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Abstract. Fiber optic transmission systems are used for high-speed traffic trans-
mission in modern telecommunication NGN and IMS networks. Optical channels
of optical transport hierarchy (OTH) communication systems have a bandwidth
of 2.5 to 100 Gbps, so the study of their characteristics is an urgent task. The
problem of studying the quality parameters (Q-factor) of optical OTH signals of
the OTU1 and OTU?2 types is solved in the current section. A simulation model of
an intensity modulated optical transmission system has been developed to solve
this problem. This model contains a transmitter, an optical transmission path with
optical amplifiers and an optical signal receiver. Optical fiber simulation model
allows to introduce linear and nonlinear distortions of the propagation medium
into the signal and it is based on the Split-Step Fourier Method. The noise of the
optical amplifier was generated by using the inverse discrete Fourier transform
to increase the performance of the model. Comparison of the results of modeling
and analytical calculations was carried out to check the accuracy of the proposed
simulation model. The influence of the signal power of the transmitter and the
quantity of linear path optical sections on the Q-factor of the signal in the receiver
is calculated. It is proposed to optimize the transmitter signal power by the cri-
terion of maximizing the Q-factor to increase the length of the 3R regeneration
section.

Keywords: Fiber - OTH - Communication system - Quality - Modeling

1 Introduction

Optical fiber transmission systems (OFTS) form the backbone of a modern telecommu-
nications network. The transmission speed of digital transmission systems over optical
fiber has increased from several megabits per second to several hundred gigabits per
second.

The development of an Erbium Doped Fiber Optic Amplifier (EDFA) made it pos-
sible to amplify the signal (1R regeneration) without converting it into an electrical
form. This reduced the cost of the transmission system and allowed the construction of
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a wavelength division multiplexing (WDM) transmission system. Today, on the back-
bone section of the network, dense wavelength multiplexing (DWDM) systems with a
frequency grid of 100 GHz and below are used. An important parameter of the optical
transmission system is the type of modulation of the optical signal. The transmission
speed, signal immunity and the total cost of the system depend on it. Today, the most
common is signal intensity modulation (IM), which is used when the digital stream has
a speed of 10 Gbps or lower.

DWDM systems have evolved to optical transport hierarchy (OTH) transmission
systems. In these systems, user information is multiplexed into optical channel transport
blocks (OTUKk) of four hierarchy levels (k = 1, 2, 3, 4). In OTH transponders of the
OTU1 (2.7 Gbps) and OTU2 (10.7 Gbps) levels, the intensity modulation of the laser
diode is used.

The optical fiber line path of OTH systems contains the propagation medium (optical
fiber) and optical amplifiers. The propagation medium introduces linear and nonlinear
distortions into the information signal [1]. The optical amplifier also introduces the
additive noise of amplified spontaneous emission [2].

Calculation of signal immunity in the receiver of the transmission system is one of
the urgent tasks. To solve the problem of studying the noise immunity of transmission
system signals, it is possible to use two modeling methods: analytical (mathematical)
and simulation modeling.

The first method involves obtaining analytical expressions that correspond to the
signal processing processes in the functional blocks of the transmission system and their
statistical parameters. Models built by this method are not flexible, since a small change
in the system configuration requires the development of a new or significant revision
of the existing model. Today, accurate simulation of linear and non-linear distortion
of the propagation medium is performed only by numerical methods. On their basis,
it is possible to build full-fledged simulation models of transmission systems. These
models allow to obtain reliable data on the quality of the signal at various points in the
transmission system.

This article describes the mathematical and simulation model of the intensity
modulated optical transmission system in the MatLab program.

2 Analytical Model of Optical Transmission System

In this subsection, we analyze the noise immunity of the generalized model of the optical
transmission system (Fig. 1). The block diagram contains a transceiver, an optical fiber
transmission path (OFTP) and a signal receiver.

We begin our analysis of the optical transmission system using the analytical and
simulation methods and without optical signal modulation. Further, this model can be
expanded to a transmission system with any modulation.

The transmitter signal in complex form can be written as an expression

Ew(t) = /Py(t) e ® 0, (1)

where P () and ¢ (7) - average power and phase of the transmitter signal,
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wo and ¢ - frequency and initial phase of the laser signal.
The optical transmission path consists of N identical sections (Fig. 1), each of
which contains a length L¢ of fiber and an optical erbium-doped fiber amplifier (EDFA).
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Fig. 1. Generalized model of a channel of a transmission system with wavelength multiplexing

The mathematical model of the optical transmission path is shown at the Fig. 2.
It assumes linear amplification of the signal and the generation of additive noise in the
optical amplifier. In further calculations, we will assume that the signal attenuation in the
fiber is completely eliminated in the optical amplifier (G = 10%-1¢Lor), At the amplifier
output, there is also spontaneous emission noise Egp1 (¢) in addition to the useful signal.

The noise is formed in two polarization planes and the average noise power of one
amplifier in one polarization plane is determined by the expression [2]

Pgp1 = PSDgp1 AF, = ngp(G — 1) hv AF,, 2)

where PSDgp; - the spontaneous emission noise power spectral density;

ngp - the spontaneous emission coefficient of an optical amplifier;

G - the amplifier gain;

h - the Planck’s constant (h = 6,626 - 10734 J * s);

v - the optical signal frequency (for bandpass signal coincides with laser frequency
v = wy/2m);

AF, - bandwidth of the optical bandpass filter (OBPF) in a receiver of a transmission
system.

:' fiber OA ' ! fiber OA '
E() [ 1 | ! 1 L Eap(h)
T = G —»— e X—= —— /G '
w0 e i e e e i
| | H |
1 1 | 1
1 1 ES t 1
: Py i i Py p1(?) i
i i ! i
; Ep() | ; L Eg(D)
i s | A\ : -
L e e i e
section 1 section Ny

Fig. 2. Block diagram of a model for an optical transmission path
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The spontaneous emission factor can be calculated using the noise factor NF of the
optical amplifier

NF 1001
Rgp = — = . 3)
2 2
In the case when the optical transmission path contains several amplifiers Ny, with the

same parameters, the total spontaneous emission noise power increases proportionally:
Psy, = PSDs, AF, = ngp(G — 1) hv AF, Noa, 4)

where PSDy, - total noise spectral density of all amplifiers (PSDgp = Noa PSDsp1).
The input signal of the receiver (Fig. 1) is the sum of the useful signal Eq(f) and
the total spontaneous emission noise E(t):

Efee(t) = Eop(t) + Egp(t) = E(1) + Esp(2). &)

In this expression, the equality of signals Eqp(f) = E(?) is accepted, since in
this version of the transmission system model there are no signal distortions in the
propagation medium and full compensation of the signal attenuation in the amplifier is
assumed.

The band-pass optical filter does not introduce significant distortions into the signal
spectrum, since in this version of the system model there is no signal modulation in
the transmitter. Therefore, in the further text of the article, the equality of the input and
output signal of the filter is also accepted Erec(f) = El.. (7).

The electric field of the spontaneous emission noise has a uniform spectral power
density (Fig. 3) and it is described by the expression [3]

M
Eg(t) = Z | PSDg,8v exp|j((wp + 2mkv)t + Dp)]. (6)

k=—M

where ®; - random phase of noise component k (& € [0, 2r]).
The photodiode (PD) is a square-law detector, so the current at its output has the
form

ih(t) = R |Erec(t)|?, (7)

there R - the photodiode responsivity.
The electric current consists of the sum of three separate components at the output
of the photodiode:

iy(0) = RIErecO =R(1Ec + 2 Ec0)] [Ep 0] + [Ep )
= i (1) + i (1) + gy g (D). (8)

These terms are beating between components:

1) signal il ((f) = R Py;
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Fig. 3. Model of the signal spectrum and noise at the output of the optical filter

2) signal and spontaneous emission i;_sp ;
3) spontaneous emission i;p—sp ().

The presentation of signal and noise in a complex form allows us to apply elements
of the theory of vector analysis. The signal vector at the receiver input Er.c is the sum
of the vectors of the useful signal Ey of the transmitter and the spontaneous emission

noise Esp (Fig. 4).

0,

Fig. 4. The vector sum of the signal at the input of the optical receiver
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In scalar form, the current at the output of the photodiode has the expression:

. —2 -2 = = =2
lé:RErec :REtr+2Etr'Esp+Esp

= R[[Eu” + 2/Eu] [Esp| cos £ Ep) + [E’]. ©)

3 Development of a Simulation Model of an Intensity Modulated
Optical Transmission System

In this subsection, the problem of evaluating the quality of OTU1/OTU2 OTH signals
transmission using intensity modulation of the optical signal in the transmitter is solved.
It also includes the task of optimizing the main parameters of the system (functional
blocks and signal). To solve this problem, it is necessary to develop a simulation model
of the transmission system, which will take into account the signal formation algorithm
in the transmitter, its distortion in the propagation medium and detection in the receiver.

In the simulation model, the continuous signal is replaced by its samples, which are
generated with a sampling interval Ts = 1/F, where Fj is the sampling frequency. In
this case, the continuous time ¢ in the previous expressions is replaced by a discrete
value #;, = k T. Itis necessary to use the function of the inverse fast Fourier transform to
accelerate the generation of samples of the spontaneous emission interference according
to expression (6) in the passband (fmin; fmax) Of the optical bandpass filter.

It is implemented according to the following expression in the MatLab system [4]

) o 1N 2mnk
i) = i Am) = 3 Aw) exp<1 Nm>’ (10)
n=0

where Ngpr - the dimension of Fast Fourier Transform;

k - the signal sample number in the time domain;

n - the complex amplitude number in the signal spectrum (k, n € [0; Nppr — 1]).

The spectrum of the discrete Fourier transform contains Ngpr complex amplitudes
A(n) with frequencies

n
fn:Fs

Nprr ' (b

They are uniformly distributed in the frequency range from O to Fs(Nrrr — 1) /NFFT
with an interval Afrrr = Fs/NFrr.

It is necessary to find the sum of the complex amplitudes with positive frequencies
(fmin; fmax) to synthesize the narrowband complex noise with a uniform power spec-
tral density. These terms correspond to the range of numbers n € [fpin; #max] in the
expression (10):

N,
unin :fmax FFT, (12)
F

fmaxNFFT

F. 13)

Nmax =
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The modulus of the complex amplitudes should be multiplied by a factor Afrrr
since the discrete Fourier transform is applied:

A(n) = /PSDyy Afrrr exp(j @), (14)

where ®,, is the random phase of the spectrum component n, which has a uniform
probability distribution density (®,, € [0; 27]).

The IFFT expression in MatLab contains an additional factor 1/Ngrr, so the ifft()
function should be multiplied by the inverse coefficient Nprr:

Egp(k) = Nrpr ifft(A(n)). (15)

In the MatLab program according to Fig. 1, a model of a transmission system without
modulation of the transmitter signal was created to check the validity of the proposed
expressions.

Optical bandpass filters OPBF-1 and OPBF -2 are identical in implementation, have
a bandwidth AF,, centered on the frequency wg /2. The signal samples at the output of
the OPBF models is a discrete convolution of the input signal samples and the impulse
response (k) of the filter [4]:

k
y(k) = Z x(m)h(k —m) = x(k) * h(k). (16)

m=—0oQ

The impulse response samples h(k) were calculated using the standard MatLab
function firl(). The transmission coefficient of the designed digital filter in the passband
(wo/2mr — AFo/2; wo /2w + AF,/2) is close to 1.

Since the transmitter signal is unmodulated in this version of the transmission system
model, the following approximations can be used

Ey(k) = Eq(k) * hppi(k) ~ E[(k), (17)

Egp(k) = Egp(k) % hppr(k) ~ E{ (k). (18)

The impulse response of the low-pass filter model with a cutoff frequency AF, was
also calculated using the fir1() function. The verification of the reliability of the described
models of the transmission system was carried out using the example of the initial data
in Table 1.

The results obtained by analytical calculation according to the expressions [3] were
taken as the actual power values:

Pyp = PSDs.gp AFe = 4R*PPSDg, AF, (19)
Pgpsp = R* PSD;,AF,(AF, + 2AF,). (20)

The calculation result was compared with the results of simulation models with real
and complex signal representation. Simulation was also carried out in the Optiwave
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Table 1. Transmission system model parameters

Functional block Parameter Value
Transmitter Carrier frequency wo 100 GHz
Py 1-1073w
Sampling frequency F 640 GHz
Samples quantity 64 - 10°
Optical transmission path Optical section length Ly¢ 100 km
Attenuation coefficient o 0,2 dB/km
Naect 10
Noise figure nf 6 dB
PSDyp 2,521 - 10716 W/Hz
Receiver AF, 100 GHz
Phodiode responsivity R 1 A/W
AF, 7,5 GHz

Ontical Attenuator
Attenuation =20 dB

CW Laser A GH
Freauency = 1931 T Convert noisé bins = Convert noise bins
0.d

Power =

Fls S

Loop Control Linear Polarizer Rectanale Ocmca\ F\\tel Phomdetec\ol PIN Low Pass Bessel Filter 1

Number of loops = 10 Device angle =0 deg  Freauencv = THz Responsivity = 1 AW Cutoff freauency = 0.75 * Bit rate Hz
Bandwidth = 100 GHz Noise calﬁufggn tvoe = l‘;lugenca\ Order =

i AddASE “ASEnaise = NO
Optical Time Domain Visualizer_1

Optical Power Meter_1
Optical Power Meter_2 Electrical Power Meter Visualizer_1

Optical Time Domain Visualizer

~ Osciloscope Visualizer

Optical Spectrum Anazer_t =
RF Spectrum Analyzer_1

Fig. 5. Functional diagram of the simulation model in the Optiwave Optisystem

Optisystem 7 program according to the functional diagram of the virtual layout of the
system (Fig. 5). All calculation and simulation results are summarized in Table 2.
The reliability of the results obtained was carried out by calculating the relative error
& of the signal power for each component of the output current [5]:
AP Pgim — Pref

6=—-100% = —— - 100%, 21
eT Pres

where Pt and Pgip, - the reference and simulated power values, respectively.
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Table 2. Results of calculation and simulation of a transmission system without modulation of
an optical signal

Noise term | Noise power for model type, W (relative error §)
Analytical model | Simulation model | Simulation model | Simulation model
(real signal) (complex signal) | (Optiwave
Optisystem)

Ps_s 11076 1-1076 1-1076 1-1076

Ps—sp 7,564 1077 7,341-107° 7,322-107° 8,37-107°
(—2,95%) (—3,20%) (10,66%)

Ps_gp 7,311-10710 17,177 10710 7,17-10710 7,34 - 10710
(—1,83%) (—1,93%) (0,4%)

Comparing the results from Table 2, we can conclude that the error in the power
values Psy.gp and Pg_gp from the MatLab model does not exceed 2-3%. The noise power
calculated using the Optiwave Optisystem virtual layout has an error of 10.66%.

Now let us consider the operation of the model of the transmission system with
intensity modulation according to the block diagram in Fig. 6. This model is developed
using the theory of complex numbers, since only this format allows for modeling the
fiber using the Split Step Fourier Method.

A pseudo-random sequence generator (PRBS) generates a sequence of information
symbols a, = {0, 1} that control an optical modulator (OM). Binary symbols 0 and 1
are transmitted by pulses of an optical signal with a power of Py and Py, respectively.
Taking into account the same probability of the formation of binary symbols in the
information source (P(0) = P(1) = 0,5), the average power of the transmitter signal
can be calculated by the expression:

Py =Py-PO)+P1-P(1)=0,5Py + Pp). (22)

In this work, to reduce the quantity of variable parameters that affect the quality
indicators of the system, a zero value of the power of the zero symbol is used (Py = 0).
In this case, the average power of the transmitter signal, according to formula (22), will
be half the peak power of a binary unit pulse (P, = 0,5P)).

Given the above statistical parameters, the transmitter output signal can be written
as

N, symb

Ee(t) = VPuN2 Y apexpljon(t —nTr)], (23)

n=1

where Ngymp - the number of information symbols in the test sequence of the
mathematical model of the system;

n - the number of the current binary symbol.

To compensate for chromatic dispersion, two main methods are used in optical
transmission systems in practice:
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Fig. 6. Functional diagram of the model of the transmission system with intensity modulation

1) separate dispersion compensation units (DCU) as part of each section or at the output
of the transmission path;
2) algorithms for electronic compensation of dispersion in the transponder receiver.

In this section, a study of the qualitative parameters of the transmission system with
separate dispersion compensation devices as part of each section is carried out.

The next block of the functional diagram of the model (Fig. 2) is an optical band-
pass filter (OPBF). In the previous section, a model based on an FIR filter was used to
verify the accuracy of the spontaneous emission noise generation and the optical signal
detection process. Its order affects the width of the frequency response transition regions
and the quality characteristics of the system. Therefore, in this section of the work, an
ideal optical bandpass filter was used to reduce the number of variable parameters that
affect the quality characteristics of the system. It is easy to implement by filtering the
signal based on IFFT and FFT operations in the frequency domain:

Erec(t) = F_ 1 {Kopbt(@)F {Eoip (1) }}. (24)

The filter transmission coefficient Koppt (@) has a unit value in the operating frequency
band (wmin; @max) Of the optical channel:

Kopb(@) = { 1, wmin < |o| < Omax (25)

0, ol < @min, |®| > Omax.
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The photodiode model is implemented according to expressions (7) and (8). A low-
pass filter at the output of the photodiode has a significant effect on the appearance of
the eye diagram of the received signal. In the model without modulation of the optical
signal, which was used in the previous subsection, a high-order FIR filter was applied.

In real optical transmission systems with signal intensity modulation, a Bessel-
Thompson filter of the 4th order is used as a low-pass filter.

Its advantage is the maximally flat phase response in the passband of the filter [4].
The transfer characteristic of this filter is written by the following expression:

Bo By

i Byt By + Biy + B2y + B3y’ + Bay*’
k=0

Hy(w) =

(26)

where By - are the coefficients of the Bessel-Thompson filter (Bg = B; = 105,
By =45,B3 =10,B4 =1 [6]);

y = 2,114jw/wey - the imaginary frequency variable;

Wyt = 21 - 0,75 - fux = 1,571k - the LPF cutoff frequency (|H (weut)| = l/ﬁ);

felk - the clock frequency of an information signal (fox = Byr).

The frequency response of this filter normalized to the cutoff frequency is shown in
Fig. 7.

One of the main parameters of digital channels and paths of optical transmission
systems is the bit error rate (BER). This factor depends on the signal-to-noise ratio at the
receiver input. During the operation of the system, the parameters of the eye diagram of
the signal at the input of the receiver’s decision device (DD) are studied. The bit error
probability depends on the intermediate quality parameter Q-factor, which is calculated
according to the expression:

_ M1 — Mo

) 27
p 27)

where w1 and o - average values (mathematical expectation) of the samples of
symbols 1 and 0, respectively;

o1 and oy - average deviation of samples of symbols 1 and 0.

The optimal value of the signal sampling offset time A7 in the decision device should
be determined in the process of calculating the Q-factor. The offset time AT is within
the range (0 < AT < T¢x) and the maximum value of the variable Q corresponds to its
optimal value. Taking this limitation into account, the determination of signal parameters
@ and o in expression (27) should be performed according to the following expressions:

[y = M[ig(nTT + AT)|an:1],

1o = M[ iy (uTr + AT, o],

o) = \/D[i&(nTT +a7)], ]

00 = \/D[i(’i(nTT + AT)|an=O], (28)
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Fig. 7. Normalized frequency response of the 4th order Bessel LPF

where M [] and D[] - are operations for calculating the mathematical expectation and
variance of a discrete random variable, respectively;
ay, - are binary symbols at the PRBS output (1 < 1 < Ngymp).

4 Validation of the Simulation Model and Optimization
of the Optical Signal Parameters

According to the above functional diagram (Fig. 6), a simulation model of one OFTS
channel with IM was built in the MatLab environment. Its quality characteristics depend
on the parameters of the transmitter, OTP and receiver. In the further text of the work,
the effect of the transmitter power and the quantity of OTP sections on the total noise
power Py = Psgp + Pop-sp and Q-factor of the OFTS channel is considered. Other
parameters remained unchanged, and their numerical values corresponded to those given
intable. 1. The simulation was carried out for standard digital OTH channels of the OTU1
(Byr = 2.666 Gbps) and OTU2 (B = 10.709 Gbps) types, in which it is advisable to
use the intensity modulation of the optical signal.
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To check the reliability of the simulation results, the Q-factor was also calculated
according to the modified version of the expression (27).

Simulation showed (Fig. 8) that for a fixed number of OTP sections, the dependence of
the Q-factor on the transmitter signal power has an extremum in the form of a maximum.

Its origin can be explained by the fact that the signal-to-noise ratio of the receiver is
influenced by two factors: interference noise of spontaneous emission Py y~ and nonlin-
ear signal distortions in the propagation medium. At low values of the transmitter signal
power, nonlinear distortions practically do not appear and the OFTS channel operates
in a linear mode. In such a case, an increase in the transmitter signal power Py, results
in a proportional increase in the signal-to-noise ratio and Q-factor. Further increase in
transmitter power requires to the manifestation of nonlinear distortion. They lead to a
change in the temporal waveform and increasing of its spectrum, which, in combination
with spectrum limitation in the OBPF, leads to intersymbol interference of the digital
signal. Therefore, for each value Ny, dependence Q(Ngec, Pyr) has an extremum cor-
responding to the optimal power value P opt. Dependence Py opt (Nsec) at the bottom
of Fig. 8 shows that increasing the OTP length leads to a decreasing in the required
transmitter signal power. This is due to the accumulation of signal distortions with an
increasing in the length of the propagation medium. For a digital path of the OTU1
type, the optimal power value is higher (14 mW for one OTP section versus 2 mW for
OTU2), since self-modulation distortions are stronger for a shorter clock interval (higher
transmission rate).

To check the reliability of the proposed model of the FOTS channel with MI, a simu-
lation model with a similar diagram and parameters of functional blocks was developed
in the Optiwave Optisystem environment (Fig. 9). It was later used as a source of valid
data to check the accuracy of the MatLab model. For the optimal power value P opt (Nsec)
calculated in MatLab, modeling was carried out in the Optiwave Optisystem.

After that, the relative simulation error was calculated by comparing the power of
the total noise Py~ and the Q-factor of the signal:

zngM_Qo
Qo o

where Oy and Q, are the numerical values of the Q-factor obtained by modeling in
MatLab and Optiwave Optisystem at the same values Py and Ngec.

Comparison of power graphs P, 5~ (Nsec) in Fig. 10 shows an almost complete coin-
cidence of the results obtained for both considered variants of the OFTS channel of the
OTU1 and OTU?2 type. The relative Q-factor error for one section of the optical trans-
mission path is equal to 22.67% for OTU1 and 17.23% for OTU2. When the number
of sections is more than 5, the relative modeling error does not exceed 4-5% for both
types of optical channel that were studied. The discrepancy in the results for short-length
OTP is explained by some differences in the implementation of certain functional blocks
by the models, for example, Butterworth LPF. The indicated error is not critical, since
the main task of modeling is to check the reliability of expressions and optimize the
parameters of the OFTS signal.

0] -100%, (29)
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Fig. 8. Influence of the power and the number of OTP sections on the output parameters of the
OFTS OTH channel of the OTU1 (a) and OTU2 (b) types

As stated earlier, the Q-factor is an intermediate parameter for determining the bit
error probability (BER). For intensity modulation, the relationship between them is
determined by the following expression [2, 7]:

1 Q
BER ze;fc<ﬁ>. (30)

The considered dependence BER(Q) is exponential (Fig. 11), therefore the value
Q ~ 6 corresponds to the optical channel with standard quality (BER = 10~ !°), and for
the channel with improved performance (BER = 107 !2) the parameter Q increases to 7.

For such values of the Q-factor, according to the Fig. 10, a relatively small simulation
error of up to 5% is already achieved. It should also be noted that the use of numeri-
cal modeling data obtained by commercial software such as Optiwave Optisystem is
conditional.
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5 Conclusion

In this work, the qualitative parameters of the optical transmission system with inten-
sity modulation was performed. An analytical model of signal transformations in the
transmitter and receiver was proposed. A simulation model of the transmission system
has been developed in the MatLab program, which allows introducing distortions of the
propagation medium and amplifier noise.

A variant of the formation of the additive noise of an optical amplifier based on
the discrete Fourier transform was proposed. The verification of the reliability of the
results obtained was carried out by a control calculation using analytical expressions
and modeling in the Optiwave Optisystem program. Comparison of the results of the
model without signal modulation in MatLab showed that the simulation error is 2-3%
compared to the calculation using analytical expressions.

Comparison of the system simulation with intensity modulation showed that in the
case of an optical path from one optical section, an error of the Q-factor of the order
of 20% is observed. This is caused by a difference in the internal construction of some
elements of the transmission system block diagram. When the number of optical sections
is more than 4, the simulation error does not exceed 4-5%.
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