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Abstract — Within the scenario of the proliferation of
smart vehicles, a novel tendency
cooperation between vehicles to create vehicular gwbc
networks (VANETS) using the IEEE 802.11p standard.
IEEE 802.11p includes Dedicated Short Range
Communications (DSRC) between high-speed vehiclead
between the vehicles and the roadside infrastructerin the
licensed Intelligent Transportation System (ITS) bad at
5.9 GHz. At such frequencies fading problems causealy
Doppler effect and/or multipath adversely affect
propagation, especially in dense urban environmentTo
reduce such propagation impairments the use of lowe
frequencies has been proposed in literature, namelthe
TV White Spaces (TVWS) in the UHF band. TVWS is the
part of the spectrum licensed to broadcasters whicks not
occupied at a given time in a given geographical ea on a
non-interfering /non-protected basis with regard to
primary services. This work analyses coexistence sises
between DVB-T2 broadcasting and IEEE 802.11p
transmission in the TVWS. Aim of the study is twoftd: to
evaluate the protection of DVB-T2 broadcasting seliges
interfered by IEEE 802.11p communications as wellsathe
impact of adjacent DVB-T2 services on IEEE 802.11p
communications in the TVWS. The main outcomes of
study are the maximum transmission power level and
bandwidth configuration of an 802.11p signal in the
adjacent channel (i.e., TVWS) of an active DVB-T2ystem
whereas protecting the broadcast service, and therrer
rate curves for each allowed mode of IEEE 802.11mithe
TVWS to evaluate the performance of VANETs
communications coexisting with DVB-T2 regular sernges
in the licensed TV band.
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is to exploit the

|. INTRODUCTION
Vehicular ad-hoc networks (VANETS) are wireless
networks with constantly changing network

topology, due to the mobility of the nodes. In this
context, a specific standard, the IEEE 802.11p for
wireless access in vehicular environments (WAVEE h
been designed [1]. IEEE 802.11p enables the 802.11
family (Wi-Fi) [2] to support intelligent transposiystems
(ITS) allowing the exchange of data between vehicle
(V2V) and between vehicles and infrastructure (Mal)
the 5.9 GHz band [3]. Unfortunately, the use otshigh
frequencies raises fading problems such as the IBropp
effect and/or multipath that adversely affect pggieon,
especially in dense urban environments. To soh® th
drawback, researchers proposed the use of lower
frequency bands [4], considering also that, for
frequencies below the GHz, the system would be more
robust in real urban traffic conditions due to tless
severe impact of fading effects. This frequencygeais
currently divided mainly between digital terredtrigv/
(DTT) broadcast services and cellular mobile sewsic
For the DTT services the frequencies are allochtied
geographical-based planning to ensure reduced
interference between adjacent TV channels. This
allocation process leaves free channels in eadtotéal
area, the so-called "TV white spaces" (TVWS) [Shiaf
could be used to implement opportunistic ad-hoatsho
range and low-power communication systems [6], such
as systems based on the IEEE 802.11p standard.

DTT broadcasting worldwide relies on several
standards. Among these standards the digital video
broadcasting — terrestrial (DVB-T) is widely depbaly
with over 60 countries that have adopted it. Theoisd-
generation DVB-T2 has been already introduced in
Europe as an extension of DVB-T, based on the 2009
specifications of the European Telecommunication
Standardizations Institute (ETSI) [7].

The tolerance of DVB-T/T2 receivers to adjacent
channel interference (ACI) has been quantified [8],
revealing that transmission on adjacent channefs ca
cause harmful interference if the output power tod t
transmission exceeds the maximum received interfere
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power tolerable by the receiver. The Electronigenerates the highest BER, while Rician distribbutio
Communications Committee (ECC) presented a reportdives BER values between the Rayleigh and log-nlorma
provide technical and operational requirements fat mobile speeds of 30, 60, and 90 km/h when medsur
secondary unlicensed devices operating in tle the same distance. By the light of the aboveystin
470-790MHz frequency band, in order to ensure thmur experiments a Rayleigh channel model has been
protection of the incumbent radio services [9][10]. considered, thus considering the worst conditioseca

In this context, this work proposes a coexistemgdys Experiments have been performed under the assumaptio
between VANETs communications based on IEEBf slow and flat fading which can be easily vedfitor
802.11p standard adapted to operate in the TVWS aiRdEE 802.11p transmission in the TVWS in urban
DTT services based on DVB-T2. scenarios where the vehicle speeds is limited tona.

A first measurement series has been carried out toIn this study, the IEEE 802.11p PHY layer has been
determine the protection levels for DVB-T2 receivemodeled on the transmitter and receiver side tastrét
interfered by IEEE 802.11p communication operatmg standard compliant signals in the TVWS, in order to
adjacent channel (i.e., TVWS) at varying the carrievaluate the BER of the received signal in thegires of
frequency for different operation modes of the IEEBdjacent DVB-T2 interference. We tested different
802.11p standard [11]. In particular, the Protecfatio configurations of the IEEE 802.11p consideringedight
(PR), that is the minimum value of the signal-tobit rates, modulation types, and channel bandwidths
interference ratio q/I) required to obtain a specifiedprovided by the standard. For the DVB-T2 signag th
reception quality under specified conditions at theypical settings for the multiple frequency (MFNhda

receiver input [12] has been evaluated. single frequency (SFN) broadcasting networks haenb
For these measurements, the reception quality hemnsidered.
been guantified using a subjective evaluation rGoite The study allowed determining the maximum

the absence of a picture error for a certain pesidime, transmission power level and bandwidth configuratd
called picture failure (PF). PF is commonly used an 802.11p signal in the adjacent channel (i.e\WBY of
impairment criteria for broadcasting services tan active DVB-T2 system whereas protecting the
determine the signal-to-interference thresh6ld,, at broadcast service, as well as the BER curves foh ea
which the interfering signal source has degradedi¥ allowed mode of IEEE 802.11p in the TVWS, thus
reception to an unacceptable quality. TV recepi®n evaluating the performance of VANETS communications
considered unacceptable in presence of picturékdues coexisting with DVB-T2 regular services in the lised
during 30 consecutive seconds of observation perioflV band.

[13][14][15]. These measurements allowed identifying The rest of the paper is organized as follows. i&ect
the maximum transmission power level and bandwidth describes the IEEE 802.11p physical layer, while
configuration of a 802.11p device operating in theection Il illustrates the measurement set-uptiGedtV
adjacent channels and within the coverage areanof describes the measurement methodology. The obtained
active DVB-T2 system whereas protecting the DTTesults are discussed in section V. Finally, sactt

service. presents the conclusions and future work.
A second measurement series completes the
coexistence study by reversing the view point, Whic II. IEEE802.1PPHY LAYER

analyzing the performance of 802.11p devices opgralt The |EEE 802.11p standardization process originates
in TVWS under DTT emissions based on DVB-T2. lfyom the allocation of the dedicated short range
particular, the bit error rate (BER) curves in fliesence ~ommunications (DSRC) spectrum band in the United
of adjacent DVB-T2 interference have been evalultied gistes and the effort to define the technologyage in
each allowed mode of the IEEE 802.11p standard. Rgfe psrC band [17]. The IEEE 802.11p is only a péirt
these measurements, to cope with real VANETSqroup of standards related to all layers of maitofor
communication scenarios characterized by rapidysSrc pased operations [18]. The IEEE 802.11p stdnda
varying conditions due to changing topology of th 9] is a MAC and PHY level standard. For the psgm
networks of moving vehicles, multipath fading andy the present study the PHY layer has been fully
Doppler effects have been considered. In [16] thregplemented. The PHY layer is conceived to makellsma
different statistical distributions have been corepa changes to the already existing 802.11 PHY, in rotde
(i-e., Rayleigh, Rician and Lognormal) so as toa=e0 qptimize it for its use in vehicular networks. THEEE

the one causing the highest BER, hence the wosstnet g2 11p operates at a frequency of 5.9 GHz. The PHY
conditions. It is shown that the Rayleigh distribot layer in IEEE 802.11p is the same as in IEEE 8G2.11
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Fig.1  Measurements Set-up.

except for the different sampling rate. It defirtbsee estimation. After insertion of pilot and guard, I&FT is

different modes: 20 MHz, 10 MHz, and 5 MHz. Theperated on them to create the OFDM symbol. A cycli

different modes can be achieved by using reducedefix is added at the beginning of each OFDM syinbo

clock/sampling rates. IEEE 802.11a usually usedulhe Finally the signal is converted from parallel teigeand

clocked mode with a 20MHz bandwidth. In comparisomgrepared for transmission.

IEEE 802.11p usually uses the half-clocked modé @wit  The 802.11p PHY layer signal is physically genetate

10MHz bandwidth and the symbol length is doubledjsing the National Instruments USRP N-2920 Software

making the signal more robust against fading. Defined Radio (SDR) board connected to a PC running
The 20 MHz mode is optional. The 802.11p signdhe implemented Matlab/Simulink software model.

uses a carrier spacing reduced by half when comdgare  The most important parameters characterizing the

802.11a. 802.11p signals transmitted during the measurenzats
In this work the IEEE 802.11p PHY layer has beeshown in Table 1.
modeled using Matlab/Simulink software on the TABLE 1
transmitter and receiver side in order to transieal MOBULATION SCHEMES ANDCODE RATES FORB02. 1P
. . . . . Data Rates Modulation Coding BW
standard compliant signal and to receive it evalgahe [Mbps] Type Rate  [MHz]
BER after the Viterbi decoder. 15 BPSK 1/2 5
A.Transmission Sde 3 pSK 34 .
The source bits are produced by a binary randc Q
generator block. The data is coded using convaiatio 9 16-QAM 2/3 5
coding, with a native rate of 1/2 with a constrdamgth
equal to 7. The other code rates can be obtained 13.5 64-QAM 3/4 S
puncturing bits. _Coded t_)its are ther_l deliyered o ¢ 3 BPSK 1/2 10
interleaver. The interleaving scheme is definedtiy
permutations. The first permutation ensures thgtcadt 9 QPSK 3/4 10
bits are modulated onto nonadjacent subcarriersttznd
second permutation ensures that the adjacent hits 18 16-QAM 3/4 10
mapped alterna_tively onto less and more signifidzaist 27 64-QAM 3/4 10
of the constellation.
In the IEEE 802.11p standard four different typés o
modulation are used: BPSK, QPSK, 16QAM an .
Receiver Sde

64QAM. The modulation type depends on the desir
data rate, ranging from 1.5 to 27 Mbps. Data bitss a The synchronization of the signal assures that the
mapped to subcarriers after modulation. The IEEgymbol timing from the input complex waveform is
802.11p uses OFDM modulation characterized by 6&covered correcting the timing offset. Also, agfrency
sub-carriers (i.e., 1 sample per OFDM subcarrief), offset correction is implemented thanks to a fremgye

which 48 used for the data, 12 void to reduce fetence offset correction algorithm. Then, the cyclic prefs
between adjacent channels and 4 pilot for the adanmiemoved to each received OFDM symbol and the OFDM
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demodulation is performed. After removal of pilotda measurements, the reception quality was quantified
guard, each symbol is demodulated. using a subjective evaluation criteria: the abserfdeF
Data are de-interleaved using a de-interleavernsehe[13][14][15], during a minimum observation time of
complementary to the algorithm used at the trarsions 30seconds [14]. In order to evaluate the performaric
side. For the forward error correction (FEC) a lazg DVB-T2 system interfered by 802.11p transmission,
Viterbi decoder algorithm has been implementeis @ PF has been monitored for different bit rates and
maximume-likelihood convolutional code much fastebandwidths of the IEEE 802.11p standard.

than the original Viterbi decoder [20]. Preliminary measurements have been performed,
showing that the set-up conditions are frequency
1. MEASUREMENTSET-UP invariant within the UHF band, therefore, withoasihg

The set-up for the measurements is shown in figure 9enerality, the TV channel 44 (i.ef, = 658 MHz,
The transmission side, a DVB-T2 signal and a IEEEc = 8 MHZ) has been considered in this study to report
802.11p signal simultaneously transmitted ant® results. The interfering 802.11p signal is sraitted
combined, is the same for the two measurementsserig! €very adjacent channel starting from the fidggaeent
The DVB-T2 signal is generated using an Agilent 81 c_hannel up to th(_e ninth adjacent channel_of the DTT
Vector Signal Generator (VSG) and the Agilent Sign&!9n@l on each side of channel 44. In this freqyenc
Studio Toolkit. Two typical settings for the MFN can '@nge, the maximum transmission power levels of a
SFN broadcasting networks were considered: 8k FF3P2-11p signal has been obtained in order to réspec
size, 256QAM modulation, 1/128 guard interval, coggondition for absence of PF for a DVB-T2 receivine
rate 3/5, PP7 pilot pattern for MFN networks anéPllowing test procedure is used to measure(thig, for
64QAM modulation, 1/16 guard interval, code rats 3/2ll 2djacent channels: .
and PP4 Pilot Pattern for SEFN networks. The 802.14p The sensibility of the tested DVB-T2 receiver is
signal is RF modulated and transmitted using a NI Measured with the Agilent VSA finding an average
N2920 SDR platform connected to a computer running POWer level of -73 dBm. Thus, the DVB-T2 signal
the transmission Matlab/Simulink model described in POWer levelC was set to -73 dBm. This can be
section Il. The 802.11p signals used for the c_on3|dered the worst operative case. The DVB—TZ
measurements are of a pulsed nature, which allowedSignal power level is measured using the Agilent
considering the intrinsic time variance for a tgpic VoA With effective bandwidth of 7.61 MHz.
vehicular transmission. 2. The 802.11p interfering signal is initially set &

For the PR measurements, the combined RF signal isPOWer level of -20 dB below the sensibility of the
received both by a DVB-T2 receiver and by the Agile tested receiver. T_hls power level (i.e., -93 dBra} h
EXA9010A Vector Signal Analyzer (VSA). The Peen measured with the Agilent VSA.

measurements on the power of the two signals (i.é:, The sigr_lal power level of the 802.11p interfereisce
DVB-T2 and 802.11p) are crosschecked using as then adjusted at the output of the SDR board. The
reference the VSA. objective is to find the power level of the 802.11p

For the BER measurement series, the 802.11p signal above which the received and decoded TV

interfered signal is received both by means of a Signalstarts to degrade (i.e., PF point). _
NIN2920 SDR platform connected to a compute‘f- The power IeV(_aI of the mterfe_rer is measured i th
running the reception Matlab/Simulink model desedb _ channel bandwidth of the receiver.

in previous section, and by the Agilent VSA. 5. TheC/Iyy, is calculated from steps 2 to 4.
6. Steps 2 to 5 are repeated for each of the channels
IV. MEASUREMENTMETHODOLOGY fromN —9tN +9. _
. 7. Steps 2 to 6 are repeated for a 802.11p signal
A. PR Measurements Series characterized by a 10 MHz and a 5 MHz bandwidth,

Transmission on adjacent channels can cause harmfulconsidering all the bit rate values as in the IEEE
interference if the output power of the transmissio 802.11p standard.
exceeds the maximum received interference pow8r Steps 1 to 7 are repeated for two different
tolerable by the DTT receiver. The parameter tduate configurations (MFN and SFN) of the DVB-T2
this influence is the PR that quantifies the thotdh signal.
value of the signal-to-interference rafigl;; required to

; o ) . . BER Measurements Series
obtain a specified reception quality under state . ) .
conditons at the receiver input [11]. For these !N BER measurement series again channel 44 is
considered. The transmission frequency of the 8@2.1
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signal is set to the central frequency of the #djacent Figures 4 and 5 respectively show the results for

channel (i.e., f. = 666 MHz). To characterize the different bit rates of a 10 MHz and 5 MHz 802.11p

Rayleigh fading channel model, the speed of theEIEEsignal interfering a DVB-T2 signal typical for a ISF

802.11p transmitter and receiver is supposed to hetwork configuration. For the sake of clarity ordy

constant during all the measuremerif:km/h speed subset of the measured curves have been reported,
has been chosen so as to reproduce the worst ¢hamogresponding to equally distributed bit rateshi@ tange
conditions in VANETs communications in urbanallowed by the 10 MHz and 5 MHz modes.
environment. Slow and Flat fading assumptions have

been verified for every mode of IEEE 802.11p. Th ™ ‘ [ ‘ & 135 Mbitjsec

distance between IEEE 802.11p transmitter andvecei ‘ ‘

has been considered constant with a mean valué eque

5 meters, which is a mean distance between twédhn

vehicles. The position of the DVB-T2 interfereffiied. a5

The following test procedure is used to measure t/* o

BER for different bit rates and bandwidths of tiE&E 5

802.11p systems interfered by a DVB-T2 syster AP |

operating in the adjacent channels: 5 pestas

1. The transmission power level of the DVB-T2 signa 7 N9 N-8 N7 N-6 N5 N4 N-3 N2 N1 N N+l N#2 N3 N+d Ne5 N+6 N+7 N+8 N+9
(1) is set to - 60 dBm and is fixed during all the Channels
measurement. This value ensures that the TV recteisg >  men DvB-T2 into 5MHz 802.11p protection ratio.
is working at least 10 dB above the interferenee fr
PF threshold; 20

2. The transmission power level of the 802.11p sigmal =
initially set considering the PR value to respdst t =
condition for the minimum PF level of a DVB-T2
receiver, as calculated in the first measuremamtse ™
(i.e., in section IV.A);

3. Starting from the level set at point 2, the povexel .
is decreased to evaluate the performance of th& IEI
802.11p receiver, in terms of resilience to the BVE
T2 interference; 70

4. The RMS pOWGr Ievel of the 80211p Slgnal (C) | N9 N-8 N7 N-6 N5 N4 N3 N2 c:—alnn:ls N+1 N+2 N+3 N+4 N+5 N+6 N+7 N+8 N+9
measured in the considered channel bandwidth usi
the Agilent VSA to calculate the correspondingFig-?’ MFN DVB-T2 into 10MHz 802.11p protection ratio.

signal to interferenc€/I ratio; By comparing the obtained results it can be noticed
- The BER after the Viterbi decoding is evaluated;  {hat the interference level changes with the badthwof
- Steps 2 to 5 are repeated for a 802.11p sign@k interfering signal. As expected, 5MHz signals
characterized by a 10 MHz and a 5 MHz bandwidthyisiyrh less for all values of bit rate compared to
considering all the bit rate values as specifieth® 10 MHz signals both for the MFN and the SFN
IEEE 802.11p standard. __configuration. A 5MHz bandwidth signal uses a
7.Steps 1 to 6 are repeated for two differendypcarrier spacing of 78.128kHz while the 10 MHz
configurations (MFN, SFN) of the DVB-T2 signal.  pandwidth signal has subcarrier spaced at 156.25 kH
thus, producing less interference. Furthermoreaiit be

--@- 9 Mbit/sec
-30

‘ --4--3 Mbit/sec

—&— 1.5 Mbit/sec

R [dB]

A 27 Mbit/sec
—-@—- 18 Mbit/sec
--4-- 9 Mbit/sec

—=— 3 Mbit/sec

o Ol

V. RESULTS noticed that high interference is caused by signéils
In this section the results obtained from the Pl ahow bit rates. This criticality can be explained
BER measurements are shown. considering the spectral efficiency which is théiora

between the transmission rate offered to the ugea b
A.PR Measurements Results communication system and the bandwidth used fon suc
Figures 2 and 3 respectively show the results fgbmmunication [21]. A system with a higher spectral
different bit rates of a 10 MHz and 5 MHz 802.11[@fﬁciency shows a more compact spectrum with an
signal interfering a DVB-T2 signal typical for a MF average lower power. This effect can be seen campar
network configuration. two signals only differing for the bit rate, thesfi one
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having a low bit rate (for example 3 Mbit/s) anc th(i.e., SFNs). The curves measured for the 256QAM

second one characterized by a higher bit-rateodulation (i.e., MFNSs) type differ up to 5 dB, sking

(27 Mbit/s). The signal with lower bit rate has ara lower robustness (i.e., higher PR) of the MFNsesE

average power level of -65 dB which is superiothat
of the signal with a higher bit-rate, which is egta-

results confirm the outcome of a previous work [&¥t
provides guidelines to optimize cognitive netwoirkshe

80 dB, both values measured with the Agilent VSA foTVWS by choosing the parameters that best fit their

the same transmission schemes. This differencauatso
for higher PR for lower bit rates.
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Fig.4  SFN DVB-T2 into 5 MHz 802.11p protectionioat
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needs in case of coexistence with DVB-T2 service
operation.

B. BER Measurements Results

Figure 6 shows the BER results applying the Viterbi
decoder to the received data of an 802.11p signal
interfered by a DVB-T2 signal typical for a MFN
network configuration, with different bit rates and
bandwidths.
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Fig.6 BER evaluation after Viterbi decoder fortaMHz and 5MHz
802.11p signal interfered by a DVB-T2 MFN signal.
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Figures 2 and 4 illustrate that an 802.11p sigrigh w
5 MHz bandwidth interferes a DVB-T2 signal over th
adjacent channels especially for lower transmisgiibn
rates and in particular in correspondence of thed th
adjacent channe(N + 3) where this effect is more
pronounced. The problem does not occur for higliter
rates for both SFNs and MFNs.

—-+-- 3Mbps - 10 MHz
w9 Mbps - 10 MHz
—% 18 Mbps- 10 MHz
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Fig.7 BER evaluation after Viterbi decoder fortaMHz and 5MHz
802.11p signal interfered by a DVB-T2 SFN signal.

Laboratory measurements on DTT receiver protectionThe 5MHz signals show higher BER levels compared

ratio values required to ensure adequate recetitime
presence of interference from devices transmiitinipe
TVWS have been carried out for different DTT tuner
(i.e., silicon and CAN tuners) in [22][23]. SomethEse
DTT tuners show a similar undesired effect, depapdi
on the quality of the receivers.

Finally, comparing the curves obtained for the tw
considered DVB-T2 configurations for MSN and SFN

with the 10MHz signals. This effect is due to the
overlapping effect between the 10MHz 802.11p signal
and the 8 MHz DVB-T2 signal, which adversely affect
the quality of the received signal. Furthermoreg th
robustness increases with the bit rates. Highemuhatidn
schemes with higher data rates are more robusv®-D
@2 interferences.

, Figure 7 shows the BER results applying the Viterbi

lower PR values have been obtained for 64QAM typ#ecoder to the received data of an 802.11p signal
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interfered by a DVB-T2 signal typical for a SFNwetk A second measurement series analyzed the
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