
Performance of OTDOA Positioning in
Narrowband IoT Systems

Kamiar Radnosrati, Gustaf Hendeby, Carsten Fritsche, Fredrik Gunnarsson†, Fredrik Gustafsson
Department of Electrical Engineering, Linköping University, Linköping, Sweden
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Abstract—Narrowband Internet of Things (NB-IoT) is an
emerging cellular technology designed to target low-cost de-
vices, high coverage, long device battery life (more than ten
years), and massive capacity. We investigate opportunities
for device tracking in NB-IoT systems using Observed Time
Difference of Arrival (OTDOA) measurements. Reference
Signal Time Difference (RSTD) reports are simulated to be
sent to the mobile location center periodically or on an on-
demand basis. We investigate the possibility of optimizing
the number of reports per minute budget on horizontal
positioning accuracy using an on-demand reporting method
based on the Signal to Noise Ratio (SNR) of the measured
cells received by the User Equipment (UE). Wireless chan-
nels are modeled considering multipath fading propagation
conditions. Extended Pedestrian A (EPA) and Extended
Typical Urban (ETU) delay profiles corresponding to low
and high delay spread environments, respectively, are
simulated for this purpose. To increase the robustness of the
filtering method, measurement noise outliers are detected
using confidence bounds estimated from filter innovations.

I. INTRODUCTION

Although Global Navigation Satellite System (GNSS)

solutions are capable of determining the position of an

object with a few meters accuracy in outdoor environ-

ments, the robustness of GNSS-based methods is always

restricted by the availability of GNSS signals. Indoor

environments and dense urban areas are examples where

these solutions fail.

As a response, the Third Generation Partnership

Project Long Term Evolution (3GPP LTE) standard

features positioning support since 3GPP Release 9. The

subsequent releases, as explained in [1], further extended

capabilities of positioning by introducing specific signal-

ing infrastructures. For more information on positioning

in LTE systems see [2]–[4].

The immense number of use cases inspired by IoT,

however, motivated the 3GPP to introduce Release 14,

NB-IoT. Wearable technologies, asset tracking, environ-

mental monitoring are examples of ‘things’ addressed

by IoT. Low power consumption and the possibility

to communicate in the most challenging locations, in

terms of coverage, are among shared requirements in

all these scenarios. NB-IoT aims to offer deployment

flexibility allowing an operator to allocate a small portion

Fig. 1: Deployment configurations of NB-IoT.

of its current available spectrum to NB-IoT. Co-existence

performance with legacy Global System for Mobile

Communications (GSM), General Packet Radio Service

(GPRS) and LTE technologies is a primary design crite-

rion for NB-IoT. As reported in [5], NB-IoT requires

a minimum of 180 kHz minimum system bandwidth

for both downlink and uplink. A GSM operator can

replace one GSM carrier (200 kHz) with NB-IoT. An

LTE operator can deploy NB-IoT inside an LTE carrier

by allocating one of the Physical Resource Blocks (PRB)

of 180 kHz to NB-IoT.

The system used in this study simulates the deploy-

ment of NB-IoT within the LTE spectrum allocation,

inside the LTE carrier. Other alternatives are to deploy

the system as a stand-alone carrier or in the guard band

of the LTE spectrum allocation. Fig. 1 illustrates all these

alternatives of LTE deployments in the downlink.

To enhance Time Of Arrival (TOA) measurements pre-

cision, resulting in higher OTDOA positioning accuracy,

LTE introduced the Positioning Reference Signal (PRS).

NB-IoT systems are also equipped with the specific

Narrowband PRS (NPRS) supporting downlink OTDOA

based positioning. Specifically, for in-band deployment,

PRS symbols are reused also in the NPRS, which typ-

ically is extended with a large number of repetitions to

allow accumulation at the device for detectability.

OTDOA positioning in legacy LTE systems is widely

studied in the literature. For example, [6] uses real mea-

surements and investigates channel impacts on position-

ing accuracy. An error analysis of OTDOA is reported

in [7]. Baseline performance based on 3GPP 3D MIMO

deployment and propagation model is investigated in [8].978-1-5386-3531-5/17/$31.00 c©2017 European Union



The work in [9] addresses the main requirement for

accurate OTDOA positioning, synchronization of an-

chor nodes. Finally, surveys on the obtainable accu-

racy bounds are reported in [10], [8], and our previ-

ous work [11]. The recent NB-IoT systems, however,

are not addressed extensively. This study investigates

potential of device tracking in NB-IoT systems using

OTDOA measurements with both snapshot and filtering

algorithms.

This paper is organized as follows. Section II-A

presents NPRS transmission schemes compensating

lower bandwidth of NB-IoT systems. Section II-B briefly

describes the principle of RSTD estimation. Two position

estimation algorithms based on snapshot optimization

method and Extended Kalman Filter (EKF) based track-

ing filter are provided in Section II-B. Different RSTD

reporting methods and other simulation scenarios are

given in Section III. Section IV presents results for

the considered scenarios followed by conclusions of the

work in Section V.

II. IOT POSITIONING IN LTE STANDARDIZATION

Devices involved in IoT use cases require low-power

consumption while demanding high positioning accura-

cies. They might be located indoors where GPS signals

are not detectable or even might not support GPS or any

other GNSS. Thus, the primary objective of NB-IoT is

to provide a radio access technology that allows for low

device complexity, with low power consumption while

still providing an adequate throughput for the connected

devices.

A. NPRS Transmission schemes

The reference signals used for TOA estimations are

transmitted in so-called positioning occasions [12]. In

LTE systems, in each positioning occasion NPRS con-

secutive subframes are sent every TPRS subframe. In

legacy LTE, NPRS can be 1, 2, 4, or 6, while TPRS

can be 160, 320, 640 or 1280 ms, see [13]. Fig. 2 shows

an example of positioning occasion corresponding to a

20 MHz LTE system with 100 Resource Blocks (RB).

The bandwidth of each RB is 180 kHz and the PRS,

in this example, has 10 MHz bandwidth. ΔPRS is the

cell specific subframe offset which defines the starting

subframe of the PRS transmission relative to the start of

the system frame cycle.

For NB-IoT, the carrier bandwidth is 180 kHz, which

fills up one LTE Physical Resource Block (PRB). To

address the requirements of the IoT use cases, NB-IoT

systems must ensure coverage and good performance

in challenging indoor environments. Thus, denser NPRS

transmissions compared to the legacy LTE PRS config-

uration are needed to support aggregation of data for

adequate coverage.

Denser NPRS transmission occasion is achieved by

extending NNPRS to also include 10, 20, 40, 80 or 160

subframes enabling even a continuous NPRS. Fig. 2

illustrates an example of NB-IoT NPRS transmission.

Narrower bandwidth, as shown in the figure, can be

compensated by longer NNPRS. The bandwidth of NPRS

is 180 kHz equal to one PRB of the LTE. Supporting

NNPRS = 160 subframes, it is possible to configure a

transmission schedule to use all NB-IoT resources.

Fig. 2: Example of the PRS and NPRS transmission

schemes.

B. RSTD Estimation

The User Equipment (UE) measurement for OTDOA

positioning is the Reference Signal Time Difference

(RSTD) which is the relative time difference between the

Evolved Node B (eNB) j and the reference eNB i. RSTD

is calculated as the smallest time difference between two

subframe boundaries received from two different eNBs.

In order to model the multipath behavior, we use the

tapped delay line model for two LTE channel models.

Multipath in Extended Pedestrian A (EPA) and Extended

Typical Urban (ETU) is modeled as series of amplitude

weighted delayed copies of the input signal. Let L be

the number of multipath channels with complex valued

gains α�, the tapped delay line model is then given by

h(t) =

L−1∑
�=0

α�δ(t− τ�), (1)

where τ� indicates the time delay of the �th tap and

δ(t) is the Dirac delta function. Then, denoting the

transmitted signal including OFDM modulated symbols

and the cyclic prefix by u, the received version r would

be given by

r(t) = u � h(t) + ω(t), (2)

where � stands for convolution and ω(t) is additive noise

at the receiver. Let ĩ correspond to the discretized time

t. The cross-correlation between the received sequence

r[̃i] and the reference sequence u[̃i], denoted by R(τ)
is computed per subframe. To consider NNPRS consec-

utive NPRS occasions, the average of the set of cross



correlation estimates per positioning occasion is formed

and denoted by Rave. Finally, the first tap is estimated

as

τ̂ = argmin
τ

{
Rave(τ)

max(Rave)
≥ ζ

}
(3)

where ζ is the threshold value related to the multipath

channel. The simulations of this paper use ζ = 0.5,

which implies half of the strongest peak, see [8]. In order

to estimate the position using the OTDOA method, each

UE must be linked to RSTD measurements of multiple

eNBs. Let τ̂ (�) correspond to the TOA from the �th eNB

to the UE. Then,

τ̂ (i,j) = τ̂ (i) − τ̂ (j), (4)

where τ̂ (i,j) is the RSTD between eNB j and the

reference eNB i.

C. Position Estimation

The OTDOA method applies multilateration to es-

timate the position. Let the unknown UE’s position

in two-dimensional (2D) coordinates be denoted by p
= (px, py)

T . Further, let N be the set of eNBs in

the cellular network; N = {1, . . . , N}. Then, for each

i ∈ N , the known location of the eNB is given by �i

=(�ix, �
i
y)

T . The Euclidean distance between the ith eNB

and the UE is given by

ri = ‖p− �i‖ =
√

(px − �ix)
2 + (py − �iy)

2. (5)

RSTD measurements can then be formed using the K
most powerful eNBs, measured in dB, in the set N . The

number K of eNBs to be chosen depends on a specific

budget of reports that is explained in more details in

Sec. III. Hence, K determines the number of eNBs used

in the position estimation method. Let hOTDOA(p) = ri−
rj , (i, j) ∈ K, and i �= j, be the OTDOA measurement

model. Further, y(i,j) contains the RSTD reports in (4),

translated to relative distances, of the K most powerful

eNBs,

y(i,j) = hOTDOA(p) + e(i,j), (6)

where the additive error term e(i,j) represents TOA

measurement error times the speed of light as well as

NLOS propagation effects.

1) Static Case: In the static case, there is no assump-

tion of temporal correlation between consecutive posi-

tions, so the position vector is a sequence of uncorrelated

parameters estimated in a snapshot manner. The UE can

be localized by finding the position that minimizes the

cost function

p̂ = argmin
p∈R2

‖y − hOTDOA(p)‖ = argmin
p∈R2

f(p).

(7)

Here, we use the modified Gauss-Newton method, as

in [14], to find the minimizer of the cost function (7).

Initialization is here chosen at the serving eNB. Then,

each step is defined as,

p̂n = p̂n−1 + αn

(
HT (p̂n−1)R

−1H(p̂n−1)
)−1

(8)

HT (p̂n−1)R
−1 (y − hOTDOA(p̂n−1))

T
,

where αn is given by (9c) and H(p) = ∇phOTDOA(p) is

the Jacobian matrix, and R is the measurement noise

covariance matrix. Additive updates in each iteration,

αn are damped by using αn ∈ (0, 1] to avoid local

convergence issues,

fn(αn) :=f(p̂n−1 + αnΔp) (9a)

M :=

{
αn ∈

{
1,

1

2
,
1

4
,
1

8

}
: fn(αn) < fn(0)

}

(9b)

αn =

{
1
8 M = ∅

max(M) otherwise.
(9c)

where Δp is the search direction equal to the one used

in iterative updates in (8). RSTD measurements are

performed with respect to a reference eNB, resulting in

a correlated measurement noise covariance matrix R.

Diagonal and off-diagonal elements of R are similar to

the ones reported in [15], to capture spatial correlations.

2) Dynamic Case: The key idea with filtering is to

include temporal correlation in a dynamic model, so

that a prediction of the next position can be computed.

Tracking filters can be applied to recursively estimate

the state of dynamic systems from noisy measurements.

The nonlinear function f transforms the state vector x
at time step k − 1 to the next time step k, while the

measurement model hOTDOA(x) relates the current state

to the measurement y(i,j),

xk = f(xk−1,wk) (10a)

yk = hOTDOA(xk) + vk, (10b)

where the random variables wk and vk represent the

noise of the state transition and the measurement, re-

spectively. The noise is assumed to be white, mutually

independent and normally distributed with covariances

Qk and Rk, respectively.

This work uses xk = [px,k, py,k, vx,k, vy,k] where vx,k
and vy,k denote the velocities in the x and y directions,

respectively. In this work we use an Extended Kalman

Filter (EKF). The process noise wk is assumed to be

Gaussian and additive. Denoting the 2×2 identity matrix

I2 and the 2× 2 zero matrix 02, the linearized discrete-

time version of dynamic equation (10a) is obtained by

sampling the continuous-time system with a rate of T
given by:

xk =

(
I2 T I2
02 I2

)
xk−1 +

(
T 2

2 I2
T I2

)
wk−1. (11)



3) Outlier Detection: Measurement errors may con-

tain outliers caused by NLOS and multipath effects.

NPRS signals received from cells further away from

the UE are more prone to channel imperfections. These

signals, generally, have lower Signal to Noise Ratio

(SNR) values. As shown in [8], the SNR of the links for

RSTD reports, drastically affects TOA estimation error.

For example, in order to have a TOA error less than 50
meters for 90% of the measurements, links must have

SNR above −10 dB.

Fig 3 illustrates the TOA error in meters for the

strongest cell for both channels EPA and ETU. The

90th percentile of TOA errors for EPA and ETU channel

models are around 30 and 300 m, respectively. However,

outliers of around 2 km can be seen in both channels.

Outliers from multipath effects are detected using

hypothesis testing on measured residuals. Let p̂k to be

the estimated position, the residual at time step k is given

by,

ek = yk − hOTDOA(p̂k), (12)

The estimation covariance is given by Pk = Cov(p̂k).
In the dynamic case, for example, Pk = Pk|k−1

denotes the one-step ahead prediction of the state covari-

ance. In absence of outliers, ek is normally distributed,

ek ∼ N (
0,HkPkH

T
K +Rk

)
, (13)

Residuals outside the 95th percentile of the estimated

uncertainty ellipse are assumed outliers.

101 102 103

TOA Error [m]

0

20

40

60

80

100

CD
F

EPA
ETU

Fig. 3: CDF for TOA error in meters for strongest link,

corresponding to the serving cell.

III. SIMULATION STUDY

A. Network Deployment

The simulated cellular network consists of 16 macro

sites each having 3 cells, located in a hexagonal grid

with an inter-site distance of 577 m. The mobile UE

starts at a random point in the cellular network and

passes through the network with different speeds. Fig. 4

illustrates the cellular network deployment in which the

red dots are macro sites, each with three cells, and

the blue line represents the UE’s trajectory. The UE

trajectory represents a typical asset tracking use case,
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Fig. 4: Deployment configurations of NB-IoT. The blue

line represents the UE’s trajectory

TABLE I: The deployed NB-IoT parameters.

Deployed NB-IoT
System carrier bandwidth 20MHz
NB-IoT configuration In-band
NB-IoT carrier bandwidth 180KHz
Number of consecutive NPRS 40
NPRS period 160ms

which is one important mobile IoT use case. The radio

distance wrapping technique, as described in [8], is used

in this work. This technique simulates a network in

which all sites are assumed to be surrounded by other

sites. That is, all the UEs that might be on the border of

the deployed network in Fig. 4 are assured to be covered

by other sites.

B. NPRS Transmission and RSTD Reports

As described in Sec. II-A, NB-IoT supports a denser

NPRS transmission scheme allowing aggregation of data.

This enhances TOA detection accuracy compared to

other narrowband systems. The NB-IoT system with in-

band configuration, as shown in Fig. 1, within the 20
MHz LTE standard is simulated in this work. The NPRS

bandwidth is 180 kHz where NNPRS = 40 subframes

are transmitted every TNPRS = 160 ms. The simulated

NB-IoT system parameters are given in Table I. Based

on the geometry of the user, hearability of cells and

channel conditions, we form the SNR vector containing

signal strengths received from each cell. The cells below

a given threshold are assumed out of coverage and the

K remaining ones with highest SNR form Nrep = K−1
TDOA measurements. In this setup, the reference cell is

the one with highest SNR value.

Let Trep be the interval at which the UE reports

RSTD measurements to the positioning center. In pe-

riodic reporting, the UE forms Nrep RSTD estimates

and reports it to the positioning center periodically every

Trep seconds. Alternatively, in the on-demand reporting

method, the UE decides the number of RSTDs depending

on the SNR of the measured cells. In cases where the

UE receives NPRS signals from strong cells, it forms

more RSTDs to increase the accuracy. Weaker signals



TABLE II: Positioning error statistics and reporting budget B obtained by EKF for UE speeds 3/10/30 km/h.

(a) Channel ETU

Case 1 2 3 4 5

RMSE
Mean 104/111/131 99/105/135 87/95/117 71/80/97 100/118/118
90% 180/195/244 178/193/238 160/162/213 127/142/183 188/230/223
67% 115/118/145 111/116/137 101/103/124 80/94/110 113/128/129

Budget 60 60 75 75-85 35-45

(b) Channel EPA

Case 1 2 3 4 5

RMSE
Mean 14/15/18 13/15/19 16/15/20 12/13/16 15/19/19
90% 26/27/35 25/29/36 33/31/41 22/26/32 29/34/38
67% 14/14/18 14/15/17 16/15/18 11/13/15 14/16/18

Budget 60 60 75 75-85 35-45

are assumed to correspond to the eNBs further away

from the UE that are more prone to severe measurement

errors. In cases where the received signals are not strong

enough, the UE reports less cells to lower the resource

consumption.

In addition to the quantity of RSTD reports, the geom-

etry of measuring cells also matters. In cases where the

most powerful NPRS signals correspond to cells which

are co-located on one site, they add no more information

to the position estimation process. One remedy to co-

located cell situations is to use the 28-bit cell identity

information to provide reports of cells corresponding to

different sites. In this work, the simulated UE employs

this information to form and report RSTDs from unique

sites, if possible. This is not always achievable, however,

as there are cases in which hearable cells are very few

and selecting signals from unique sites is not possible.

C. Positioning Scenarios

A well known technique to model a wireless channel

in LTE is to use a (Finite Impulse Response) FIR filter.

The wireless channel thus corresponds to a convolution

of the transmitted signal. The channel profile quantifies

the delays and relative powers of the multipath compo-

nents as described in Sec. II-B.

Performance of the two positioning methods intro-

duced in Sec. II is evaluated in terms of the Root Mean

Square Error (RMSE).

1) Static Case: In the static case, we evaluate the

obtainable position estimation accuracy using NPRS

signals as a function of the number of measured cells.

2) Dynamic Case: In this case we consider three

different UE speeds 3, 10, and 30 km/h. The reporting

budget per minute B is defined as B = 60
Trep×Nrep

. Reports

are either sent periodically or on an on-demand basis

forming five different cases:

• Case 1: Two reports every two seconds, B = 60.

• Case 2: Three reports every three seconds, B = 60.

• Case 3: Five reports every four seconds, B = 75.

• Case 4: The UE increases the accuracy by forming

more RSTD reports if SNR values of available cells

are above a certain threshold. However, it cannot

exceed a maximum budget of Bmax = 85.

• Case 5: Varying number of reports every four sec-

onds. The UE has a maximum budget Bmax = 45
and depending on the SNR values, reports less or

more cells to optimize resource consumption.

IV. PERFORMANCE EVALUATION

The positioning methods described in Sec. II are

numerically evaluated and the results are presented by

the cumulative distribution function of the RMSE of the

horizontal accuracy.

Fig. 5 illustrates the CDF of the horizontal positioning

accuracy of the OTDOA estimates for the static case

for the EPA and the ETU channel models, separately.

Each curve is the result of 50 Monte Carlo (MC)

simulation runs.Although the maximum positioning error

is the same for both channels, the 90th percentile of the

error with 4 cells is around 76 meters with the EPA

channel and 495 meters with the ETU. Large positioning

errors in Fig. 5 can be explained by multiple factors.

There might be situations where less than three cells are

heard. Although this can be handled using a tracking

filter, the optimization method in the static case fails to

converge as no unique optimum exists. NPRS signals

received from cells belonging to same site is another

major influencing factor. Although it is mentioned that

the UE uses measurements from unique sites, this is not

always possible as there are situations when 3 unique

sites are not within range. In cases where the serving

cell, initial point, is far away from the true position,

the final estimate can be a local minimum of the cost

function. In the snapshot positioning method, where no

temporal correlation is considered, good initialization is

more important.

Fig. 6 illustrates how poor initialization can be han-

dled using tracking. The UE speed is 30 km/h and

RSTDs are sent as in case 1. The shaded areas are

the range of positioning errors obtained in 50 MC runs

and solid lines are the average positioning error. Fig. 7



0 500 1000 1500 2000
Horizontal Positioning Error [m]

0

20

40

60

80

100

CD
F 3 cells

4 cells
5 cells
6 cells

(a) Channel: EPA

0 500 1000 1500 2000 2500
Horizontal Positioning Error [m]

0

20

40

60

80

100

CD
F 3 cells

4 cells
5 cells
6 cells

(b) Channel: ETU

Fig. 5: The OTDOA performance for horizontal position accuracy of Static case for both channel models.

Fig. 6: RMSE over time for NB-IOT positioning using

EKF for case 1.

presents the performance of the periodic reporting meth-

ods, cases 2 and 3, introduced in Sec. III for different

UE speeds. It is seen that in EPA channel models, more

frequent reporting with less cells gives better results for

all different speeds.

Cases 4 and 5 are compared to the periodic reporting

for all cases and the results are presented in Table II. For

example, in the ETU channel, for a UE moving with 30
km/h, case 4 improves the 90th percentile of positioning

error from 238 m in case 3 to 183 meters as seen in

Fig. 8b. Case 5 on the other hand, reduces reports per

minute budget to almost a half while giving almost the

same error characteristics.

V. CONCLUSION

The performance of device tracking in NB-IoT sys-

tems has been investigated with respect to the horizontal

positioning accuracy. The new transmission scheme of

NPRS was used to compensate narrower bandwidth of

the system and improve TOA estimates. Given a certain

NPRS transmission scheme, the RSTD was formed and

used for downlink OTDOA positioning. The results were

obtained in the EPA and ETU wireless channel models

corresponding to low and high delay spread environ-

ments, respectively. We evaluated positioning in both

static and dynamic cases. The measurement outliers were

detected in the dynamic case, using the EKF innovations,

resulting in a more robust algorithm.
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Fig. 8: Comparison of on-demand with periodic reporting schemes.
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