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ABSTRACT In this paper, a new drivers’ warning application through personalized Direct-Sequence Spread
Spectrum Code-Division Multiple Access (DSSS-CDMA) transmissions, performed using the FM radio
broadcasting infrastructure is presented. The proposed application is designed to simultaneously transmit
a maximum of 15 low-resolution image notifications together with standard FM radio broadcasting in
different geographical areas. The application is intended to warn drivers of significant driving events in
major traffic areas of a country. The proposed solution is low-cost and rapid to put into practice because
the modifications, both on the transmission infrastructure and on the receiver’s side, are relatively easy to
implement. The transmission of image notifications is performed in subsidiary bands of commercial FM
radio systems. The receiver is implemented using the Software-Defined Radio (SDR) paradigm and is able
to extract the audio signal (corresponding to the usual FM transmission) and the data component, depending
on the geographical area in which the vehicle is located. The receiver is based on a novel implementation of
a modified Costas loop using two new nonlinear limiters. Appropriate image notification is selected using a
specific decoding key, generated according to the geographical position of the vehicle. The performance of
the data transmission system is analyzed by plotting the Bit Error Rate (BER) versus the signal-to-noise ratio
of the data signal for different numbers of image notifications simultaneously transmitted. The proposed
radio communication system was validated through an experimental setup based on Universal Software
Radio Peripheral (USRP) devices driven by MATLAB/Simulink software.

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

I. INTRODUCTION

As shown by numerous European Community and World
Health Organization (WHQO) reports, road accidents are
one of the leading causes of death worldwide. Accord-
ing to recent WHO reports [1], road injuries are among
the top ten causes of death in low-income, lower-middle-
income, and upper-middle-income countries. In the European
Union (EU), regarding the number of fatalities per million
inhabitants between 2010 and 2020, Romania occupied an
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undesirable first place with 117 and 85 deaths, respec-
tively [2]. These values are approximately twice the Euro-
pean average, which between the aforementioned years is
67 and 42, respectively [2]. In France, a country that is repre-
sentative of the EU situation, in 2010 and 2020, the number of
fatalities per million inhabitants was 64 and 39, respectively,
which is very close to the average of the European Union.
The situation is even worrying in African countries where,
in 2018, the WHO reported 26.6 deaths in traffic accidents per
100000 inhabitants, a number that is almost three times higher
than the one corresponding to the average of the European
countries [3].
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The main causes of road accidents are speed, not adapted
to weather, road, traffic conditions, or above the legal limit,
followed by irregular pedestrian crossings and failure to
give priority to pedestrians regularly employed in crossing.
To these aspects, the state of infrastructure in certain coun-
tries, such as Romania, has been added. According to data
presented by the European Commission, 52% of road traffic
fatalities occur on rural roads, 40% in urban areas, and only
8% in motorways [4]. The low number of deaths caused by
motorway accidents is due to the higher degree of safety
that highways provide to drivers, as well as the fact that
the physical delimitation of driving directions makes frontal
collisions almost impossible. In the conditions in which there
are too few highways in Romania, traffic is carried out on
roads without direction separators, with a single traffic lane,
which favors the occurrence of such accidents. Other risk
factors that appear on national roads include improperly
signposted repair works, road conditions (ex. potholes), less
inspired works carried out by the authorities, such as islands
located in the middle of the road, and the state of fatigue of
drivers. The significant increase in car parks in recent years in
certain countries has also determined the excessive usage of
existing infrastructure, which determines the increase in road
accidents.

In recent years, there has been an improvement in traffic
safety due to actions taken in European countries. However,
due to the complexity of traffic events and their dynamic
nature, progress in road safety is quite slow. The actions
taken to increase traffic safety must involve the roadway
environment, vehicles, and road users. The most significant
academic research has been presented in the literature regard-
ing road markings as an important road safety element [5].
A modern concept, which encourages drivers to naturally
adopt a behavior consistent with the road design, is the ‘“‘self-
explaining roads” concept, which was first implemented in
the Netherlands [6].

In addition to safety measures regarding road infrastruc-
ture, a series of safety features and different modules for
Advanced Driver Assistance System (ADAS) have been
installed on all modern cars [7].

Moreover, the European Commission has officially
launched the United Nations’ Global Plan, which sets out
how to achieve the target of reducing road traffic deaths and
injuries by 50% by 2030 [8]. This plan reinforces the EU’s
own aspirations, which aims to halve the number of fatalities
and serious injuries on European roads by 2030 as a milestone
on the way to ‘Vision Zero’ — zero fatalities and serious
injuries by 2050 [8].

To meet this goal, this paper proposes a new warning
system for drivers through visual notifications transmitted
simultaneously in a maximum of 15 distinct regions of a
country using the existing FM infrastructure. Compared to the
application introduced by the authors in [9], the radio com-
munication system proposed in this study is more complex,
performing the simultaneous warning of drivers, placed in
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15 different regions of a county, about different traffic events,
using the same broadcasting infrastructure.

Other types of radio access technologies, such as cellu-
lar vehicle-to-everything C-V2X and dedicated short-range
communication (DSRC), are envisaged to improve traffic
safety [10]. As is known, for the implementation of this
type of vehicular communication, a complex and expensive
infrastructure based on the Internet is required. Therefore, the
implementation of such a system requires a fairly long period
of time. However, road infrastructure in European countries
is increasing, and the implementation of measures to increase
road safety has become a stringent necessity. Thus, the pro-
posed driver’s warning system, based on Direct-Sequence
Spread Spectrum Code-Division Multiple Access (DSSS-
CDMA) transmission [11], [12], [13], [14], [15], [16], can
be an alternative to these complex and expensive communi-
cation systems, benefiting from the existing FM broadcasting
infrastructure.

Initially employed in a large number of military and satel-
lite communications, DSSS modulation techniques, and more
generally, spread spectrum communications, were adopted by
civil applications due to their relatively low power transmis-
sion and robustness to channel degradation (fading, multi-
paths, impulsive noise, etc.) [17]. Moreover, this modulation
technique allows different users to share the same commu-
nication channel simultaneously using individual orthogonal
sequences.

Many applications of this modulation technique or its vari-
ations have been encountered. Indeed, the DSSS is found in
the IEEE 802.11b standard, and it has also been employed
in various positioning systems (GPS, Galileo, or Glonass).
Another standard based on DSSS is the 802.15.4 physical
layer, and more recently, LoRa also applies a proprietary
spread spectrum modulation. Indeed, LoRa is based on chirp
spread spectrum modulation, which consists of employing
linear frequency-modulated chirp (frequency varying linearly
in time) pulses to encode the information to transmit.

DSSS modulation schemes have also been employed in
indoor wireless infrared communications to overcome fluo-
rescent light interference and multipath dispersion [18].

Several implementations of DSSS modulation using the
SDR paradigm have been reported in literature. For example,
in [19], the authors described a DSSS implementation on a
GNU Radio Companion dedicated to satellite communica-
tions. In [20], the authors reported an implementation for the
USRP of a software-defined radio transceiver based on DSSS.
The spreading sequence is a chaotic signal whit the same
properties as a pseudo-random noise (PN) signal, which is
classically employed in commercial communications.

The rest of the paper is organized as follows. Section II
presents the description of the proposed drivers’ warn-
ing application through personalized data transmission.
This section also presents the implementation of the SDR
communication system employed for data transmission
by using DSSS-CDMA modulation on typical FM radio
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FIGURE 1. Example of the proposed system deployment based on
DSSS-CDMA transmission by using the FM radio infrastructure which
covers the various regions in Romania.

broadcasting. Section III presents the simulation results
performed in MATLAB/Simulink and those experimentally
obtained for the proposed radio communication system.
In Section IV, the conclusions of this paper are drawn.

Il. MATERIAL AND METHODS

A. DESCRIPTION OF THE PROPOSED APPLICATION

In this paper, a new application for drivers’ warning through
personalized image notifications simultaneously transmitted
in different geographic areas is presented. As shown in Fig. 1,
the proposed application can simultaneously transmit a num-
ber of n different images in n distinct geographical areas
using the existing FM radio infrastructure. In this way, each
driver is warned only about traffic events that are specific to
the area in which they drive the car. The maximum number
of images that can be transmitted simultaneously depends
on the capacity of the radio communication channel in the
subsidiary FM bands, as well as the signal-to-noise ratio of
data transmission.

A non-exhaustive list of traffic events signaled by this
broadcasting strategy is given here: road conditions, weather
conditions, works on public roads, road accidents, railway
passing, congestion on public roads, dangerous intersections,
dangerous curves, the need to reduce speed, and many others.

More precisely, the driver is warned in advance of these
traffic events by image notifications that are displayed on the
tablet screen of the vehicle. Most new vehicles are equipped
with such displays, and, if applicable, smartphones may be
employed instead. These image notifications are designed to
be clear, simple, and easy to understand by drivers, without
distracting them from driving safely. Therefore, drivers have
sufficient time to react to and avoid unwanted road events.
Examples of these image notifications are shown in Fig. 2.

The information to be transmitted is provided by the
national road authority to an FM radio station, where it is
processed to generate the image notifications in the required
format for transmission using appropriate software.
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FIGURE 2. Examples of image notifications which may be employed by
the proposed drivers’ warning application through personalized
DSSS-CDMA transmissions.

Different technical solutions for transmitting data in FM
radio have been presented in the literature [9], [21], [22], [23],
[24], [25], [26]. Among these, the Radio Broadcast Data Sys-
tem (RBDS) [24] is used in standard FM radio broadcasting
to transmit data of social interest with a data rate of only
1187.5 bit/s in the form of a text message, and the Data Radio
Channel (DARC) system [25] can provide general informa-
tion, traffic information, radio paging, and differential GPS
data with a data rate of 16 kbit/s.

Compared to these systems, the radio communication sys-
tem proposed in this paper presents a higher maximum data
rate (35.625 kbit/s), corresponding to 15 images transmitted
simultaneously together with the standard FM radio broad-
casting in different geographical areas, according to the user’s
needs. Therefore, our system benefits of high FM radio signal
quality and wide-area radio FM network. On the other hand,
the proposed system is cheaper, more flexible, and easier
to implement due to the use of the existing and widespread
radio FM infrastructure and software-defined radio paradigm.
Moreover, the proposed solution does not require an Internet
connection, which may be weak or non-existent in certain
hard-to-reach geographical areas (developing countries).

In Fig. 3, the block diagram of the proposed radio com-
munication system, based on a software-defined radio tech-
nique, is presented. The image notifications are broadcasted
using DSSS-CDMA modulation, together with standard FM
transmission.

The customized baseband signal used for a professional
radio transmitter includes the multiplex (MPX) stereo com-
ponent (used for standard FM radio broadcasting) and a set of
data images, which are included in a DSSS-CDMA spectrum
component that modulates a 76 kHz subcarrier. The spec-
trum of the composite signal containing the standard MPX
component, together with the data components, is illustrated
in Fig. 4.
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FIGURE 3. Principle of personalized DSSS-CDMA data transmissions on different geographical areas by using the FM radio broadcasting
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FIGURE 4. Spectrum of the customized baseband signal including the
MPX stereo and DSSS-CDMA data signals.

To generalize the problem of image transmission in the
FM subsidiary band, the case of n simultaneously transmitted
images is considered. However, for practical implementation,
n is considered to be equal to 15.

The car’s radio receiver is implemented using a software-
defined radio technique and is used to receive warning image
notifications, according to the geographical position of the
car, together with the standard FM transmission.

The implementation of the system using software-defined
radio technology offers the following advantages over other
similar systems:

- The radio receiver is implemented through software,
is flexible, easy to adapt to any changes that may occur in
the implementation process, easy to install on the car’s tablet,
and easy to use by drivers.

- The DSSS-CDMA modulation technique used by the
proposed radio communication system can be implemented
using software, but the system can be easily reconfigured to
any type of modulation by modifying only the software and
maintaining the same hardware components.

- The pictograms used to warn drivers about road events
transmit a large amount of information without distract-
ing them from the attention necessary to drive the vehicle
safely.
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B. PROPOSED ARCHITECTURE OF THE FM RADIO
TRANSMITTER EMPLOYED FOR FM BROADCATING

AND DATA TRANSMISSION

In Fig. 5, the block diagram of the radio transmitter, including
the MPX stereo signal and DSSS-CDMA data generators,
is illustrated. This customized baseband signal is software-
generated using MATLAB/Simulink and is applied to an FM
modulator, resulting in a signal with a bandwidth of 200 kHz.
This signal is broadcasted by a national FM radio station.

The RF signal is received by software-defined FM radio
receivers installed in vehicles located in distinct geographical
areas of the country. A certain image is selected using a
decoding key specific to the geographical area in which the
vehicle is located. This decoding key is generated according
to the geographical coordinates of the vehicle position pro-
vided by the GPS system or a mobile phone service. The
hardware component of the car radio receiver is represented
by an SDR-like device (RTL-SDR dongle, as implemented
in [27], or a USRP device), which provides the baseband FM
modulated signal to the software program.

DSSS-CDMA is a technique in which the different nar-
rowband signals are multiplied by wideband codes, and the
codes are orthogonal to each other. Some of the common
orthogonal spreading codes used in CDMA systems are the
PN sequences, Walsh, and Gold code [16].

In the proposed system, we used long-spreading pseudo-
random noise sequences, which were generated using
maximum-length shift registers. In already-deployed CDMA
systems, PN code sequences are mainly used for code spread-
ing, code scrambling, and code division [28]. For exam-
ple, code division by PN code offset is used in the IS-95
system [29]. For any single user, the coded messages of
the remaining users appear as noise in the received signal.
To decode a message, the receiver must already know the
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FIGURE 6. Block diagram of the proposed DSSS-CDMA signal generator.

spreading code employed at the transmission (the decod-
ing key).

A detailed block diagram of the direct-sequence spread
spectrum generator proposed in our application is presented
in Fig. 6. The DSSS-CDMA technique used in the proposed
application enables the simultaneous transmission of a rela-
tively large number of images in the same frequency band of a
radio channel and consequently increases the channel capac-
ity. In the case of the proposed application, synchronization of
the transmitted data sequences can be easily performed using
software at the transmitter stage.

First, the data images are differentially encoded; then,
in order to increase the speed of data transmission, the QPSK
modulation is used. Using QPSK modulation with differential
encoding (DEQPSK) [30], the resulting signal is not affected
by a fixed phase offset introduced by the lack of phase
synchronization between the transmitter and receiver [31].
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Thus, the symbol rate of the DEQPSK signal is given by
Js =1b/2 ey

where f;, is the input data rate of each transmitted image.

To implement a DSSS-CDMA communication system,
a pseudo noise spreading code (PN) was used to spread the
DEQPSK data samples (Fig. 6).

The PN codes employed in the proposed system are gener-
ated with log, (n+1) shift registers (by using a primitive poly-
nomial of degree N [32], [33]) with linear feedback, having a
length n = 2V — 1, which represents the maximum number of
users (images transmitted simultaneously), and having a chip
rate fo, = 19 kHz (the chip duration is Top = 1/f.;,). The value
of the chip rate is limited by the available bandwidth of the
communication channel in the subsidiary FM bands, which
is between 53 and 99 kHz. Thus, n different pseudo-random
orthogonal sequences are cyclically shifted. The symbol

11715



IEEE Access

R. G. Bozomitu, F. D. Hutu: Drivers’ Warning Application Through Personalized DSSS-CDMA Data Transmission

rate (fs) used in the proposed system is chosen such that
the chip rate is an integer multiple of the input symbol rate
according to the following relation:

Jon =0+ 1) fs (@)
where SF = n + 1 represents the spreading factor of the
proposed DSSS-CDMA transmission.

According to (2), the number of images transmitted simul-
taneously (which represents the length of the PN code) is
given by

n=(en/fs) — 1 3
Table 1 lists the number of images that can be transmitted

simultaneously for different values of input data rate.

TABLE 1. Number of images that can be transmitted simultaneously for
different values of the input data rate.

Datarate ~ Symbol rate of Spreadin Nsl;::lﬁft;?f System data
of each each DEQPSK P & rate for n
image (f5) image (f;) factor neouﬁly images (f,)
[bit/s] [symbol/s] (SF) ~ transmitted Tt

images (n)
4750 2375 8 7 33.250
2375 1187.5 16 15 35.625
1187.5 593.75 32 31 36.8125
593.75 296.875 64 63 37.40625

The value of the symbol rate (f;) used in the proposed
application was chosen to be identical to the data rate of
the RBDS signal from standard FM transmissions, which
is equal to 1187.5 bit/s. Thus, the input data rate of each
image used in the proposed radio communication system is
f» = 2375 bit/s, which allows simultaneous transmission
of n = 15 images. Thus, the maximum data rate provided
by the proposed system for all 15 images transmitted simul-
taneously is 35.625 kbit/s. In the design of the system, a
trade-off must be made between the data rate and the BER
of the data signal with DSSS-CDMA modulation because the
transmission of a larger amount of data causes a significant
increase in the noise on the communication channel due to a
larger number of users (simultaneously transmitted images),
thus increasing the BER. Therefore, a number of more than
31 images transmitted simultaneously is not convenient for
the proposed application, due to a very low data rate of each
transmitted image and the significant decrease of the signal-
to-noise ratio (SNR).

According to Fig. 6, after DEQPSK modulation, the real
and imaginary parts of the resulting signals are multiplied
by PN sequences obtained from a unique PN sequence (p)
of length 15, which is cyclically shifted. To increase the
symmetry of the problem and improve loop synchronization,
we used the same pseudo-noise sequence for both signal
paths. In this manner, the preamble bits of the input data
sequence (images) used for synchronization will be identical
for both data sequences on the two channels (in-phase - /
and quadrature - Q), which will improve signal detection.
The resulting spread sequences are then added together on
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each signal path to obtain two corresponding DSSS-CDMA
sequences.
The DEQPSK signals can be written as:

spegpsk; (1) = Si(t) +j - Sgi), j=0,1,....n—=1 (4)

where

iSIj(t ) = Re {sprgpsk; (1)}

=0,1,....n—1 (5
Sgj(t) = Im {spropsk; (1)} , " ©)

are the coordinates of the message points of each DEQPSK

signal with the values “+a” over the entire cycle of the

PN sequence. The sampling rate employed in the proposed

software-defined radio communication system was 228 kHz,

and the coordinates of the message points were a = 50 mV.
Thus, for the DEQPSK signal, we can write:

SO +85n=2a" j=0.1,....n=1 (6

For the time taken to complete one cycle for the PN
sequence (n - Tp), in which the coordinates of the message
points of the DEQPSK signal have constant values in time
(S7j and Sgj), the two DSSS-CDMA sequences on the two
signal paths (/ and Q) can be written as

n—1
scoma; [kTol = 2 Sy - p;[kTo]
=0 k=0,1,...,n—1
scomagkTol = 3 Soj - p;lkTo,
Jj=0
(M

where scpma; SCDMAg» and p; are n-dimensional vectors.
The elements of the vectors Scpma, Scpma, represent the
values of the signals scpma, (1), scomay (1) at times that are
multiples of chip duration (k - Tp, k =1, 2, ...).

In equation (7), the vectors p; are the cyclic shifted versions
by j terms of the pseudo-random noise sequence [32], having
n = 15 elements given by

pi=1[b by b1y bo bi- ],

j=0,1,...,n—1 8)

After passing through the matched filters, the two DSSS-
CDMA sequences from (7) modulates via complex modu-
lation a 76 kHz subcarrier (the fourth harmonic of the pilot
tone), and the following signal is generated:

s(t) = scpma,; (1) sin2rfet + 6) + scpma, (1) cos2mfet + 0)
C))

where f, = 76 kHz is the subcarrier frequency and 6 is its
initial phase.

Due to the overlapping of the maximum n = 15 pairs of
the DSSS-CDMA signals, the constellation of the resulting
signal is similar to the constellation of an M-QAM signal,
whose message points are pseudo-randomly generated. This
signal consists of n overlapping images, and its number of
levels, L is

L=vM=n+1 (10)
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(a)

FIGURE 7. Constellations of the generated signals: a) for an odd number of images transmitted
simultaneously; b) for an even number of images transmitted simultaneously.

Thus, for 15 images transmitted simultaneously, the two
obtained DSSS-CDMA sequences have 16 levels (8 positive
and 8 negative). For an odd number of images transmitted
simultaneously, the constellation of the resulting signal is of
the form illustrated in Fig. 7 (a), whereas for an even number
of transmitted images, the constellation of the resulting signal
has the shape shown in Fig. 7 (b). For n = 1, 3, 7, and
15 images transmitted simultaneously, square constellations
were obtained, which were similar to the constellations of
the 4-QAM, 16-QAM, 64-QAM, and 256-QAM signals,
respectively. Non-square constellations were generated for
all other situations. In Fig. 7, 2a represents the minimum
Euclidean distance between any pair of symbols in the signal
constellation.

According to the Policy Statement adopted by the Fed-
eral Communication Commission no. 22 Record [34], during
stereophonic transmissions, multiplex subcarriers and their
significant sidebands must be within the range of 53 —99 kHz.
The channel bandwidth required for the transmission of
the baseband DSSS-CDMA signals presented in (7) is
given by [35]

BW =fon (14 B)/2 (1)

where the roll-off factor § may have different values in the
range of (0, 1).

Thus, for the transmission of the RF signal described
by (9), the maximum bandwidth required is 38 kHz (twice
the baseband bandwidth), which agrees with the available
resources for data transmission in the subsidiary FM channel
on the 76 kHz subcarrier.

C. IMPLEMENTATION OF THE DEDICATED SOFTWARE
DEFINED RADIO RECEIVER

The most sensitive part of a DSSS system is the synchroniza-
tion of the PN sequence of the transmitter with that generated
at the receiver stage. Synchronization can be implemented
using a known preamble between the transmitter and receiver,
which is synchronized by a matched filter [36], [37]. In the
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literature, this method is known as Data-Aided (DA) synchro-
nization [38]. In order to perform synchronization, several
other techniques, such as single dwell serial search (SDSS),
multiple dwell serial search, and matched filter correlations
have also been presented. In this paper, a synchronization
technique based on SDSS was employed to despread the
DSSS-CDMA signal.

In Fig. 8, the block diagram of the Simulink-based FM
radio receiver, including the audio stereo signal decoder and
DSSS-CDMA demodulator, is presented. The demodulation
of the FM signal is performed by a classical non-coherent
method based on a Complex Delay Line Frequency Discrim-
inator (CDLFD), as presented in [26]. After FM demodula-
tion, the MPX signal and the DSSS-CDMA signal around the
subcarrier frequency of 76 kHz are separated from each other
using a low-pass filter (LPF) and a band-pass filter (BPF),
respectively. The audio stereo signal is extracted from the
MPX signal by using a stereo FM demultiplexer, a stereo
decoder and a de-emphasis stage as presented in “RTL-SDR
book library” [26].

To extract the two CDMA sequences from the received
signal, a synchronous detector based on the Costas loop,
which ensures phase synchronization between the transmitted
and recovered carriers at a frequency of 76 kHz (the fourth
harmonic of the pilot tone), is used. The recovered quadrature
carrier was built by multiplying the 19 kHz frequency of the
pilot tone provided by the phase lock loop (PLL) circuit used
in the Stereo FM demultiplexer stage.

To extract a certain image from the two received DSSS-
CDMA signals, a PN sequence was locally generated in
the receiver stage, by using the DLL-based stage in Fig. 8.
The spreading codes of cyclically shifted PN sequences
depend on the geographical area in which the vehicle
finds itself at a given time. After despreading the DSSS-
CDMA signal using a DLL-based stage, demodulation of the
resulting baseband DEQPSK signal is performed, and the
desired image (corresponding to a certain decoding key) is
reconstructed.
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1) SYNCHRONOUS DETECTION BASED ON
MODIFIED COSTAS LOOP
To perform the demodulation of the DSSS-CDMA sig-
nal given by (9) (which includes the two DSSS-CDMA
sequences), a novel implementation of the modified version
of a Costas loop [39], [40], [41] with new nonlinear limiters
(f (x)), illustrated in Fig. 9, has been proposed. As depicted
in Fig. 9, the phase correction provided by the Costas loop
depends on the loop step, kg and the constant ¢ = 3, which is
the ratio between the sampling frequency (228 kHz) and sub-
carrier frequency (76 kHz). In this figure, “mod” represents
the modulo operation.

For odd numbers of images (max. 15 images) transmitted
simultaneously, the limiters used in the Costas loop in Fig. 9
are described by the following function for positive x:

) =al-1), I=1,2,...,8
(12)

if §; <x < d8141;

11718

The decision levels §; are defined as follows:

0, [=1
Si=12a(l—-1), 2<1<8 (13)
00, [ >8

For even numbers of images (max. 14 images) transmitted
simultaneously, the limiters used in the proposed version of
the Costas loop can be described by the following function:

fx)=2al, ifé <x<éb41; 1=0,1,...,7 (14)
The decision levels §; are defined as follows:
21-1), 0<1<7
5 = ’“( o O=l= (15)
00, [ >7

In Fig. 10, the two nonlinearities described by functions
(12) and (14) are represented by blue and red, respectively.
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The received DSSS-CDMA signal, at the output of the
BPF from Fig. 8 (including two received DSSS-CDMA
sequences) can be written as

r(t)=rcpma, (1) sinQafet + 0")+repmay (1) cosRrufet +6")
(16)

where f. is the recovered carrier of 76 kHz, and rcpua, (¢) and
rCDMAQ(t) are the received multi-level DSSS-CDMA signals
at the rate of 19 kHz. The value of ' is the phase of the
recovered subcarrier.

By using the synchronous detector block illustrated in
Fig. 9, this signal is multiplied with the quadrature recovered
carrier signal of 76 kHz, provided by the PLL (from Stereo
FM Demultiplexer stage) and Frequency multiplier stage and
after low pass filtering the obtained signals are:

7)

z1(t) = rcpma, (1) €08 ¢ — repmay (1) sing
20(1) = rcpma, (1) sin @ + repmagy () cos ¢

where ¢ = 6 — 0’ is the phase shift between the input and the
recovered carrier.

Considering that the phase error is always |p| < 45°
[40], [41], the outputs of the two nonlinear limiters in Fig. 9
are:

I7(t) = rcpma, (1) (18)
lo(t) = rcpmay (1)
where, according to Fig. 10,
méx [lLijo®)]=n-a=15a (19)
min [ZI/Q(I)] =a

For small values of ¢, the error signal can be written as:
e(t) = zolr — z1lg
= VéDMA, () sing + repmay (Drepma, (1) cos @
— rcpma; (1)repmag (1) cos ¢ + réDMAQ(f) sin ¢
= [roua, ) + rpusy®) | sing
~ [r Eoma, () + 1 %‘DMAQ (t )] ¢ (20)

The received signals rcpuya, (f) and rCDMAQ(t), provided by
the Costas loop, can be described as in (7) and for the time
taken to complete one cycle for the PN sequence (n- 7)), these
signals can be written as

n—1

repma, [kTol = 2 Sy - p;1kTo]
=0 k=0,1,...,n—1
rcpmaglkTol = Z Soj - p;lkTol,
2D

where rcpma, and repma, are n-dimensional vectors, and
p;j is a cyclically shifted PN sequence, locally generated,
of the same form as that from (8).
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FIGURE 10. Costas loop nonlinearities: a) for an odd number of images
(max. 15 images) - blue line; b) for an even number of images
(max. 14 images) - red line.

If we note with s; and sg the following n-dimensional
vectors, including the coordinates of the message points of
the received DEQPSK signal,

sp = [SIO S SI(n—l)]

SQ(n—l)]

then, from (21), after some mathematical manipulation,
we obtain:

(22)
sQ = [SQ() So1

reoma; = [smg sip] SIpY,_ 1) ]

(23)
— T T T
reomag = [SQPO Sopy st(n—l)]
where pjT is the transpose of the vector p;.
If n = 1 in equation (21) and considering that the elements
of the PN sequence p; can be “£17 and Sj; and Sg; are equal
to “+a”, the following equation can be written:

k=0,1,...,

n—1

(24)

St oPoIkTol + S5 polkTo] = 247,

Since the chipping signal satisfies the condition p*(1) = 1,
the proposed receiver is able to decode the encoded signal.
Thus, the error signal from (20) for any time that is multiple

of chip duration [kT(] can be written as
e[kTollmy = 2d%¢, k=0,1,....,n—1 (25)

Forn = 15, according to (19), the minimum and maximum
values of the r%D MA, (t) and réDM AQ(t) signals from (20) vary

between a? and 22542.
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Thus, the error signal from (20), for any time that is a
multiple of chip duration [kT], varies between a minimum
and a maximum value, given by

| emin[kTo] = Zaz(p

k=0,1,...
emax[kTo] = 450@290,

,n—1 (26)

Consequently, the circuit in Fig. 9, which is suitable for
QPSK signal detection (as illustrated in [41]), can also be
used for DSSS-CDMA signal detection.

If the phase error is greater than 45°, the loop will still
lock, but the constellation of the received signal will provide
a fixed rotation of a multiple of 90° with respect to the con-
stellation of the transmitted signal [41]. A phase ambiguity
that may occur at the receiver can be easily corrected using
the “Unique Word” technique [26].

2) EXTRACTING THE IMAGE DATA BY USING A

DLL-BASED CIRCUIT

The block diagram illustrated in Fig. 11 is used to extract the
information from the two received DSSS-CDMA sequences.
This block diagram includes a delay-lock tracking loop based
on the principle illustrated in [15] for tracking and an acqui-
sition stage based on the SDSS technique [36], [42].

The delay-lock tracking loop includes two correlators
based on a matched filter, with the schematic illustrated
in Fig. 12, which are driven by two local pseudo-noise
sequences, “Early” (E) and “Late” (L), which are delayed
by one chip. Because the duration of one symbol applied
to the correlator’s input is equal to 167y and the duration
of one cycle for the PN sequence is 157¢, the output of
the first multiplier of the correlator illustrated in Fig. 12 is
weighted with zero. Each correlator provides a triangular
function with two chips wide at the output, as shown in
Fig. 13. The resulting correlation function of the DLL has
a double-peaked triangular shape, as shown in [15], and a
linear region placed on either side of the point in the middle
of the distance between the two correlation maxima. Next,
the summed correlator outputs are low-pass filtered and used
to control the voltage-controlled oscillator (VCO) such that
the locally generated PN sequence tracks the incoming code
at a point halfway between the maximum and minimum of
the composite correlator output [15]. The acquisition stage
includes a Correlator, a comparator (Comp) with an absolute
value (Abs) block at its output, and a simple digital logic,
implemented with a counter (Count) and a NAND gate.

The output signal provided by the correlator is compared
with the threshold level (Th). If the threshold is exceeded,
the output of the comparator is zero logic, and the output of
the NAND gate will be one logic, regardless of the signal
applied to its other input, which means that the “CK/Phase
generator”” block will keep the signal phase provided by the
VCO unchanged. If the threshold is not exceeded, the output
of the comparator is one logic, which means that the output
of the NAND gate depends on the signal applied to its other
input. The counter is set to cyclically count 16 clock periods
and to provide a synchronization pulse at its output after each
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counting cycle. Because the clock frequency is 19 kHz, the
signal at the output of the counter is represented by a pulse
train with a period equal to the period of the symbol data
(1/1187.5 s). Thus, the signal from the comparator output
will control the “CK/Phase generator” circuit only at time
moments that are multiples of the data period. At this time,
the output of the NAND gate will be zero logic, which will
cause the “CK/Phase generator” block to modify the phase
of the VCO signal to achieve the synchronization of the two
PN sequences.

After synchronous detection, the two received DSSS-
CDMA sequences, rcpua,(t) and rCDMAQ(t), on the two
signal paths are multiplied with two pseudo-noise sequences
generated locally by the DLL-based circuit to extract the
components of the DEQPSK data (S;(¢) and Sg(#)), as shown
in Fig. 11.

To obtain the DEQPSK signal corresponding to image
J, we multiply the two received DSSS-CDMA signals on
both signal paths by the corresponding pseudo-noise binary
sequences, locally generated, and delayed by j terms, denoted
as p;. Thus, for the time taken to complete one cycle for the
PN sequence, the signals at the output of Correlators / and Q
in Fig. 11 have constant values and can be written as

j=0,1,....n—1 27

rjj = rcbMA; 'PjT
rQj = rCDMAg ’PJ-T,
where repya, and rcpMAg are n-dimensional vectors whose
elements represent the values of the signals rcpuya, (1),
rCDMAQ(t) at times that are multiples of chip duration (k - T,
k=1,2,...).
By using (21) in (27), the signals obtained at the two
correlator outputs are:

[r]j = [S]OPO + S“pl + ...+ SI(n—l)P(n_l)] pjT

roj = [Soopo + Soipy + - - - + Sow-1Pw-1)] P}
According to the autocorrelation property of PN
sequences [32], we have:
fori=j

T _ |
PUPi =210 fori £,
i=01,...n—1; j=0.1....n—1 (29

where n = 15 represents the length of the PN sequences used
in our radio communication system.

According to (29), considering that the elements of the
PN sequences p; can be “+1” and Sj; and Sg; are equal to
“+a” for one cycle of the PN sequence, the signals obtained
at the outputs of the two correlators / and Q, corresponding
to image j, can be written as

(28)

ry = SI()P()pjT + SnplpjT +- Sl(jfl)P(j_l)PjT
+ 1S+ SiGrnPGap] F o F S P @-P]
roj = Soopop] + Soip1p] + -+ + Soi-nPG_1p;
+ nSgj + oG+ PG4 1P, + -+ Sou-1Pw- 1P
(30

In the following, two cases are analyzed.
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FIGURE 12. Circuit correlator based on matched filter.

Case 1. Coordinates of the message point Sy,0); =
a>0
According to (29) and (30), in this case, the signals

obtained at the two correlator outputs are

2n — 1)a,

a, in the worst case

in the most favorable case

/0y = [ 3D

Case Il. Coordinates of the message point Sy,0); =
—a<0

According to (29) and (30), in this case, the signals
obtained at the two correlator outputs are

—2n — 1)a,
—a, in the worst case

in the most favorable case

ni/Q)y = { (32)

Because for each case the phase value of the detected

signal does not change (as can be seen in (31) and (32)),
the detection of the message points is still possible, and the

VOLUME 11, 2023

DEQPSK signal SDEQPSK; = S]j +j- SQ/' is obtained. This
signal is then demodulated to extract the transmitted j image.

In Fig. 14, the constellations of the received multi-level
DSSS-CDMA signals (scaled for a = 1) for different num-
bers of images transmitted simultaneously on an AWGN
communication channel are presented. According to these
simulation results, the constellations of the received signal are
similar to those of M-QAM signals, whose message points
are pseudo-randomly generated. In Fig. 15, the constellations
of the DEQPSK signal, corresponding to one received image
recovered by the DLL-based circuit for different numbers of
images transmitted simultaneously are presented.

The Correlator, Abs and Comparator blocks from the
Acquisition stage illustrated in Fig. 11 are used to determine
whether synchronization of the two PN sequences has been
achieved. According to the previous discussion, and equa-
tions (31)-(32), for a number of n = 15 images transmitted
simultaneously, the signal provided by the Correlator and Abs
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FIGURE 13. Autocorrelation function of a PN sequence of length equal to 15.

blocks from the Acquisition stage in Fig. 11 varies between a
maximum and a minimum value, given by:

a> 0.

[|me|=(2n—1)a=29a a3

|Vinin| = a,

Thus, for a number of g images transmitted simultaneously,
the maximum and minimum values provided by the Correla-
tor and Abs blocks from the Acquisition stage in Fig. 11 can
be written as:

|Vinax| = [n+ (g — D]a
[Vinin| = [n — (g — D] a,

The minimum value obtained at the correlator output, V,,in,
represents the threshold (7h) used in the block diagram in
Fig. 11 to detect whether synchronization of the two pseudo-
noise sequences was performed.

Thus, for n = 15, the threshold value (Th), depending on
g number of images transmitted simultaneously (g < 15), is

g=12,... (34)

, n

Th=[15—(¢—Dla, ¢=1,2,...,15  (35)

Thus, if the correlator output varies between Vi, and V4,
the two pseudo-noise sequences are synchronized. For values
lower than V;,, the synchronization of the two pseudo-
noise sequences is not achieved. This can be observed in
the constellation diagrams of the detected DEQPSK signal,
as shown in Fig. 15.

According to (35), the more images we send simultane-
ously (increasing the noise on the communication channel),
the lower is the threshold value used as a synchronization
indicator for the two pseudo-noise sequences. The minimum
value of the threshold (7 = a) was achieved when 15 images
were simultaneously transmitted.

If 15 images are transmitted simultaneously and the DLL is
locked, the minimum value that can be obtained at the output
of the Correlator and Abs blocks from the Acquisition stage in
Fig. 11 in ideal conditions cannot be less than the threshold
value used in this case, which is equal to “a’. Due to the
noise, the value obtained at the output of the Correlator and
Abs blocks in Fig. 11 could be less than the threshold value,
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which will cause a phase change in the locally generated
PN sequence, which will lead to the desynchronization of
the loop. Therefore, the maximum acceptable value of the
noise power must consider the Euclidean distance between
two adjacent points in the signal constellation, which is equal
to 2a. The noise power can be written as

Proise < 202 (36)

The number of pulses (11,15¢5) produced by the Vi ses sig-
nal in Fig. 11, which generates the phase change of the locally
generated PN sequence, provides information regarding the
image on which the DLL was locked after the end of the
acquisition regime. Thus, the number j of the image on which
the loop was locked can be determined by using the modulo
(mod) operation, as follows:

J = Npulses mod 15 37

This information is then processed by a digital logic
(“Delay calculator” in Fig. 11), which establishes the nec-
essary delay 6 of the PN sequence to generate the image
corresponding to the vehicle location at the output. After the
DLL circuit was locked, the circuit that generates the phase
change in the “CK / Phase generator” block based on V), ses
signal can be deactivated, in order to avoid accidental phase
changes, after the synchronization of the two PN sequences.
During this period, the loop is synchronized by the tracking
mechanism, which is functional at all times.

In the case of a practical implementation of the system,
to avoid any synchronization errors, the image identification
number could be included in the header of each transmitted
image, and will be received after synchronization. Then the
digital logic will calculate the necessary delay § for receiving
the image corresponding to the respective location.

Ill. SIMULATION AND EXPERIMENTAL RESULTS

The proposed radio communication system was tested by
simulations performed using the MATLAB/Simulink soft-
ware and by using an experimental setup including two USRP
devices [43] configured as a transmitter and receiver.
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FIGURE 14. Constellations of the received multi-level DSSS-CDMA signals (scaled for a = 1) for different number of images transmitted
simultaneously on an AWGN channel: (a) 1 image (M = 4); (b) 2 images (M = 9); (c) 3 images (M = 16); (d) 4 images (M = 25); (e) 14 images

(M = 225); (f) 15 images (M = 256).

TABLE 2. Parameters of the DSSS-CDMA transmission.

Symbol rate PN Sub-
]?)?2;:;6 of each Sé)ir:a- chip carrier Slairr?-
. DEQPSK & rate freq. piung
image (f5) . factor rate
[bit/s] image (/,) sk ) U9 ki
[symbol/s] [kHz] [kHz]
2375 1187.5 16 19 76 228

A. SIMULATION RESULTS

The simulation setup includes a transmitter, implemented
based on the block diagram illustrated in Fig. 5, and a
receiver, implemented using the circuit presented in Fig. 8.
For the simulation setup, the baseband FM signal was gener-
ated (the carrier frequency was set to 0 Hz), and an AWGN
communication channel was used.

All transmission scenarios, including 1, 2, 3, ..., 15 images
transmitted simultaneously using the DSSS-CDMA tech-
nique in a standard FM transmission, were tested by simula-
tion. In our tests, 15 images were used, representing different
traffic events, as illustrated in Fig. 2.

Table 2 lists the parameters of the DSSS-CDMA trans-
mission used in the simulations. The standard parameters
of FM transmissions in terms of the frequency deviation
(Af = 75 kHz) and weights of the different spectral com-
ponents [26] were used in the simulation.
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In the following, the simulation results for the case when
15 images are transmitted simultaneously and for a signal-to-
noise ratio of the DSSS-CDMA data onto a 76 kHz subcarrier
(SNRcpma) equal to 22 dB are presented.

In Fig. 16, the following frequency spectra are illus-
trated: the spectrum of the transmitted baseband FM signal
(Fig. 16 (a)); the spectrum of the transmitted and received
customized baseband signal, which includes the stereo MPX
component and the DSSS-CDMA data onto a subcarrier of
76 kHz (Figs. 16 (b) and (c), respectively); the spectrum of
the received stereo MPX component obtained at the output
of the LPF in Fig. 8 is presented in Fig. 16 (d); the spectrum
of the received DSSS-CDMA data onto a 76 kHz subcarrier
obtained at the output of the BPF in Fig. 8 is presented in
Fig. 16 (e); the spectrum of the received audio stereo signal
is shown in Fig. 16 (f). As presented in Figs. 16 (b) and (c),
the spectrum of the transmitted and received customized
baseband signal include the spectrum of the MPX sig-
nal, corresponding to standard FM transmission (between
DC - 53 kHz), and the spectrum of the DSSS-CDMA data
onto a 76 kHz subcarrier, which occupies a frequency band-
width of 38 kHz in a range between 53 and 99 kHz. Consider-
ing the trade-off between the date rate and BER required for
optimal image transmission, using the DSSS-CDMA tech-
nique, it is possible to transmit a maximum of 15 images in
a frequency bandwidth between 53 and 99 kHz at the same
time with the standard FM broadcasting.
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FIGURE 15. Constellations of the received DEQPSK signals (scaled for a = 1) provided by the DLL-based circuit for different number of images
transmitted simultaneously on an AWGN channel: (a) 1 image; (b) 2 images; (c) 3 images; (d) 4 images; (e) 14 images; (f) 15 images.

For the same radio communication scenario, in Fig. 17, the
following constellations (scaled for a = 1) are presented:
the constellation of the DSSS-CDMA signal corresponding
to one transmitted image (Fig. 17 (a)), constellation of the
transmitted multi-level DSSS-CDMA signal (Fig. 17 (b)),
constellation of the received multi-level DSSS-CDMA sig-
nal provided by the Costas loop (Fig. 17 (c)), and con-
stellation of the received DEQPSK signal provided by the
DLL-based circuit corresponding to one received image
(Fig. 17 (d)).

In Fig. 18, we present some received images for the sce-
nario when all set of 15 images are simultaneously trans-
mitted for different values for the signal-to-noise ratio of the
DSSS-CDMA data onto a 76 kHz subcarrier.

In order to test the performance of the DSSS-CDMA
communication system, regarding its capability to simulta-
neously transmit as accurately as possible different number
of images, the BER value depending on signal-to-noise ratio
of the data signal is calculated. To increase the accuracy of
the BER estimation, the DLL-based demodulator circuit was
disabled and the clock signal used for the local generation
of the PN sequence was extracted from the pilot tone of the
received MPX stereo signal. Under ideal conditions (consid-
ering an AWGN communication channel), this is possible
because the chip frequency of the CDMA signal is cho-
sen to be equal to 19 kHz, which is the frequency of the
pilot tone.
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In Fig. 19, the BER depending on the signal-to-noise ratio
of the received multi-level CDMA signals onto a 76 kHz
subcarrier for different numbers of images transmitted simul-
taneously is presented. The BER vs. SNR curves illus-
trated in Fig. 19 were drawn by calculating the SNR value
obtained from the simulation using the software spectrum
analyzer (set to display a two-sided spectrum) from the
MATLAB/Simulink program.

The BER plots were obtained considering 100660 bits
transmitted on the communication channel, representing an
image with a resolution of 100 x 100 pixels. The BER
accuracy depends on the number of bits transmitted, and for
our simulations, it was limited to 9.934 - 10~° (1/100660).

Due to the spectral spreading of the DSSS-CDMA signal,
its signal-to-noise ratio can be written as

SNRcpmalas = SNR;lqp — 101log SF (38)
where SF = 16 is the spreading factor of the DSSS-CDMA
sequence and SNR; is the signal-to-noise ratio of the non-
spread input signal. In this way, the low SNR values (even
lower than 0 dB for fewer than four images transmitted
simultaneously) illustrated in Fig. 19 can be explained.

According to these simulation results, for the scenario
in which all 15 images are transmitted simultaneously, the
minimum value of the signal-to-noise ratio of the received
multi-level CDMA signals onto a 76 kHz subcarrier for
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FIGURE 16. Simultaneous transmission of 15 images with DSSS-CDMA modulation within a stereo FM transmission by using a SNRcpys = 22 dB:
(a) Spectrum of the transmitted baseband FM signal; (b) Spectrum of the transmitted customized baseband signal; (c) Spectrum of the received
customized baseband signal; (d) Spectrum of the received stereo MPX signal; (e) Spectrum of the received DSSS-CDMA signal; (f) Spectrum of the

received audio stereo signal.

which an image is received with the highest possible quality
(BER = 1.987 - 107°) is SNRcppa = 22 dB.

In Fig. 20, the BER depending on the signal-to-noise
ratio of the received DEQPSK images (SNRpgopsk) for
different numbers of images transmitted simultaneously
is shown. The constellations of these signals are shown
in Fig. 15.

Fig. 21 illustrates the variation range of the signal-to-
noise ratio for the received DEQPSK signals, correspond-
ing to one received image, depending on the number of
images transmitted simultaneously for which their reception
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is performed with the highest quality (red curve, for which
BER = 1.987 - 107>) and with the lowest quality (blue curve,
for which BER varies between 1.17 - 10~! and 1.54 - 10~1).

In Table 3, the BER depending on the signal-to-noise ratio
of the received DEQPSK images (required to obtain high-
and low-quality images) for different numbers of images
transmitted simultaneously is illustrated.

According to these simulation results, for the scenario in
which sets of one to nine images are transmitted simultane-
ously, the minimum value of SNRpgopsk for which an image
is received with the highest possible quality (red curve in
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FIGURE 17. (a) Constellation of the DSSS-CDMA signal corresponding to one transmitted image; (b) Constellation of the
multi-level DSSS-CDMA signal corresponding to all 15 images transmitted simultaneously; (c) Constellation of the received
multi-level DSSS-CDMA signal corresponding to all 15 images transmitted simultaneously; (d) Constellation of the received
DEQPSK signal corresponding to one received image; (SNRcpy4 = 22 dB).
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FIGURE 18. Some received images for the situation when all 15 images are transmitted simultaneously with different value of the
SNRcpma: (a) SNRcpma = 22 dB; BER = 0; b) SNRcpya = 13 dB; BER = 0.004838; ¢) SNRcpya = 11 dB; BER = 0.01315;
d) SNRcpya = 9 dB; BER = 0.02774.

Fig. 21) is approximately constant, ranging from 14 to 16 dB. On the other hand, the minimum SNRpgopsk value of the
For sets of 10 — 15 images transmitted simultaneously, the received DEQPSK signals for which image reception is still
value of SNRpgopsk increased significantly, being between possible, but at the lowest quality (blue curve in Fig. 21) is
18 and 32 dB. between 3.4 and 4.3 dB.
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the ideal BER curve of the DEQPSK signal.

Next, the performance of the entire radio communication
system, including the DLL-based demodulator circuit illus-
trated in Fig. 8, is tested.

According to the simulation results, for the scenario in
which all set of 15 images are transmitted simultaneously and
the DLL-based circuit operates properly, the minimum value
of the signal-to-noise ratio of the received multi-level DSSS-
CDMA signals onto a 76 kHz subcarrier for which an image
is received with the lowest BER (BER = 1.987-107) is equal
to 22 dB, as in the previous case.

For the same transmission scenario, the minimum signal-
to-noise ratio of the received DEQPSK signal for which an
image is received with the lowest BER is equal to 32 dB.
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FIGURE 21. Variation range of the SNR for the received DEQPSK signals
depending on number of images transmitted simultaneously in which
their reception is performed with high-quality (red curve, for which
BER = 1.987 - 10~3) and with low-quality (blue curve, for

which BER = [1.17-10"1; 1.54 . 107 1].

TABLE 3. Performance of the proposed DSSS-CDMA transmission in
terms of BER depending on SNRpgqpsi required to obtain high- and
low-quality images.

N‘}mbef of High-quality image Low-quality image
images
transmitted SNRosorsk SNRosorsk
simulta- [dB] BER [dB] BER
neously (1)
1 14.1471 1.987-10° 3.8249 1.182-10™
5 15.4531 1.987-10° 4.0685 1.17-10"
9 16.1133 1.987-10° 3.7604 1.334-10"
10 18.4940 1.987-10° 3.4315 1.496-10™!
12 20.9197 1.987-10° 4.2966 1.237-10™
15 31.6051 1.987-10° 3.5971 1.54-10"!

To test the performance of the Costas loop and of the
DLL-based circuit by simulation, different frequency offsets
(Af) between —100 Hz and 100 Hz, around a pilot tone of
19 kHz, were applied at the transmitter circuit.

The optimal operation of the Costas loop depends on the
value of the loop step ko and gain A applied at the output of the
multipliers from Fig. 9, which can be established by means
of an automatic gain control (AGC) circuit. The AGC circuit
was not implemented during this stage of the study.

The operation of the Costas loop is illustrated in Fig. 22 (a),
which presents the phase correction provided by the loop for a
SNRcpua = 22 dB of the digital signal and a frequency offset
Af = 100 Hz of the 19 kHz pilot tone. This frequency offset
represents a frequency deviation of 400 Hz for the 76 kHz
subcarrier. The capture range of the Costas loop is limited by
the frequency bandwidth of the peak filter implemented to
select the pilot tone from the Stereo FM Demultiplexer stage,
which is equal to 200 Hz, around the 19 kHz frequency. For
the same parameters of the simulation setup, the error signal
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provided by the DLL-based circuit (signal obtained at the LPF
output from the Tracking stage of the DLL-based circuit from
Fig. 11) is illustrated in Fig. 22 (b).

Considering a number of 100660 bits transmitted on
the communication channel, for frequency offsets Af =
—100 Hz and Af = 100 Hz, a BER equal to 7.948 - 107>
(which means 8 error bits) and 1.987 - 10~ (which means
2 error bits) have been obtained, respectively.

B. EXPERIMENTAL RESULTS

As shown in Fig. 23, the experimental setup includes two
USRPs of type N210 configured as transmitter and receiver.
The proposed radio communication system was tested under
laboratory conditions, and the two USRPs were placed at a
distance of approximately 3 m between them.

The architecture of USRP N210 includes a Xilinx Spar-
tan 3A-DSP 3400 FPGA, 100 MS/s dual ADC, 400 MS/s
dual DAC and Gigabit Ethernet connectivity to stream data
to and from host processors. The device operates from DC
to 6 GHz. The two USRP N210 used for the experimental
setup included a WBX USRP daughterboard, which is a
wide bandwidth transceiver that provides up to 100 mW of
output power and a noise figure of 5 dB [43]. The WBX
provides a bandwidth capability of 40 MHz and can be used
for applications requiring access to a number of different
bands within its range — 50 MHz to 2.2 GHz [43].
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FIGURE 22. (a) Phase correction provided by the Costas loop for a
frequency offset Af = 100 Hz of the 19 kHz pilot tone; (b) Error signal
provided by the DLL-based circuit.
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In order to perform the simulations in MATLAB/Simulink
by using USRP N210 devices, the Communications System
Toolbox Support Package for USRP Radio has been installed.

The two USRP N210 use a monopole-type telescopic
antenna, with a frequency range between 25 Hz and
1900 MHz and a length in the range of 70 — 340 mm.

The customized baseband signal, used by the USRP device
configured as a transmitter, is generated based on the circuit
illustrated in Fig. 5. The second USRP device, configured
as a receiver, provides the received baseband FM signal to
the software program (MATLAB/Simulink), which is demod-
ulated with the software-defined radio receiver illustrated
in Fig. 8.

The proposed radio communication system was tested for
different operating scenarios, in which 1, 3, 5, 9, 11, and
15 images were transmitted simultaneously. All transmis-
sions were performed under identical conditions, using the
same transmission power level for the RF signal. The RF
frequency was set at 109 MHz. The spectrum of the received
customized baseband signal is illustrated in Fig. 24. This
signal includes the stereo MPX signal and the DSSS-CDMA
data onto a 76 kHz subcarrier for the scenario in which all
15 images are transmitted simultaneously.

In Table 4 the experimental results are presented.

FIGURE 23. Experimental setup including two N210 USRPs configured as
transmitter (left) and as receiver (right).

19 kHz MPX DSSS-CDMA

or |

00 80 60 40 20 0 20 40 60 80 100
Frequency (kHz)
FIGURE 24. Spectrum of the received customized baseband signal for the

scenario when all 15 images are simultaneously transmitted by using a
DSSS-CDMA modulation onto a 76 kHz subcarrier.

The signal-to-noise ratio of the received multi-level DSSS-
CDMA signal was measured using a software spectrum
analyzer from MATLAB/Simulink.
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TABLE 4. Experimental results.

Number of  Transmission

images power of the ;{egfl(;]: g)e SNR
transmitted RF signal power CDMA BER
simulta- [dBm] RF signal [dB]
neously (1) (approx.) [dBm]
1 -10 -4.257 18.64 0
3 -10 -5.428 20.95 0
5 -10 -4.691 23.29 0
15 -10 -2.741 21.88 11.92-10°

For the case in which all 15 images are transmitted simul-
taneously, the signal-to-noise ratio of the received multi-
level DSSS-CDMA signal onto a 76 kHz subcarrier that was
measured was approximately 21.88 dB and the number of
error bits was 12 from a total of 100660 transmitted bits
(BER = 11.92 - 107%). For cases in which up to five
images were transmitted, there were no error bits. These
measurements agree with the results obtained by simulations,
as illustrated in Fig. 19, and are confirmed by the theoretical
results. Despite the signal-to-noise ratio variations illustrated
in Table 4, due to imperfections in the propagation channel
under laboratory conditions, the obtained values ensure the
optimal transmission of all sets of images.
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Fig. 25 presents the constellations of the received multi-
level DSSS-CDMA signals (scaled for a = 1) provided by
the Costas loop for different numbers of images transmitted
simultaneously. The results were obtained using the exper-
imental setup shown in Fig. 23. In Fig. 26, the constella-
tions of the received DEQPSK signals (scaled for a = 1),
corresponding to one received image, provided by the DLL-
based circuit, for different numbers of images transmitted
simultaneously are shown.

Depending on the communication channel noise, to pro-
vide the required SNR for the data signal, it may be neces-
sary to increase the power level of the DSSS-CDMA signal
spectrum onto a 76 kHz subcarrier with the impairment of
the other spectral components. In extreme situations, to avoid
exceeding the total modulation level allowed in standard
FM transmissions (105.2%), stereo FM transmission can be
replaced by mono FM transmission.

The experimental results illustrated in Figs. 24 - 26 confirm
the theoretical results and the functionality of the proposed
radio communication system.

IV. CONCLUSION
In this paper, a new drivers’ warning application for dif-
ferent traffic events using personalized pictograms included
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in radio FM broadcasting have been presented. The pro-
posed application is based on a radio communication sys-
tem capable of simultaneously transmitting a maximum of
15 images representing different warning messages sent by
road authorities for drivers located in different geographical
areas together with the standard FM signal. Each warning
pictogram is transmitted with a data rate of 2375 bit/s, but
the proposed system is able to provide a maximum data rate
of 35.625 kbit/s when all 15 images are transmitted simulta-
neously using the DSSS-CDMA modulation technique. The
system is implemented using software-defined radio technol-
ogy, and as a result, it is relatively cheap, flexible, and easy to
use by drivers, and is based on existing and widespread radio
FM infrastructure.

The proposed application uses a novel implementation of a
software-defined radio receiver, which can be easily installed
on a car tablet, being able to receive the data notification
together with the standard FM radio transmission. To receive
the data signal, the proposed radio receiver uses a modified
Costas-type synchronization loop on the 76 kHz subcarrier,
as well as a DLL-based circuit to ensure time synchronization
between the PN sequence of the transmitter with that gener-
ated at the receiver stage.

The proposed radio communication system was tested by
simulations performed in MATLAB/Simulink, as well as
in laboratory conditions, using an experimental setup that
included two USRP-type devices configured as a transmitter
and a receiver.

According to the simulation results, confirmed by the
experimental tests, for the maximum quality reception of
each image (BER < 1.987 - 107) from a set of 15 images
transmitted simultaneously, the proposed system must ensure
a signal-to-noise ratio of the received multi-level CDMA
signals higher than 22 dB. This means that the signal-to-
noise ratio is higher than 32 dB for each received DEQPSK
image.

Unlike other driver warning systems, the proposed radio
communication system uses the DSSS-CDMA technique,
which allows a significant increase in the amount of data
transmitted over the FM radio and increases the robust-
ness of the data signal to natural interference, noise, and
jamming.

In future work, the influence of multipath propagation and
mobility aspects impacting the proposed radio communica-
tion system will be studied.
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