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1 INTRODUCTION
The IEEE standards for wireless area network (WLAN), which includes machine-to-
machine (M-2-M), vehicle-to-X (V-2-X) communications, together with cloud sys-
tems have changed conception of communication networks. The applications of new
technologies related with wireless networks are being developed in transport area.

Modern vehicles include more and more digital and smart technologies: for nav-
igation, location information, safety and intra-vehicle communication. This appli-
cations are directed on reducing of car accidents, traffic jams and help on the roads.

Vehicular Ad Hoc Network (VANET) is a application for V-2-X communica-
tion, where different technologies are applied. Well known the mobile technologies,
such as 2G and 3G, are out to be unsuitable to VANET, because latency and pri-
ority service are used, which contrary requirements for safety-critical applications.
The development of decentralized communication technology is chosen for V-2-X
communication. Wireless communication channels named Dedicated Short Range
Communications (DSRC) are designed for automotive use and content set of proto-
cols and standards involving everything from physical layer (PHY) for VANET [1].
The American Society for Testing and Materials (ASTM) started standardization of
DSRC for vehicle roadside communications [2]. The standard is called 802.11p de-
scribed in wireless access in vehicular environments (WAVE) [3,4], and governed by
a non-profit organization, the car-2-car communication consortium (C2C-CC) [5].

Presently there had been an upsurge in the interest of the automobile industries
regarding wider applications of intra-vehicular wireless transmission. The IEEE
802.11p protocol was specified primarily for V-2-V/V-2-I scenarios where both trans-
mitter and receiver are placed outside the vehicle [6]. In order to realize fully in-
tegrated intelligent transportation systems (ITS), it is important to evaluate the
efficacy of the protocol for wireless connections in in-car (both transmitter and re-
ceiver are inside the vehicle) and out-of-car (transmitter is inside and receiver is
outside, or vice-versa) scenarios as well.

Another application of V-2-X communication is locating a personal vehicle, be
it safety-critical, e.g. railway crossing surveillance [7], or non safety-critical, e.g.
finding a vehicle in parking lot [8]. There exists different global navigation satellite
systems (GNSS) such as GPS in USA, GLONASS in Russia, and Galileo in Europe,
to determine the location of a car in outdoor scenarios. Car localization is also
possible to some extent with the help of terrestrial cellular mobile networks [9],
another vehicles and Roadside Units (RSUs) [10]. However, finding exact locations of
vehicles in an enclosed space represents a major challenge. The positioning systems
mentioned before cease to work in confined and underground areas and it is necessary
to find a suitable method for such scenarios.
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2 OBJECTIVES OF THE THESIS
The objectives of the dissertation thesis are formulated as follows:

• Design and implementation of simulation model based on the IEEE 802.11p.
Performance comparison of the IEEE 802.11p and the IEEE 802.11a over
fading channels. The BER performance of the IEEE 802.11p in dependence
with a vehicular speed.

• Measuring real-world stationary channels in frequency domain for the intra-
vehicle scenario. Channel modeling based on the 802.11p measurement results.
Separation of large-scale variation (LSV) and small-scale variation (SSV) from
PDP, and extracting CIR for using it in simulation model. The BER perfor-
mance of the IEEE 802.11p of intra-vehicle channels.

• Measuring the IEEE 802.11p (5.8 GHz band) and UWB (3-11 GHz band) chan-
nels in frequency domain for the out-of-vehicle scenario. The BER performance
of the IEEE 802.11p over the out-of-vehicle channels. Channel modeling for
UWB using S-V model.

• Analysis of a localization technique designed for UWB system from measure-
ment results for out-of-vehicle scenario.
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3 CHANNEL MEASUREMENTS AND MOD-
ELING

3.1 Overview of PHY of the 802.11p
PHY of the V-2-X communication system is based on the IEEE 802.11p standard.
The IEEE 802.11p is modified version of the IEEE 802.11a standard [11]. Original
802.11a was optimized for work in local area networks with low mobility, it couldn’t
process information in system with high delays. Amendments defined in the IEEE
802.11p aims to ensure interoperability between wireless devices that interact in
rapidly changing communication environments and handle situations where trans-
actions must be completed in a time-frame, much shorter than that of the IEEE
802.11a [12].

PHY of the IEEE 802.11p and the IEEE 802.11a are based on OFDM. An OFDM
with 64 sub-carriers is used for transmission, but only 52 sub-carriers are utilized:
48 – for the actual data, 4 – pilot sub-carriers. Pilot sub-carriers transmit a fixed
pattern for disregard frequency and phase offset at the receiver side. IEEE 802.11a
uses modulation schemes BPSK, QPSK, 16-QAM or 64-QAM in combination with
different coding rates. A nominal data rate could be from 6 to 54 Mbit/s for mode
with 20 MHz bandwidth. The IEEE 802.11p utilizes the half with 10 MHz band-
width, it is used to make signal robust against fading, resulting in corresponding
data rate reduction.

The latest technologies, such as 802.11p, are based on OFDM PHY, because
the OFDM-based transmission systems can provide high-rate transmission and high
spectrum efficiency in channel environments.

A simulation model was implemented using MATLAB and SIMULINK. The
structures of transmitters and receivers for the 802.11p and 802.11a correspond to
blocks in Figure 3.1.

The transmitter:
• Convolutional coding with a coding rate, 𝑅 = 1/2 and 𝑅 = 3/4;
• BPSK modulation scheme;
• Inverse fast Fourier transform (IFFT) for 64 samples;
• Adding cyclic prefix (CP) with length of one-fourth of the symbol duration;

The channel:
• Transmitting the signal with 8 𝜇s (for 802.11p) and 4 𝜇s (for 802.11a) duration

over the fading channel HIPERPLAN/2;
The receiver:

• Removing CP;
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Fig. 3.1: The 802.11p OFDM system model.

• Fast Fourier transform (FFT) for 64 sub-carriers;
• Least Squares (LS) channel estimation;
• BPSK demodulation;
• Decoding error codes by using the algorithm Viterbi hard decision.

For getting accurate results, ten thousand bits are transmitted.
To determine the differences between BER performances of the standards 802.11a

and 802.11p channel models HIPERLAN/2 are used as fading channel models.
Channel characteristics of HIPERLAN/2 channels are used for a both standards
because they have the same structure published in [13]. Parameters of channel are
described in Table 3.1.

The transmission of data was simulated for varying 𝐸𝑏/𝑁0 over fading Rayleigh
channels: Model A, Model B, Model C, and Model Ethat are shown in Figures 3.2,
3.3, 3.4 and 3.5, two BER curves were obtained: for standards IEEE 802.11a and
IEEE 802.11p.

For low values of average 𝐸𝑏/𝑁0, the errors are same. The average 𝐸𝑏/𝑁0 required
for BER of 10−4 is found at 2 dB for mode 1 and 3 dB for mode 2 over Channel
A, for BER of 10−4 – 3 dB for mode 1 and 0 dB for mode 2 over Channel B, and
for BER of 10−4 – 3 dB for mode 1 and 5 dB for mode 2 over Channel C. Figure
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Tab. 3.1: The HIPERLAN/2 channel models

Model A Model B Model C Model E
Tap Delay Average Delay Average Delay Average Delay Average

Number (ns) power (ns) power (ns) power (ns) power
(dB) (dB) (dB) (dB)

1 0 0.0 0 -2.6 0 -3.3 0 -4.9
2 10 -0.9 10 -3.0 10 -3.6 10 -5.1
3 20 -1.7 20 -3.5 20 -3.9 20 -5.2
4 30 -2.6 30 -3.9 30 -4.2 40 -0.8
5 40 -3.5 50 0.0 50 0.0 70 -1.3
6 50 -4.3 80 -1.3 80 -0.9 100 -1.9
7 60 -5.2 110 -2.6 110 -1.7 140 -0.3
8 70 -6.1 140 -3.9 140 -2.6 190 -1.2
9 80 -6.9 180 -3.4 180 -1.5 240 -2.1
10 90 -7.8 230 -5.6 230 -3.0 320 0.0

3.5 shows the errors at standards and different modes, results for the IEEE 802.11p
indicate better performance even for the IEEE 802.11a.

Fig. 3.2: BER as a function of 𝐸𝑏/𝑁0 for signals of 802.11a and 802.11p over the
Rayleigh channel Model A

BER performance of IEEE 802.11p is found to be superior when compared to
that for IEEE 802.11a owing to a longer CP time and increases with growing path
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Fig. 3.3: BER as a function of 𝐸𝑏/𝑁0 for signals of 802.11a and 802.11p over the
Rayleigh channel Model B

Fig. 3.4: BER as a function of 𝐸𝑏/𝑁0 for signals of 802.11a and 802.11p over the
Rayleigh channel Model C

gain and delay channel.
Channel model ITU-R is an empirical model and developed in accordance with

the ITU-R M.1225 Recommendation. This type of modeling was used to simulate
the IEEE 802.11p signal. There are two models of channels, characterizing different
propagation environments. The model for Pedestrian Channel A has 4 taps and
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Fig. 3.5: BER as a function of 𝐸𝑏/𝑁0 for signals of 802.11a and 802.11p over the
Rayleigh channel Model E

Vehicular Channel B has 6 taps which are presented in Table 3.2.

Tab. 3.2: The ITU-R channel models for Pedestrian and Vehicular test environments

Pedestrian Channel A Vehicular Channel B
Taps Relative Average Relative Average

delay (ns) power (dB) delay (ns) power (dB)
1 0 0 0 -2.5
2 110 -9.7 300 0
3 190 -19.2 8900 -12.8
4 410 -22.8 12900 -10.0
5 - - 17100 -25.2
6 - - 20000 -16.0

Figure 3.6 presents side-by-side comparison of PHY model performance in various
propagation test environments. All curves are plotted for coded BPSK transmission
without being punctured. Pedestrian model Channel A assumes a vehicle velocity
of 5 km/h. For Vehicular Models, the speed of the transmitter is 90 km/h.

ITU-R Pedestrian Channel A has a maximum relative delay of 410 ns and RMS
45 ns, so the impulse response of the channel is shorter than the guard interval.
Thus, when the speed of movement of the transmitter is 5 km/h, BER corresponds
to 10−3 at 𝐸𝑏/𝑁0 of 20 and 26 dB, depending on the data rate. The ITU-R Therefore
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the efficiency of the model is reduced to a level of 10−1 at the speed of the transmitter
90 km/h and data rate is 3 Mbps, and efficiency drops with increasing data rates
up to 4.5 Mbps, while maintaining the speed of the transmitter.

Fig. 3.6: Simulation results of coded transmission with coding rate 1/2 (3 Mbps)
and 3/4 (4.5 Mbps) over Pedestrian Channel A and Vehicular Channel B.

3.2 Intra-vehicle channel measurement based on
the IEEE 802.11p

Measurements were carried out on the basis of the car Skoda Octavia Liftback.
This car was parked on the lower (sixth) floor of the underground parking garage
of the Faculty of Electrical Engineering (FEEC), Brno University of Technology
(BUT). Due to the car location of the underground and walls and floors are from
reinforced concrete, the narrowband interference is suppressed. There were no other
vehicle around the measured car. The four-port vector network analyzer (VNA)
E5071C (Agilent Technologies) [14] was used to measure and record the scattering
parameters.

The measurement results are the complex valued transfer function in the fre-
quency domain. The VNA presents CTF as s-parameter 𝑆𝑥1, where x ∈ {2, 3, 4} is
number of Rx port and 1 is Tx port of VNA.

Measurement parameters are set in accordance with recommendations of the
IEEE 802.11p except frequency range of 100 MHz (5.775 to 5.875 GHz). Frequency
step of 𝑓𝑠 = 0.125 MHz was chosen for 801 carriers. The bandwidth, 𝐵𝑤, for 1
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sub-channel is 10 MHz. The time range was calculated as 𝑡𝑑 = 1/𝑓𝑠 = 8 𝜇s. The
information converted into the spatial domain presents a maximum propagation
distance is 𝐿𝑑𝑚𝑎𝑥 = 𝑐/𝑓𝑠 = 2.4 km and a propagation space resolution 𝑃𝑠𝑟 = 𝑐/𝐵𝑤

= 3 m, where 𝑐 is the light speed.
The Tx antenna was placed at three different locations inside and at two locations

outside the car. Positions inside the vehicle were chosen at the right rear set, in the
middle of the at armrest, and at the driver’s seat. Outside positions were set in
front of the car and near the right headlamp, the Tx antenna was installed on a
tripod with height of 1.09 m. The Rx antennas positioned inside of the car: one - on
the roof in the rear part of the vehicle and two - on the windshield, in the left and
right upper corners. A total of 15 different combinations between the Tx and Rx
antennas were performed with distances from 0.53 to 3.38 m. All transmitter and
receiver antenna positions are shown in Figure 3.7. Table ?? presents parameters of
all combinations for measuring. Both the LOS and NLOS scenarios were realized.

Fig. 3.7: The transmitter and receiver antenna positions for the intra-vehicle channel
measurements.

As we have one realization, the PDP can be presented through the squared CIR,
𝑃 (𝜏) = |ℎ𝑐ℎ(𝜏)|2, and mathematically decomposed into a sum of large scale variation
(LSV) and small scale variation (SSV): 𝑃 (𝜏) = 𝛾(𝜏) + 𝜉(𝜏), where 𝛾(𝜏) denotes the
LSV and 𝜉(𝜏) is the SSV.

Analytical performance calculated for closed and small areas presented an ex-
ponential decay of the PDP [15, 16]. The intra-vehicular signal propagation envi-
ronments are similar to small spaces, the LSV can be demonstrated a two-term
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exponential model:

𝛾(𝜏) = 𝐴 exp (𝐵𝜏) + 𝐶 exp (𝐷𝜏) ; 0 < 𝜏 < 𝑡𝑑/2 (3.1)

The first term describes power from direct and major reflected rays. The second
term is close to linear with a very low slope includes the power from diffused MPCs.
The two-term exponential model 3.1 gives more flexible fitting than single-term ex-
ponential or linear models. This model avoids discontinuities in the separated LSV,
which appear when PDP divided into several parts, and the individual description
for each of these parts [16].

To evaluate the quality of the definition of LSV model (3.1), according to the
PDP, the mean square error (MSE) between the PDP and the LSV was used:

MSE = 1
𝑀

𝑀∑︁
𝑘=1

[𝑃𝑘(𝜏) − 𝛾𝑘(𝜏)]2 ; 0 < 𝜏 < 𝑡𝑑/2 (3.2)

The minimum MSE is 6.59 × 10−5, averaged over all the 𝑀 = 15 measurements.
Figure 3.8 presents the LSV for the two-term exponential model (3.1) for different

Tx-Rx distances of 0.53 m, 0.87 m, 1.28m, 2.74 m, and 3.15 m. It is observed that
LSV for the NLOS case drops more slowly than for the LOS scenario as in earlier
observations [17].
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Fig. 3.8: Normalized LSV (𝛾) of the PDP for LOS/ NLOS measurements carried
out for different Tx-Rx separations for in/out-side measurements.
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Tab. 3.3: Characteristics of the channel models for in/out-side measurements.

0.53m LOS 0.94m LOS 1.28m NLOS 2.03m NLOS 3.38m NLOS
K-factor (dB) 21.30 20.07 19.61 15.15 15.40
Tap delay (ns) Tap gain (dB)

0 0 0 0 0 0
10 -11.78 -10.61 -9.61 -6.06 -6.69
20 -17.69 -16.24 -14.90 -10.28 -11.06
30 -20.69 -19.27 -18.27 -13.22 -13.93
40 -22.26 -20.93 -20.32 -15.28 -15.80
50 -23.11 -21.87 -21.58 -16.74 -17.04
60 -23.62 -22.45 -22.39 -17.76 -17.85
70 -23.95 -22.83 -22.91 -18.50 -18.40
80 -24.20 -23.10 -23.27 -19.04 -18.76
90 -21.41 -23.33 -23.53 -19.43 -19.01

The BER results for different distances between Tx and Rx, for LOS and NLOS
cases, and for intra-vehicle and out-of-vehicle situations are shown in Figure 3.9.
Results can be classified quite unambiguously into two groups, one for intra-vehicle
and the other for out-of-vehicle measurements. The BER worsens for higher Tx-
Rx distance inside the car, but outside the vehicle the BER values almost remain
unaffected when the Tx-Rx separation is altered. The BER results for intra-vehicle
simulations are slightly better than the results for the out-of-vehicle channel. For a
target BER of 10−5 the required (𝐸𝑏/𝑁0) differs by 6 dB.

3.3 Around of vehicle channel measurement based
on the IEEE 802.11p and UWB systems

For the measurements car is parked at the middle of the six floor, away from walls
and other cars. Equipments are installed outside the car on the opposite side of
the measurement area. The measurements were performed in the ultra-wide band
(3 GHz to 11 GHz) and for the 802.11p standard (5.8 GHz) in the same points for
Tx and Rx, for that reason the VNA Agilent Technologies E5071C was used. The
frequency domain data are converted to time domain CIR using IFFT.

The positions of the receiving antennas are displayed in Figure 3.10 The first
receiving antenna, Rx1, is installed on the roof of the vehicle near car radio antenna.
The second receiver, Rx2, is mounted also on the roof at a distance of 1.13 m from
Rx1. The third antenna, Rx3, is located on the car bonnet near windshield. All
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Fig. 3.9: BER performance of IEEE 802.11p standard over the measured channels.

three antennas create one axis, Rx1 and Rx2 are installed at a height of 1.5 m and
Rx3 – 1 m.

1,
5
m

1,
0
m

1,04m 1,13m
Rx1Rx2

Rx3

Rx3

Rx1-Rx2

Fig. 3.10: Placement of the receiving antennas for around-vehicle measurements.

The transmitting antenna is set at a height of 1.5 m above ground (at the same
level of Rx1 and Rx2) with the help of a tripod stand and its position is changed to
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1.5m

3m

4.5m

6m

7.5m

9m

RX1RX2RX3

Fig. 3.11: Placement of the transmitting antenna for around-vehicle measurements.

23 different locations. Tx installation points follow concentric semi-circles around
Rx1 with an increasing radius of 3 m, 4.5 m, 6 m, 7.5 m, and 9 m at an uniform
angular separation of 45∘, i.e. at angles of 0∘, 45∘, 90∘, 135∘, and 180∘ relative to
the roll axis which connects Rx1 with Rx3 via Rx2. This arrangement ensures that
there always exists a direct LOS path between Tx and Rx1 (as well as between Tx
and Rx2) whereas the path between Tx and Rx3 is mostly NLOS with LOS path
being available at only certain angles and distances.

Figure 3.12 presents the measured normalized PDP for measurement points for
LOS condition outside of the car for 𝑇𝑥1. The power reduces to about 45 dB in
the considered delay range, from -8 to -53 dB. The noise for non-normalized PDP
is -110 dB level and corresponds to previous out-of-vehicle measurements.

Fig. 3.12: The PDPs for measurements points in 5.8 GHz band.
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The LSV are separated from PDP by two-term-exponential model (3.1) and
presented in Figure 3.13. It can be seen that the LSV curves form a distinct group.
Table ?? shows the parameters of the model for different measurement points.

Fig. 3.13: LSV of PDP for measurements points in 5.8 GHz band for out-of-vehicle
measurements.

Tab. 3.4: Parameters for Out-of-vehicle channel.
Tap Tap gain (dB)

delay (ns) 1 2 3 4 5 6
0 0 0 0 0 0 0
10 -4.36 -4.34 -6.73 -3.31 -4.99 -7.78
20 -7.65 -7.65 -11.01 -5.92 -8.79 -12.60
30 -10.14 -10.17 -13.75 -7.98 -11.70 -15.61
40 -12.03 -12.10 -15.53 -9.61 -13.92 -17,52
50 -13.48 -13.59 -16.70 -10.91 -15.62 -18.76
60 -14.59 -14.74 -17.48 -11.94 -16.93 -19.59
70 -15.46 -15.63 -18.03 -12.78 -17.95 -20.17
80 -16.13 -16.34 -18.43 -13.45 -18.74 -20.60
90 -16.67 -16.91 -18.74 -14.00 -19.37 -20.93

𝐾 factor (dB) 17.93 18.24 19.86 15.43 20.36 22.40

The LOS cases are described by the Rician distributions [18]. To construct a tap-
delay multipath Rician channel the LSV was used. Table 3.4 presents the calculated
10 tap gains and 𝐾 factors for different positions.
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Fig. 3.14: BER results based on the 802.11p over measured channels.

The BER performance using the Rician channel based on the data in Table 3.4
for six locations are presented in Figure 3.14. The BER curves can be grouped
easily as the maximum difference is less than 4 dB at a BER = 10−4. An average
channel BER performance was calculated over channel based on average coefficients
of the LSV. The average channel error result has non-significant deviation from BER
curves for six locations and can effectively serve as a design basis for intra-vehicle
link budget calculations.

3.4 Out-of-vehicle channel description in UWB
The PL (𝛼) data is computed from VNA record through averaging the inverse of
squared CTF over the whole frequency range

𝛼 = 10 log10

⎡⎣ 1
𝑁VNA

𝑁VNA∑︁
𝑛=1

1
|𝐻(𝑓𝑛)|2

⎤⎦ (3.3)

where the index 𝑛 is used to signify discrete tones generated by VNA.
The PL values calculated from (3.3) are listed in Table 3.5. Unavailability of data

is occurred at (9m, 90∘) due to walls and at (3m, 0∘) the car bonnet obstructed the
measurement location. As expected, the PL value increase monotonically with Tx-
Rx separation following a log-distance model for a given angle and antenna height.
However, for a particular distance, random PL variation around the average loss
value is observable when the angle is changed.
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Tab. 3.5: PL values (in dB) for all Tx locations.

Tx height (ℎ) = 1.5m
Tx-Rx Tx angles

distance (m) 0∘ 45∘ 90∘ 135∘ 180∘ Average
3.0 - 58.57 58.99 60.99 60.82 59.84
4.5 61.82 62.65 62.58 64.47 64.13 63.13
6.0 64.30 65.16 64.91 66.10 66.24 65.34
7.5 65.94 67.23 66.65 68.41 68.03 67.25
9.0 67.42 68.31 - 70.02 70.01 68.94

Tx height (ℎ) = 1m
Tx-Rx Tx angles

distance (m) 0∘ 45∘ 90∘ 135∘ 180∘ Average
3.0 - 64.33 61.73 62.10 61.38 62.39
4.5 66.50 66.34 64.32 64.45 64.13 65.15
6.0 67.49 67.83 66.27 66.54 66.45 66.92
7.5 68.65 69.51 67.93 68.19 68.46 68.55
9.0 69.67 69.91 - 69.69 69.53 69.70

According to the S-V model, the discrete impulse response may be expressed as

ℎ(𝑡) =
𝑁𝑐∑︁

𝑛=1

𝑁𝑟,𝑛∑︁
𝑚=1

𝛽𝑚,𝑛 exp(𝑗𝜃𝑚,𝑛)𝛿(𝑡 − 𝑇𝑛 − 𝜏𝑚,𝑛) (3.4)

where 𝑁𝑐 is the number of clusters, 𝑁𝑟,𝑛 is the number of rays in the 𝑛th cluster,
and 𝑇𝑛 is the arrival time of the 𝑛th cluster. The magnitude, phase, and addi-
tional delay of the 𝑚th ray within the 𝑛th cluster are given by 𝛽𝑚,𝑛, 𝜃𝑚,𝑛, and 𝜏𝑚,𝑛,
respectively. The inter- and intra-cluster exponential decay rates, namely Γ and
𝛾, define the magnitude of individual rays according to 𝛽2

𝑚,𝑛 = 𝛽2
1,1 exp[−(𝑇𝑛 −

𝑇1)/Γ] exp(−𝜏𝑚,𝑛/𝛾). The arrival time of clusters and rays within clusters fol-
low independent Poisson processes, i.e. Pr(𝑇𝑛|𝑇𝑛−1) = Λ exp[−Λ(𝑇𝑛 − 𝑇𝑛−1)] and
Pr(𝜏𝑚,𝑛|𝜏𝑚−1,𝑛) = 𝜆 exp[−𝜆(𝜏𝑚,𝑛 − 𝜏𝑚−1,𝑛)], where Pr(·) denotes probability, and Λ
and 𝜆 represent cluster and ray arrival rates, respectively.

Figures 3.15 and 3.16 depict the PDPs at two indicative distances, namely at 3
m and 9 m, for the three different Tx angles, 45∘, 135∘, and 180∘. The MPCs in
the PDPs are grouped into clusters, and the overall PDPs are described with S-V
channel model.

From Figure 3.15 one can find that the cluster arrival times do not alter signif-
icantly with Tx angle. However, the number of resolvable clusters reduces from 4
to 3, when antenna height is changed from 1 m to 1.5 m. For longer distances, as
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Fig. 3.15: PDPs for Tx-Rx separation (𝑑) = 3m.

seen in Figure 3.16, the signal reaches the noise level (-110 dB) within a short delay
span and only two distinct clusters are observable. The effect of antenna height is
also no longer visible when Tx-Rx separation is large.

In Table 3.6, we put the S-V parameter values computed using the mathematical
expressions given in [19]. The values are also quite close to the values for UWB
channel in the range of 4-10 m (CM3), Γ = 14, 𝛾 = 7.9, 1/Λ = 15, 1/𝜆 = 0.48, all in
nanoseconds, as reported in the IEEE 802.15.3 standard [20].
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Fig. 3.16: PDPs for Tx-Rx separation (𝑑) = 9m.

Tab. 3.6: S-V parameter values

Tx height (ℎ) = 1.5m
S-V Tx-Rx distance (𝑑) in m

parameters (ns) 3.0 4.5 6.0 7.5 9.0
Γ 18.80 19.54 25.46 4.60 2.46
𝛾 10.43 8.81 5.31 7.57 4.55

1/Λ 4.99 4.93 6.67 5.60 5.88
1/𝜆 0.40 0.47 0.52 0.45 0.36

Tx height (ℎ) = 1.5m
S-V Tx-Rx distance (𝑑) in m

parameters (ns) 3.0 4.5 6.0 7.5 9.0
Γ 16.19 16.70 11.56 12.52 3.18
𝛾 4.99 6.31 6.16 6.32 5.67

1/Λ 3.98 5.01 5.34 4.48 5.88
1/𝜆 0.42 0.48 0.43 0.43 0.39
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4 LOCALIZATION USING OUT-OF-VEHICLE
MEASUREMENTS IN UWB

For calculating the distances between Tx and Rx antennas TOA technique is used.
The TOA is based on the detection of the first ray received by a particular Rx
antenna. This is achieved by a search algorithm that compares individual signal
samples of the PDP with a certain threshold to avoid noise and identify the first
amplitude peak that corresponds to the LOS time delay, 𝑇𝑑.
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Fig. 4.1: Superposition of PDPs for Rx1 for all Tx positions.

In Figure 4.1, we superimpose all PDPs corresponding to Rx1 obtained for dif-
ferent Tx antenna positions. The PDPs are plotted in the distance domain instead
of the delay domain for better understanding.

Next, we describe the simple two dimensional (2-D) localization performed from
the distance estimates as obtained from the first peak detection of PDPs in the
distance domain. Two receivers on the car roof, Rx1 and Rx2, are used to locate the
Tx antenna as the Tx antenna is placed at same height, and it is sufficient to find
only 2-D coordinates.

A detailed map of calculated Tx coordinates are constructed in Fig. 4.2 and
compared with the measured coordinates. The goal of constructing this 2-D local-
ization map is to assess whether the simple TOA algorithm results corresponds at
least roughly to reality, i. e. whether it possible to reliably detect a vehicle on
a particular parking lot. In our situation it is not necessary to have an accurate
coordinates (in mm) but only rough estimation of the car position (in cm). Table
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Fig. 4.2: Actual and estimated position of the Tx antenna.

4.1 lists the measured and calculated coordinates of Tx antenna along with the de-
viation for each measured location. The deviation is few centimeters at most and
indicates that UWB is robust in locating other cars in the vicinity.
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Tab. 4.1: Comparison between measured and calculated coordinates of Tx

Measurement 𝑥𝑎 𝑦𝑎 𝑥𝑎 𝑦𝑎 𝑥𝑎 𝑦𝑎

number measured measured calculated calculated deviation deviation
1 4.50 0.00 4.71 0.00 0.21 0.00
2 6.00 0.00 6.26 0.00 0.26 0.00
3 7.50 0.00 7.84 0.00 0.34 0.00
4 9.00 0.00 9.11 0.00 0.11 0.00
5 2.12 2.12 2.18 2.12 0.05 0.00
6 3.17 3.19 3.38 3.14 0.21 -0.05
7 4.25 4.23 4.40 4.30 0.15 0.07
8 5.29 5.31 5.37 5.40 0.07 0.08
9 6.36 6.37 5.87 6.78 -0.49 0.42
10 -0.01 3.00 -0.08 3.15 -0.07 0.15
11 0.00 4.50 -0.06 4.61 -0.06 0.11
12 -0.02 6.00 0.15 6.15 0.18 0.15
13 0.03 7.50 0.06 7.61 0.03 0.11
14 -2.11 2.13 -2.27 2.13 -0.16 0.00
15 -3.19 3.18 -3.26 3.21 -0.07 0.04
16 -4.27 4.22 -4.20 4.44 0.07 0.22
17 -5.32 5.28 -5.30 5.47 0.03 0.19
18 -6.35 6.38 -6.47 6.57 -0.12 0.20
19 -3.00 0.00 -3.16 0.00 -0.16 0.00
20 -4.50 0.00 -4.48 0.47 0.02 0.47
21 -6.00 0.00 -6.24 0.00 -0.24 0.00
22 -7.50 0.00 -7.83 0.00 -0.33 0.00
23 -9.00 0.00 -9.37 0.00 -0.37 0.00
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5 CONCLUSION
This dissertation thesis is focused on the wireless systems aimed at intra-vehicle and
out-of-vehicle communications operating in narrow- and ultra-wide bands.

A description of measurements results as well as the description of a channel
measurement setups realized for the 5 GHz band and UWB systems are given in the
state-of-the-art part. To provide a more specific insight on vehicle communication
and localization systems, the IEEE 802.11p standard and 3-11 GHz ultra wide band
systems have been chosen as indicative examples which currently happens to be the
major and the most promising vehicular communication systems, respectively.

When summarized the main outcomes of the dissertation are:
• Simulation models describing IEEE 802.11p and 802.11a standards are created

and the simulation results are compared. The BER performance gives the best
results for the model 802.11p for channels with large delay. The 802.11p proto-
col is more suitable for vehicle communications, where a signal is transmitted
over long distances. This is confirmed during the calculation of the BER for
different speeds of movement of the receiver experiencing the Doppler effect.

• Extensive intra-vehicle channel measurements in the 5.8 GHz band were car-
ried out. A double exponential decay model was used for describing the basic
trend of the measured PDPs and we utilized it for IEEE 802.11p BER sim-
ulation. The BER achieves the recommended values for all variants of the
channel, and it can be concluded that 802.11p standard (in particular the
PHY protocol stack) can be adopted for in-vehicle communication systems.

• Channel measurements outside car were carried out in the 5.8-GHz and 3-11
GHz bands in an underground garage with different Tx-Rx locations.
For the IEEE 802.11p channel model, a double exponential decay model was
used to separate LSV from measurement PDP. The LSVs were utilized to simu-
late BER and the BER results satisfy the recommended values for all locations.
An average channel model is proposed that can be used for communication
link design outside the car.
Results for a comprehensive measurement campaign to study the variations of
the channel characteristics are reported for UWB propagation around a parked
car. It was found that MPCs can be roughly grouped into clusters following
the well-known S-V model. The cluster profile do not alter significantly with
angle but changes with antenna height. Also, the number of clusters reduce
with distance as it becomes difficult to segregate clusters. PL values and delay
of the first arriving MPC are also reported which serve as guidelines for ranging
algorithms.

• Based on the measurements results in 3-11 GHz band it is possible to uti-
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lize a distance-delay linear relationship which is exploited to find distance of
the transmitting antenna from receiver antennas. The estimated distances are
used for TOA based 2-D localization with only two receivers and the calcu-
lated coordinates exhibits small error. The proposed solution is sufficient to
determine the positions of nearby vehicles in an underground garage. Obvi-
ously the simple mechanism is unable to provide the information whether the
car is on left/right side of the roll axis. However, an extension with a third
receiver which is not on the same axis can solve the problem.
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