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Abstract — This paper focusses on a novel optical fiber
transmission system, with application on human ECG
signal. Its novelty relies on the use of a simple and high-
quality DCM (duty-cycle modulation) circuit as the
emitting interface. Then, the receiving device is a simple
low-pass filter. A brief literature review on existing
optical transmission systems is presented, for the sake of
better understanding the scientific scope of the proposed
optical signal transmission system. In addition, the
corresponding architectural model is designed from a
mix of analytical and advanced numerical tools.
Furthermore, a prototyping DCM-based optical fiber
transmission system, is implemented and well tested
within Matlab/Simulink framework. As a relevant
finding, when testing the transmission of an ECG
modulating signal, the overall performance levels (e.g.,
SNR = 30 dB and RMS = 0.07), as well as the related
hardware complexity and building cost, are more
satisfactory compared to the capabilities of most
popular optical fiber transmission systems. Thus, the
DCM technology, might become an attractive and
emerging research area, for the manufacturing of high
quality and low-cost optical fiber signal transmission
systems.

Keywords- optical fiber; Transmission system; ECG
signal, duty-cycle modulation; design and simulation.

. INTRODUCTION

Among most available signal ~modulation
techniques, the Duty Cycle Modulation (DCM) is one
of the latest issues initiated since 2005 [1]. A few
years ago, it was the subject of a review article [2], in
which the authors presented a variety of its main
application areas. A sample of relevant examples are:
analog-to-digital converters [3-5], digital-to-analog
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converters [6-8], and power electronics drivers [9-14].
In the same pioneering paper [2], the authors stated
that 6% of published research works were related to
DCM-based signal transmission systems [15-16].
However, in all the research works presented in [15-
16], the physical transmission media, considered
between the emitter and the receiver, was an electrical
line.

As a merit, the idea of using an optical signal
transmission channel, with low cost DCM-based
interfacing emitter and receiver, might brought an
innovative architecture, in optical fiber signal
transmission systems.

On the basis of this observation, a special look
might be taken on existing optical fiber signal
transmission architectures. Indeed, they involve
complex encoders for ON/OFF formatting of the
binary message to be transmitted. As a result, the most
widely used codes in optical communication are [17-
18], Return to Zero (RZ), Non-Return to Zero (NRZ)
and Manchester codes. In addition, they are associated
with several signal modulation techniques, in order to
increase transmission rates and quality [18-20].
Moreover, depending on the modulation technique of
the light beam (direct or external), their demodulation
circuits are quite complex. A widely used method is
based on the use of PIN (P intrinsic N type) photo-
diode, for coherent or incoherent detection [21] of
signals for which either a local receiving oscillator is
required, or a carrier envelope detection circuit is used.
It follows that, for the transmission of analogical
signals using optic fiber technology, numerous
elements are required, including ADC, shaping circuit,
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signal modulator, receiver (coherent or non-coherent),
and more.

As it will be outlined later in Section Il, these
aforementioned weaknesses might explain the relevant
merits of using DCM techniques, in optical signal
transmissions systems, as it will be investigated in
next sections of this paper.

The target modulating signal to be considered in
this paper, is the human Electrocardiograms (ECG).
Our choice relies on the fact that many research works
available on ECG signals transmission, are mainly
focused on popular modern technologies, e.g.,
Telephone Network [21], Bluetooth [22], Wireless
[23-24], Mobile Network [25-26], and Internet of
Things [27-28]. In addition, it is worth noting that in a
distributed  signal  transmission  network, the
aforementioned modem transmission technologies,
might coexist with DCM-based optical fiber channels.
Each of which been dedicated to a target transmission
sector, where its use is optimal in terms of building

building cost, and quality requirements. The relevant
results obtained in the present work show the high
transmission and reconstruction qualities of ECG
waves.

The next section of this paper is organized as
follows: In Section 11, the methodology and tools used
for the design and simulation of the DCM-based
optical transmission system, is presented. Then, in
Section Ill, the implementation works under
Matlab/Simulink are outlined, and the simulation
results are provided in section VI, and compared to
those from existing optical transmission systems.
Finally, the paper is concluded in Section V.

Il.  DESIGN METHODOLOGY AND TOOLS

The architecture of the optical transmission system
proposed in this paper is shown in Figure 1. It consists
of four subsystems, i.e., a) Duty-cycle modulator; b)
Optical transmission channel, ¢) Conformer; d) Low-
pass filter used as demodulator.

Figure 1. Schematic model of the proposed transmission system
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The ECG signal consists of a variety of electrical
waves identified on its graphical profile, by a set of
corresponding symbols, e.g., P (depolarization of the
right and left atria), QRS (depolarization of the
ventricles), and T (ventricular repolarization). Figure 2
shows a typical waveform of a GCE signal.

Figure 2. Graph of a virtual ECG signal and characteristic points
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In practice, the characteristic quantities of an ECG
signal vary from one person to another, and its
interpretation is related to its intrinsic wave length.
Therefore, its power spectral density varies according
to the morphology of the signal. Following [29], this
density is distributed in the frequency range 2-40 Hz.
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B. Duty Cycle Modulator

The duty-cycle modulator belongs to the class of
simple modulator circuits initiated and developed in
[1]. The waveform of the duty-cycle modulated output
signal is shown in Figure 3.

It behaves as a controlled relaxation oscillator,
with control variable as the modulating input. Its well-
known dynamic model, available in [3], is recalled in
equation (1) given (2).

Figure 3: Duty cycle modulated signal profile
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It is important also to recall on the basis of
research works published in the literature, that a DCM
signal denoted xm(t) and its relevant characteristics,
i.e., duty cycle Rm(x(t)), modulation period Tor(X(t)),
and positive pulse duration Tm(X(t)), are described as
follows ([3-5]).
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The exact analytical expression of the duty-cycle
modulation Rm(x(t)), originally established in [1],
appears to be an intricate nonlinear function of x.
However, it has been proved that it is always possible
to find its excellent linear approximation, in terms of
precision and modulating range. As an available result,
the equivalent linearized model of Rn(Xx(t)) defined
earlier in Equation (3), is given in [ 3], by

R, (x() = pmx(t)+%, with p, =

From equations (1) to (6), it can be seen that the
modulating signal can be restored correctly using a
suitable dimensioned low-pass filter. A static filter
with gain given by (7) has been established in [15].

1
2p,E

(6)

f

When the signal is modulated, it can be transmitted
through the optical fiber canal. The effects of
disturbance sources (laser, optical fiber and
photoreceptor) on the modulated signal, might be the
be cutoff by a downstream filter.

C. Optical Fiber Transmission

It is assumed here that a single optical fiber
channel, has a maximum transmission rate of
1Mbits/s. In addition, the great emphasis here is more
on attenuation and chromatic dispersion [30]. We
have introduced also at the end of the transmission

channel, noise effects from optical line and electronic
components.

The block diagram of the proposed optical
transmission system shown in Fig. 4, is based on the
works found in [30], [31], and is dimensioned
according to IUT-T-G-652. It involves many physical
quantities, e.g., standard attenuation, specific
attenuation, chromatic dispersion, component noise
power, and noise power. The standard attenuation
denoted ags is given by equation (8),

Rn
ay, =10log,, = )

out

where, Pin stands for the transmitted power and Poyt r
being the received power.

The specific attenuation denoted ags (in dB/Km)
can be defined by (9), as a linear function of a
standard attenuation aggs (in dB).

Ay, =84, I L (8)

The chromatic dispersion Diink (in ps/nm), as given
by (10), is calculated from the chromatic dispersion
coefficients Dissoat 1550 nm, provided by the optical
fiber manufacturer.

Diine = Liink Disso %)

The noise power component is the sum of powers
due to shooting and thermal noises respectively. Both
powers to be summed are defined in (11).

{Power of shot noise =i 2R, = [Ze(ld +Iph)B} R (10)

Power of thermal noise in R, = 4k, TBF,

The parameters containing in (11) are: R. (load
resistance); e (charge of an electron); i, (noise
current), lg (dark current), Ion (current produced by the
light beam), kg (Boltzmann Constant), T (temperature
in Kelvin), B (bandwidth) and F, (noise factor).

Finally, the total noise power is given by (12).
P =[ 2¢(1s+1 ) B R +4k, TBFn (11

D. Active Low-Pass Filter

It is the demodulation module and consists of a
second order low-pass filter, use for extracting the
modulating ECG signal, which is encapsulated in the
transmitted wave. Its transfer function defined in [32],
is recalled here by (13).

f(5) = - i (12)

X RRC.CS +(RC, +R,C, +(-K,RC, )s+1

Where K, :1+% (static gain), should be equal to (7),

according to (14).
R
K, =1+—== 1 (13)
RG 2 pm E

Equation (13) can be formulated as follows [3]:
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In which case, the natural frequency o, (in rad/s) can
be expressed as outlined by (16), as a function of &
(damping factor of the filter) and fc (cut-off frequency
of the filter) [3].

2rf

C
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J1-28% + s —ag +2

The set of equations (13)-(16), are useful for a better
understanding of the DCM principle, within the
DCM-based optical fiber transmission topology
studied in this paper.

(15)

I1l.  IMPLEMENTATION AND SIMULATION OF A
PROTOTYPING TRANSMISSION SYSTEM FOR EGC WAVE

A. Matlab/Simulink Model

Matlab/Simulink model of the novel transmission
system presented earlier in Figure 1 as a schematic
diagram object, has been implemented under
Matlab/Simulink framework as shown in Figure 4.

Table | shows the simulation data associated with
a prototyping DCM-based optical fiber transmission
system of ECG waves. The ECG source is an
ECGSYN generator available in Matlab 2017a.
Additional information about could be found in [33].

In addition, the duty cycle modulator model results
from a direct transcription of the set of algebraic
equations (1), using corresponding Matlab/Simulink
blocks. Furthermore, the work carried out in [34] has
been necessary for the optimization of DCM
parameters. It is worth noting that Matlab/Simulink is
equipped with a wide range of tools, allowing to
appropriately model an optical fiber transmission
channel according to a behavior dictated by equations
(8)-(12). Finally, the demodulator is implemented as a
transfer function block, with characteristics resulting
from (13)-(16).

B. Virtual Simulation Data

Table 1 lists all parameters used for the simulation
of the proposed system, and Figure 6 shows the output
signals of each subsystem of the proposed
transmission system. Using these parameters, the
values of the electronic components of the proposed
system are deduced in accordance with equation (2)
(13) (15) and Figure 1. For the DCM: R = 1.5KQ, C =
1.1587nF, R1 = 10KQ, R2= 60KQ, Rb = 100Q, Rp=
220Q. For analog receiver: Re= 1MQ, Ce= 0.01pF,
Rc= 490Q, Rd= 10Q, R3= 17.949KQ, R4=
145.48KQ, R5=1.2477MQ, R6= 188.06KQ, C2=
C3=10nF. An operational amplifier with a slew rate =
1000V/us is used.

Figure 4: Matlab/Simulink model of the proposed DCM-based optimal fiber transmission system
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TABLE I. SIMULATION DATA
Subsystem Elements operated Corresponding
parameters
ECG source ECGSYN -
generator
o=
0.142857142857143
fm0= 1 Mhz fmin _
Duty-cycle =0.9 Mhz 02~
modulator E=5V 0.857142857142857
Xmax=4V 1=RC=
1.738029748389667*
10-06
L=50km

Ogbskm = 0.28 db/km

T=1550nm

Diss0=17ps/nm.km agp =14 db
trags‘?gi(;ilion Iph =1A Doc = 850 ps/nm

1d =0.5*10°A Proise = 6.4*104 W

B = 40Ghz; R =50KQ

T=300K; Fp=1

Receiver gain = 20dB

Pm=
0.086901487419555 W=
1.956946598924920 *
Demodulation fc=110Hzand &= 103rad/s
low-pass filter 1.5726 ‘
- f =
Shapln% t{lr\tishold = 1.150728289807124

IV. SIMULATION RESULTS AND DISCUSSIONS
Figure 5 shows the set of signals involved.

A. Time-domain analysis results and discussions

DCM-based optical fiber ECG transmission
system. It is clear from Figure 5c¢ and Figure 5c, that
DCM modulated signals are affected by noise,
through the optical fiber channel. However, the shape
of the DCM modulated signal is unchanged. Even
under the noisy transmission condition, Figure 5c
shows that, the ECG wave is reconstituted with high
precision, by the downstream demolition filter. In the
appendix, we present the results obtained using
electronic components of Matlab Simscape platform.

B. Frequency Domain Analysis Results and
Discussions

Figure 7 presents the results of digital signal-to-
noise ratio (SNR) analysis, of signals visualized
above in Figures 5a-5d respectively. In this context,
the SNR is only meaningful, for the modulating input
(Figure 7a) and demodulated response (Figure 7d). In
both cases, the resulting spectra are quite similar, and
the computed SNR is 30 dB. This is a very good
performance compared to that of some existing
optical fiber transmission topologies, as it will be
pointed out in the next subsection. Moreover, the
value of the RMS error is less than 0.0695907.

=3
—

Figure 5: Signals from the virtual prototype of the proposed
transmission system
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Figure 7: Power spectra of the signals in Figure 5
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Even in term of quality, the DCM-based solution
remains a very attractive candidate. Indeed, in [39],
the SNR performance is 7 dB for the transmission
channel, with a BER of 1.5 x 10-5. Similarly, in [40],
the SNR for ECG signal transmitted via a Bluetooth
link is in the order of 26 dB. These indicators levels
are significantly lower, compared to 30 dB SNR
obtained in this paper.

C. Comparison Of DCM-Based Optical ECG
Transmission Systems with Other Architectures

A first comparison criterion between optical ECG
transmission systems, is the hardware architecture of
the transmitter and receiver circuitries. Table Il
presents a comparison of a sample of existing optical
transmission architectures, with the novel building
scheme initiated in this paper. It is worth noting in
Table Il that the hardware architectures offered by all
optical fiber transmission systems, are notoriously
complex [35-38]. As an implication, our novel DCM-
based optical fiber transmission architecture is
optimal in terms of structural simplicity, analytically
defined characteristics, ease of understanding, as well
as low realization cost.

CONCLUSION

The simulation results presented in this paper, has
proved the feasibility, as well as high qualities and
impact factor, of the proposed DCM-based optical
fiber signal transmission architecture. However, a
number of additional future research works, will be
conducted in order to transform that novel signal
transmission architecture, into social an industrial
reality. As an implication, it will be interesting in
future scientific works to realize a first patentable
prototype. Moreover, given a wide variety of human
biological signals, e.g., ECG, EMG, EPG, temperature
and voice, it would be fruitful to extend the actual
single channel architecture, to multichannel optical
fiber transmission topology. Finally, it will be more
beneficial to interconnect DCM-based optical fiber
transmission system, with latest digital communication
network technologies.

TABLE Il. HARDWARE COMPARISON WITH A SAMPLE OF EXISTING TOPLOGIES OF OPTICAL TRANSMITTER AND DCM
. . Passive integrated
Ref. Optical transmitter egra
components circuits
: c1 4 3
Car;ner [ R § Q R4
1 |

12 02

R2
15 L c3 [

[35] . c2 }__ﬁ oV J
L2 1w % ™2 c4
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APPENDIX: ELECTRICAL MODEL OF THE
NOVEL DCM-BASED OPTIC FIBER
TRANSMISSION SYSTEM

The signal degradation in Figure 9.b is due to the
effect of the transistor. However, the ECG signal is
perfectly reconstructed and the calculated root means
square error in this case (RMS = 0.0262127) is always
very low. This corroborates the results obtained in
section 1V.
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Figure 8. Electronic model of the proposed DCM-based optimal fiber transmission
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Figure 9. Waveforms of an electrical circuit model of the novel optic fiber transmission system, simulated
in Matlab/Simscape platform
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