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Abstract

Visible Light Communication paradigm has been ex-
pedited by the fast evolving and deployment of light
emitting diodes (LED), and the possibility to simul-
taneously exploit the communication and illumination,
enabling seamless connectivity based on the lighting in-
frastructure. Synchronization is a big deal in all the
wireless communication systems and the key features
of VL.C paradigm make the synchronization techniques
existing for RF not suitable for VLC.

A novel technique, OSCI-LIGHT based on
Andronov-Hopf oscillators, is proposed in this work in
order to realize an effective synchronization mechanism
in a VLC system. In particular, phase alignment and
robustness towards noise have been tested through
both numerical simulation and experimental results and
a comparison with widely employed synchronization
techniques, based on Phase Locked Loop (PLL), has
been provided. Experimental results show that our
technique outperforms PLL techniques in terms of
noise robustness, showing a proper steady state phase
delay and a lower Synchronization Error Rate, even in
presence of highly noisy environmental conditions.

Keywords
Visible Light Communication, Synchronization, Os-
cillators, Phase Locked Loop

1 Introduction

The research competition on 6G technologies has al-
ready started, even though the 5G technology is just
being deployed worldwide. Visible Light Communica-
tion (VLC) is considered as one of the candidate tech-
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nologies for 6G [26], and it has attracted a tremendous
amount of attention from both academia and indus-
try. VLC paradigm is based on the reuse of common
lighting infrastructures based on Light Emitting Diodes
(LED) [12]. The main purpose, indeed, is adding wire-
less communication data to those systems which are nor-
mally employed for brightening indoor environments,
like lightening systems in buildings, or outdoor envi-
ronments, like street lights and car lamps.

This paradigm has recently started to gain momen-
tum in the research and industry community, for its
efficiency in both terms of overall costs and energy con-
sumption. In addition, since LED luminaries are present
in almost each environment, high-speed data transmis-
sion is expected to be available everywhere. Further-
more, VLC systems aim to guarantee ubiquity require-
ments as requested by next generation wireless net-
works. Even if Visible Light architectures have been
widely studied and developed, especially in last ten
years, some important issues still limit their employ-
ment in real scenarios, and consequently, their full en-
trance in the market.

Noise and interference due to other light sources in
the operative environment could often reach a criti-
cal level, preventing correct communication, especially
in outdoor applications, where sunlight represents the
main issue. In addition, VLC communication suffers in
performing medium and long coverage operations, be-
cause of atmospheric absorption, shadowing, beam dis-
persion etc. The light source produced by LEDs is not
coherent, real and unipolar. Signals are usually imple-
mented using an intensity modulation and direct detec-
tion (IM/DD), and Non-linear clipping makes synchro-
nization hard in these techniques. Most of signal pro-
cessing techniques, typically used in Radio Frequencies
(RF), cannot be transparently adapted for free space
optics operations, required by VLC paradigm.

Synchronization could represent, in many practical
applications, one of the major issues, especially in those
modulations which require an accurate clock alignment
between the transmitter and the receiver.

Pulse Position Modulation (PPM) and its variants,



like Inverse Pulse Position Modulation (IPPM) and
Variable Pulse Position Modulation (VPPM) are widely
used in VLC schemes because of their robustness to
noise. However, since these modulations codify each
symbol, using a specific position of the related time
slot, a strict synchronization is required. Other types
of modulation widely used in VLC for their perfor-
mance, like Orthogonal Frequency Division Multiplex-
ing (OFDM) and Carrierless Amplitude and Phase
Modulation (CAP) need an accurate synchronization,
too. In OFDM, indeed, it is necessary that the frequen-
cies are accurately tracked to ensure that orthogonality
is maintained, and as well as in PPM or in CAP, it is
necessary that the sampling occurs at the correct time
interval to ensure that the samples are synchronized and
data errors are minimized.

An earlier discussion about timing and carrier recov-
ery in optical systems started in late 70’s, in the context
of the novel communication based on optical fibers. The
first discussion, tackling synchronization issues for opti-
cal systems, has been provided in [15], where the authors
examine the effects of imperfect timing in non coherent
direct-detection optical 2PPM. In [7] the authors in-
vestigated the performance of phase-locked loop (PLL)
synchronized optical PPM communication with differ-
ent index. However, since the employment of free space
optics (FSO) for a real scenario has a relative recent his-
tory, related papers started to appear in the beginning
of last decade. As a matter of fact, synchronization is
still an important issue in the VLC systems and has an
important impact on the system’ performance. Based
on these premises, in this work we investigated a new
approach for achieving efficient and effective synchro-
nization in a VLC system based on oscillators.

The main contributions can be summarized as fol-
lows:

e We propose OSCI-LIGHT, a synchronization
method based on Andronov-Hopf oscillators

o We theoretically demonstrate the properties of our
synchronization system in terms of phase alignment
and synchronization time

e« We prove the feasibility and validate the perfor-
mance of our synchronization system, by imple-
menting it in a real test-bed.

In particular, we integrate the approach in an experi-
mental setup and compare the performance with widely
used synchronization approaches based on Phased-
Locked Loop (PLL) methods, proving the superiority
of our approach.

The rest of the paper is organized as follows. In Sec-
tion 2, we revise and discuss the main approaches in
literature for synchronization purpose in VLC. In Sec-
tion 3 we detail the specific architecture in this work
and we explain the specific channel model and mod-
ulation technique considered. In Section 4, we give a
detailed description of the problem from a mathemati-
cal point of view. The synchronization protocol is then

presented in 5. In Section 6 we provide an analysis of

the performance of the synchronization system. Finally,
we conclude the paper in Section 7.

2 Related Works

In this section we revise the most representative re-
sults achieved in terms of synchronization in optical
wireless communication and VLC systems. As high-
lighted in [4], the time domain modulation approaches
adopted in VLC, are extremely sensitive to time syn-
chronization. Indeed, in [4] a mathematical model of
the Bit Error Rate, in presence of clock jitter, has been
presented and the effect of time synchronization for the
IPPM has been evaluated. In [3] some more details
on clock time shift and jitter in terms of BER perfor-
mance are provided and the minimum requirements of
the synchronization system are derived. In [11], poly-
nomial fitting, threshold and under-sampling have been
used to synchronize camera VLC signals, exploiting the
rolling shutter effect of CMOS sensors. In [22], ad hoc
frames are used for synchronizing under-sampled phase
shift ON-OFF keying (UPSOOK) signals. Furthermore,
the problem of synchronization of Carrierless Amplitude
and Phase Modulation in VLC systems, has been dis-
cussed in [2].

Ad hoc frames are also used in [9], for identifying
and synchronizing VLC signals in a multi-modulation
scenario, based on the coexistence of PPM and Pulse
Amplitude Modulation (PAM), with different indexes.

In [25], CMOS sensors are exploited by using a com-
bination of Color Shift Keying (CSK), with a modified
PPM modulation, in order to improve synchronization
for the color detection.

In [29], a low cost time unit has been developed for
synchronizing VLC system. It has been developed and
tested in a low noise and low data rate application. A
similar front-end has been used in [23], for recovering
the carrier of optical signals based on ON-OFF keying.

A serious problem in most of the implementations
mentioned above, is due to slow rate of convergence of
synchronization algorithms and the use of long static
pilot symbols sequences or preambles. In fact, a long
pilot sequence is used from one side to reduce the syn-
chronization error, but it significantly reduces system
performance as well, when channel conditions would be
favorable for a high data rate transmission. Moreover,
it could be not suitable for real time operations, when
channel conditions are not good, because of the need to
employ even longer sequences to contrast noise effects.

Some papers deal with these issues in different ways.
The problem of an adaptive Carrier Recovery in VLC
signals has been studied in [8], where a Learning Ap-
proach based on multi-arm bandit has been exploited
in highly noisy VLC scenarios.

A learning approach is also proposed in [28], where
Golay sequences have been exploited for block synchro-
nization and channel estimation in optical systems with
IM/DD.

Other schemes make use of chaotic models for en-
crypting data and achieving an affordable synchroniza-



tion. Furthermore, these techniques also improve data
security at the physical layer. A chaos synchronization
scheme in the context of VLC, based on the inverse
system approach with Lorenz oscillators, has been pro-
posed in [5], while, a similar scheme, based on a chaotic
Colpitts oscillator, has been developed and numerically
validated in [6] in presence of Multipath Fading. A
nonlinear system has been also exploited for synchro-
nizing underwater vehicles through VLC in [18]. Their
approach has been validated though simulations using
4PPM signals. The last published technique, using a
similar approach for encrypting VLC data, is based on
a Rossler chaotic system and it has been recently consid-
ered in [1], where a simple proportional integral deriva-
tive (PID) controller is used for improving synchroniza-
tion. A novel synchronization algorithm, based on nega-
tive mirror image (NMI) algorithm and using an ad hoc
training sequence, is proposed in [13] for OFDM, while,
in the same scenario, a blind timing synchronization al-
gorithm has been developed in [20]. In last years, some
interesting studies have been focused on the possibility
of using VLC for synchronizing operations in hetero-
geneous wireless sensor networks, where devices which
exploit different technologies coexist and communicate
each other. An implementation in a real scenario, for in-
stance, has been already provided in [19], where VLC is
used to feed, to synchronize time and to deliver the com-
mands to the sensor nodes in an heterogeneous network
for space applications, in the context of Ariane 5 pro-
gram. A different approach, which also deals with syn-
chronization in a heterogeneous architecture via Visible
Light, is proposed in [16], where a De Bruijn sequence
provides a rough estimation of time, using a minimum
amount of information. The employment of VLC in
mixed networks, as well as the entrance in the market
of low cost, flexible and affordable VLC architectures,
could raise, in next years, the interest of the scientific
community to give a more focus on advanced and more
performing synchronization techniques. These recent
research results show the fervent interest on synchro-
nization techniques in VLC and the urgency of robust
synchronization mechanisms able to guarantee high ef-
ficiency in real-time applications.

3 System Model

In this Section, we detail the modules of the archi-
tecture considered for implementing the synchronization
approach, we describe the channel model and the mod-
ulation techniques adopted in this work.

3.1 System Architecture

Our optical communication and signal processing,
shown in Figure 1, is based on two Universal Software
Radio Peripheral (USRP) 2922, a universal platform,
provided by National Instruments, while low frequency
daughter-boards, both provided by Ettus, have been
added in the transmitting and receiving chain in or-
der to allow modulation and demodulation in the range
[0-30 MHz]. A bias tee and a single stage amplifier are
used for allowing Led driving in the proper range. In

addition, an amplifying and conditioning network has
been designed in order to allow the receiving signal to
be correctly detected in the dynamic range of the receiv-
ing USRP. The first amplifier network allows the pho-
todiode to be correctly polarized and the signal to be
in the correct range for the second amplifying network,
which performs the high gain trans-impedance amplifi-
cation. An additive DC block capacitor mitigates the
high DC component due to amplifiers, in order to avoid
saturation of the USRP receiver. A 12V power sup-
ply feeds both the amplifiers. Uplink communication
is performed using Arduino Uno and it is only used to
exchange feedback messages, potentially allowing adap-
tive operations. In order to reduce hardware costs and
improve system flexibility, most of signal processing op-
eration (i.e. signal generation, filtering, modulation, de-
modulation, time recovering and data evaluation) are
performed via software, using the commercial software
Labview for the main communication and the Arduino
IDE for feedback communication. Obviously, all syn-
chronization operations have been implemented in soft-
ware for all the described configurations.

TX OPTICAL RX OPTICAL
FRONTEND ™ = ™ " == * == ¢ == ¢ == ¢ = o = o o > FRONT END
Optical Channel
T SMA cables (downlink) SMA cables 1
LFTX LFRX
DAUGHTERBOARD DAUGHTERBOARD
USRP USRP
MOTHERBOARD MOTHERBOARD
I Gibabit Ethernet Gibabit Ethernet 1
TXPC RX PC
(GNURADIO-LABVIEW) (GNURADIO-LABVIEW)
t Serial port Serial port 1
ARDUINO ARDUINO
(IDE) (IDE)
T Jump wires Optical Channel Jump wires 1
RX OPTICAL (Uplink) TX OPTICAL
FRONTEND [@* == = mm = mm o mm = s 2 om0 mm o s = FRONT END

Figure 1. System Architecture

3.2 Channel Model

The ratio between the optical radiated power in the
main direction Prgp, and the received optical power at
a certain distance d can be modeled by considering the
LED as a Lambertian source [12]. Indeed, assuming -
3dB beam width of the LED equal to ¢_34p, received
power can be calculated as follows :

(m+1)A

oM O)TW)ew) (1)

PRopt = PTopt
being:
o A the effective area of the photodiode;
e d the distance between transmitter and receiver;

e ¢ the angle of irradiance with respect to the axis
normal to the transmitter surface;



e 9 the angle of incidence with respect to the axis
normal to the receiver surface;

o T(v) the gain of optical filter;
e G(v) the receiver optical concentrator gain;

e m the order of the Lambertian Radiation
In particular, Lambertian order is calculated as follows

In2

m=-———— 2
n{cos(6_5ap)) @

while the gain of the optical concentrator can be calcu-

lated, starting by its refraction index n and by the field

of view of the receiver v, as follows:

- (3)

sin®(¥o)

3.3 Modulation technique
The modulation schemes we consider in this work
are 2-, 4-, 8-, 16- Pulse Position Modulation, in order
to achieve high reliability at the expense of transmission
rate, especially when higher modulation indexes are em-
ployed. PPM signaling is represented by the following

relationship

salt) = a(t - AT) (4)

where x is the transmitted signal, A, describes the de-
lay ranging from 0 to M —1 as multiple integer of T},
elementary delay equating, at least, the pulse length in
order to grant orthogonality among PPM symbols. In
our implementation, we considered that each PPM sym-
bol presents an intensity equating P™2#* so the energy
among a PPM symbol is Eppps = P™* /MT,.
4 Problem statement

In this work, we rely on the property of periodic sig-
nal that can be related with an oscillator output i.e.,
a dynamical system whose state performs periodical
movements. In particular, we focus on Andronov-Hopf
oscillator, where among the several periodic trajectories,
each is locally attracting/repulsing and forms a limit cy-
cle.

The Andronov-Hop can be described as:

i(t) = Az (t) + wk(1— |zi () [z (t) + 65(t), t > 0, (5)

0 w
=% 0):

for all ¢« € N* (the set of nonzero positive integers),
where x;(t) = (zi1(t) 42 (t))T € R? is the state of the
ith oscillator; d;(t) € R? is an external (bounded) input;
w > 0 is the oscillation frequency; k > 0 is the attrac-
tion gain and |-| is the Euclidean norm on R2. For
0; =0, for all 4 € N*, this oscillator has its limit cycle
on the unit circle with |z;| = 1, where all solutions are
harmonic signals of frequency w, as demonstrated in the
Appendix of [27]. An unstable equiilibrium is identified
in the origin. For any bounded input d;, the trajectories
of (5) stay bounded approaching a vicinity of the limit

cycle (or the origin), whose size is proportional to the
amplitude of the input.

The oscillators in (5) can then model both the trans-
mitter and the receiver with ¢ =1 and ¢ = 2, respectively,
with trajectories on the limit cycle having different ini-
tial conditions and §; = 0. Let

yl(t) = h(l‘i(t)), t>0,

be the pulse generated by the oscillators for a suitably
defined function h. Then the signal y; is sent by the
transmitter, corrupted by a bounded noise v(t) € R sig-
nal, and recovered by the receiver is

y(t) =y1(t) +o(t).

An example of such an output map is

h@>={g

where a >0 and b € (-3, ) are parameters regulating
the amplitude and the pulse width, respectively, or

(€)= a(b—tanh (x(1+£1))), (7)

where a, b > 0 determine the amplitude and x > 0 pa-
rameterizes the pulse width.

By guaranteeing that y2(t) — y1(¢) using the mea-
surements of y(t), we achieve the objective of the syn-
chronization protocol.

Such an issue can be classified as the phase synchro-
nization between oscillators (the phase determines the
position of the trajectories z;(t) on the limit cycle). If
we introduce the synchronization error e = x1 — a2 =

if arcsin(§1) > b

_ T 9
if arcsin(gl) <b’ £= (51 52) € R”, (6)

(e1 eQ)T € R?, then the posed problem can be formu-
lated as a robust (concerning the noise v) stabilization
of e.

5 Synchronization protocols

In this work, we consider a simple scheme of synchro-
nization, based on the injection of a direct synchroniza-
tion error in the receivers as follows:

02(t) = L(y(t) —y2(t)) = L(y1(t) = y2(t) + (1)), (8)

where L € R? is the coupling gain.

In literature is demonstrated that with a small noise
measured, it is possible to apply the pulse synchroniza-
tion theory [14]). It is mainly based on a phase dy-
namics analysis with the output as (6). By considering
the phase response curve (PRC) approach, it is possible
to analyze the pulse response, since the oscillator phase
dynamics is one-dimensional, independently of the di-
mension of the state-space vector.

The synchronization problem becomes complicated if
the measurement noise is significant and if the measured
signal y has a shape severely deviated from a pulse. In
such a case, a continuous output function as in (7) can
be used.

Hence, we have the following result for (5) (denote
by I, the identity matrix of dimension n xn and by
Amin(P) the minimum eigenvalue of a real symmetric



matrix P € R™*™):

THEOREM 1. Consider two oscillators (5) with 61 =0
and d2 given in (8) where the output (7) is used. Assume
|z;(0)] =1 for i =1, 2. Suppose there exists

0<P=P" eR?*2

LeR? a>0,p>0 and~y>0
such that
(A—BLC)T P+ P(A—BLC)+0oCTC < —2aP,
—PL=CT=[10]"T, P<~Iy,

2
0=2 <7+p> |L|2a2/@2,
o  wk
where

e1 <tanh (k(l+x11 —e1) —tanh (k(1+2x11)) — fel> <0
(9)

for any x11 € [-1,1], any |e1| < 2.15 and some 3 € R.
If the measurement noise admits a known upper bound
7>0 (so |v(t)] <v for allt>0) and

ol
w?k?

1
4a® +7%) < —
U +7) < 75
then the synchronization error e stays bounded and

Amj(P) B+ )

lim |e(t)| <

< |L|v.
t——4o00 . pwk
aming 1, ——
2ywk + ap

PROOF. Since |z1(0)] =1 and 6; =0, then |z1(¢)| =1
for all ¢ >0, due to Lemma in the Appendix in [27].
Next, the proof is divided into three steps: first, the be-
havior of the driven system (5) with ¢ = 2 is evaluated,
and the boundedness of x5 is shown. Second, the stabil-
ity of the synchronization error e is investigated. Third,
the composed dynamics is analyzed, showing that the
systems are synchronized on the unit cycle with the er-
ror proportional to the amplitude of the measurement
noise.

1) Following the proof of Lemma in Appendix [27],
consider the Lyapunov function

W(z2) = = (1 |wof?)?

N =

for the driven system, whose derivative for the dynamics
of (5) with ¢ = 2 admits an estimate:

. 1
w < —wk}(l—‘$2|2)2|$2|2+R(5;(52.

Note that
5302 = (p1+v—y2) LT L(y1+v—y2)
< 20 —yz)TLTL(yl —y2) +2’UTLTLU
= 24? (tanh(k(1 +221)) —tanh(k(1 +211))) LT
x L(tanh(k(1 + x21)) — tanh(k(1 +211)))
+20" LT Lo.
Since

(tanh(k(1+z91)) — tanh(k(1+211)))* < K2(z21 —211)2
< 5261—617
for all 11, x21 € Rand e; =11 —x21, finally we obtain:

2 a2n261r61 +oTo

W < —wk(1— |z2|?)?|z2]? +2|L] —

(10)
From another side,

5;(52 < 20 —yQ)TLTL(yl —y2) +20" LT Lw

< 2L ((yl —y2) " (y1—y2) +UTU)
< 2|L]*(4a% +7?),
hence,
i o2 2, 2L o
W < —wk(1 —|z2|?)*|x2|” + ok (4a”+v7), (11)
and it is straightforward to check that if
211 o, oy 1
w2k (a”+77) < 8’

then the set
X ={z9 € R?: V0.5 < |o] < 1.144}

is forward invariant for the driven system. Therefore,
z2(t) € X for all t > 0 since x2(0) € X, which also leads
to the constraint:

le(t)] < 2.144, V¢ > 0.

2) The dynamics of the estimation error e can be
written as
¢ = Ae—wk(l— |z} — Ly +v—12)
= (A—BLO)e—wk(l—|za|*)as
—L(y1 —y2 — BCe) — Lv
with $ € R given in the theorem’s statement. Consider

a Lyapunov function for the synchronization error dy-
namics:

V(e)=e' Pe,

where the matrix P is defined in the formulation of
the theorem. Its derivative takes the form (recall that
—e"PL(y1 —y2 — fCe) < 0 by the imposed condition
(9)):



V < —2ae' Pe— geTC’TC’e
—2¢7 P (wk(1— |22} 22 + L(y1 —y2 — SCe) + Lv)
< —2ae'Pe—pe'CTCe—2e¢" P (wk‘(l — |x2|2)x2 —|—Lv)
< —ae' Pe—ge' CTCe
2
+- (w2k2(1 — |z2)?)%2y Pxy —l—vTLTPLv)
a
—o0e'CTCe

2
+§(oﬂk?(l—|x2|2)2|x2|2+|L\2vTv). (12)

< —ae! Pe

3) Finally, for given p > 0, introduce a Lyapunov
function

Ule,w3) =V(e)+ (ijwk-i-p) W (z2),

then according to the derived estimates (10) and (12)
we obtain (recall that /0.5 < |z2|):

U < —ae' Pe— pwk(1 —|x2)?)? |z

+2|L[? <3l+%)UT’U
< —ae' Pe—0.5pwk(1— |22]?)? —|—2|L|2( - %) vl
k
< —amin 1,L U+2|L\2< )
2vwk + ap

which implies the result. [

If (9) is verified for smaller values of ej, then the ob-
tained result holds locally in the synchronization error.
The introduced in this theorem linear matrix inequali-
ties can be simplified at the price of a less precision esti-
mate for the asymptotic behavior of the synchronization
error:

COROLLARY 1. Consider two oscillators (5) with 61 =
0 and d2 given in (8) where the output (7) is used. As-
sume |x;(0)| =1 fori=1, 2. Suppose there exist

0<P=P" eR**?

LeR%, a>0,p>0 andy>0
such that
(A—BLC) P+ P(A—-BLC) < —2aP,
—PL=C"=[10]", P <y,
with (9) for any x11 € [—1,1], any |e1]| < 2.15 and some
B €R. Assume that the measurement noise admits a

known upper bound T >0 (so |v(t)] <T for all t >0),
and

(4a® +7%) <

1
2k2 16

Then the synchronization error e stays bounded and

i p

- 3i -
Amin (P) ( o * wk)
pwk )
2wk 4+ ap

|L|(T+2a).
amin{l,

PrROOF. The proof follows the line of the main re-
sult, but instead of using (10) we will apply (11), and
since the matrix inequalities have been modified for the
derivative of Lyapunov function V' the following inequal-
ity can be obtained:

. 2
VS—aeTPe+g(w2k2(1—|x2| )2|a2|? +|LI*07) .
(13)

For given p > 0, applying the derived estimates (11)
and (13) to the derivative of the Lyapunov function U
we have:

U< —ae' Pe— pwk(l—|z2]?)?|z2)?
37 P\ 2 2y P o
L2 ([ =+ 5 4(—+—
+21L1 ((a+wk>v + (a+wk)a

k
< —amin 1,L U
2vwk+ap

+2|L? <(37 + pk> (7 +4a2)) ,

which implies the result. [J

The derived estimates on the asymptotic behavior of
the synchronization error are rather conservative (which
is a frequent issue in the analysis of nonlinear systems).
However, the actual precision of the synchronization
scheme is much better, as we are going to demonstrate
through its application.

6 Performance Evaluation

In this section we demonstrate the feasibility of the
synchronization technique explained in the previous sec-
tion, by integrating it in the setup described in section
3. We compare the proposed synchronization method
with PLL and modified PLL methods.

6.1 Time Domain

Using the setup described above, we evaluated the
convergence time, namely the time, starting from the
first received sample of the synchronization frame, in
which the phase of the output signal is correctly locked
to the one of the received sequence. Two different PLL
schemes, typically considered by the literature, have
been implemented and compared to our technique. In
the first implementation, the PLL stage is simply com-
posed of an oscillator, which generates a periodic sig-
nal, and a phase detector, which compares the phase
of that signal with the phase of the input periodic sig-
nal, adjusting the oscillator to keep the phases matched
[21]. The second implementation, a Multiple Voltage



Control Oscillator, including an optimum Time Vary
ing Filtering stage has been considered [17]. In Fig. 2
3, 4 and 5, it is shown the time domain behavior of in
put sequence and the output of the synchronizing blocl
for 2PPM, 4PPM, 8PPM and 16PPM. We repeated the
same evaluation, considering the same environmenta
scenario (SNR=10dB) and the same system parameter:
(pulse time 7 = 50ms and sample time t; = 500ns) for
our technique and both PLL configurations. We con
sidered an observation interval composed of the first 1(
Symbol times of the synchronization frame.

Proposed Techmque
‘ mi | L1 T

received synchro sequence
[ output signal
Ii\ ” “ T -
"

0 1 2 3 4 5 8 9
Time (s) «10™

PLL with Mulhpller Phase Detector
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Figure 2. Starting Symbols of Synchronization
Sequence for 2PPM Modulation Scheme

We notice how, for 2PPM and 4PPM synchronization
frames, modified PPL scheme converges some symbols
faster than our technique and the basic PPL scheme.
Anyway, the difference is not so relevant in practical
applications, since a frame of a certain duration (at
least ten symbols) is always needed in order to avoid
misunderstanding between starting frame symbols, data
and eventually end sequences. In this case, since the
difference is few symbol times, convergence is reached
without need of additional time in all three configura-
tions. We also notice how our technique outperform
basic PLL in terms of noise tolerance and both tech-
niques in terms of quality of the pulse shape, which ap-
pears quite distorted in the other techniques. This as-
pect becomes more evident when the distance between
pulses increases, namely for higher modulation indexes.
In addition, for 8PPM and 16PPM, convergence times
are similar for all the configurations. Another impor-
tant aspect is the steady state phase error, which is
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a permanent nonalignment between the input and the
output signal once the phase has been locked, reducing
the robustness of the synchronization and data recover-
ing, especially if other phenomena, like clock shifts and
phase noise occur during data communication. In order
to evaluate, in a qualitative way, phase shift between
input and output data, we show the behavior of syn-
chronization block, for all the configurations, once the
signal has correctly converged. We chose an observation
time in the range between 20 and 30 time symbols after
the first transmission.

In this case, our technique overcomes the other two
techniques for all the modulation schemes, showing a
very precise phase alignment between the input and the
output of the synchronizing block.

6.2 Evaluation of Synchronization Error
Probability

In order to quantitatively evaluate the performance of
the proposed technique and provide a comparison with
existing techniques based on PLL, we have performed
a suite of targeted tests using both numerically gen-
erated signals and tested on a real VLC architecture,
employing optical signals based on PPM with different
indexes. In particular, we tested the effectiveness of
our technique, employing synchronization frames based
on 2, 4, 8 and 16 PPM. For simplicity, we considered
in our tests a frame composed by a continuous trans-
mission of the first symbol of the corresponding PPM
modulation, in order to maintain the periodicity of the
overall synchronization signal. We further estimated the
Synchronization Error Probability, namely the percent-
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age of synchronization frames which are not correctly
decoded by the receiver, because of nonalignment be-
tween the frame and the output signal or because of the
high level of environmental noise. In particular, being
7 the duration of each pulse, an error occurs when the
signal in output to the receiver is delayed by the trans-
mitted signal by a quantity greater than 7/2. In this
case, the position of all synchronization pulses can not
be correctly received, and consequently, all the following
user data are corrupted. Since we use PPM waveforms
for codifying both synchronization sequence and user
data, the estimation of Synchronization Error Probabil-
ity is the same of the one which is employed for esti-
mating BER, in PPM systems [10]. An extended suite
of experimental tests has been provided, and a limited
amount of data (equal to 1Msamples) has been collected
for each test. However, in order to measure with high
precision synchronization error, a very long observation
should be set. For that reason, we estimate the BER
using a semi-analytic technique, starting by measured
received signals, instead of directly counting the error
occurrences. The first step is the estimation of Signal
to Noise Ratio (SNR), which is defined as the power of
a signal of interest divided by the power of the noise
affecting the system. In our case, we consider two main
contributions which characterize received signal:

e The power associated to the signal of interest, S, is
the power of PPM modulated signal received by the
optical front-end, which allows the reconstruction
of useful information.

¢ The power associated to the overall noise, N is con-
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stituted by the shot noise (generated by the LED
itself) and the thermal noise (generated by the am-
plifiers and the other components in the receiver)
[11].

So, we can express SNR as:

s
NR=— 14
SNR=2 (14)

For having an immediate synchronization and a com-
fortable analysis, in all the modulation schemes we used,
we transmitted repeatedly the first symbol of the re-
lated alphabet. In particular, when 2PPM modulation
is tested, a repetition of the symbol 0 is transmitted; in
the same way, for the 4PPM the symbol 00, for 8 PPM
the symbol 000 and for the 16PPM the symbol 0000 are
transmitted. In this case, the useful signal is composed
by a train of peaks, each peak delayed of a quantity 7',
equal to the symbol time. Being M the order of mod-
ulation and 7 the duration of each pulse, symbol time
can be expressed as:

T=Mr (15)

In order to obtain an estimation of the power associated
to the useful signal in the whole transmitting time, we
integrate the received x(t) signal in the interval where
the signaling pulse is supposed to be, and we consider
an average between the power associated to all the re-
ceived pulses. Being P the total number of transmitted
symbols (and transmitted pulses), and p the index of
each symbol, we estimate the power associated to the
signal as:
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All the power associated to the received signal, which

falls outside one of the time slots [pT,pT +7],7 € [0,P —

1], contributes to increase the term N. The estimation of

the average power associated to noise and interference,
becomes:

(16)

P 11 (p+1)T 2
dt

Since both thermal and shot noise, compounding the
term N, follow a Gaussian behavior [12], the analytic de-
scription of BER can be analytically estimated [24]. As
explained before, this error is equal to Synchronization
Probability Error P. of the known sequence received
using the same modulation and the same system pa-
rameters. Since multiple AWGN components (i.e. shot
noise, thermal noise) can be observed, we can consider
total noise variance as the summation of individual noise
variances due to properties of the Gaussian distribution
[24]. According to this assumption, we can process the
estimation of the effects of noise on Synchronization Er-
ror in the same way if we treat a Gaussian noise. The
overall Synchronization Error is calculated, starting by
SNR, as follows:

1 1 M
P.= ferfc(—QV NR?loggM) (18)
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being erfc the operator corresponding to the Comple-
mentary Error Function, namely:

erfe(z) = /090 et dt (19)

Even if this technique represents an approximation
of the exact Synchronization Error Probability, it is re-
ally useful for having a fast estimation, suitable for real
time operations. Indeed, the quantity of data needed
for obtaining P, in this way is much lower than the one
necessary for a direct counting of incorrect symbols. A
comparison between the three techniques, and a com-
parison between simulated data, obtained by properly
exploiting the channel model and measured data, is pro-
posed in Fig. 10 and Fig. 11, where steady state phase
delay and Estimated Synchronization Error Probability
are shown for a 16PPM modulation, considering a pulse
duration of 50 microseconds and a sample rate of 500
nanoseconds. Different environmental conditions have
been taken into consideration in order to evaluate the
robustness to noise of our technique.

The overall behavior of experimental data mainly fol-
lows the numerical model. Small bias effects, having no
practical relevance, are due to some additive errors in
the real scenario, due to imperfections and non linear-
ity in optical components, amplifiers etc. In both cases,
our technique outperforms PLL techniques in terms of
noise robustness, showing a proper phase delay and a
lower Synchronization Error Rate for all the value of
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input SNR. Similar results have been obtained for the
other modulation schemes. Since all the parameters, in
all the three techniques, have been optimized for a pulse
duration equal to 100 microseconds, a further analysis
has been performed varying this value, and considering
a strong noise component, which causes an input signal
to noise ratio equal to 5 dB. Estimated Synchronization
Probability is shown in Fig 12, where all the four PPM
modulations have been considered for each one of the
synchronization techniques.

In this last figure, we notice how for higher values
of modulation index our system outperforms the other
techniques, showing a larger bandwidth behavior. How-
ever, when the modulation index decreases, bandwidth
limitation due to the poor sample rate of the consid-
ered hardware, degrade the signal for all the three tech-
niques, preventing the correct calculation of output sig-
nal in our technique, since too few sample per pulse
are provided in the receiving signal. In any case, our
synchronization approach outperforms the other tech-
niques, showing a more robust behavior also in high
noise conditions.

7 Conclusions

The problem of signal synchronization in Visible
Light Communication has been faced in this work. In
particular, a novel technique, OSCI-LIGHT based on
the exploitation of Andronov-Hopf oscillators has been
proposed and analytically described. An optical Soft-
ware Defined Platform, based on USRP, Arduino and
low cost optical transceivers, has been developed and
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exploited in order to test the effectiveness of our ap-
proach. A comparison between our technique, a single
stage and a multiple stage PLL has been shown. We
considered, in our experimental campaign, Pulse Posi-
tion Modulation with different indexes as transmitting
signal and different noise conditions, in order to test
the robustness of the approach also in difficult environ-
mental conditions. Experimental results show a proper
convergence of synchronization technique, comparable
to the one performed by PLL techniques, but an im-
proved robustness to noise and better performance in
terms of steady state phase error and synchronization
error probability.
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