)

]
. (7)

Note that Δ𝜑 is a function of the difference between the
phases of two received signals at two different symbols.
Since in this paper the sampling clock frequency offset
is assumed to be negligible, Δ𝜑 is defined according to
(7). As such, the Doppler frequency estimate (6) ignores
the sampling clock frequency offset. To include the effect
of this offset, an approach such as the one described in
Speth et al48 could be adopted. The normalized estimated
Doppler frequency is used to remove the initial phase
estimate from the time-domain received signal as

r(n) ← e−𝑗�̂�(n)r(n),

where r(n) is the time-domain received signal, �̂�(n) =
2𝜋𝑓DnTs.

After removing the total carrier frequency offset esti-
mate from the received signal r(n), the integer part of the
symbol timing error is used to control the FFT window.
Then, the FFT is taken from r(n) to convert the signal to
the frequency domain R(k). Next, the fractional part of the
estimated symbol timing error is removed from R(k) as

R′(k) ≜ e−𝑗2𝜋kFrac{ê𝜃}∕Nc R(k).

Therefore, the ith received symbol on the subcarriers car-
rying the CRS after removing the symbol timing error
estimate can be written as

R′
i(k) = e𝑗𝜋ẽ𝑓 e𝑗2𝜋(iNt+LCP)ẽ𝑓∕Nc e𝑗2𝜋ẽ𝜃k∕Nc√

CSi(k)Hi(k) + Wi(k), (8)

for k = mΔCRS + 𝜅, m = 0, · · · ,M − 1,
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where ẽ𝑓 = e𝑓 − ê𝑓 is the remaining carrier frequency
offset and ẽ𝜃 = e𝜃 − ê𝜃 is the remaining symbol timing
error.

3.2 Tracking
In the tracking stage, nodes A, B, and C are connected to
node 3, where a PLL-aided DLL is used to track the symbol
timing. In this subsection, the structures of the PLL and
DLL are discussed in detail.

3.2.1 Phase-locked loop
A PLL has three main components: a carrier phase dis-
criminator function, a carrier loop filter, and a numerically
controlled oscillator (NCO). The carrier phase discrimina-
tor function is defined as

DPLL = arg

[M−1∑
m=0

R′(k)S∗(k)

]
,

for k = mΔCRS + 𝜅, m = 0, · · · ,M − 1.

It can be shown that for ẽ𝜃 ≈ 0, the PLL discriminator
function for the ith received signal and in a multipath-free
environment can be written as

DPLL = Δ𝜙 + NPLL ,

where Δ𝜙 = 𝜋ẽ𝑓 + 2𝜋(iNt + LCP)ẽ𝑓∕Nc and NPLL is a
zero-mean noise with variance

var [NPLL ] =
𝜎2

2MC

(
1 + 𝜎2

2MC

)
. (9)

A second-order PLL is used to track the carrier phase,
with a loop filter transfer function given by

FPLL (s) = 2𝜁 𝜔PLL +
𝜔2

PLL

s
, (10)

where 𝜔PLL is the undamped natural frequency of the
phase loop and 𝜁 is the damping ratio. The damping
ratio was set to 1∕

√
2 to have a step response that rises

fast enough with little overshoot.49 Therefore, the PLL
noise-equivalent bandwidth is BPLL = 0.53𝜔PLL.50 The
output of the filter is the rate of change of the carrier
phase error 2𝜋𝑓D expressed in rad/s. The phase loop filter
transfer function in (10) is discretized and realized in state
space. The loop update rate was set to a frame duration of
Tf. An NCO is used to integrate the phase as

𝜙(n) ← 2𝜋𝑓DnTs + 𝜙(N𝑓 ),

for n = 0, · · · ,N𝑓 ,

where Nf = Tf∕Ts is the number of samples per frame.
Then, the resulting phase is removed from the received
signal as

r(n) ← e−𝑗𝜙(n)r(n).

3.2.2 Delay-locked loop
In conventional DLLs (eg, dot product), the TOA error is
obtained as a function of the early, late, and prompt cor-
relations, which are the correlation of the received signals
with locally generated early (advanced), late (delayed), and
prompt versions of the code sequence, respectively. The
CRS is scattered in the bandwidth, which makes obtaining
its time-equivalent form infeasible. As a result, obtaining
the time-domain correlation of the received signal and the
code will not be possible and conventional DLLs cannot
be used to track the CRS. In this paper, a specialized DLL
will be designed specifically for tracking the CRS in LTE
systems.

A DLL has three main components: a code phase dis-
criminator function, a code loop filter, and an NCO.
Figure 6 shows the structure of the code phase discrimina-
tor function, which is an adaptation of Yang et al45 for LTE
systems.

Since a shift in the time domain is equivalent to a phase
rotation in the frequency domain, the locally generated
early and late code signals for the OFDM symbol can be
obtained, respectively, as

Searly (m) = e−𝑗2𝜋m∕M𝜉S(k),

Slate (m) = e𝑗2𝜋m∕M𝜉S(k),

for k = mΔCRS + 𝜅, m = 0, · · · ,M − 1.

where 0 < 𝜉 ≤ 1∕2 is the normalized time shift. The
early and late correlations in the frequency domain can be
expressed, respectively, as

early =
M−1∑
m=0

R′(mΔCRS + 𝜅)S∗
early(m),

late =
M−1∑
m=0

R′(mΔCRS + 𝜅)S∗
late(m).

The discriminator function is defined as

DDLL ≜ |early |2 − |late|2 ≜ M2CΛDLL(ẽ𝜃, 𝜉)+NDLL, (11)

FIGURE 6 The structure of the code phase discriminator
function. Abbreviation: CRS, cell-specific reference signal
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where for a channel without multipath, ΛDLL(ẽ𝜃, 𝜉) is the
normalized S-curve function, defined as

ΛDLL(ẽ𝜃, 𝜉) ≜
[

sin(𝜋(ẽ𝜃 − 𝜉))
M sin(𝜋(ẽ𝜃 − 𝜉)∕M)

]
−
[

sin(𝜋(ẽ𝜃 + 𝜉))
M sin(𝜋(ẽ𝜃 + 𝜉)∕M)

]
,

and NDLL represents the noise with zero-mean and vari-
ance

var[NDLL] ≤ 2M2𝜎4

[
1 + C

M𝜎2

(
sin(𝜋(ẽ𝜃 − 𝜉))

sin(𝜋(ẽ𝜃 − 𝜉)∕M)

)2

(12)

+ C
M𝜎2

(
sin(𝜋(ẽ𝜃 + 𝜉))

sin(𝜋(ẽ𝜃 + 𝜉)∕M)

)2
]
, (13)

where equality holds for 𝜉 = 0.5.45 In the following anal-
ysis, 𝜉 is set to be 0.5. Figure 7 shows the normalized
S-curve.

The output of the discriminator function is first normal-
ized by the slope of the S-curve kDLL, which represents the
symbol timing error plus noise. Then, a DLL loop filter is
used to achieve zero steady-state error. It can be assumed
that the symbol timing error has linear variations, which
can be due to the clock drift or receiver movement, and
a second-order loop filter can provide zero steady-state
error. Therefore, the normalized output of the discrimina-
tor function is first smoothed using a first-order low-pass
filter (LPF) with a transfer function given by

FDLL(s) = 2𝜁 𝜔DLL +
𝜔2

DLL

s
, (14)

where 𝜔DLL is the undamped natural frequency of the
delay loop and 𝜁 is the damping ratio. The damping
ratio was set to 1∕

√
2 to have a step response that rises

fast enough with little overshoot.49 Therefore, the DLL
noise-equivalent bandwidth is BDLL = 0.53𝜔DLL.50 The
delay loop filter transfer function in (14) is discretized and

FIGURE 7 Discriminator function of the cell-specific reference
signal (CRS) [Color figure can be viewed at wileyonlinelibrary.com
and www.ion.org]

realized in state space. The loop update rate was set to a
frame duration of Tf.

Finally, the frame start time estimate is updated accord-
ing to

ê𝜃 ← ê𝜃 −
T𝑓
Ts

(vDLL + vPLL) ,

where vDLL is the output of the DLL filter, which is the
rate of change of the symbol timing error expressed in s/s;
vPLL = 2𝜋𝑓D∕𝜔c, where 𝜔c = 2𝜋fc. The integer part of the
frame start time estimate is used to control the FFT win-
dow, and the fractional part is removed using the phase
rotation in R.

4 STATISTICS OF THE CODE AND
CARRIER PHASE ERRORS

In this section, the statistics of the code and carrier phase
errors are derived for LTE signals.

4.1 Code phase error in multipath-free
environment
In a multipath-free and noise-free environment, the point
at which the discriminator function is zero represents the
TOA. However, noise can move the zero crossing point as

ẽ𝜃 =
NDLL

kDLL
, (15)

where

kDLL = 𝜕DDLL(ẽ𝜃, 𝜉)
𝜕ẽ𝜃

|||| ẽ𝜃≈0
𝜉=1∕2

=
4𝜋C cos

(
𝜋

2M

)
M
(

sin
(

𝜋

2M

))3 . (16)

Therefore, the open-loop code phase error due to noise
is a random variable with zero-mean and variance

𝜎2
ẽ𝜃
= var[NDLL]

k2
DLL

≈ 𝜋2

128MC∕N0
, (17)

which is obtained by assuming M ≫ 1 and carrier-to-noise
ratio C∕N0 ≫ 1 dB-Hz and defining the power spectral
density of noise as Sn(𝑓 ) ≜ N0∕2 = 𝜎2. Figure 8 plots the
standard deviation of the pseudorange error as a function
of C∕N0 for different values of Nc. The results show that the
pseudorange error improves significantly as the number of
subcarriers Nc in the LTE signal increases.

4.2 DLL time integration
From (17), it can be seen that one of the parameters affect-
ing the pseudorange error is the discriminator function's

http://wileyonlinelibrary.com
www.ion.org
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FIGURE 8 Standard deviation of the code phase error as a
function of the C∕N0 for a different number of subcarriers Nc [Color
figure can be viewed at wileyonlinelibrary.com and www.ion.org]

noise component. It can be shown that the average of
I independent and identically distributed (i.i.d.) random
variables reduces the variance by a factor of I. This property
can be used to reduce the code phase error variance. By
averaging the discriminator functions over I different sym-
bols, the overall DLL discriminator function is obtained as

Dtot ≜
1
I
∑

i∈ICRS

DDLLi = M2CΛDLL(ẽ𝜃, 𝜉) + Ntot, (18)

where ICRS is the set of symbols over which integration is
performed and contains CRS, I = card (ICRS), where card(·)
is the cardinality of the set, and

Ntot =
1
I
∑

i∈ICRS

NDLLi .

It can be shown that {NDLLi}i∈ICRS is i.i.d. with zero-mean
and variance given in (12). Therefore, Ntot is zero-mean
with variance var[Ntot] = var[NDLLi ]∕I. Using the discrim-
inator function (18), it can be shown that the code phase
error after averaging is a random variable with zero-mean
and variance

𝜎2
ẽ𝜃
≈ 𝜋2

128MIC∕N0
, (19)

which is decreased by a factor of I compared with
(17). Since the CRS is transmitted on multiple sym-
bols in a frame, it is possible to take the average over
the symbols carrying the CRS in only one frame while
keeping the DLL loop update time equal to a frame
duration. However, increasing I too much may result in
loss of coherence due to unknown receiver motion and
clock drift. Consequently, a very long integration time
may degrade the estimation performance. The use of a
dead-reckoning (DR)–type sensor may help compensate
for receiver motion. On the other hand, the magnitude
of the clock drift is determined solely by the oscilla-
tor stability. While stable oscillators (eg, oven-controlled
crystal oscillators [OCXOs]) allow for longer integration
time, they are expensive and large to install on cheap

portable radio frequency (RF) platforms. An integration
time of 400 milliseconds may be achieved for a stationary
receiver using cheap, small, but less stable oscillators (eg,
temperature-compensated crystal oscillators [TCXOs]).51

4.3 Code phase error in a multipath
environment
In a multipath fading environment, the discriminator
function can be expressed as45

DDLL = M2CΛDLL (ẽ𝜃, 𝜉) + NDLL + 𝜒1 + 𝜒2, (20)

where 𝜒1 and 𝜒2 represent the multipath channel effect on
the discriminator function according to

𝜒1 = C
||||||

M−1∑
m=0

L−1∑
l=1
𝛼(l)e−𝑗2𝜋(m∕M)(𝜏(l)∕Ts+ẽ𝜃−𝜉)

||||||
2

− C
||||||

M−1∑
m=0

L−1∑
l=1
𝛼(l)e−𝑗2𝜋(m∕M)(𝜏(l)∕Ts+ẽ𝜃+𝜉)

||||||
2

,

𝜒2 = 2Cℜ

{[M−1∑
m=0

e−𝑗2𝜋(m∕M)(ẽ𝜃−𝜉)

]

·

[M−1∑
m′=0

L−1∑
l=1
𝛼∗(l)e𝑗2𝜋(m′∕M)(𝜏(l)∕Ts+ẽ𝜃−𝜉)

]}

− 2Cℜ

{[M−1∑
m=0

e−𝑗2𝜋(m∕M)(ẽ𝜃+𝜉)

]

·

[M−1∑
m′=0

L−1∑
l=1
𝛼∗(l)e𝑗2𝜋(m′∕M)(𝜏(l)∕Ts+ẽ𝜃+𝜉)

]}
,

where ℜ{·} represents the real part. It can be seen from
(20) that multipath adds a bias to the discriminator func-
tion. Figure 9 shows the code phase error in a multipath,
but noise-free environment. The channel is assumed to
have only two taps with 𝛼(0) = 1 and 𝛼(1) = 0.2512ej𝜗 (ie,
the multipath amplitude is 6 dB lower than the LOS ampli-
tude). The effect of the delay of the reflected signal, 𝜏(1),
on the pseudorange error is evaluated for 𝜗 = {0, 𝜋}, ie,
for constructive and destructive interferences, respectively.
The results are obtained for different numbers of subcar-
riers. Figure 9 shows that the pseudorange error reduces
in both constructive and destructive channels when the
bandwidth of the LTE signal increases. With Nc = 2048,
the pseudorange error with constructive multipath inter-
ference is less than 50 cm.

4.4 Carrier phase error in multipath-free
environment
In a noisy but multipath-free environment, noise can move
the zero crossing point of the PLL discriminator function

http://wileyonlinelibrary.com
www.ion.org
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FIGURE 9 Code phase error for a multipath channel with
𝛼(0) = 1 and 𝛼(1) = 0.2512 and for different numbers of
subcarriers. The solid and dashed lines represent constructive and
destructive interferences, respectively [Color figure can be viewed
at wileyonlinelibrary.com and www.ion.org]

FIGURE 10 Standard deviation of the carrier phase error as a
function of the C∕N0 for a different number of subcarriers Nc [Color
figure can be viewed at wileyonlinelibrary.com and www.ion.org]

as

Δ𝜙 = NPLL

kPLL
, (21)

where kPLL = 1. Therefore, the open-loop carrier phase
error due to noise is a random variable with zero-mean and
variance

𝜎2
Δ𝜙 = 1

4MC∕N0

(
1 + 1

4MC∕N0

)
.

Figure 10 plots the standard deviation of the carrier phase
error as a function of C∕N0 for different values of Nc. The
results show that the carrier error improves significantly as
the number of subcarriers Nc in the LTE signal increases.

FIGURE 11 Carrier phase error for a multipath channel with
𝛼(0) = 1 and 𝛼(1) = 0.2512 and for a different number of
subcarriers. The solid and dashed lines represent constructive and
destructive interferences, respectively [Color figure can be viewed
at wileyonlinelibrary.com and www.ion.org]

4.5 Carrier phase error in a multipath
environment
In a multipath fading environment, the PLL discriminator
function can be expressed as

DPLL = arg
[

M
√

Ce𝑗Δ𝜙 + 𝜒PLL + noise
]
,

for k = mΔCRS + 𝜅, m = 0, · · · ,M − 1,

where

𝜒PLL =
M−1∑
m=0

L−1∑
l=1

√
Ce𝑗Δ𝜙𝛼(l)e−𝑗2𝜋(m∕M)(𝜏(l)∕Ts).

Figure 11 shows the carrier phase error in a multipath, but
noise-free environment. The channel is assumed to be sim-
ilar to Section 4.3. The results are obtained for a different
number of subcarriers. Figure 9 shows that the maximum
carrier phase error for a different number of subcarriers is
the same. However, for higher Nc, the carrier phase error
drops faster as the multipath delay increases.

5 LTE NAVIGATION FRAMEWORK

The measured LTE pseudoranges by the proposed receiver
are fed to an extended Kalman filter (EKF) to estimate the
vehicle's state, given by

xr =
[
rT

r , ṙT
r , c𝛿tr, c�̇�tr

]T
,

where rr = [xr, 𝑦r, zr]T is the receiver's 3-D position vector,
𝛿tr is the receiver's clock bias, and �̇�tr is the receiver's clock
drift. The state of the uth eNodeB is given by

xsu =
[
rT

su
, c𝛿tsu , c�̇�tsu

]T
, u = 1, · · ·,N,

where rsu =
[
xsu , 𝑦su , zsu

]T is the uth eNodeB's 3-D position
vector, 𝛿tsu is the eNodeB's clock bias, �̇�tsu is the eNodeB's
clock drift, and N is the total number of eNodeBs in the

http://wileyonlinelibrary.com
www.ion.org
http://wileyonlinelibrary.com
www.ion.org
http://wileyonlinelibrary.com
www.ion.org
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environment. The pseudorange between the receiver and
uth eNodeB at the jth time step can be expressed as

𝜌u( 𝑗) = ‖‖rr( 𝑗) − rsu
‖‖2 + c ·

[
𝛿tr( 𝑗) − 𝛿tsu( 𝑗)

]
+ vu( 𝑗),

for 𝑗 = 1, 2, · · ·,

where vu is the measurement noise, which is modeled as
a zero-mean, white Gaussian random sequence with vari-
ance 𝜎2

u. The receiver's clock bias and drift are assumed
to evolve according to the following discrete-time (DT)
dynamics

xclkr ( 𝑗 + 1) = Fclkxclkr ( 𝑗) + wclkr ( 𝑗), (22)

where

xclk r ≜

[
c𝛿tr
c�̇�tr

]
, Fclk =

[
1 T
0 1

]
, wclk r =

[
w𝛿tr
w�̇�tr

]
,

where T ≡ Tf is the measurement's sampling time and
wclkr is the process noise, which is modeled as a DT
zero-mean white sequence with covariance Qclkr with

Qclk r =

[
Sw̃𝛿tr

T + Sw̃�̇�tr

T3

3
Sw̃�̇�tr

T2

2
Sw̃�̇�tr

T2

2
Sw̃�̇�tr

T

]
.

The terms Sw̃𝛿tr
and Sw̃�̇�tr

are the clock bias and drift pro-
cess noise power spectra, respectively, which can be related
to the power-law coefficients {h𝛼}2

𝛼=−2, which have been
shown through laboratory experiments to characterize the
power spectral density of the fractional frequency devia-
tion y(t) of an oscillator from nominal frequency accord-
ing to S𝑦( 𝑓 ) =

∑2
𝛼=−2 h𝛼𝑓𝛼 . A common approximation

involves only the h0 and h−2 parameters, namely, Sw̃𝛿tr
≈

h0r
2

and Sw̃�̇�tr
≈ 2𝜋2h−2r .

52

The uth eNodeBs' clock states xclk su
evolve according

to the same dynamic model as the receiver's clock state
(22), except that the process noise is replaced with wclksu

≜[
w𝛿tsu

,w�̇�tsu

]T
, which is modeled as a DT zero-mean

sequence with covariance Qclksu
.53

One of the main challenges in navigation with LTE sig-
nals is the unavailability of the eNodeBs' positions and
clock states. It has been previously shown that the SOP
position can be mapped with a high degree of accu-
racy, whether collaboratively or noncollaboratively.53,54 In
what follows, the eNodeBs' positions are assumed to be
known, and an EKF will be utilized to estimate the vehi-
cle's position rr and velocity ṙr simultaneously with the
difference between the receiver and each eNodeB's clock
bias and drift states. The difference between the receiver's

clock state vector and the uth eNodeB's clock state vector
Δxclku ≜ xclkr − xclksu

evolves according to

Δxclk u( 𝑗 + 1) = FclkΔxclku( 𝑗) + wclku( 𝑗),

where w clk u ≜
(

wclkr − wclk su

)
is a DT zero-mean white

sequence with covariance Qclk u , where Qclku ≜ Qclk r +
Qclk su

.
The receiver is assumed to move in a two-dimensional

(2-D) plane with known height, ie, z(j) = z0 and ż( 𝑗) = 0,
where z0 is a known constant. Moreover, the receiver's 2-D
position is assumed to evolve according to a velocity ran-
dom walk, with the continuous-time (CT) dynamics given
by

ẍr(t) = w̃x, �̈�r(t) = w̃𝑦, (23)

where w̃x and w̃𝑦 are zero-mean white noise processes
with power spectral densities q̃x and q̃𝑦, respectively. The
receiver's DT dynamics are hence given by

xpv( 𝑗 + 1) = Fpvxpv( 𝑗) + wpv( 𝑗),

where

xpv ≜

⎡⎢⎢⎢⎣
xr
𝑦r
ẋr
�̇�r

⎤⎥⎥⎥⎦ , Fpv =
⎡⎢⎢⎢⎣

1 0 T 0
0 1 0 T
0 0 1 0
0 0 0 1

⎤⎥⎥⎥⎦ ,
and wpv is a DT zero-mean white sequence with covariance
Qpv, where

Qpv =

⎡⎢⎢⎢⎢⎢⎣

q̃x
T3

3
0 q̃x

T2

2
0

0 q̃𝑦 T3

3
0 q̃𝑦 T2

2
q̃x

T2

2
0 q̃xT 0

0 q̃𝑦 T2

2
0 q̃𝑦T

⎤⎥⎥⎥⎥⎥⎦
.

The augmented state vector which will be estimated by

the EKF is defined as x ≜
[

xT
pv,ΔxT

clk1
, · · ·,ΔxT

clkN

]T
. This

vector has the dynamics

x( 𝑗 + 1) = Fx( 𝑗) + w( 𝑗),

where F≜diag
[
Fpv,Fclk, · · ·,Fclk

]
and w is a DT zero-mean

white sequence with covariance Q ≜ diag
[
Qpv,Qclk

]
and

Qclk =
⎡⎢⎢⎢⎣

Qclk r + Qclk s1
Qclk r · · · Qclk r

Qclk r Qclk r + Qclk s2
· · · Qclk r

⋮ ⋮ ⋱ ⋮
Qclk r Qclk r · · · Qclk r + Qclk sN

⎤⎥⎥⎥⎦ .
Note that the proposed estimator assumed the receiver
to be mobile. For the stationary receiver case, a more
advanced estimator (eg, multiple model [MM]–type
estimator52) could be employed. In this case, one mode
of the estimator could be matched to velocity random
walk dynamics, while the other mode could be matched
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to stationary dynamics. In practice, the receiver is typi-
cally coupled with an inertial measurement unit (IMU),
which is used to propagate the estimator's state between
measurement updates from eNodeBs.20

6 EXPERIMENTAL RESULTS

To evaluate the performance of the proposed receiver,
an experiment was conducted using a ground vehicle in
an urban multipath environment: downtown Riverside,
California. In this section, the experimental setup and
results are discussed.

6.1 Experimental setup
In this experiment, a ground vehicle was equipped with
two consumer-grade 800/1900 MHz cellular omnidirec-
tional Laird antennas to receive the LTE signals at 739 and
1955 MHz carrier frequencies. These frequencies are used
by the US LTE provider AT&T. A dual-channel National
Instruments (NI) universal software radio peripheral
(USRP)-2954R, driven by a GPS-disciplined oscillator
(GPSDO) was used to simultaneously down-mix and syn-
chronously sample LTE signals with 20 Msps. The vehi-
cle was also equipped with one surveyor-grade Leica
antenna to receive GPS signals. The GPS signal, which
was down-mixed and sampled by a single-channel NI
USRP-2930, was used to discipline the USRP clock oscilla-
tors, and samples of the GPS signal were stored and later
used to produce the vehicle's “ground truth” trajectory.

A laptop was used to store the GPS and LTE signals for
postprocessing. Figure 12 shows the experimental setup.

It is assumed that the receiver had access to GPS, and
GPS was cut off at the start time of the experiment. There-
fore, the EKF's states were initialized with the values
obtained from the GPS navigation solution. The standard
deviation of the initial uncertainty of position and velocity
were set to be 5 m and 0.01 m/s, respectively.49 The stan-
dard deviation of the initial uncertainty of the clock bias
and drift were set to be 0.1 m and 0.01 m/s, respectively,
which were obtained empirically.

According to the LTE protocol, the modulated carrier
frequency of LTE signals received from an eNodeB over
1 millisecond should be accurate to within ±50 parts per
billion (ppb) with respect to a reference.55 This reference
is typically obtained by using OCXOs in the eNodeBs
and the signals transmitted by GNSS. However, when
GNSS signals are not available or reliable (eg, in deep
urban canyons), other standards (eg, synchronous ether-
net) could be used to transfer synchronization signals to
the eNodeBs.55,56

TABLE 2 ENodeBs' characteristics

Carrier
Frequency, Bandwidth,

eNodeB MHz NCell
ID MHz

1 739 152 10
2 1955 216 20
3 739 232 10
4 739 288 10

FIGURE 12 Experimental hardware and software setup. Abbreviations: GRID, generalized radionavigation interfusion; LTE, long-term
evolution; NI, National Instruments; SDR, software-defined receiver; USPR, universal software radio peripheral [Color figure can be viewed
at wileyonlinelibrary.com and www.ion.org]
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(A)

(B)

(C)

(D)

FIGURE 13 A-D, The probability of the relative (with respect to the first estimated path) attenuation and delay components of the multipath
over the course of experiment, for eNodeBs 1 through 4, respectively [Color figure can be viewed at wileyonlinelibrary.com and www.ion.org]
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FIGURE 14 A, Measured pseudoranges and actual ranges for each eNodeB, plotted with dashed and solid lines, respectively. The initial
values were removed for comparison purposes. B, The obtained error between the pseudoranges and the actual ranges, after removing the
mean of the error. C, Measured C∕N0 of the received signal from each eNodeB. D, The normalized channel impulse response (CIR) of the
received long-term evolution (LTE) signal from eNodeB 1 at time instant 40 s [Color figure can be viewed at wileyonlinelibrary.com and
www.ion.org]
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The clock error dynamics modeled in (22) are only valid
for a GPSDO over short periods of time. When the mea-
surement rate is significantly higher than the GPSDO cor-
rection rate, it can be assumed that the clock follows the
model presented in Section 5 between each GPSDO correc-
tion. In this paper, the measurements are obtained every
10 milliseconds, while the GPSDO correction is performed
usually less than once per second. Therefore, using the
model in (22) is practical. The eNodeBs' clocks were mod-
eled as OCXOs with

{
h0s

}N
i=1 = 2.6×10−22 and

{
h−2s

}N
i=1 =

4×10−26, while the receiver's clock was modeled as a TCXO
with h0r = 9.4 × 10−20 and h−2r = 3.8 × 10−21. The pro-
cess noise power spectral densities q̃x and q̃𝑦 were set to
0.1 (m2∕s3), and the measurement noise standard devia-
tion was set to 10 m2, which were obtained empirically.

After collecting the LTE and GPS samples along the
vehicle's trajectory, the stored LTE signals were processed
using the proposed LTE receiver to obtain the pseudor-
anges. The GPS signal was processed using the generalized
radionavigation interfusion (GRID) SDR.57

The DLL bandwidth was tuned between 0.05 and 0.2 Hz,
and the PLL bandwidth was tuned between 4 and 8 Hz.
In order to choose the loop bandwidth, it is required to
balance the performance in the presence of noise against
the performance for a moving receiver. Low loop band-
width improves the performance in the presence of noise

(A)

(B)

FIGURE 15 Tracking results for eNodeB 3: A, carrier phase error
and B, Doppler frequency (Hz) [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]

by increasing the averaging time. However, a longer aver-
aging time degrades the performance of a moving receiver.
Experimental results revealed that the PLL with high loop
bandwidth would fail to track signals with low C∕N0.
Therefore, the PLL bandwidth has to be decreased for
low C∕N0. To capture the dynamics of a moving receiver,
the DLL loop bandwidth, on the other hand, must be
increased. Typically, with high C∕N0, the PLL bandwidth
can be increased and lower bandwidth for the DLL can be
chosen.

The ESPRIT design parameter was set to P = 0.5M. The
integration was performed over four consecutive OFDM
symbols carrying CRS in four slots. The characteristics of
the eNodeBs to which the receiver was listening during the
experiment are presented in Table 2. The GPS navigation
solution was produced from 10 GPS satellites.

6.2 Experimental results
Over the course of the experiment, the ground vehicle
traversed a trajectory of 1.44 km in 90 seconds with an
average speed of 16 m/s. In order to evaluate the chan-
nel condition, the ESPRIT algorithm was used to estimate
the CIR at each frame of the received LTE signal over the
course of the experiment. Figure 13 shows the probabil-
ity of the relative (with respect to the first estimated path)

(A)

(B)

FIGURE 16 A, Distance error between the navigation solution
obtained by the long-term evolution (LTE) software-defined
receiver (SDR) and the GPS navigation solution over time. B, The
cumulative distribution function (CDF) of the error [Color figure
can be viewed at wileyonlinelibrary.com and www.ion.org]
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attenuation and delay components of multipath for each
eNodeB. The results showed that the average of the chan-
nel length L over the course of the experiment for eNodeBs
1 through 4 was 1.09, 4.29, 1.45, and 1.17, respectively,
implying relatively less multipath compared with the
extended typical urban (ETU) channel model with chan-
nel length of 9. In some environments, the received signal
may be completely blocked resulting in an NLOS signal.
Differentiating the LOS signal from the NLOS signal is out-
side the scope of this paper, and the received signal with
the lowest TOA is assumed to be the LOS signal.

The obtained pseudoranges with the proposed LTE SDR
for each eNodeB are shown in Figure 14A with dashed
lines. The receiver had access to its actual position using
the stored GPS signal. Therefore, the actual ranges of the
receiver to each eNodeB were calculated and are shown
in Figure 14A with solid lines. To enable comparison, the
initial values of the pseudoranges and actual ranges are
removed in Figure 14A. It can be seen that the change in
pseudoranges follows the actual ranges closely.

Figure 14B shows the relative errors between the pseu-
doranges and their corresponding ranges. In this figure,

it was assumed that the mean of each error is due to the
difference of the clock biases between the receiver and the
transmitter. Therefore, the mean of the obtained errors for
each eNodeB was removed from the entire error, and the
plotted errors have zero-mean. The results show that the
standard deviation of the pseudorange errors for eNodeBs
1 through 4 is 4.55, 2.20, 1.96, and 2.04 m, respectively.
The difference in the obtained standard deviations can be
attributed to several factors, including (1) different trans-
mission bandwidth, (2) different multipath environment,
and (3) different clock drifts. Figure 14C shows the mea-
sured C∕N0 of the received signal from each eNodeB over
the course of the experiment. It can be seen that eNodeB
1's C∕N0 drops to approximately 47 dB-Hz after 40 seconds.
Figure 14D shows the CIR of the received signal from

TABLE 3 LTE navigation performance with proposed method

Performance Measure Value, m

RMSE 3.17
Standard deviation 1.06
Maximum error 6.58

Abbreviations: LTE, long-term evolution; RMSE, root mean square error.

FIGURE 17 Environment layout, the eNodeBs' locations, and the traversed trajectory. The long-term evolution (LTE) navigation solution
exhibited a root mean square error (RMSE) of 3.17 m, standard deviation of 1.06 m, and maximum error of 6.58 m from the GPS navigation
solution over a trajectory of 1.44 km. Image: Google Earth [Color figure can be viewed at wileyonlinelibrary.com and www.ion.org]
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eNodeB 1 at time instant 40 seconds. It can be seen that
at this time instant, the noise level and multipath are sig-
nificantly high resulting in low C∕N0. Although multipath
is severe for this received signal and the C∕N0 is low, the
estimated pseudorange obtained by the proposed receiver
still follows the actual range closely. Figure 15A and 15B
shows the tracking results for the carrier phase error and
Doppler frequency, respectively, for eNodeB 3.

Figure 16A shows the distance error between the naviga-
tion solution obtained by the LTE SDR and that of the GPS
navigation solution over time. The experimental cumula-
tive distribution function (CDF) of the error is shown in
Figure 16B. The environment layout, the eNodeBs' loca-
tions, and the entire trajectory are shown in Figure 17.
Table 3 summarizes the LTE navigation performance.

6.3 Comparison with other methods
A threshold-based receiver was tested in this environment
in Shamaei et al.30 With this receiver, signals from only
three eNodeBs were trackable (ie, eNodeBs 2 through 4)
and the resulting RMSE over the same traversed trajec-
tory was 11.96 m, with standard deviation of 6.83 m, and
a maximum error of 40.42 m. An earlier version of the
receiver presented in this paper was tested in this envi-
ronment as well.35 The receiver used only a DLL and did
not average over multiple LTE symbols, which is proposed
in this paper. With the receiver in Shamaei et al,35 signals
from all four eNodeBs were trackable and the resulting
RMSE over the same traversed trajectory was 5.36 m, with

a standard deviation of 2.54 m, and a maximum error of
12.97 m. It can be seen that the receiver proposed in this
paper produced a superior navigation performance. It is
worth noting that GPS signals did not suffer from multi-
path as severely as the LTE signals, given that the sky was
not obstructed above the receiver.

The performance of the proposed receiver is also com-
pared with the ESPRIT and EKAT algorithms discussed in
Driusso et al.33 The ESPRIT algorithm is known to provide
highly accurate TOA estimation. However, this method
needs perfect knowledge of the CIR length L to provide
accurate results. The MDL method is an approach that can
be used to estimate L, but this method tends to overes-
timate the channel length. As a result, the ESPRIT TOA
estimation has an outlier. The effect of this outlier can be
reduced significantly using a Kalman filter and a prede-
termined threshold on the vehicle's speed, which is called
EKAT in Driusso et al.33 Figure 18 shows the pseudoranges
obtained by the ESPRIT, EKAT, and the proposed receiver
for all eNodeBs. It can be seen that the pseudoranges
obtained by ESPRIT have significant outliers, which is
improved in EKAT. The pseudoranges shown in Figure 18
are obtained using the same parameters as in Driusso
et al.33 It can be seen that the pseudoranges obtained by
the proposed receiver are significantly more robust and
accurate. For more explanation on the high error obtained
using ESPRIT and EKAT algorithms, consider the results
for eNodeB 1. As was discussed in Figure 14, the noise
level and multipath effect for eNodeB 1 increase after 40

FIGURE 18 Estimated pseudoranges obtained by the proposed receiver, estimation of signal parameters by rotational invariance
techniques (ESPRIT), and EKAT (ESPRIT and Kalman filter) algorithms for all the eNodeBs [Color figure can be viewed at
wileyonlinelibrary.com and www.ion.org]
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TABLE 4 Comparison of pseudorange errors obtained by each
method

Proposed
ESPRIT EKAT Method

𝜎, Max 𝜎, Max 𝜎, Max
[m] Error, [m] [m] Error, [m] [m] Error, [m]

eNodeB 1 883.2 2102 495.6 1683 4.55 9.61
eNodeB 2 249.2 2981 176.6 2098 2.20 5.60
eNodeB 3 836.8 2431 422.1 1751 1.96 7.74
eNodeB 4 642.3 1884 148.4 1151 2.04 3.84

Abbreviations: EKAT, ESPRIT and Kalman filter; ESPRIT, estimation of signal
parameters by rotational invariance techniques.

seconds. Under this condition, the MDL algorithm tends
to overestimate the channel length and as a result, the
noise components are detected as the signal components
in the ESPRIT algorithm. Although the EKAT algorithm
could remove some of the outliers in the estimated CIR by
ESPRIT, it could not eliminate a continuous error in the
CIR estimates obtained by the ESPRIT algorithm. Table 4
compares the pseudorange error statistics (standard devi-
ation 𝜎 and maximum error) obtained with the proposed
method versus the ESPRIT and EKAT algorithms.

In terms of complexity, the ESPRIT and EKAT algo-
rithms have complexity on the order of (N3

c ), which is
mainly due to the SVD operator. However, the complex-
ity of the proposed receiver is on the order of (Nc log Nc),
which is due to the FFT operator. Since acquisition is per-
formed either once before tracking starts or after tracking
is lost, and since the majority of the processing time is
spent in the tracking stage, when evaluating the complex-
ity, only the tracking stage is considered.

7 CONCLUSION AND FUTURE
WORK

This paper presented a computationally efficient receiver
design for navigating exclusively with LTE signals in multi-
path environments. The receiver mitigated multipath and
produced an accurate navigation solution in an urban envi-
ronment. A brief review of the LTE signal structure and
the ranging signals was first discussed. The structure of the
proposed receiver was presented. The statistics of the code
phase error in a multipath and multipath-free environ-
ment were analyzed. The effect of time integration on the
code phase error performance was evaluated. Experimen-
tal results comparing the navigation solutions obtained
from GPS versus LTE utilizing the proposed receiver were
provided. The experimental results showed an RMSE of
3.17 m, a standard deviation of 1.06 m, and a maximum
error of 6.58 m over a 1.44 km trajectory. Finally, the pro-
posed receiver's performance was compared against the

ESPRIT and EKAT algorithms, demonstrating robust and
accurate pseudoranges with a significantly lower compu-
tational cost.

In this paper, it was assumed that the power law model
for the clock error dynamics is valid for a GPSDO where
the measurement rate is significantly higher than the
GPSDO correction rate. However, the usefulness of the
power law model is in its application to the steady-state
operation of the loop. The disciplining action can have
the effect of significantly increasing the apparent white
frequency noise since the control action is not an uncon-
strained random walk, but rather a result of a tight LPF and
a slew-rate limiter. This, coupled with a discretized control
action, can inject unusual features in the observed phase.
Note that in practical applications, LTE eNodeBs are typ-
ically equipped with a GPSDO, while a receiver does not
possess a GPSDO. Modeling the clock error dynamics for a
GPSDO needs to be addressed in future work.

Characterization of the nonlinear behavior of the phase
estimation for weak signal tracking and its resultant
impact on the mean and variance models is one of the
remaining challenges that needs to be addressed in future
work.58-60
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