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ABSTRACT In this paper a new application for transmitting image notifications on the FM radio broad-
casting infrastructure, dedicated to warn drivers about significant road events and to increase the traffic
safety is presented. The paper analyzes different technical solutions suitable for transmitting and receiving
real-time image notifications in different scenarios by using the software-defined radio concept. In the first
scenario, the image notifications are QPSK modulated and transmitted with 8 kb/s bit-rate by using a mono
FM radio channel. In order to increase the speed of data transmission, the second scenario uses the FM
subcarrier channels dedicated for broadcasting alternate services. In this case, a stereo FM radio channel
is used to transmit data with 40 kb/s, 60 kb/s and 80 kb/s bit-rates, by using QPSK, 8-PSK and 16-PSK
modulations, respectively. A new software solution to perform the real-time carrier synchronization for 8-
PSK/16-PSK modulation based on a decision-directed PLL and non-linear decision block is also presented.
The functionality of the proposed application was demonstrated by simulations for both transmission
scenarios. Moreover, the first scenario was tested experimentally by using a professional FM transmitter
and a simple RTL-SDR dongle as receiver. The customized baseband modulating signal including audio,
data (image notification) and RDS signals was generated by using a device built by the authors. The receiver
provides the digital signal through a USB interface to a software program, running on a processing unit, for
demodulation. An experimental method for plotting the bit error rate vs. E,/Ny ratio, based on signal-to-noise
ratio measured with a software spectrum analyzer is also proposed. This method allows the characterization
of the data transmissions performed by using an experimental setup and give hints about the QPSK signal
power level compared to the other ones (audio and RDS signals).

INDEX TERMS Automotive applications, digital modulation, radio broadcasting, radio communication,
radio transceivers, software-defined radio.

I. INTRODUCTION

In recent years, more and more attention is being paid to the
implementation of various measures to increase traffic safety
for both amateur and professional drivers. This concern is
motivated by the need to reduce the large number of traffic
accidents that occur especially in Eastern Europe countries,
particularly in Romania.

The associate editor coordinating the review of this manuscript and

approving it for publication was Shadi Alawneh

In 2019, the safest roads were in Sweden (22 deaths/million
inhabitants) and Ireland (29/million), while Romania (96/mil-
lion), Bulgaria (89/million) and Poland (77/million) reported
the highest mortality rates. The EU average was 51 deaths per
million inhabitants, according to preliminary figures released
by the European Commission [1].

In Romania, the car fleet has grown enormously in
the last two decades, from 3 million to 8 million vehi-
cles. Unfortunately, at the same time, over 43,000 people
have died in road accidents, the maximum being in 2008,
with over 3,000 deaths, and the minimum in 2014, with
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1,818 deaths [2]. Also, this is a consequence of a fact that
the road infrastructure lagged behind the increase in terms
of traffic. Given this negative balance, one of the priority
concerns of the automotive industry from Romania has been
to introduce new safety measures that will increase traffic
safety.

The European Commission’s Strategic Action Plan on
Road Safety [3] and EU road safety policy framework 2021-
2030 [4] also set out very ambitious road safety plans to reach
zero road deaths by 2050 (*“Vision Zero”).

Nowadays most cars are equipped with a series of safety
features, such as safety-belt, airbags, antilock brakes (ABS),
traction control, electronic stability control (ECS). In addi-
tion to these classic features, more and more cars are
equipped by manufacturers with new safety ones, like brake
assist, forward-collision warning (FCW), automatic emer-
gency braking (AEB), pedestrian detection, adaptive cruise
control, blind-spot warning (BSW), rear cross-traffic alert,
lane-departure warning (LDW), lane-keeping assist (LKA),
active head restraints, backup camera, parking assist sys-
tems, automatic high beams, tire-pressure monitors and
others [5], [6].

In order to increase drivers’ safety, different modules for
the Advanced Driver Assistance System (ADAS) have been
implemented in the cars [7]. ADAS systems can be grouped
into several categories: adaptive, automated, for monitoring,
for warning. Because many car accidents are due to driver’s
fatigue, the manufacturers’ attention was directed to warning
system, such as driver drowsiness detection [8]. In the recent
years, numerous techniques have been proposed to detect
driver fatigue, like steering pattern monitoring [9], vehicle
position in lane monitoring [10], driver eye/face monitor-
ing [11]-[13] and physiological measurements [14].

In this international context aiming to reduce car accidents,
the focus of researchers is on developing new applications
that will contribute to increase the traffic safety. Many car
accidents are due to the occurrence of dangerous situations in
traffic (which are not currently signaled, are due to sudden
changes in weather, or are due to an inappropriate infras-
tructure) for which drivers are not prepared to react or they
are reacting too slowly. Early signaling of dangerous traffic
events by using a radio communications system will increase
traffic safety and will significantly reduce road accidents with
victims.

Different types of radio access technologies, such as cellu-
lar vehicle-to-everything (C-V2X) and dedicated short-range
communication (DSRC) are used to implement vehicular net-
works for robust communications between vehicles. By using
these communication technologies many applications like
road traffic safety and infotainment related services devel-
oped within new intelligent transportation systems (ITS) can
be implemented. DSRC and C-V2X are technologies used
for very high-speed and high-frequency data exchange, and
require extensive and very expensive infrastructure deploy-
ment. Both DSRC and C-V2X use the same message sets and
use cases and the 5.9 GHz band to directly communicate from
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one radio to another. DSRC uses Wireless Access in Vehicular
Environments (WAVE) protocol stack, while C-V2X uses 4G
long-term evolution (LTE) or 5G mobile cellular connectivity.
As a result, a DSRC radio cannot talk to a C-V2X radio,
and vice versa. The range of DSRC is typically 300m, while
C-V2X may have 20-30% more range than DSRC as well
as significant performance improvement related to communi-
cation obstructions. In addition to the direct communication
(V2V, V2I), C-V2X also supports wide area communication
over a cellular network (V2N). One of the major impediments
of wireless communication systems is their limited capacity
(limited number of channels and limited data rates). In order
to take advantage of both access technologies, they should be
integrated together in intelligent vehicles. At present, C-V2X
is not mature yet, while DSRC has some drawbacks like small
coverage and low throughout, which makes them unsuitable
for certain types of applications.

This paper proposes a new and easy to implement techni-
cal solution for real-time warning of potentially dangerous
traffic situations, without distracting the driver, by transmit-
ting real-time image notifications via FM radio broadcasting.
By using this technology, it is possible to perform robust one-
way long-range communication scenarios at a much lower
cost than in the case of other communication technologies.
Moreover, this technology allows an unlimited number of
users. In order not to distract the driver, the graphic part of the
application is simplistic, containing less information than in
the case of GPS-based navigation applications, used by most
cars today. The advantages of using FM transmissions are that
the FM infrastructure is extremely widespread, has a large
coverage area (especially for areas where the Internet signal
is very weak or not present at all) and ensures a good enough
transmission quality.

According to the Romanian Government Decision (HG
from 14.09.2018) for the approval of the “Strategy on the
implementation of digital terrestrial sound broadcasting and
associated multimedia services, at national level””, published
on the website of the Ministry of Communications and
Information Society, in Romania, the transition from ana-
log to digital audio broadcasting (DAB) radio, which offers
services for data transmissions, will take place between
2025-2027. This paper proposes an immediate alternative
technical solution to transmit data on FM radio broadcast-
ing for the implementation of a real-time driver warning
application.

Several techniques for data transmission on FM radio are
reported in the literature [15]-[20]. In [15] a simple solution
is presented for transmitting data in FM signal with only
3 kb/s bit-rate by using the On-Off Keying (OOK) modula-
tion scheme onto a 12 kHz carrier and multiplexed with an
audio signal. In [16] the Multi Purpose Radio Communica-
tion Channel (MPRC) technology is used to deliver data at
maximum data rate of around 40 kb/s by using a proprietary
codec algorithm: Subsidiary Communication Channel (SCC).
In [17] the implementation of a Subsidiary Communications
Authorization (SCA) system used for text transmission on
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broadcasting system by using FSK modulation is presented.
The baud rate of delivery and data acceptance provided by
this system is equal to 600 bps. In [18] the discrete wavelet
transform (DWT) technology is used to improve the video
compression level in order to store and to transmit the video
signal at 16 kb/s through any reliable media with a reasonable
video quality. In [19] a method of transmitting stationary TV
pictures within the bandwidth of an FM subsidiary commu-
nications authorization subchannel and using conventional
cameras and monitors is discussed.

The West-European standard of FM transmission uses the
frequency band of 87.5-108 MHz with a frequency deviation
of 75 kHz. The total signal frequency band for CCIR standard
in mono mode is 180 kHz, while in stereo mode it is 256 kHz.
The frequency grid is dividable to 100 kHz [20].

In the recent years, systems for the additional transmission
of data on additional subcarriers have been used [20]. Thus,
the following data transmissions are allowed: the broadcast
channel multiplexing system UVK2 (with two subcarriers
46.875 kHz and 78.125 kHz); data transmission system RDS
(Radio Data System) on a 57 kHz subcarrier (third harmonic
of the pilot-tone); the road data transmission system ARI
(““Autofahrer Rundfunk Data’’), also on a 57 kHz subcarrier,
possible together with RDS; the additional data transmission
SCA system on a 67 kHz subcarrier (in other countries on
92 kHz) which uses the frequency modulation with 6 kHz
deviation and the additional signal frequency band is 30—
6000 Hz [20]. In 1997, in addition to RDS, the system
of 16 kbit/s bit-rate data transmission DARC (Data Radio
Channel) on 76 kHz subcarrier (fourth pilot-tone harmonic)
has been introduced [20], [21].

The Federal Communications Commission (FCC) estab-
lished the policy statement for transmission in Broadcast
Radio Subcarriers, which represents a data channel that is
transmitted along with the main audio signal over a broadcast
station. Subcarriers are used for many different purposes,
including (but not limited to) paging, inventory distribution,
bus dispatching, stock market reports, traffic control sig-
nal switching, point-to-point or multipoint messages, foreign
language programming, radio reading services, according to
Policy Statement adopted by the Federal Communication
Commission no. 22 Record [22]. According to this document,
during monophonic program transmissions, multiplex sub-
carriers and their significant sidebands must be within the
20 kHz to 99 kHz range; during stereophonic transmissions,
their range is restricted between 53 kHz and 99 kHz [22].

Because the subcarrier channels are not receivable
with a regular radio, in this paper we developed special
software-defined radio (SDR) receivers, which are able to
receive image notifications on the FM radio broadcast-
ing. Due to its flexibility, adaptability and programmability,
the SDR receiver can adapt easily to various air standards
and waveforms, frequency bands, bandwidths, and operating
modes [23]-[26]. Moreover, the bandwidth employed for FM
transmission is narrow, less than 100 kHz, consequently,
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the SDR provides a reliable solution without a high
computational cost.

The drivers’ warning application proposed in this paper
includes two data transmission scenarios with different
speeds and by using different digital modulation types —
QPSK, 8-PSK and 16-PSK [27]-[30] on the FM radio broad-
casting: (1) low speed data transmission on the mono FM
radio channel by using QPSK modulation on a 11 kHz subcar-
rier with 8kb/s bit-rate; (2) high speed data transmission on
the stereo FM radio broadcasting by using QPSK/8-PSK/16-
PSK modulation types on a 76 kHz subcarrier with 40 kb/s,
60 kb/s and 80 kb/s bit-rate, respectively.

In the first scenario, the available frequency bandwidth
used for data transmission is 8 kHz, while in the second
scenario it is 46 kHz (53 — 99 kHz), the same as in the DARC
standard, but using different types of digital modulation to
increase the data transmission speed. The first scenario was
tested experimentally in the laboratory conditions by using a
device built by the authors to generate the customized base-
band signal used as a modulating signal for a professional FM
radio transmitter. In this case, the baseband signal includes
the QPSK data signal onto a 11 kHz carrier, multiplexed with
an audio mono signal having a bandwidth of 5 kHz and the
RDS signal used to transmit warning notifications as a text
message.

For the second scenario, which was tested by simulations
in MathWorks’ Matlab-Simulink software, the customized
baseband signal contains the FM radio multiplex (MPX) sig-
nal and the digital modulated data signal onto FM subcarrier
channel of 76 kHz. In this case, the customized baseband
FM signal transmitted on an additive white gaussian noise
(AWGN) communication channel is software generated. The
receiver is implemented based on SDR concept, by using a
cheap RTL-SDR device, which provides the digital baseband
FM signal through a USB interface to a Simulink-based
FM receiver. The received signal is non-coherently demod-
ulated using a Complex Delay Line Frequency Discriminator
(CDLFD) and the data signal is recovered by using a car-
rier synchronization loop based on decision-directed phase-
locked loop (PLL).

The performances of the data transmissions are analyzed
by plotting the bit error rate (BER) depending on Ep/Ny ratio
for all transmission scenarios.

The rest of the paper is organized as follows. Section 2 pro-
vides a description of the proposed drivers’ warning appli-
cation. It presents also the implementation of different
types of software-defined radio communication systems
for image notifications transmitted with different speed
on the usual FM radio broadcasting. Section 3 shows
the simulation results for all transmission scenarios ana-
lyzed in the paper, a new method for signal-to-noise
ratio (SNR) measurement by using a software spectrum
analyzer and presents the results experimentally obtained
for the case of transmitting image notifications on the
mono FM radio broadcasting. Section 4 outlines the
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FIGURE 1. Driver warning by image notifications sent on FM radio broadcasting.

conclusions of this paper and gives some future directions for
this work.

Il. MATERIALS AND METHODS

A. DESCRIPTION OF THE PROPOSED DRIVERS’

WARNING APPLICATION

The proposed application warns drivers in real-time by send-
ing an image notification about an important traffic event.
The image notification is sent on the FM radio together with
the usual radio broadcasting, according to the block diagram
illustrated in Fig. 1. Compared to the Radio Data System Traf-
fic Message Channel (RDS-TMC) [31], which warns drivers
through text messages that may be difficult to read without
distracting them, the proposed system uses pictograms, with
a greater visual impact and which are easier to understand by
drivers.

The structure of the application includes an FM broadcast-
ing station, which transmits the image notifications, the driver
receiving device represented by a simple Tablet PC (currently
used by many cars) and an RTL-SDR device connected to the
car antenna and USB connected to the Tablet PC (Fig. 1).
The software component of the driver’s device includes the
software-defined radio receiver, which is able to receive
both image notifications and the FM broadcasting at the
same time.

The database of images for traffic events notifications is
represented by black and white images of small dimensions
(100 x 100 pixels). Some examples are illustrated in Fig. 2.
An image notification represents the road identification (ex.
A2,DNl1, E583), the location of the traffic event on the public
road (kilometric point on the road where the traffic event
occurs) and a simple image representation of a traffic event.
The database of image notifications is updated in real-time
depending on the traffic events announced by the road author-
ities and may contain classic traffic signs also.

The data transmission speed achievable by the system
is high enough for the proper operation of the drivers’
warning application by real-time transmitting of image
notifications.

Two types of applications for transmitting image notifi-
cations on the FM broadcasting can be implemented. First,
one way to implement the notification system is based on a
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national standard FM radio broadcasting infrastructure. This
infrastructure is covering the public roads or a highway by
FM radio stations to signal different unexpected events that
may occur in traffic. In this case, due to the diversity of
traffic event types, as well as the locations where they can
occur, the image notifications are built at the transmitter
stage, according to the traffic events reported by the road
authority.

Second, another way to implement the notification system
is by using low power radio FM transmitters to signal in
advance (few tenths of meters), by both image notifications
and audio signals, planned traffic events. For example, these
traffic events may be: railway crossing passes, traffic lights,
pedestrian crossing, dangerous intersections, etc. Statistics
have demonstrated that in Romania, many car accidents occur
when crossing the railway. This latter application can be
implemented by using the first transmission scenario pre-
sented in the paper (i.e., pictogram transmission using QPSK
modulation). In this case both the audio signal (used for
driver warning by sound) and image notification (used for
driver warning by image notification) occupying a band-
width of 15 kHz are transmitted simultaneously on the mono
FM radio. Thus, drivers are warned (by image notification
and sound) in advance about traffic events that require a
quick reaction from them, even in situations of great fatigue.
The proposed solution may be implemented rapidly, with
low-cost infrastructure and with minimum modifications on
the receiver side also.

A similar technique is currently employed by some cars
for detection and recognition of the road traffic signs through
image recognition. Its drawback is that they are signaled
from a short distance and may not even be recognized by
the application in the case of damaged traffic signs or when
the visibility is low due to bad weather or during the night
time. Moreover, this technique based on image recognition
uses machine learning based classification algorithm, such
as Artificial Neural Networks (ANN) and Support Vector
Machines (SVM), requiring high processing power. On the
other hand, our proposed application solves these problems
contributing to increase traffic safety.

In the latter scenario case, in order to increase the speed of
the data transmission, only the traffic event code (in the form
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FIGURE 2. Examples of image notifications used by the proposed drivers’
warning application.

of a text message) can be transmitted. Therefore, the image
notifications are built into software at the receiver stage,
according to the received code, by using different images
form the local database of the application.

B. TRANSMISSION OF IMAGE NOTIFICATIONS ON THE FM
BROADCASTING BY USING SOFTWARE-DEFINED RADIO
COMMUNICATION SYSTEMS

The principle of image transmission via FM radio broadcast-
ing is illustrated in Fig. 3. A customized baseband signal
(containing both data and audio signals) software generated
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by Matlab — Simulink program is used as modulating signal
for a professional FM transmitter.

The transmitted FM signal is received by using a sim-
ple RTL-SDR dongle (commercially available at a low
price), which provides the baseband FM modulated signal
to the software program. This signal is demodulated with
a software-defined FM radio receiver in order to extract
the image notification in the same time with the usual FM
broadcasting.

1) TRANSMISSION AND RECEPTION OF IMAGE
NOTIFICATIONS ON THE MONO FM RADIO BROADCASTING
A simple method to transmit data on FM radio broadcasting
consists of using a mono FM transmitter, according to the
method illustrated in [15].

In Fig. 4 the block diagram used to create the customized
baseband signal for mono FM transmission is illustrated.
Although this signal contains a QPSK data signal, it repre-
sents the modulator signal for a classic mono FM transmitter.
For the simulation setup, the baseband FM signal is generated
by using a DC carrier frequency modulated by the informa-
tion signal, s;(¢), according to the block diagram illustrated
in Fig. 5 [15]. This stage represents a voltage-controlled
oscillator (VCO) with the sensitivity kg = 27 Kp, (Hz/V),
representing the FM modulation constant.

According to the block diagram illustrated in Fig. 5, the
baseband FM signal can be expressed as follows:

t
Spb_fin(t) = A cos (O + 27 K / si(t)dl) @))
0
where A, is the magnitude of the baseband FM signal.

For practical implementation of this transmission scenario,
the customized baseband signal is generated by using a device
implemented by authors, presented in detail in Section 3.
In this case, the spectrum of the customized baseband signal
(illustrated in Fig. 6) includes the audio signal, band-limited
to 5 kHz, the QPSK data signal onto a 11 kHz carrier (soft-
ware generated as it is shown in Fig. 4) and the RDS signal
onto a carrier frequency of 57 kHz used to transmit simplified
waring notifications as a text message for the standard car
receivers. The available frequency bandwidth used to trans-
mit information data is equal to 8 kHz and the transmission
bit-rate has been established to 8 kb/s.

The customized baseband signal for mono FM transmis-
sion can be expressed as follows:

si_mono_fm(l) = Saudio(t) + SI_QPSK(I) - cos(2mfi1kt)
+50_opsk (1) - SinQ2rfi1xt) + spas(t)  (2)

where s4,4i0(t) is the audio signal, s;_gpsk () and sg_gpsk (t)
are the real part and the imaginary part of the baseband QPSK
signal and s,45(¢) is the RDS signal. The s,45(¢) signal onto a
carrier frequency of 57kHz can be written:

Srds(t) = Sbi_rds(t) - COS(2Tf57k1) (3)
where spp_r45(¢) is the baseband RDS signal.
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FIGURE 3. Wireless transmission of image notifications on the FM radio broadcasting.
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FIGURE 5. Baseband FM signal generator.

Although this method can only be used for mono FM
transmissions, it is very simple and easy to implement on any
type of FM transmitter because it does not require hardware
modifications of the transmitter. As stated, at the receiver
side, the modifications are minor, only an RTL-SDR receiver,
at least for the existing car park.

In Fig. 7 the block diagram of the Simulink-based mono
FM radio receiver is presented. The received baseband FM
signal is non-coherently demodulated using a CDLFD [15].
According to the FM transmission, the demodulated signal
is then processed by using a de-emphasis block. The audio
signal corresponding to the mono FM radio broadcasting and
QPSK modulated data (used for image notifications) onto
11 kHz carrier frequency are separated from each other by
using a “low-pass’’ infinite impulse response (IIR) filter with
a 5 kHz cut-off frequency and an 8 kHz “‘band-pass” finite
impulse response (FIR) filter, respectively.
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FIGURE 6. Spectrum of the customized baseband signal used to transmit
information data by using a mono FM transmission.

In order to extract the image notification, the QPSK data
signal is demodulated by using a carrier synchronization loop
operating at baseband, as it is illustrated in [15]. The image
reconstruction stage for data transmission with 8 kb/s bit-rate
is based on a procedure illustrated in [15]. A RDS signal
demodulator is used to extract supplementary text message
notifications, which can also be received by conventional FM
receivers, used by cars which are not equipped with a Tablet
PC for running the software defined radio receiver. This
transmission scenario has been analyzed both by simulation
and practically in laboratory conditions, according to the prin-
ciple illustrated in Fig. 3. The simulation and experimentally
obtained results are presented in Section 3.

2) TRANSMISSION AND RECEPTION OF IMAGE

NOTIFICATIONS ON THE STEREO FM RADIO BROADCASTING
The method illustrated principally in Fig. 3 can also be used
for data transmission on the stereo FM radio broadcasting.
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FIGURE 9. Spectrum of the customized MPX signal used to transmit
information data by using a usual stereo FM transmission.
In this case, in order to increase the bit-rate, the data trans-
mission is performed in the FM Broadcast Radio Subcarriers
Channel by using a subcarrier on a frequency of 76 kHz. The
block diagram used to create customized baseband signal for
stereo FM transmission is illustrated in Fig. 8. The spectrum
of the customized baseband signal (illustrated in Fig. 9)
includes the stereo multiplex signal and the information data
signal onto a 76 kHz carrier. Depending on the applica-
tion type, the information data signal is QPSK, 8-PSK and
16-PSK modulated onto a 76 kHz carrier and the transmission
bit-rate has been established to 40 kb/s, 60 kb/s and 80 kb/s,
respectively. This requires an available frequency bandwidth
of 40 kHz around the carrier, for all modulation types.

The customized baseband signal for stereo FM transmis-
sion can be expressed as follows:

siﬁstereoﬁﬁn(t) = smpx(t) + s1_m—psk (1) - cos(2mfext)
+ 50 m—psk(t) - sinufrert)  (4)

where $,,,,(?) is the FM radio multiplex signal, s;_s—psk (¢)
and sg ym—psk (t) are the real part and the imaginary part of
the baseband M -ary PSK (M-PSK) signal (M = 4, §, 16).

VOLUME 9, 2021

The implementation of this technique requires hardware
modification of the transmitter by extending the spectrum of
the MPX signal and by adding a new spectral component on
the carrier frequency of 76 kHz in the FM Broadcast Radio
Subcarriers Channel.

In Fig. 10 the block diagram of the Simulink-based stereo
FM radio receiver is presented.

This receiver, similar to the one implemented in [15] con-
sists of the same non-coherent demodulator stage based on
CDLFD, a stereo FM demultiplexer, a stereo decoder stage,
a de-emphasis stage, a 40 kHz ‘““band-pass’ FIR filters used
to select the QPSK/8-PSK/16-PSK modulated signal trans-
mitted onto a 76 kHz carrier frequency and an image recon-
struction stage for data transmission with 40 kb/s, 60 kb/s
and 80 kb/s bit-rates, respectively. The information data (cor-
responding to image notifications) is extracted by using the
demodulation principle based on a decision directed PLL
illustrated in [15], but using a new software implementation
of a synchronization loop for demodulation of QPSK, 8-
PSK and 16-PSK signals onto a 76 kHz carrier. The software
implementation of this synchronization loop is illustrated in
detail in the next Subsection. This transmission scenarios
have been analyzed only by simulation according to the
principle illustrated in Fig. 3 and the obtained results are
presented in Section 3.

3) A NOVEL IMPLEMENTATION OF A SYNCHRONIZATION
LOOP BASED ON A DECISION DIRECTED PLL FOR
QPSK/8-PSK/16-PSK SIGNAL DEMODULATION

In Fig. 11 a synchronization loop for QPSK/8-PSK/16-
PSK signal demodulation, based on a decision-directed PLL
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FIGURE 10. Block diagram of the Simulink-based stereo FM radio receiver.

x(nT) o x(kTy) X’(kTy) a, (k)
—>®—> Matched e »| Decision LA
v filter
r(nT) |
CCW
X > Matched y(nT);/'. Ly(kTs) rolation ]y (k) » Decision i (k)‘
filter i "
T A 4
Sampling rate vy vy
2 sin(2z i1 T) (acc. to Table I) Compute phase error | Loop filter
J2 cos(2z fnT) cos[é(k)]
Free-running . ‘w Phase |,
oscillator —sin[0(k)] sin(.) integrator |

FIGURE 11. Carrier synchronization loop based on decision-directed PLL and non-linear decision block [15].

and non-linear decision block is presented [15]. Compared
to other implementations, based on carrier synchronization
at the demodulation stage [15], or by using MM-power
loop [32], this system achieves carrier synchronization by
operating at the symbol samples and thus requires less pro-
cessing power being suitable for real-time applications.

The decision block uses symbol estimates to compute
phase error as the difference between the two phases and can
be written [15]:

Oc(k) = 0,(k) — Os(k) &)

where

0 = tan™! [M} S R— |:)’(kTs)i| ©
ao(k) x(kTy)

In (6), ap and a; represent the IQ estimated symbol values.
The demodulation is performed with a fixed frequency
quadrature oscillator as shown in Fig. 11 (at 11 kHz and
76 kHz frequencies for the first and second transmission
scenarios, respectively), and then a subsequent frequency cor-
rection at baseband is performed by the synchronization loop.
Continuous rotation of the constellation points due to the
residual frequency offset is compensated by the synchroniza-
tion loop, which perform ‘“‘de-rotation” of the constellation
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to its desired position. To improve synchronization, the sam-
pling rate used by the carrier synchronization loop illustrated
in Fig. 11 is chosen as multiple of the input data rate for all
types of digital modulations used by the proposed application.

For QPSK signal demodulation, the decision block
in Fig. 11 is represented by simple hard limiters, implemented
with sign function. For 8-PSK and 16-PSK demodulation,
the decision block is represented by multivalued limiters with
4 or 8 positive and negative values, respectively and nonuni-
form steps. For M-PSK signals, this nonlinearity function,
F(x), is given by the following equation [33]:

@l - r ] -

Fx) = sin|: i

wherel=1,--- ,L; L =M/4.
The decision level can be calculated according to the fol-
lowing equation [33]:

0, =1
21— 1yx M
8 = n M s 25152 ®)
M
00, > —
4
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TABLE 1. Parameters of all transmission scenarios.

M tion | Bitrate| SR | SRR | Noorbis | (O g | amk | GRS v
transmission | © o | KBS ) (kHz) | Persymbol| =y~ | (KH2) | (HZV) | dwidih (kHz) | time (sec)
Mono FM QPSK 8 4 288 72 11 15 4 8 12.849
QPSK 40 20 480 24 76 96 3 46 2.569
Sterco FM 1 g ps | 60 20 480 24 76 96 3 46 1.747
16-PSK 80 20 480 24 76 96 3 46 1.322
A F(x) The frequency deviation employed by the proposed system
sin(37/8) 1 is the one used by commercial radio FM stations, Af =
75 kHz. Since in our application the maximum frequency
of the information signal (including the audio signal and
sin(7t/8) the digital modulated data signal) is f; = 15 kHz/96 kHz,
the bandwidth of the FM signal is B = 180 kHz/342 kHz
1 1 1 |- . . . .
-sin(n/4) 0 sin(/4) ~ for mono and s.te.reo FM rad.10 transmlsslon, respectively.
_sin(x/8) These characteristics are obtained by setting the parameter
27 Ky = 4 Hz/V/3 Hz/V for mono/stereo FM radio transmis-
sion in the FM generator stage from Fig. 5. For simplification,
the RDS signal was not considered in the case of mono FM
+-sin(37/8) transmission analyzed by simulation, but it has been included

FIGURE 12. 8-PSK loop nonlinearity.

In Fig. 12 the function F(x) is customized for the case of
8-PSK modulation. Thus, according to (8) and Fig. 12, the
decision levels for 8-PSK modulation are O and +sin(r/4);
for 16-PSK modulation, these levels are: 0, =sin(7/8),
+sin(rw/4), £sin(37/8).

According to the definition of function F(x) in Fig. 12, for
proper operation of the multilevel limiter loop, its argument
must be normalized. This is done by using an AGC in the
8-PSK/16-PSK loop in order to provide correct data estimates
for all eight/sixteen quadrants in the constellation diagram.

IIl. RESULTS

The performances of the proposed drivers’ warning applica-
tion were analyzed by simulation, but also experimentally in
laboratory conditions for the case of mono FM radio trans-
mission.

A. SYSTEM TESTING BY SIMULATION

The operation of all transmission scenarios proposed in the
paper is first analyzed by using the simulation setup illus-
trated in Fig. 13, that was built in Matlab-Simulink. In this
case both the transmitter and receiver are software imple-
mented and the generated baseband FM signal is transmitted
on an AWGN communication channel. The block diagrams of
the software-defined mono FM transmitter and receiver cir-
cuits employed in our analysis are illustrated in Figs. 4 and 7,
respectively and the block diagrams of the software-defined
stereo FM transmitter and receiver circuits are presented
in Figs. 8 and 10, respectively.
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in the experimental setup.

In Table 1 the parameters of all transmission scenarios
analyzed in the paper are shown. In Fig. 14 the simulation
results for the mono FM broadcasting and data transmission
by using QPSK modulation with 8 kb/s bit-rate are illustrated.
In Fig. 14 (a) the spectrum of the baseband FM signal is pre-
sented. Fig. 14 (b) illustrates the spectrum of the customized
baseband signal used at the transmitter stage which includes
the audio signal band-limited to 5 kHz and the QPSK data
signal around a 11 kHz carrier. In Fig. 14 (c) the spectrum
of the received QPSK data signal around a 11 kHz carrier
is illustrated and in Fig. 14 (d) the spectrum of the received
audio signal is represented.

In Figs. 15, 16 and 17 the same simulation results are
illustrated for stereo FM transmissions including digital mod-
ulations QPSK with 40 kb/s, 8-PSK with 60 kb/s and 16-PSK
with 80 kb/s, respectively.

The bit error rate of all digital transmissions included in
mono and stereo FM broadcasting is calculated depending on
E/Ny ratio, according to the following equation [27]:

Ep[No = (C/N) - (B/f) ©)
where E}, is the energy of a bit, Ny is the thermal noise power
density, C is the carrier power, fj, is the bit-rate per second,
and B is the frequency bandwidth of the circuit.

For QPSK, 8-PSK and 16-PSK digital modulations, con-
sidered in the radio transmissions used by the proposed appli-
cation, the ratio B/fy in (9) is equal to 1/2, 1/3 and 1/4,
respectively.

The higher the number of input data bits, the more accurate
the estimation of the BER, but it requires longer simulation
times, which are computationally expensive and difficult to
implement. A good estimate of the BER can be obtained
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\ 4
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FIGURE 13. Simulated transmission of image notifications and audio signal on the AWGN communication channel.

from the simulations that provides at least 100 bit errors [27].
As a consequence, for a highly accurate estimation of the
BER we consider a number of 480000 input data bits for all
transmission scenarios analyzed in the paper.

In Fig. 18 the constellation diagrams of all modulations
(QPSK, 8-PSK and 16-PSK) used for digital transmission
performed in the proposed drivers’ warning application are
presented.

In Fig. 19 the bit error rate depending on E/Ny for all
digital transmissions (with QPSK, 8-PSK and 16-PSK modu-
lations) analyzed in the proposed drivers’ warning application
are illustrated and compared with the corresponding ideal
curves. The average theoretical bit error probability for M -ary
PSK modulations, for M>2, over the AWGN channel is [27]:

1 Eplogy,M | =«
erfc —————sin — (10)
log, M No M

The simulation results show that the data transmissions of
image notifications are performed without any error for E,/Ny
ratios higher than 11 dB (for QPSK modulation implemented
in both mono and stereo FM transmission), 15 dB (for 8-PSK
modulation) and 20 dB (for 16-PSK modulation).

According to simulation results illustrated in Fig. 19, the
lowest value of the E}/Ny ratio for which the image notifi-
cation can still be detected (but for a low quality) is: 2 dB
for QPSK modulation implemented in mono FM radio trans-
mission; 0 dB for QPSK modulation implemented in stereo
FM radio transmission; 5 dB for 8-PSK modulation; 9 dB for
16-PSK modulation.

The image notification is considered of high quality for
the proposed drivers’ warning application for Ep/Ny ratios
higher than: 8 dB for QPSK modulation implemented in
both mono and stereo FM transmission; 11 dB for 8-PSK
modulation and 15 dB for 16-PSK modulation. These values
of E,/Np ratios corresponds to a BER equal to 2.917 - 10~#
(for QPSK transmission with 8 kb/s), 2.333 - 10~ (for QPSK
transmission with 40 kb/s), 3.479 - 1074 (for 8-PSK transmis-
sion) and 6.354 - 10~ (for 16-PSK transmission), where the
number of error bits is 140, 112, 167 and 305, respectively.
These thresholds were determined empirically, running the
application for all ten different image notifications, illustrated
in Fig. 2. Due to a limited number of input data bits (480000)

BER =
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considered in our simulation setup, the estimation of BER
can be considered accurate only for values greater than
2.083 - 107 (1/480000).

B. TECHNIQUES TO MEASURE THE SNR BY USING A
SPECTRUM ANALYZER FROM MATLAB-SIMULINK
In this section a new method to measure the signal-to-noise
ratio of the received radiofrequency (RF) QPSK signal by
using a spectrum analyzer from Matlab-Simulink is pre-
sented. This value is required to plot BER vs. E}/Ny ratio in
order to characterize the QPSK transmission performance.
According to [34] and [35] since the spectrum analyzer per-
forms the measurement of combined signal and noise power,
and taking into account the logarithmic ““decibel” scale, it is
necessary to subtract the N from (S + N)/N to obtain the true
signal-to-noise ratio (SNR = S/N). This is especially useful
for low SNR. If the transmission is performed without any
error (or with a BER lower than an imposed value) for a very
high number of transmitted bits (Np), then the signal power
measured with the spectrum analyzer can be approximated
to the power of the noiseless RF QPSK signal. Thus, for
high value of the noiseless RF QPSK signal power (S) at the
receiver stage, one can write:

S+NZS (11)

The accuracy by which (S + N)/N ratio is approximated
with S/N can be calculated as follows:

(S+N)/N—-S/N

=100
‘ S/N

100 - %(%) (12)

On the other hand, for a QPSK transmission, from (9),

we obtain:

S Ep
2. — (13)

N No

By using (12) and (13), the error made in SNR approxima-
tion can be written as:
100 : (14)
& = S —
2 (Ep/No)
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TABLE 2. QPSK transmission parameters required to obtain different
approximation errors of the SNR.

SNR (?,/ror)"r @ fg@g‘) (i/ év) SIN BER Nyas
475 1023 | 1323 | 21.04 | 2.083:10° | 4.810°
1 17 20 100 6.759-10%* | 1.48-10%
0.5 20 23 199.53 | 1.044:10% | 9.58-10%

The average bit error probability for the QPSK modulation,
considering Gray mapping and high E}/Nj is [27]:

1 Ep
BER = —erfc — (15)
2 No

From (14) we can easily determine the value of the E}/Ny
ratio (denoted by (Ep/Np)o), for which the error ¢ is smaller
than an imposed value (for example 1%). From (15) we can
find the BERo value corresponding to the (Ep/Ny) ratio.

Thus, by using this method, it is possible to find the BER
value required to calculate the SNR with an error smaller than
an imposed value. In Table 2 the transmission parameters
(Ep/Ng, SIN ratios, BER and N, where BER = l/Nbi,S)
required to obtain different approximation errors of the SNR
are presented.

Simulations have been performed by using the circuits
illustrated in Figs. 4 and 7, for each value of the E}/Ny ratio in
the range 0 — 20 dB (at the emitter stage). The corresponding
value of the SNR at the receiver stage has been calculated by
using the following equation:

S
SNR = meas |BER§BERO ( 1 6)

Smeas - Smeas |BER§BERO

where S;,045 represents the combined signal and noise power,
measured with the spectrum analyzer at the receiver stage
and Speqs|BER <BERo TEpresents the power measured with the
spectrum analyzer for a QPSK transmission having BER <
BERo, thus meaning a simulation with a number of bits
transmitted higher than Ny = 1/BERo.

For a QPSK transmission with a very low bit error rate
(corresponding to a very high number of bits transmitted),
the signal power measured by the spectrum analyzer can be
approximated with the noiseless RF QPSK signal power.

In Fig. 20 the BER vs. Ep,/Ny at the receiver stage plotted
based on SNR values, obtained by measurement with differ-
ent errors (¢ = 0, 0.5% and 1%), according to (16), by using
a spectrum analyzer from Matlab-Simulink is presented.

According to the simulations results illustrated in Table 2,
for our case, when a number of 4.8 - 10° bits is transmitted,
the approximation error of the SNR is 4.75%, a value that is
too high to be accepted. On the other hand, in order to obtain
a smaller error of the SNR approximation (lower than 1%
or 0.5%), QPSK data transmissions with too many bits are
required, being very difficult to implement practically.

In the experimental setup, the direct noise measurement
(by using a transmission without QPSK signal) has given
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FIGURE 14. Mono FM radio transmission with QPSK data modulation and
8kb/s bit-rate for Ep, /Ny = 11dB: (a) Spectrum of the transmitted
baseband FM signal (27K, = 4Hz/V); (b) Spectrum of the transmitted
customized baseband signal; (c) Spectrum of the received QPSK signal;
(d) Spectrum of the received audio mono signal.

inaccurate results, since the measurement of the noise power
levels with high accuracy requires high computation capabil-
ities. In the following, a simpler noise power measurement by
using a differential method is presented.
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FIGURE 15. Stereo FM radio transmission with QPSK data modulation

and 40kb/s bit-rate for Ep, /Ny = 11dB: (a) Spectrum of the transmitted
baseband FM signal (27 Kg,;, = 3Hz/V); (b) Spectrum of the transmitted
customized baseband signal; (c) Spectrum of the received QPSK signal;
(d) Spectrum of the received audio stereo signal.

Because the customized baseband signal used by the trans-
mitter is software generated, pairs of noiseless RF QPSK
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FIGURE 16. Stereo FM radio transmission with 8-PSK data modulation
and 60kb/s bit-rate for Ep, /Ny = 15dB: (a) Spectrum of the transmitted
baseband FM signal (27 Kg,;, = 3Hz/V); (b) Spectrum of the transmitted
customized baseband signal; (c) Spectrum of the received 8-PSK signal;
(d) Spectrum of the received audio stereo signal.

20 -5 -10

signals, that have a constant power ratio, can be easily gen-
erated. Thus, the signals measured by the spectrum analyzer
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FIGURE 17. Stereo FM radio transmission with 16-PSK data modulation
and 80kb/s bit-rate for E,/Ny = 20dB: (a) Spectrum of the transmitted
baseband FM signal (27K, = 3Hz/V); (b) Spectrum of the transmitted
customized baseband signal; (c) Spectrum of the received 16-PSK signal;
(d) Spectrum of the received audio stereo signal.

are written:

{Smeasl lse1=p = Sr1 +N (17

SmealeSeZ:P+3dB =S82+N
where S,1, S,2 are two values of the received noiseless
RF QPSK signal power, corresponding to a pair of trans-
mitted RF QPSK signals having a constant power ratio,
Se2/Se1 = 2 (3 dB), N is the noise power introduced by
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FIGURE 18. Constellation diagrams of all modulations used for digital
transmission performed in the proposed application: (a) QPSK with
40kb/s bit-rate; (b) 8-PSK with 60 kb/s bit-rate; (c)16-PSK with 80 kb/s
bit-rate.

the communication channel measured at the receiver stage,
Simeasl> Smeas2 Tepresent the values of the combined signal
and noise powers measured by the spectrum analyzer at the
receiver stage, corresponding to the two noiseless RF QPSK
signals, software generated at the emitted stage. For a noise-
less transmission system, one can write:

SrZ/Srl =SeZ/Se1 (18)

Thus, from (17), and taking into consideration (18), the value
of the noise power, expressed in Watts at the receiver stage is:

N = 2Smeasl|Se:P - Smeas2|Se=P+3dB (19)

Next, the value of the SNR at the receiver stage is deter-
mined by using the following equation:

SNR = (Smeas — N)/N (20

13565



IEEE Access

R. G. Bozomitu et al.: Drivers’ Warning Application Through Image Notifications on the FM Radio Broadcasting Infrastructure

L ——QPSK
—+—8-PSK
16-PSK
QPSK-sim-8k
—+—QPSK-sim-40k 5
108k —+—8-PSK-sim-60k b
—+—16-PSK-sim-80k A\

0 5 10 15 20
Eb/No (dB)
FIGURE 19. Bit error rate depending on Ep /N, for all digital

transmissions analyzed in the proposed drivers’ warning application and
for ideal corresponding modulations (QPSK, 8-PSK, 16-PSK).
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FIGURE 20. BER vs. E/N, at the receiver stage plotted based on SNR

values obtained by measurement with different errors (0, 0.5% and 1%),
by using a spectrum analyzer from Matlab-Simulink.

where S,,045 represents the combined signal and noise power,
measured with the spectrum analyzer at the receiver stage and
N is the noise power, calculated with (19).

The noise power measurement accuracy based on (19)
depends on the measurement accuracy of the combined sig-
nal and the noise power level. Since a high measurement
accuracy requires high computing power for the spectrum
analyzer, the noise power measurement was made for low
values of the signal-to-noise ratio, where the noise level is
significant. Thus, by using this method, very low values of
the noise power can be measured accurately.

In order to demonstrate the proposed method validity,
the same simulation setup as in previous case is used. A chan-
nel noise power, N = 5.78 - 107% W is considered and
the values of the noiseless RF QPSK signal power (having
a 3dB difference between them) are software generated at the
emitter stage.

In Table 3 the noise power measurement by differential
method using (19) for different emission powers, S,, in the
range —17-0 dBm is illustrated.
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TABLE 3. Noise power measurement by differential method.

S. Sneas N (dBm)
(dBm) (dBm) calculated using (19)
0.9970 13.5830 -

-2.0030 10.6030 -7.9653
-5.0030 7.6440 -8.6480
-8.0030 4.7240 -9.1317
-11.0030 1.8790 -9.3882
-14.0030 -0.8273 -9.5172
-17.0030 -3.2960 -9.5948

TABLE 4. Ep/N, ratio calculation at the receiver stage and the BER values
obtained by simulation.

s. Soneas N Ey/Ny BER
(dBm) (dBm) (dBm) °"“:(‘i‘ll;‘)ted (by simulation)
0.9970 | 13.5830 20.157 0
2.0030 | 10.6030 17.156 0
5.0030 | 7.6440 14.156 0
8.0030 | 47240 | -9.5948 11.155 0

11,0030 | 1.8790 8.153 1.771-10°
140030 | -0.8273 5149 5298107
717.0030 | -3.2960 2.138 6.474-107

In Table 4 the E,/Ny ratio calculation at the receiver stage
is performed for different emission power in the range —17—
0 dBm and for the most accurate noise power measurement
presented in Table 3 (N = —9.59 dBm). The BER values
presented is Table 4 have been obtained by simulation, con-
sidering a number of 4.8 - 107 input bits transmitted.

In Fig. 21 the BER vs. E}/Ny at the receiver stage plot-
ted based on SNR values obtained by measurement with
the differential method, by using a spectrum analyzer from
Matlab-Simulink for different values of the determined noise
power (illustrated in Table 3 ) is presented.

Therefore, according to the simulation results illustrated
in Fig. 21, the most accurate value of the noise power, N,
is the one resulting from the last measurement illustrated
in Table 3 (N = —9.59 dBm), which corresponds to the
smallest measured value of the S + N signal, where the
noise has a non-negligible value. In our case, this recording
corresponds to the lowest measured value S + N, which still
allows the reception of the image, although with a very low
quality.

This differential method of noise power measurement
is employed in the practical experiments, presented below,
to calculate the SNR, used in order to plot BER vs. E}/Ny
ratio at the receiver stage.

C. EXPERIMENTAL RESULTS

In order to validate our proposed approach and the simula-
tion results, an experimental setup was built for the case of
mono FM transmission. The general architecture of the FM
broadcasting of a composite signal formed by the audio mono
component, the pictogram sent by using QPSK modulation,
and the RDS component is given in Fig. 22.
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FIGURE 21. BER vs. Ep/Ny at the receiver stage plotted based on SNR
values obtained by measurement with the differential method, by using a
spectrum analyzer from Matlab-Simulink for different values of the
determined noise power: N = —9.59 dBm (blue curve); N = —9.38 dBm
(green curve); N = —9.13 dBm (magenta curve).
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FIGURE 22. Synoptic of the experimental setup.

A custom “MPX like” signal is built by Matlab-Simulink
program. This composite signal contains the audio and the
QPSK signals and it is played by a Smartphone.

The RDS encoder combines the custom “MPX like™ signal
with the RDS one to generate the customized baseband signal.

The encoder is built by the authors by using the shelf
components.

The obtained waveform modulates in frequency an RF
carrier chosen outside the European FM band (88 - 108 MHz).
This FM modulation is performed by using an ESG 4438C
vector signal generator.

Fig. 23 presents a photograph of the experimental setup.
In this picture (a) is the laptop running Matlab/Simulink
used in order to build the baseband composite signals and
to process (demodulate) the received signal flow from the
RTL-SDR receiver, (b) is the ESG 4438C arbitrary waveform
generator which performs the FM modulation, (c) is the RDS
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FIGURE 23. Photograph of the experimental setup.

encoder, (d) is the RTL2832U dongle, USB connected to the
laptop and used as radio receiver; the emitting (e) and the
receiver antennas (f) are classical omnidirectional ones; they
have been placed at two meters separation; this distance was
chosen in order to have a good signal-to-noise ratio level for
the RF signal; the radio receiver (g) is used in order to ““sniff”’
the emitted signal and to test if it is compliant to a classical
commercial solution; (h) is a Smartphone.

The waveforms containing the audio mono component (up
to 5 kHz) and the QPSK signal onto 11 kHz carrier were
built in Matlab with a sampling frequency of 288 kHz and
played back as audio files by a Smartphone (h). In the exper-
iments presented here, no pre-emphasis/de-emphasis filters
were employed.

The main concern was to characterize the transmission of
the pictogram through the QPSK modulation. This transmis-
sion is performed at a data rate of 8 kbit/sec and modulating a
subcarrier at 11 kHz. The RF carrier was chosen at 109 MHz,
in order to avoid the interference with the commercial radio
stations. The emitted power level was 0 dBm and a frequency
deviation of +/—75 kHz, identical to the commercial stan-
dard, was configured.

At the receiver side, an RTL-SDR 2832U device coupled
with Matlab-Simulink software is used. This dongle performs
a direct conversion (0 IF) of the received RF signal. The sam-
pling frequency of the baseband signal was chosen identical
to the one at the emission, i. . 288 kHz. Moreover, a fixed
low noise amplifier (LNA) gain level (30 dB) was setup.

The circuits illustrated at system level in Figs. 4 and 7,
including blocks from the “RTL-SDR book library” [15],
were used to encode and to decode the various gray scaled
pictograms (100 x 100 bits) and to configure the RTL-SDR
2832U dongle’s parameters.

From our application point of view (driver’s warning noti-
fication), the RDS component may transmit brief information
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FIGURE 24. Internal architecture of the RDS encoder.

about traffic events, destinated to cars without a Tablet PC and
to assure the full compatibility of the proposed system with
the existing car park.

The internal architecture of the RDS encoder is presented
in Fig. 24. The composite signal at the encoder’s input is
filtered in order to obtain the pilot signal at 19 kHz. Then,
an amplitude adjustment is performed by an automated gain
control circuit which delivers the input signal of a PLL. The
PLL locks on the 19 kHz signal and delivers the carrier
frequency for the RDS encoder (57 kHz).

The baseband RDS signal is generated by using a micro-
controller (ATmegal6) and an R-2R digital to analog con-
verter (D/AC) followed by a restitution filter.

The baseband RDS signal datarate is 1187.5 Hz (=57 kHz
/48) and the D/AC’s output is actualized eight times each RDS
symbol time (TD/AC = 105.26 us). The microcontroller is
programmed via an I2C interface with the RDS services (Pro-
gram Service, Radio Text, Alternative Frequencies, Traffic
Announcement, etc.).

The waveforms at the output of the R-2R D/AC (top) and
at the output of the restitution filter are presented in Fig. 25.

As mentioned, the 57 kHz subcarrier for the RDS signals
is delivered by a CD4046 PLL working as a frequency mul-
tiplier (x3). In order to be independent to the MPX signal’s
amplitude, an automatic gain control stage using a JFET
transistor working as a controlled resistance is used. This
stage is between the MPX encoder and the PLL.

The JFET transistor varies its resistance inversely propor-
tional to the amplifier’s output and in this way a regulation
of the 19 kHz signal amplitude is performed. The 57 kHz
subcarrier is modulated by the base-band RDS signal by using
a SA602 Gilbert cell. A double-sideband suppressed-carrier
(DSB-SC) amplitude modulation is performed here. The
measured time domain waveform (up) together with the cor-
responding spectrum (bottom) are presented in Fig. 26.

At the receiver side, an RTL-SDR dongle, USB connected
at a PC running Matlab-Simulink environment are employed.

In order to be used for digital communications, the RTL-
SDR dongle requires a calibration procedure [15], which
determines the offset between the carrier frequency generated
by its internal PLL circuitry and the carrier frequency of the
emitted signal (the one generated by the ESG 4438C).
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FIGURE 26. Measurement of the RDS signal: time domain waveform (top)
and the corresponding spectrum (bottom).

As in the simulation framework, the FM demodulation was
performed by a Complex Delay Line Frequency Discrimina-
tor, as shown in Section 2.

The processing of the received signal was performed
offline on recordings lasting approximately one minute.

Fig. 27 presents the spectrum of the received signal, after
the demodulator for an emitted power level of the QPSK
signal equal to 3 dBm. Fig. 28 presents the received QPSK
constellation.

The three components of the received composite sig-
nal in Fig. 27 (the audio mono, the QPSK signal and
the RDS one) have been separated by using the proposed
software-defined receiver illustrated in Fig. 7.

For this power of the emitted signal, the data transmission
is performed without any errors.

The RDS signal was also decoded without errors, whenever
the power level of the emitted QPSK signal was setup, thus
proving the good separation between the three components of
the composite signal.

In this case, the playback of the audio part of the received
signal was of an acceptable quality, even if the sound corre-
sponding to the QPSK signal was audible.

As a comparison with the previous results, Figs. 29 and
30 present the spectrum of the composite signal after the FM
demodulation and the IQ constellation diagram of the QPSK
signal having a low SNR value, respectively.

In this case, the emitted power level was —16 dBm. As can
be remarked, the constellation is spreaded, the four states of
this modulation being mixed up.

In Fig. 31, the interface of the RDS/RBDS receiver pro-
posed by Matlab-Simulink is presented. The RDS component
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FIGURE 27. Received composite signal (audio + QPSK + RDS) after the
FM demodulation. The QPSK emitted power level is 3 dBm.
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FIGURE 28. The constellation of the received QPSK signal when the
corresponding emitted power level is 3 dBm and the received power level
is 15.5 dBm.

of the transmitted signal is decoded properly, the radio text
message setup at the RDS encoder, “INSA Lyon, France &
ETTI lasi, Romania”, being displayed.

Fig. 32 shows a photograph of the FM radio’s LCD display
featuring the same received message.

This demonstrates the full compatibility of the proposed
approach with the classical FM broadcasting infrastructure.

The setup previously described allowed the extraction of
the bit error rate as a function of the Ej/Ny ratio. At the
transmitter, the QPSK signal was software configured in
order to have different power levels, while the audio and
the RDS signals were kept at the same level, specific to FM
transmission standards [36].

The results of the measurement campaign are presented
in Table 5. Some examples of received images for different
values of emitted power levels are presented in Fig. 33.

For an emitted power level (S.) of the RF QPSK sig-
nal equal or lower than —16 dBm (which corresponds to a
received power of approximately 0 dBm), the frame synchro-
nization was not possible anymore. Moreover, the symbol
synchronization is lost during the transmission.

For an emitted power equal or higher than —9 dBm (which
corresponds to a received power of 6.29 dBm), there was no
error transmission for an approximative number of transmit-
ted bits equal to 4.8- 103, which corresponds to a transmission
of 61 seconds and to a transmission of four pictograms.

According to the experimental results, for transmission
power of the RF QPSK signal in the range illustrated
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FIGURE 29. Received composite signal (audio + QPSK + RDS) after the
FM demodulation. The QPSK emitted power level is —16 dBm.
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FIGURE 30. The constellation of the received QPSK signal when the
corresponding emitted power level is —16 dBm and the received power
level is approximatively 0 dBm.

TABLE 5. Measured QPSK transmission parameters.

S. S, N No. Ei/Ny . Measured
(@Bm) | (dBm) | (dBm) e{)irfsr @) |Torlbits| “ppp

9 6.294 0 [12.900] 476801 0

10 | 5508 1 [12.002] 459577 | 2.176-10°
11 | 4.638 2 1192 474341 | 421610°
12 |3 | 1 [10263] 475037 | 2.105-10¢
13 | 2873 42 | 9343 | 463645 | 9.059-10°
14 | 1.805 542 | 8204 | 474285 | 1.143-10°
15 | 1251 5323 | 7.605 | 463656 | 1.148102
16 | 0.068 2499 | 6.302 | 469055 | 5.328-10°

in Table 5 (—9 dBm, —16 dBm), the quality of the audio
signal is not impacted by the QPSK signal.

The received signal’s power level (S,) was measured by
using the Simulink’s spectrum analyzer.

The noise power (V) has been determined by using the dif-
ferential method proposed in previous Subsection. As stated,
the measured value of the noise power depends on the accu-
racy of the combined signal and noise power value measure-
ment with a software spectrum analyzer. In order to avoid a
high processing power and to obtain a relatively good accu-
racy of the spectrum analyzer, the noise power measurement
is performed for low SNR.

Moreover, in order to increase the noise measurement
accuracy, the average between two most representative noise
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[# RDS / RBDS and RadioText Plus (RT+) Views - X
Basic RDS / RBDS information
Program type: Country
Program senvice name: IEEE
Radiotext: INSA Lyon, France & ETTI lasi, Romania
RadioText Plus (RT+)
Group type receptions
Receptions Receptions| Receptions Receptions|
0A 94 8A 0 0B 0 8B 0
1A 0 9A 0 1B 0 9B 0
2A 26 104 0 28 0 108 0
3A 0 T11A 0 3B 0 118 0
4A 0 12A 0 4B 0 12B 0
SA 0 13A 0 5B 0 13B 0
6A 0 14A 0 6B 0 14B 0
TA 0 15A 0 7B 0 15B 0
Open data applications (ODA)
Name Group Type

[JLogdatataf  |rbds_log txt Stopped

FIGURE 31. Message contained in the RDS signal and decoded by
Matlab/Simulink RDS/RBDS tool.

|l| ﬂ
(©)

FIGURE 33. Examples of received pictograms for different levels of
emitted power levels: (a) Se = —9 dBm; BER = 0; (b) Se = —14 dBm;
BER = 1.143 . 1073; (c) Se = —16 dBm; BER = 5.328 - 10~3.

values was calculated. Indeed, the noise power was calculated
from (19), by using two values of the P parameter: —16 dBm
and —14 dBm. These values were considered the most sig-
nificant ones, because they are corresponding to the lowest
exploitable SNR. The measurement performed for an emitted
power of —15 dBm was out of range. Experimental results
demonstrated that the noise level may vary in a random way
due to the fact that a symbol synchronization loop is not
implemented yet. Even in this condition, the experimental
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FIGURE 34. The experimental BER extraction as function of the Ej /N,
ratio compared to the ideal BER for an AWGN communication channel.

results show a relatively good agreement between the calcu-
lated BER values and the theoretical ones.

Taking into account all these considerations, the average
value of the noise power level used in order to determine the
Ep/Ny ratios is equal to —9.716 dBm.

In Fig. 34 are plotted BER values obtained experimentally
depending on the E,/Ny ratio (presented in Table 5 ). For
comparison, on the same figure, the ideal theoretical values of
BER vs. Ep/Nj ratio for an AWGN communication channel
are also represented. According to the obtained results, the
measured BER variation has a certain coherence with respect
to the theory. From the experimental results, illustrated in Fig.
34, we can remark that the minimum calculated value of
BER is equal to 2.1 - 1079, representing the maximum accu-
racy value in BER calculation, obtained for a number of the
4.8 - 10° transmitted bits.

According to the simulation results, illustrated in Section 3,
the received image notification has been considered of high
quality for a BER lower than 2.917-10~* (which corresponds
to a Ep/Ny = 8 dB). In the case of the experimental setup
this value of BER is difficult to be determined exactly, but,
according to the experimental measurements, it corresponds
to a power of the transmitted QPSK signal between —14 dBm
and —13 dBm.

This study allowed us to choose properly the QPSK sig-
nal’s power level compared to audio and RDS signal levels,
so that making possible to receive image notifications.

According to the results obtained experimentally,
the acceptable power level range of the emitted QPSK signal,
required to receive properly the image notifications together
with the usual radio broadcasting, is between —16 dBm
and —9 dBm; this corresponds to a power level range of the
received QPSK signal between 0 dBm and 6.29 dBm.

IV. CONCLUSION
In this paper a new drivers’ warning application has been
proposed. The application uses an FM radio infrastructure to
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transmit real-time image notifications in order to warn drivers
about an important traffic event.

The reception of image notifications is performed together
with the usual FM radio broadcasting by using an RTL-SDR
dongle, USB connected to a car device running the proposed
software-defined radio receiver application. The bit-rate of
the image notifications is 8 kb/s for QPSK data transmission
on the mono FM broadcasting and 40 kb/s, 60 kb/s, 80 kb/s
for QPSK, 8-PSK, 16-PSK data transmission, respectively,
on the stereo FM broadcasting.

In this paper, different methods for the experimental mea-
surement of the SNR and E,/Ny ratio by using a soft-
ware spectrum analyzer has been proposed. These methods
allow decreasing the exigence in terms of computational
capabilities.

The performance of the proposed application has been
analyzed by plotting BER vs. E,/Ny ratio (determined exper-
imentally and by simulation) for different FM transmission
scenarios.

According to simulation results, the image notifications are
of high quality for the proposed drivers’ warning application
for Ep/Ny ratios higher than: 8 dB for QPSK modulation
implemented in both mono and stereo FM transmission;
11 dB for 8-PSK modulation and 15 dB for 16-PSK
modulation.

The experimentally obtained results on the mono FM radio
transmission show that the received image notification is of
high quality for a transmitted signal power of the RF QPSK
signal higher than —12 dBm. This value of the transmitted
signal power determines a Ep/Ny ratio at the receiver stage of
approximatively 10 dBm. The small difference from the sim-
ulated transmission performed on an AWGN communication
channel is due to noise introduced by the RTL-SDR device
and wireless transmission impairments.

The proposed drivers’ warning application has the fol-
lowing clear advantages compared to other similar ones: (1)
increase drivers’ safety by warning them of imminent dangers
that may occur in traffic: traffic jams, wet road, works on
public roads, rugged roads, impassable roads, car accidents,
worsening weather, bypassing certain obstacles in traffic,
landslides, police control; (2) the proposed application is
inexpensive and easy to implement because it uses an existing
and very widespread radio FM infrastructure; the proposed
system includes an existing FM broadcasting station - for
transmission and a cheap RTL - SDR device, attached to a
Tablet PC (present in most of the cars today) and connected
to the car aerial - for receiving; this significantly lowers the
cost price of the system; (3) the FM radio ensures a very
good quality of the received signal and good coverage of a
large geographical area; (4) the application provides reliable
data transmission at constant rate even in noisy conditions;
(5) the application allows simultaneous reception in real-time
of the image notifications together with the usual FM radio
broadcasting; (6) image notifications are easy to receive and
understand by drivers without distracting them from driv-
ing and do not require the interruption of the radio station
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broadcasting; (7) signaling dangerous situations in traffic is
made by the road authorities and not by other traffic par-
ticipants, as in the case of other applications; (8) the pro-
posed application does not require an Internet connection,
which may be poor in certain geographical areas along public
roads; (9) the proposed system is flexible, easily adapts to
the transmission of any type of image notification, and can
be easily installed and used by drivers; (10) the proposed
application can also be used in cars that do not have a Tablet
PC, by sending the warning notification in a simplified form,
as a text message on the RDS signal of the FM broadcasting.

Future work may be dedicated to increase the data rate and
the robustness of data transmission by introducing a symbol
synchronization loop and by using a certain type of codding
(JPEG, PNG, GIF). In order to overcome the multipath inter-
ference, which is an important issue for mobile reception,
error correction coding may also be introduced.
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