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Abstract—The Performance of cellular long-term evolu-
tion (LTE) signals for indoor localization is evaluated. Two
different designs of LTE software-defined receivers (SDRs),
namely a code phase-based receiver and a carrier phase-based
receiver, are presented and assessed experimentally indoors
with LTE signals. A base/navigator framework is presented
to deal with the unknown clock biases of the LTE eNodeBs.
In this framework, the base receiver is placed outdoors,
has knowledge of its own position, and makes pseudorange
measurements to eNodeBs in the environment whose positions
are known. The base transmits these pseudoranges to the
indoor navigating receiver, which is also making pseudorange
measurements to the same eNodeBs. The navigating receiver
differences the base’s and navigator’s pseudoranges; hence,
the unknown eNodeBs’ biases are eliminated. The navigator
receiver is equipped with an inertial measurement unit (IMU),
and the LTE pseudoranges and IMU measurements are tightly
coupled using an extended Kalman filter (EKF). Two sets of
experimental results are presented. First, it is demonstrated
that the standalone carrier phase-based receiver yielded a
more precise navigation solution than the code phase-based
receiver, specifically a two-dimensional (2-D) position root
mean-squared error (RMSE) of 5.09 m versus 11.76 m for an
indoor trajectory of 109 m traversed in 50 seconds. Second, it
is demonstrated that coupling the IMU with the carrier phase-
based LTE receiver reduced the 2-D position RMSE to 2.92
m. Moreover, it is demonstrated that the proposed LTE-IMU
system yielded a maximum error of 5.60 compared to 22.53
m for the IMU-only.

Index Terms—LTE, IMU, opportunistic navigation, indoor
localization.

I. INTRODUCTION

According to the U.S. environmental protection agency,

the average American spend 93% of their time indoors.

This has dramatically increased the number of emergency

calls originating indoors [1]. This makes accurate indoor

localization more important than ever to: (1) localize the

emergency caller and (2) localize the emergency responder

in their mission indoors.

Over the past decades, global navigation satellite systems

(GNSS) have provided sufficiently accurate outdoor local-

ization for many applications, e.g., surveying, transporta-

tion, aviation, etc. However, the received GNSS signals are

highly attenuated indoors, which makes them practically
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unusable for indoor applications. Besides, GNSS signals’

low bandwidth makes them susceptible to multipath, which

severely affects the signals indoors.

Several approaches have been proposed to address the

challenge of indoor localization, e.g., visible light com-

munication [2], [3], active radio frequency identifications

(RFIDs) [4], [5], ultra wideband (UWB) signals [6], and

using different sensors such as inertial measurements units

(IMUs) [7], lidar [8], and cameras [9]. These approaches;

however, can be impractical or of limited accuracy in

emergency situations, since: (1) they require pre-deployed

infrastructure (e.g., UWB), (2) they may not work properly

in some emergency conditions (e.g., cameras in smoke), or

(3) they require aiding sources, otherwise their solution will

diverge over time (e.g., IMU).

Recent research has focused on exploiting signals of

opportunity (SOPs) for navigation. SOPs are ambient radio

frequency (RF) signals, which are not designed for navi-

gation; but, they are freely available in GNSS-challenged

environments and can be exploited for navigation purposes.

AM/FM [10], [11], digital television [12], Wi-Fi [13], [14],

cellular [15], [16], and low Earth orbit satellites [17]–[19]

are examples of SOPs.

Among different SOPs, cellular long-term evolution

(LTE) signals are very promising for indoor localization,

particularly in case of emergency, due to their desirable

characteristics: ubiquity, geometric diversity, large transmis-

sion bandwidth (i.e., up to 20 MHz), and high received

power.

The achievable ranging and localization accuracy of dif-

ferent LTE reference signals have been analyzed in the

literature [20], [21] and several software-defined receivers

(SDRs) have been proposed to exploit LTE signals for

navigation [22]–[24]. The navigation observables of these

LTE SDRs have been used in different navigation frame-

works, both indoors and outdoors, where experimental

results demonstrated meter-level localization accuracy on

ground-based receivers with real and laboratory emulated

LTE signals [25]–[29] and sub-meter-level accuracy on

aerial vehicle-based receivers with real LTE signals [30].

This paper presents two different LTE receivers for indoor

navigation: (1) a code phase-based receiver and (2) a carrier

phase-based receiver. Experimental results are provided to

compare these receivers using real LTE signals. The paper
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TABLE I
LIST OF POSSIBLE LTE DOWNLINK BANDWIDTH CONFIGURATIONS

Bandwidth
(MHz)

Total number
of subcarriers

Number of
subcarriers used

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

presents a base/navigator framework to eliminate the un-

known LTE eNodeBs’ biases. In this framework, the base re-

ceiver is placed outdoors, has knowledge of its own position,

and makes pseudorange measurements to eNodeBs in the

environment whose positions are known. The base transmits

these pseudoranges to the indoor navigating receiver, which

is also making pseudorange measurements to the same

eNodeBs. The navigating receiver differences the base’s and

navigator’s pseudoranges; hence, the unknown eNodeBs’

biases are eliminated. Moreover, a tightly-coupled extended

Kalman filter (EKF)-based LTE-IMU system is presented,

where the LTE pseudoranges aid the IMU. The proposed

navigation framework is evaluated experimentally in an

indoor trajectory of 109 m with a tactical-grade IMU and

using 5 LTE base stations (also known as evolved Node Bs

or eNodeBs). The results demonstrated a two-dimensional

(2-D) position root mean squared-error (RMSE) of 2.92 m

and a maximum error of 5.6 m.

The remainder of the paper is organized as follows.

Section II characterizes the received signal model. Section

III discusses both receivers’ structures. Section IV describes

the proposed base/navigator framework. Section V presents

the experimental results, where the performance of both

receivers are first compared, and the differences in perfor-

mance are discussed. Then, the experimental results for the

proposed framework in an indoor environment using real

LTE signals are presented. Section VI concludes the paper.

II. SIGNAL MODEL

LTE uses orthogonal frequency division multiplexing

(OFDM) modulation. The transmitted data symbols are

mapped onto multiple carrier frequencies called subcarriers,

with a subcarrier spacing of △f = 15 kHz. The LTE

downlink bandwidth can have different configurations as

shown in Table I [31].

Several reference signals can be exploited from LTE

signals and used for navigation purposes: (1) primary syn-

chronization signal (PSS), (2) secondary synchronization

signal (SSS), (3) positioning reference signal (PRS), and

(4) cell-specific reference signals (CRS) [32]. The PSS and

SSS, which are transmitted to provide the frame start time

and the eNodeB’s cell ID to the user equipment (UE), have

a fixed bandwidth of 0.93 MHz. The PRS was introduced

in LTE release-9 to allow proper ranging measurements of

the UE from LTE eNodeBs. The CRS is mainly used for:

(1) cell search and initial acquisition, (2) downlink channel

quality measurements, and (3) downlink channel estimation

for coherent demodulation/detection at the UE. The CRS

bandwidth is the same as the transmission bandwidth of the

respective cell, which can be up to 20 MHz. This makes

the CRS attractive for range measurements, especially in

multipath environments. The CRS subcarrier allocation de-

pends on the cell ID and the transmission antenna port. The

transmitted OFDM signal from the u-th eNodeB at the k-th

subcarrier and on the i-th symbol can be expressed as

Y
(u)
i (k) =

{

S
(u)
i (k), if k = m∆CRS + νi,NCell

ID
,

D
(u)
i (k), otherwise,

(1)

where S
(u)
i (k) represents the CRS sequence; m =

0, · · · ,M − 1; M = ⌊Nr/∆CRS⌋; Nr is the number of

subcarriers carrying the data; ∆CRS = 6; νi,NCell
ID

is a

constant shift that depends on the cell ID and i; and D
(u)
i (k)

represents some other data signals.

Due to wireless channel effect and receiver imperfections,

i.e., synchronization, clock drift, Doppler frequency, and/or

carrier frequency offset, the estimated received signal de-

viates from the transmitted signals. In the presence of this

mismatch, the received signal at the i-th symbol can be

written as [33]

Ri(k)=
√
Cejπef ej2π(iNt+LCP)ef/Nc ej2πeθk/Nc Yi(k)Hi(k)

+Wi(k), k = 0, · · · , Nc − 1,

where C is the received signal power; Nt = Nc + LCP;

LCP is the length of cyclic prefix (CP); ef = fD
∆f ; fD

is the total carrier frequency offset due to clock drift,

Doppler frequency, and oscillators’ mismatch; eθ = θ̂ − θ
is the symbol timing error normalized by the sampling

interval Ts = Tsymb/Nc; Tsymb = 1
∆f ; and θ̂ and θ are

the normalized estimated and true symbol timings, respec-

tively; Hi(k) represents the channel frequency response; and

Wi(k) ∼ CN (0, σ2), where CN (a, b) denotes the complex

Gaussian distribution with mean a and variance b.

III. LTE RECEIVER STRUCTURES

In this section, the structures of two LTE receivers are

presented: (1) a code phase-based receiver and (2) a carrier

phase-based receiver. These receivers are an adaptation of

the receiver originally introduced in [32].

A. LTE Code Phase-Based Receiver

The structure of the proposed LTE code phase-based

receiver is shown in Fig. 1. In this receiver, an OFDM-

based delay-locked loop (DLL) is used to track the code

phase of the CRS. The proposed receiver has three main

stages, where in each stage nodes A and B are connected

to nodes 1, 2, or 3.

In the first stage, where nodes A and B are connected to

node 1, a coarse estimate of the frame start time is obtained

by acquiring the PSS and SSS. Then, the frame start time

is used to control the fast Fourier transform (FFT) window

timing. The CP elements are removed and an FFT is taken

to convert the signal into the LTE frame structure.

In the second stage, the channel impulse response is

estimated using the estimation of signal parameters by

rotational invariance techniques (ESPRIT) algorithm [34].

The estimated TOA corresponding to the first path repre-

sents the line-of-sight (LOS) TOA and is used to refine
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Fig. 1. Block diagram of the proposed LTE code phase-based receiver

the frame timing estimation. Then, the integer part of the

estimated TOA is used to refine the FFT window timing

and the fractional part is removed by a phase rotation in the

frequency domain.

In the third stage (i.e., the tracking stage), a DLL is used

to track the symbol timing. In a conventional DLL discrim-

inator function (e.g., dot-product), correlation of the time-

domain received signal with the locally generated early, late,

and prompt replica of the signal is used to estimate the TOA

error. However, the CRS is scattered in bandwidth, which

makes it impractical to obtain its time-equivalent form.

Hence, specialized DLL designed specifically for OFDM

systems is used to track the CRS in LTE signals [24], [33].

In this DLL, the time-domain shift is represented as a phase

rotation in the frequency-domain and the early and late

correlations are obtained accordingly. Denoting the early

and late correlations of the i-th received symbol with the

locally generated CRS signal by Si,e and Si,l, respectively,

the DLL discriminator function can be defined as

Di , |Si,e|2 − |Si, l|2 , M2CSd(ẽθ, ξ) +NDLL,

where ξ is the correlator spacing, Sd(ẽθ, ξ) is the normalized

S-curve function, and NDLL is the noise component of the

discriminator function as defined in [32]. For small values of

timing error, the discriminator function can be approximated

by a linear function of the error with slope kd. Therefore,

normalizing the output of the discriminator function by kd
and passing it through a low-pass filter (LPF) provides an

estimate of the timing error, which can be integrated to

provide a refined estimate of the TOA.

B. LTE Carrier Phase-Based Receiver

The structure of the proposed LTE carrier phase-based

receiver is shown in Fig. 2. In this receiver, a phase-locked

loop (PLL) is implemented to track the phase of the CRS

signal. Similar to the code phase-based receiver, the carrier-

phase based receiver has 3 stages, where in each stage

nodes A, B, and C are connected to nodes 1, 2, and 3,

respectively. The first stage has common structure to the

one discussed in Subsection III-A. In the second stage,

along with the ESPRIT algorithm, an initial estimate of the

Doppler frequency is obtained by defining z(m) as

z(m) = Ri+7(k)R
∗

i (k)S
∗

i+7(k)Si(k) (2)

= Cej2π7Ntef/Nc |Hi(k)|2 +W ′(k),

for k = m∆CRS + νi,NCell
ID

, m = 0, · · · ,M − 1.

The above is obtained by assuming that the channel fre-

quency response stays constant over one slot duration (i.e.,

0.5 ms). Then, the initial Doppler frequency is estimated as

f̂D =
1

2πTslot
∆ϕ, (3)

∆ϕ , arg

[

M−1
∑

m=0

z(m)

]

. (4)

The initial Doppler estimate is removed from the received

signal by a phase rotation on the time-domain received

signal as

r(n)←− e−j2πf̂DnTsr(n),

where r(n) is the received signal in the time-domain.
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Fig. 2. Block diagram of the proposed LTE carrier phase-based receiver

In the third stage, where nodes A, B, and C are connected

to 3, the receiver tracks the phase of the received signal and

produces a fine estimate of the TOA using PLL. The carrier

phase discriminator function of the PLL can be defined as

DPLL = arg

[

M−1
∑

m=0

R′(k)S∗(k)

]

,

for k = m∆CRS + νi,NCell
ID

, m = 0, · · · ,M − 1,

where R′(k) is the frequency-domain received signal after

removing the TOA and Doppler frequency estimate.

A second-order loop filter at the output of the discrimina-

tor function can be used [35], [36], which results in the rate

of change of the carrier phase error 2πf̂D expressed in rad/s.

By normalizing the results by angular carrier frequency

ωc, the rate of change of TOA can be obtained. Then, an

integrator can be used to refine the estimate of TOA.

IV. INDOOR NAVIGATION FRAMEWORK

In this section, the proposed base/navigator navigation

framework is presented. In this framework, LTE navigation

observables are tightly coupled with IMU measurements

using an EKF.

A. Base/Navigator Framework

One of the main challenges in navigation with LTE

signals is the unknown clock biases of the LTE eNodeBs by

the receiver. In this subsection, a base/navigator framework

is proposed to address this challenge.

Fig. 3 describes the proposed framework, in which an

LTE receiver, referred to as the base, is placed outdoors. The

base receiver can be mounted on a fire truck or a police car,

and can estimate its own position from GNSS. Note that the
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base receiver installation is a one-time process that can be

done prior to the emergency situation. The indoor navigator

(e.g., emergency responder) is also equipped with an LTE

receiver. The objective is to estimate the position of the

navigator receiver rnav.

During the localization process, both the base and nav-

igator receivers make pseudorange measurements to the

same LTE eNodeBs located at {rsu}Uu=1, where U is the

total number of eNodeBs in the environment. The base and

navigator receivers’ pseudorange measurements to the u-th

eNodeB are denoted by ρ
(u)
base and ρ

(u)
nav, respectively. The

base receiver transmits its position and pseudorange mea-

surements to the navigator receiver wirelessly. The navigator

receiver differences its pseudorange estimates with the ones

received from the base receiver to remove the unknown

common term of eNodeBs’ clock biases as shown in Fig.

3. The resulting measurements z , [z1, · · · , zU ]T are fed

to the navigation filter to estimate the state vector.

uth eNodeB

Base

[δtbase; rbase]

ρ
(u)
base

[δtsu ; rsu ]

GPS Antenna

[δtnav; rnav]
Navigation

filter

ρ
(u)
nav

ρ
(u)
nav = jjrnav � r jj+ c(δt nav � δt ) + v nav

zu

�
+

Navigator

LTE Antenna

Indoors

Outdoors

LTE Antenna

jjrbase � r jj

+

x̂

ρ
(u)
base = jjrbase � r jj+ c(δt base � δt ) + v basesusu

su su

su

Fig. 3. The proposed base/Navigator Framework. The LTE base receiver,
which is placed outdoors and transmits its location and pseudoranges to
the indoor LTE navigator receiver. The navigator uses base’s transmitted
data to remove the unknown common term of eNodeB’s clock bias.

B. LTE-IMU Tight Coupling Integration

The navigator receiver is assumed to be equipped with a

barometer and an IMU. An EKF is used to fuse the IMU

measurements with the base/navigator measurements z in

a tightly-coupled fashion as shown in Fig. 4. A barometer

is used to estimate the navigator’s altitude. Therefore, only

2-D position of the navigator is estimated in the EKF.

IMU

EKF
Update

x̂clk(kjk)

x̂IMU(kjk)

zimu

Tight-coupling

z

Measurement

Inertial
Navigation
System

Clock
Models

x̂IMU(kjj)

x̂clk(kjj)
Base/Navigator

Fig. 4. Block diagram of the tightly-coupled LTE-IMU system.

1) EKF State and Dynamic Model: The navigator’s state

vector x is defined as

x =
[

x
T

IMU,x
T

clk

]T

,

where xIMU and xclk are the IMU and clock state vectors,

respectively.

The IMU state vector is defined as

xIMU ,
[

θz, r
T, ṙT, bT

a
, bgz

]T

.

where θz is the orientation, ṙ is the 2-D velocity, and r

is the 2-D position of the IMU; ba represents the biases

in the two accelerometers (x- and y-axes); and bgz is the

gyroscope’s bias (around z-axis).

The clock state vector for the base/navigator framework

is defined as

xclk , xclknav
− xclkbase

=
[

c∆δt, c∆δ̇t
]T

,

where ∆δt , δtnav− δtbase; δtnav and δtbase are the clock

biases of the navigator and base receivers, respectively;

∆δ̇t , δ̇tnav − δ̇tbase; and δ̇tnav and δ̇tbase are clock drifts

of the navigator and base receivers, respectively.

The clock state vector xclk evolves according to

xclk(k + 1) = Fclkxclk(k) +wclk(k), Fclk ,

[

1 T
0 1

]

,

where T is the sampling interval and wclk is the process

noise, which is modeled as a discrete-time zero-mean white

sequence with covariance Qclk given by

Qclk , Qclknav
+Qclkbase

,

Qclki
,

[

Sw̃δt,i
T + Sw̃δ̇t,i

T 3

3 Sw̃δt,i

T 2

2

Sw̃δ̇t,i

T 2

2 Sw̃δ̇t,i
T

]

,

where i ∈ {nav, base}, and Sw̃δt,i
and Sw̃δ̇t,i

are the clock

bias and drift process noise power spectra, respectively. The

values of Sw̃δt,i
and Sw̃δ̇t,i

depend on the clock’s quality

[37].

2) EKF Time Update: At time step k, the EKF produces

an estimate of the state vector x̂(k|j) , E
[

x(k)|Zj
]

along with an estimation error covariance P(k|j) ,

E
[

x̃(k|j)x̃T(k|j)
]

, where k ≥ j; Zj , {z(l)}jl=1; and

x̃(k|j) , x(k)− x̂(k|j) is the estimation error.

The state estimate x̂(k|j) can be written as

x̂(k|j) =
[

x̂
T

IMU(k|j), x̂T

clk(k|j)
]T

. (5)

The evolution of bgz and ba are modeled as random walk

processes, i.e., ḃgz = wgz and ḃa = wa with E[wgz ] = 0,

E[wa] = 0, cov[wgz ] = σ2
wgz

, and cov[wa] = σ2
wa

I2×2.

The discrete-time update of the IMU states can be calculated

via Euler integration as:

θ̂z(k + 1|j) = θ̂z(k|j) + T
(

ˆ̇
θz(k|j)− b̂gz(k|j)

)

,

ˆ̇r(k + 1|j) = ˆ̇r(k|j) + ∆ˆ̇r,

r̂(k + 1|j) = r̂(k|j) + T ˆ̇r(k|j),
b̂gz(k + 1|j) = b̂gz(k|j),
b̂a(k + 1|j) = b̂a(k|j),
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where θ̇z is the angular rate around z-axis;

T is the IMU sampling interval; ∆ˆ̇r =

T RT(θ̂z(k|j))
[

ˆ̈r(k|j)− b̂a(k|j)
]

; ˆ̈r is the acceleration

along x- and y- axes; zimu , [θ̇zimu
,aT

imu]
T is the

IMU measurement vector; R(θz) is the rotation matrix

representing the orientation of the body frame with respect

to the global frame and is defined as

R(θz) ,

[

cos θz sin θz
− sin θz cos θz

]

.

The discrete-time update of the clock state estimate is

given by

x̂clk(k + 1|j) = Fclkx̂clk(k|j), (6)

The prediction error covariance matrix is given by

P(k + 1|j) = FP(k|j)FT +Qd, (7)

where F , diag [FIMU,Fclk]; Qd = diag [QIMU,Qclk];
FIMU is the linearized discrete-time IMU state transition

matrix given by

FIMU =












1 01×2 01×2 01×2 T

Ŝ(k|j) I2×2 02×2 TR(θz(k|j)) 02×1

02×1 T I2×2 I2×2 02×2 02×2

02×1 02×2 02×2 I2×2 02×2

0 01×2 01×2 01×2 1













,

Ŝ(k|j) , JR[θ̂z(k|j)]
(

ˆ̈rIMU(k|j) + b̂a(k|j)
)

,

with J =

[

0 1
−1 0

]

; QIMU is the linearized discrete-time

IMU state process noise covariance matrix given by

QIMU =
T

2
FT

IMUNcFIMU +Nc,

where Nc , ΓQcΓ
T; Qc is the continuous-time IMU

process noise covariance matrix defined as

Qc = diag
[

σ2
gz, σ

2
a
I2, σ

2
wgz

, σ2
wa

I2

]

;

and Γ is the error-state transition matrix defined as

Γ =









1 01×2 01×3

02×1 R[θ̂z(k|j)] 02×3

02×1 02×2 02×3

03×1 03×2 I3×3









.

3) EKF Measurement Update: Once the EKF receives

the base/navigator measurement vector z, it performs a

measurement update according to

x̂(k + 1|k + 1) = x̂(k + 1|j) +K(k + 1)ν(k + 1), (8)

where ν and K are the innovation vector and Kalman gain,

respectively, given by

ν , z − ẑ,

ẑu , ‖r̂(k + 1|j)− rsu‖2 + c∆δ̂t(k + 1|j),
K(k + 1) , P(k + 1|j)HT(k + 1)S−1(k + 1),

S(k + 1) , H(k + 1)P(k + 1|j)H(k + 1)T +Rn(k + 1),

where u = 1, · · · , U and Rn is the mea-

surement noise covariance matrix given by

Rn = diag
[

σ2
nav1

+ σ2
base1

, . . . , σ2
navU

+ σ2
baseU

]

and

H is the Jacobian matrix defined as

H(k + 1) =







H(1)(k + 1)
...

H(U)(k + 1)






,

H(u)(k + 1) =

[

01×3,

[

r̂u(k + 1|j)− r
u
su

]T

∥

∥r̂u(k + 1|j)− ru
su

∥

∥

2

,01×3, 1, 0

]

.

The estimation error covariance matrix is updated accord-

ing to

P(k + 1|k + 1) = [I−K(k + 1)H]P(k + 1|j).

Note that the LTE navigator receiver’s position was

assumed to be identical to the IMU’s position, i.e., rnav ≡ r

V. EXPERIMENTAL RESULTS

To evaluate the performance of the proposed receiver and

the base/navigator framework, an experiment was conducted

in an indoor environment: Winston Chung Hall building

at the University of California, Riverside. This section

discusses the experimental setup, analyzes the performance

of the code phase-based receiver and carrier phase-based

receiver, and demonstrates the performance of the tightly-

coupled LTE-IMU system.

A. Experimental Setup

The LTE base receiver was placed on the roof of the

building, while the LTE navigator receiver was placed in-

doors. Both the base and navigator receivers were equipped

with four consumer-grade cellular omnidirectional antennas

to collect LTE data at four different carrier frequencies.

These frequencies corresponded to three U.S. LTE cel-

lular providers: T-Mobile, Verizon, and AT&T (note that

two of the carrier frequencies were being used by the

same provider). The base used three single-channel Na-

tional Instruments (NI) universal software radio peripher-

als (USRPs)-2920 to simultaneously down-mix and syn-

chronously sample LTE signals at 10 Msps. The signals

were recorded on a laptop, which was connected to the US-

RPs through an ethernet cable. The base receiver’s location

was estimated using a GPS receiver.

The navigator receiver’s hardware setup was similar to

the base except for the USRP configurations, which were a

dual-channel USRP-2954R and two USRPs-2920. The US-

RPs at the navigator receiver simultaneously down-mixed

and synchronously sampled LTE signals at 20 Msps. The

navigator receiver was equipped with a tactical-grade IMU

(Septentrio AsteRx-i V [38]). The signals were processed

in a post-processing fashion using MATLAB.

Several tags were placed at known locations on the

ground before performing the experiment. Over the course

of the experiment, a smart phone camera was used to record

the location of the navigator using the tags on the ground,

which were later used as the ground truth. Fig. 5 shows the

base and navigator experimental hardware setup.

Fig. 6 shows the environmental layout of the experiment

and the location of the eNodeBs to which the base and

navigator receivers were listening.
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Fig. 5. (a) Navigator and (b) Base experimental hardware setup
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Fig. 6. The location of the LTE eNodeBs to which the base and navigator
receivers were listening and the environmental layout of the experiment:
Winston Chung Hall building at the University of California, Riverside.
Image: Google Earth.

B. Code Phase-Based Receiver vs. Carrier Phase-Based

Receiver

The objective of this subsection is to compare the per-

formance of the code phase-based and the carrier phase-

based receivers. The navigation observables of these two

receivers were fed individually to an EKF to obtain their

navigation solutions. The EKF used in this subsection did

not use the IMU ; instead, the EKF time-update used a

velocity random walk dynamics as discussed in [24]. Fig.

7 shows the navigation solution for both receivers. The

position RMSE of the carrier phase-based receiver was 5.09

m compared to 11.76 m for the code phase-based receiver.

-10

x [m]

20 400-20
-20

-10

0

10y
[m

]

20

30

40

Ground truth
Carrier phase-based
Initial position estimate

Initial position
Code phase-based

Fig. 7. The navigator’s ground truth trajectory versus the standalone code
phase-based and carrier phase-based receivers

It is worth noting the following remarks pertaining to the

results presented in Fig. 7.

Remark 1: In an indoor environment, short-delay multi-

path highly affects the received signal. Analytical results in

[32] have shown that multipath can induce meter-level error

in the code phase measurement, while this error is less than

a wavelength (i.e., centimeter-level) for the carrier phase

measurements. This is consistent with the carrier phase-

based receiver outperforming the code phase-based receiver.

Remark 2: In a carrier phase-based receiver, the integer

number of cycles from the transmitter to the receiver is

ambiguous and must be estimated. Several algorithms have

been proposed to estimate integer ambiguities [36]. In this

paper, code phase measurements are used to initialize the

integer ambiguities. Due to the low precision of code phase

measurements, the accuracy of this approach is relatively

lower compared to other integer ambiguity estimation algo-

rithms.

Remark 3: Multipath can cause cycle slips in a carrier

phase-based receiver, which must be detected and removed

in order to achieve a reliable and accurate performance.

Cycle slip detection is out of the scope of this paper.

C. Filter Initialization

The receiver’s initial position and orientation are consid-

ered as the origin and orientation of the local frame in which

the receiver’s motion state is estimated. The gyroscope’s and

accelerometer’s biases were initialized by taking the mean

of 30 seconds of IMU data while the receiver was stationary.

The receiver’s initial orientation, position, and

velocity were initialized using a multivariate

Gaussian random generator with a mean

E

{[

θ̂z(0|0), r̂T(0|0), ˆ̇rT(0|0)
]}

= [0, 0, 0, 2.2, 0.2]

and a covariance of P (0|0) = diag[0.1, 100, 100, 10, 10].
The receiver’s clock bias c∆δt and drift c∆δ̇t were

initialized using the receiver’s initial position and two con-

secutive prior measurements. The initial clock bias and drift

uncertainties were set to 1 m2 and 0.1 (m/s)2, respectively.

It is assumed that the receiver is equipped with a

temperature-compensated crystal oscillator (TCXO); hence,

the values of Sw̃δt,i
and Sw̃δ̇t,i

were set to 4.7 × 10−20

and 7.5 × 10−20, respectively [37]. The measurement

noise variance
{

σ2
i, u

}U

u=1
for i ∈ {nav, base} were set

to
{

c2 αu

(C/N0)u

}U

u=1
, respectively, where (C/N0)u is the

received carrier-to-noise ratio for the u-th eNodeB and

{αu > 0}Uu=1 are tuning parameters that were chosen to be

{5.56, 7.78, 3.33, 3.1, 3.78}× 10−12.

D. Navigation Results

In this subsection, the performance of the proposed

navigation framework is evaluated. Over the course of

experiment, the navigator receiver traversed a trajectory of

109 m, while the base was stationary. Fig. 8(a) shows the

navigator’s ground truth trajectory versus the navigation

solution from: (1) IMU only, (2) standalone carrier phase-

based LTE, and (3) LTE-IMU. Fig. 8(b) compares the navi-

gation solution of the proposed LTE-IMU framework versus

the ground truth. Table II summarizes the experimental

results.
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Fig. 8. The navigator’s ground truth trajectory versus the navigation
solution from: (1) IMU only, (2) standalone carrier phase-based LTE, and
(3) LTE-IMU. Total traversed indoor trajectory was 109 m. Image: Google
Earth.

Fig. 9 shows the EKF estimation error of the navigator’s

x-position and y-position along with the associated ±2σ
bounds.

TABLE II
INDOOR POSITIONING PERFORMANCE COMPARISON

Performance
Measure [m]

IMU Only
Standalone
LTE

LTE-IMU

RMSE 9.48 5.09 2.92

Standard deviation 10.36 5.66 2.74

Maximum error 22.53 14.24 5.60

VI. CONCLUSION

This paper evaluated the performance of two different

LTE receivers for indoor localization: (1) code phase-

based receiver and (2) carrier phase-based receiver. The

experimental results with real LTE signals in an indoor

environment showed that the carrier phase-based receiver

outperforms the code phase-based receiver with a position

RMSE of 5.09 m versus 11.76 m. A base/navigator navi-

gation framework was proposed to remove the effect of the
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Fig. 9. EKF estimation error of the navigator’s (a) x-position and (b)
y-position along with the associated ±2σ bounds.

unknown eNodeBs’ clock biases. A tightly-coupled LTE-

IMU system was presented to enable accurate indoor local-

ization. The LTE-IMU navigation solution demonstrated a

2-D RMSE of 2.92 m and a maximum error of 5.6 m over

109 m trajectory. The 2-D position RMSE was improved

by 69.2% when using the proposed LTE-IMU navigation

framework compared to the IMU only solution.
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