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Abstract—The performance of Global Navigation Satellite
System (GNSS)-based positioning techniques degrades in tunnels,
urban canyons and other areas, in which GNSS coverage is poor.
Recent advances indicate that radio-based positioning techniques
have the potential of complementing GNSS-based positioning
services in such problematic areas. In this work, we propose
to combine range and angle measurements routinely exercised
by fifth generation of mobile communication (5G) base stations
with acceleration measurements by vehicles to generate position
estimates. Specifically, we propose to utilize an extended Kalman
filter to combine the range, angle and acceleration measurements.
The accuracy of this positioning system is studied in millimeter-
wave 5G cellular networks. Specifically, the proposed positioning
system using 5G and sensor fusion is tested in a highway
scenario in which 5G base stations provide cellular coverage.
In this setting, we study the impact of certain parameters
of the 5G network such as the available bandwidth and the
propagation environment on the positioning accuracy. We find
that the positioning accuracy is largely affected by the number
of antennas in the base station and that the proposed scheme
outperforms GNSS based schemes in the problematic areas.

Index Terms—5G networks, positioning, sensor fusion, Kalman
filter, millimeter wave

I. INTRODUCTION

Due to recent advances in the telecommunications industry,
vehicles connected to cellular networks are becoming avail-
able and more popular. Through this connection, vehicles
will be able to communicate with each other and with the
network infrastructure to share important data. Using such
data, accidents can be prevented and lives can be saved [1].
Position and the kinematic state of the vehicle are critical
pieces of information for safety applications. Indeed, high
accuracy positioning enables advanced driver-assistance sys-
tems and makes autonomous cars able to execute safety-related
maneuvers [2].

In general, a position is calculated by taking into account
measurements of distances or angles to some reference points
whose positions are known. In a two-dimensional plane, three
reference points are enough to compute a position. This
positioning problem has been tackled in different schemes
for various scenarios and requirements. The most widely used
solution for vehicular positioning relies on Global Navigation
Satellite Systems (GNSS) such as the Global Positioning
System. The average accuracy of GNSS ranges from a few
meters to above 20 m, limiting its application in autonomous
vehicles as decimeter-level accuracy is needed to stay in
lane. In addition, all GNSS based solutions show significant

performance loss in dense urban driving environments due to
poor satellite coverage [3].

To address the GNSS limitations, there have been important
studies on radio-based positioning techniques including those
used in 5G systems. Compared to currently deployed cellular
networks, 5G is bringing huge improvements in capacity, num-
ber of connected devices, and latency. These qualities are made
possible by higher bandwidths and advanced antenna systems.
In 5G, technologies such as millimeter wave (mmWave) and
multiple-input-multiple-output (MIMO) are used, where both
the user equipment (UE) and the base station have arrays of
large number of antennas, and work at a frequency in the range
of 30-300 GHz having access to large bandwidths. Recent
research works show that these features make 5G mmWave
systems favorable for submeter accuracy positioning [4].

Several works aiming to extract the benefits of the next
generation of cellular networks for positioning have been pub-
lished recently. At mmWave frequencies, large bandwidths are
available which enable more accurate time of arrival (TOA) or
time difference of arrival measurements. These measurements
can be advantageously used for range estimation utilizing
that ranging from at least 3 fixed nodes or anchors (in 2-
dimensional space) using multilateration can be used to a
position estimation [5]. Despite its promising accuracy, multi-
anchor positioning is not practical at cellular networks, in
which any signal which is received from the base stations
other than the serving one on the same frequency is considered
as interference [6]. Furthermore, in mmWave frequencies the
path loss is typically high and beamforming gain is required
to compensate the path loss. On the other hand, due to the
high frequency of mmWaves, more antennas can be packed
in the same area which enables accurate angle of departure
(AOD) and angle of arrival (AOA) estimations. Hence, in
mmWave systems, the combination of AOD or AOA with TOA
measurements makes position estimation theoretically possible
with a single anchor. In reference [7], closed-form error bound
expressions for range and angle estimations in line of sight
(LOS) scenarios are derived.

In this work, we propose to fuse range and angle mea-
surements routinely exercised by 5G mmWave cellular base
stations with acceleration measurements by vehicles to gen-
erate position estimates of moving vehicles. Specifically, we
propose to utilize an extended Kalman filter to combine these
measurements. The proposed positioning approach is tested
in a simulated highway scenario in which 5G base stations



provide cellular coverage. We find that utilizing the inertial
measurement unit (IMU) can help GNSS in the outage periods
and specifically, it can compensate high errors of 5G based
positioning systems during LOS outages.

II. SYSTEM MODEL

A. Geometry

The network based positioning in this work is based on the
downlink MIMO communication between a vehicle mounted
UE and some base stations. The UE receives the power from
all of the base stations but the energy from the closest base
station is desirable and others are considered as the interfer-
ence. Based on the spherical coordinate system, as shown in
Figure 1, a base station transmits a static grid-of-beams from
the uniform rectangular array (URA) antenna which is placed
on pT = [xT, yT, zT]T with the orientation oT = [θ0,T, φ0,T]T

and the UE at the time step k, receives the waveform on the
URA antenna which is placed on pR,k = [xR,k, yR,k, zR,k]T with
the orientation oR,k = [θ0,R,k, φ0,R,k]T [8] 1.

Fig. 1: The MIMO communication system model between a
base station with a 5×5 URA antenna and a vehicle with a
3×3 URA antenna.

Since in this work it is assumed that the UE is always on the
xy-plane, the rotations outside the xy-plane are not modeled.
These rotations happen when the vehicle goes up or down hills
and its elevation changes. However, changes in φ are important
when the vehicle turns left or right and the tilt angle of the
UE antenna changes.

B. Channel Model

Considering a transceiver system equipped with NR receive
antennas and NT transmit antennas that supports elevation and
azimuth beamforming, assuming that only LOS path is present,
the narrow band channel matrix can be expressed in terms of
transmit and receive array responses as [9], in the form

H = aRBaT
T ∈ CNR×NT , (1)

where aR and aT are the related receive and transmit unit-norm
array response vectors respectively, B is the total path gain and

1The subscripts T and R refer to the transmit and receive sides, respectively.

β is the complex gain of the LOS path without considering
array antenna gains and they are modeled by B =

√
NTNRβ

where

β = |β|ej2πD/λ, |β| = λ

(4πD)2.31
, (2)

D = ||pT − pR|| is the distance between the transmitter
and the receiver, and |β| is representing the path loss model.
The chosen model for the signal power estimation over the
distance is the free space path loss model. The model’s path
loss exponent is calculated by [10] based on the Monte Carlo
simulations of the 3rd generation partnership project (3GPP)
rural macro (RMa) LOS path loss model.

Assuming the LOS path, denote AOD by (θT, φT) and AOA
by (θR, φR) where the related unit-norm array response vectors
are given by

aT(θT, φT) , 1√
NT
e−j∆

T
Tk(θT,φT) ∈ CNT , (3)

aR(θR, φR) , 1√
NR
e−j∆

T
Rk(θR,φR) ∈ CNR , (4)

where k(θR, φR) = 2π
λ [cosφ sin θ, sinφ sin θ, cos θ]

T is
the wavenumber vector, λ is the wavelength, ∆R ,
[uR,1,uR,2, ...,uR,NR ] ,uR,n , [xR,n, yR,n, zR,n]

T is a vector of
Cartesian coordinates of the nth receiver element which are
derived from pR and oR. ∆T and uT,n are defined similarly.

Considering the narrow-band array model and denoting the
TOA of the LOS path by τ , the channel can be expressed as

H(t) =
√
NRNTβaRaH

Tδ(t− τ) ∈ CNR×NT . (5)

C. Transmission Model

It is assumed that the transmitter sends a signal in NB
directional beams in the space with Ns symbols in time as

sl(t) =

Ns−1∑
k=0

al,kp(t− kTs), 1 ≤ l ≤ NB, (6)

where Ts is the symbol duration, al,k are known pilot symbols
with unit energy, transmitted over the lth beam, and p(t),
is a pulse with unit energy. The pilot signal is defined as
s(t) , [s1(t), s2(t), ..., sNB(t)]T with the bandwidth W and
in the output of the transmitter it is multiplied by a directional
beamforming matrix defined as

F , [f1(t), f2(t), ..., fNB(t)] ∈ CNT×NB , (7)
fl = 1√

NB
aT,l(θl, φl), 1 ≤ l ≤ NB. (8)

In order to keep the transmitted power fixed with different
NT and NB, it can be shown that Tr(FHF) = 1 and
E[s(t)sH(t)] = INB . Therefore, the transmitted signal is in
the form

e(t) =
√
EsFs(t) ∈ CNT , (9)

where Es is the transmitted energy per symbol duration.



D. Received Signal

Assuming there is only one transmitter, the received signal
considering above definitions can be expressed as

r(t) = H(t) ~ e(t) + n(t) ∈ CNR , (10)

where n(t) , [n1(t), n2(t), ..., nNR(t)]T ∈ CNR is white
Gaussian zero-mean noise with power spectral density of N0.
In order to elaborate Equation 10, the transmission model term
and the channel model term are replaced from Equations 9 and
5 respectively and the result is

r(t) =
√
NRNTEsβaRaH

T Fs(t− τ) + n(t) ∈ CNR . (11)

Considering the received signal is periodic with TS and Es =
PTTs, also assuming that due to the small number of elements
the receiver antenna is near isotropic, the received signal power
without noise can be expressed as

PR = PT NTNR ||aTF||2 |β|2. (12)

In this research’s experiments, more than one transmitter
are present in the network. Hence, when the connected base
station (indicated with i) transmits the signal, the UE receives
the thermal noise with the power N0W , other base station’s
signals (indicated with j) with the total power of ΣPR,j , and
the transmitted signal which is affected by the beamforming
and pathloss. The interference is assumed white and Gaussian
and it is added to the noise power, where N0 = −170 dBm/Hz
is the power spectral density of the noise.

E. 5G Measurements Model

Having defined the communication model, we provide
Cramér-Rao lower bounds (CRLB) derivations for range and
angle of departure with respect to the base station. To ob-
tain the CRLB of AOD,AOA, and TOA in the predefined
communication model, we define the parameter vector in the
form ϕ , [θR, θT, φR, φT, τ ]T. The channel parameters that are
important for the downlink positioning are AOD in the form
(θT, φT) and TOA in the form τ . The closed-form formulas
for the CRLBs of these channel parameters are derived to be
used in the 5G measurements model according to [7].

For the simplicity, it is assumed that during the simulation,
the elevation of the vehicle does not change. Hence, from now
on, the 5G measurements are the range rk and the transmit
angle αk , φT,k with respect to the base station.

In order to simulate a single anchor positioning system, we
need to generate angle and range samples. By the means of
CRLB closed-form formulas, the standard deviation of the
error in angle measurement and ranging for each and every
point on the xy-plane can be calculated. As shown in Figure
2, for generating the samples at time step k, an ideal estimator
is assumed that adds white Gaussian noise to the true angle
and range values of the UE in the form

rk = ζk +
√

(xR,k − xT)2 + (yR,k − yT)2, (13)

αk = νk + arctan
(
yR,k−yT
xR,k−xT

)
, (14)

Fig. 2: 5G range rk and angle αk measurement model.

where ζk ∼ N (0, σ2
ζ ) and νk ∼ N (0, σ2

ν) are white Gaussian
samples with the standard deviations given by

σζ = (
√

CRLB(τ)× c). sin θT, (15)

σν =
√

CRLB(φT), (16)

where c is the speed of light, CRLBs are obtained from
the closed-form formulas in [7], and calculated using the
setup parameters and the position and orientation of the UE.
Multiplication of sin θT is necessary because the CRLB is
calculated in 3D space and the result should be on 2D xy-
plane. The noiseless terms of Equations 13 and 14 are true
range and true angle of the UE from the connected base station
(BS) respectively.

F. LOS Blockage Model

As mentioned earlier, the performance of positioning tech-
niques in LOS blocked situations drops significantly and in
this work, the radio measurements are only available when the
LOS is available. This model captures whether the communi-
cation between the UE and BS is possible or not. According
to 3GPP technical report [11], assuming d2D is the distance
from UE to BS in xy-plane, for the RMa environment the
corresponding LOS probability function is derived in the form

PrRMa
LOS =

{
1 d2D ≤ 10m

exp
(
−d2D−10

1000

)
d2D > 10m.

(17)

This equation does not provide information about the duration
or arrival rate of the blockage events.

Fig. 3: Blockage scenario with 50% LOS blockage probability.

Two independent models in the space domain (xy-plane) are
used for LOS blockage arrival rate and LOS blockage duration.
Usually the blockage models are in the time domain but in this
paper we assume the models are static and restricted to be
in the xy-plane. For mathematical simplicity, we assume the



blockage duration is exponentially distributed with parameter
µB which represents the expected length of a blockage event
in meters.

For LOS blockage arrival rate the model is a Poisson
distribution with parameter λB which is the expected number
of blockage occurrences per unit distance (meter).

In the experiments of this research, it is assumed that the
base stations are close to the highway (dBS−HW = 20 m)
and since there are no standardized LOS Blockage model for
the highway scenario yet, we used the 3GPP RMa model to
calculate PrLOS using Equation 17.

For generating the blockage pattern, first we calculate
PrLOS(d2D(x)). Then, assuming that the arrival rate is pre-
defined λB = 0.1 m−1, we derive µB(x) from the equation:
PrLOS(x) = 1 − λB × µB(x). For example in Figure 4, the
calculated µB for the highway scenario in which a 5G base
station provides cellular coverage is shown. As expected, when
d2D increases, the average length of the LOS blockage events
increases.

Fig. 4: A sample example of the generated blockage pattern
(yellow) in a highway scenario in which a 5G base station
(blue circle) provides cellular coverage.

III. INFORMATION FUSION BY KALMAN FILTER

Kalman filter can combine different measurements and
relate them with the state of a system. In a vehicle tracking
problem, finding the kinematic state of the vehicle is the goal,
hence we defined the state vector of the car in the form
xk = [xk yk ẋk ẏk ẍk ÿk]T where ẋk and ẏk are velocity
and ẍk and ÿk are acceleration. The state space model of the
Kalman filter is expressed in the following equations:

xk+1 = Fxk + wk, (18)
zk = Hxk + vk, (19)

where F is the state transition matrix of the constant ac-
celeration process, wk ∼ N (w; 0,Q) is the white Gaussian
process noise where Q is its process noise covariance matrix.
zk is the measurement, Hk is the measurement function, vk
∼ N (v; 0,R) is the associated measurement error [12]. The
measurement update of the Kalman filter is implemented in a
sequential manner. Namely, depending on the LOS blockage,
state vector is updated firstly using 5G measurements and then
updated using IMU measurements [13].

A. Update Using IMU Measurements

The noisy sample generation process running for IMU
measurements is the same as cellular measurements generation
process. Assuming ẍk and ÿk are true acceleration values

of the vehicle, the samples generated in the IMU are white
Gaussian noise added acceleration measurements in the form
zIMU,k = [ax,k ay,k]T given by ax,k = υk + ẍk and
ay,k = ωk + ÿk where ax,k and ay,k are the measured
accelerations on x and y respectively and υk ∼ N (0, σ2

υ) and
ωk ∼ N (0, σ2

ω) are white Gaussian samples. It is assumed
that the measurement noise covariance RIMU is diagonal and
ideally known by the Kalman filter.

B. Update Using Cellular Network Measurements

The observations from the cellular positioning are in the
form zCEL,k = [rk αk]T consisting of range and angle data.
Assuming the function hr(xk) calculates the range r̂ from the
state vector xk and hα(xk) calculates the angle α̂ from the
state vector, they are in the form

r̂k = hr(xk) =
√

(xk − xBS)2 + (yk − yBS)2, (20)

α̂k = hα(xk) = arctan
(
yk−yBS
xk−xBS

)
, (21)

where (xBS, yBS) is the position of the connected BS and the
origin of the range and angle calculated based on TOA and
AOD in the downlink mode. As mentioned before, due to
the space mismatch, for the calculation of Hk the extended
Kalman filter formulation should be used in the form [14]

Hk =
∂Ĥ(x)

∂x

∣∣∣∣
xk|k−1

, (22)

where xk|k−1 is the predicted state and Ĥ(x) is defined by
Ĥ(x) = [hr(x) hα(x)]T.

In order to determine the measurement noise co-variance
matrix of the cellular model RCEL, we use the calculated
error bounds presented in Equations 15-16 for the noise
measurement covariance in the form RCEL = diag[σ2

ζ ,σ2
ν ].

IV. SIMULATION DESIGN AND ENVIRONMENT

Due to the large number of hypothetically effective factors
and scenarios, a comprehensive case study is conducted on a
simple example problem. As shown in Figure 5, the example
scenario consists of a vehicle moving on a highway and 5G
network base stations deployed alongside the highway. On the
vehicle, a 5G user terminal and an IMU is mounted and the
goal is to localize the vehicle by the means of the Kalman
filter.

The setup consists of an arbitrary number of base stations
with the distance dBS-BS or inter-site distance (ISD) from each
other and the distance dBS-HW = 20 m from the highway. Each
base station’s array antenna is placed in zBS = 20 m height
from the xy-plane and faced toward the highway with no tilt.

To challenge the proposed positioning system, a non-
constant acceleration movement and trajectory are produced.
As shown in Figure 5, a snake-shape trajectory with sharp
turns and harsh brake intensities is created to have an extreme
driving scenario, where a car with the speed of v = 130 km/h
is maneuvering in curves, each with the length lc = 20 m, and



Fig. 5: Experiment setup consists of a moving car on a
predefined trajectory and 3 base stations.

the width wc = 5 m. Meanwhile, at every other turn the linear
speed is reduced to ib = 75% to simulate the car brakes.

Compared to the previous generations, 5G supports a wide
range of carrier frequencies and deployment options such as
the size of the base stations, massive MIMO options, and
large channel bandwidths. In [15], a scalable orthogonal fre-
quency division multiplexing (OFDM) waveform is proposed
to handle a wide range of carrier frequencies and deployments.
On the other hand, in 3GPP release-14 [16], one of the
proposed 5G deployment scenarios is a highway scenario.
In this document, it is proposed to use ISD = 500 m for
30 GHz frequency band. Combining this with the scalable
OFDM waveform proposed in [15], mmWave OFDM profile
is summerized in Table I, and it is considered to be analyzed
in the experiments.

TABLE I: New radio (NR) mmWave settings

Fc WPRB ISD PT,max NT
28 GHz 720 kHz 500 m 30 dBm 256

In the experiments, the number of physical resource blocks
(PRB) can be less than full capacity, the transmitter power per
PRB is calculated in the form: PT per PRB = PT,max/275. Then,
PT is obtained based on NPRB. It should be noted that PT does
not change by NBS,NUE,NS or NB. Since UE is a simple and
low cost device, NUE is set to 4.

Other parameters are set to be similar to the 5G Tracking
Reference Signal (TRS), which is used for accurate time and
frequency tracking as well as path delay spread estimation in
the UE [17]. TRS is sent with 4 OFDM symbols (NS = 4)
and uses 3 out of 12 available subcarriers in a PRB. Since the
maximum number of PRBs (NPRB) in 5G is 275, we assume
the maximum NPRB for TRS is 70. The cellular measurement
rate rCEL is also set to 80 ms.

V. RESULTS AND ANALYSIS

A. Cellular Measurements Analysis

In this section, the accuracy of the radio measurements
are studied on the highway regardless of the car and its
movements. The experiment setup is shown in Figure 5, where
3 base stations are deployed 20 m far from the highway and

only the accuracy of the measurements in the center cell which
is affected by the interference from the both sides is studied.

Figure 6 shows the calculated error bounds for mmWave
cells. When the car starts at one edge and continues to reach
the other edge, the signal to interference plus noise ratio
(SINR) is close to zero and increases in the center of the
cell and then again decreases to zero. At the edge of the cell,
where the accuracy is limited by the small SINR, phi samples
has large errors. This angular inaccuracy in low SINR areas
increases the maximum error of the positioning system to tens
of meters and makes the positioning system unstable and non-
robust.

(a) Phi Error (b) Range Error

Fig. 6: Radio measurement error bounds, ISD = 500 m, Ns =
4, NPRB = 70

Two factors are involved in the CRLBs of the angle: First
is the SINR and it cannot be improved further and the edge of
the cell; Second is the spatial information. In an array antenna
based communication, the beams are less visible at the tilted
angles (0◦ or 180◦) and the spatial information is small. With
the experiment setup which is shown in figure 5, the edge of
the cell, is where this issue happens. Therefore, we turned the
BS antennas 90◦ as shown in Figure 7 to improve the beam
resolution for these areas. Considering the fact that this does
not affect the range measurements, the blue curve in Figure
6a shows the results with the new setup. The φ error bound at
the edge of the cell is reduced to below 3◦ after the rotation.

Fig. 7: New experiment setup, the BS antennas face the edge
of the cell (φBS = 90◦).

An important limiting factor for TOA estimation is the time
resolution at the receiver. This time resolution is larger than
the inverse of the radio’s clock frequency and that imposes
a limit on the ranging accuracy. According to the proposed
NR numerology by [15], the sampling frequency at 28 GHz is
Fs = 245.76 MHz. Therefore, the lower limit on the TOA error
bound is 1/Fs and consequently c/Fs on the range error bound



if no oversampling or interpolation techniques are utilized.
As shown in Figure 6b, dashed yellow line on 1.22 m is the
receiver sampling frequency limit on the range measurements’
error bound.

B. 5G/IMU Sensor Fusion System

Figure 8 shows the 5G/IMU positioning system error, when
the mmWave is used. The error is calculated from the Kalman
filter position estimates. In these experiments, the car passes
9 complete 5G cells shown in Figure 7. The pattern of the
recorded error is periodic with 9 peaks and 9 valleys. The
error peaks are due to the long distance between the BS and
the UE and consequently low SINR. On the other hand, when
the car becomes closer to the BS, the SINR improves and the
error valleys are made.

Fig. 8: mmWave/IMU sensor fusion, no sampling frequency
limit, no LOS blockage, Ns = 4, NPRB = 70

It can be seen that the error of each cell is different. In order
to calculate one averaged error value, the same experiment is
simulated 40 times and the root mean squared error (RMSE)
for each time step is calculated. Then, the 90 percentile of the
RMSEs are taken and reported in Figure 9.

Fig. 9: 90 percentile error of different positioning algorithms
after 360 Monte Carlo runs

Figure 9 shows that the 5G/IMU positioning based on
the mmWave outperforms GNSS/IMU positioning due to its
large available bandwidth, and large number of BS antennas.
The Kalman filter and the IMU sensor fusion could keep
the positioning alive during the LOS blockages where no
measurements are received from the 5G side. These results
show that this positioning technique is resistant to rural LOS
blockages.

C. Parametric Study

The 5G cellular network model which is used in this
work has various parameters influencing the performance of

the positioning. In this section, 3 of them are chosen and
their impact is analyzed: bandwidth or NPRB, number of BS
antennas NBS, and number of OFDM sequential symbols NS.
In the following subsections the RMSE of the positioning
system for 360 Monte Carlo runs is shown for different values
of the parameter. In all of the experiments, these default values
are set for the parameters, otherwise it is stated: φBS = 90◦,
NUE = 4, Ns = 4, NPRB = 70, λBlockage = 0.05.

D. Bandwidth

The derived CRLBs in [7] indicate that the range error
bound is inversely proportional with the bandwidth (REB ∝
1/W ) which means that increasing it will decrease the range
error and makes the cellular ranging more accurate. When
the sampling frequency limit is applied, the ranging accuracy
cannot become better than 1.22 m in mmWave. Hence, in-
creasing the bandwidth does not affect the performance of the
systems working beyond these limits. Based on the CRLBs,
the maximum useful bandwidth for the mmWave when the
sampling frequency is applied is 19.56 MHz or 27 PRBs.

Figure 10 shows how much accuracy gain is possible
by increasing the bandwidth in each subsystem. Since the
orange and yellow lines represent the positioning systems with
sampling frequency limit, they remain constant when NPRB
exceeds 25. This observation is in line with our expectation.
It can be seen from the blue lines which are not affected by
the sampling frequency limit, that the major accuracy gain
happens from 5 to 25 PRBs.

Fig. 10: mmWave/IMU positioning RMSE for different num-
ber of physical resource blocks which represents bandwidth.

E. Number of Sequential Symbols

The number of sequential OFDM symbols which is used
by the signal improves the measurements but does not affect
the SINR. Hence, it is an important but expensive resource.
According to the CRLBs formulas in [7], both of the error
bounds are inversely proportional to the root of the number
of sequential symbols: REB ∝ 1/

√
Ns, AEB ∝ 1/

√
Ns . The

default value is 4 to be similar to TRS signal. It should be
noted that in the sampling frequency limited systems the range
error bound does not improve despite setting large number
of sequential symbols. However, since it affects both angle
error bound (AEB) and range error bound (REB), the total



positioning accuracy improves. Figure 11 shows the accuracy
gain by increasing NS.

Fig. 11: mmWave/IMU positioning RMSE for different num-
ber of sequential OFDM symbols.

F. Number of BS antennas

The communication model shows that increasing or decreas-
ing NBS does not affect the SINR. If we focus on the cell edge
where the SINR is zero, we reduced the error of these areas
significantly by rotation of the BS antennas and increasing the
spatial information. Hence, we expect to see accuracy gain due
to the increase of spatial information by the NBS.

Fig. 12: mmWave/IMU positioning RMSE for different num-
ber of BS antennas.

Figure 12 demonstrates how increasing the number of the
base station antennas NBS affects the accuracy. It can be seen
that increasing NBS from 36 to 144, 4 cm accuracy gain is
possible.

VI. CONCLUSIONS

In this paper, a positioning system for vehicles based
on the 5G cellular network and sensor fusion is developed
and analyzed. The proposed system uses URA antennas in
5G terminals, which provide range and angle measurements
with respect to the base stations. The error bounds of these
measurements are calculated based on the CRLB theorem.
In the sensor fusion process, measurements from the cellular
network are combined with IMU acceleration measurements
by an extended Kalman filter.

The proposed algorithm is tested in a highway scenario
by computer simulations with different propagation schemes

and parameters. The results show that high accuracy single
base station positioning for the 5G connected vehicles is
feasible. Further simulations indicate that sub-meter wide area
positioning is possible by combining mmWave with vehicle
sensors.

We also showed that UE-specific algorithm implementation
(e.g., sampling frequency) limits the benefit of increasing the
bandwidth. Using a higher number of BS antennas, bandwidth,
and the number of sequential OFDM symbols can improve the
algorithm accuracy. We conclude that IMU sensor fusion is
effective for compensating occasional LOS blockages.
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