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ABSTRACT

This paper introduces modeling and simulation of the harmonic and intermodulation distortions of
semiconductor laser radiating an optical fiber link. The study is based on the rate equation model
of semiconductor lasers excited by injection current with two sinusoidal tones separated by a radio
frequency. The modulated laser signal is modeled in both the time and frequency domains. The
laser signal distortions include the 2" and 3 harmonic distortion (2HD and 3HD), and the third-
order intermodulation distortion IMD3. The laser is assumed to be modulated around its relaxation
frequency. Influence of the modulation depth on the signal distortion is investigated when the laser
is free running and when it is radiating a fiber link. In the latter case, influences of the attenuation
and chromatic dispersion on the signal dispersion are elucidated when the fiber length increases
up to 10 km. The results show that the fiber attenuation does not affect the signal distortion,
whereas the chromatic dispersion affects both the harmonic distortions and intermodulation
distortion. Sending the laser signal down an optical fiber of length ~ 5km can help in minimizing
2HD which is the dominant harmonic distortion of the modulated signal. This range of optical fiber
is also characterized with intermodulation distortion less than OdBc.

*Corresponding author: Email: mostafa.farghal@mu.edu.eg;



Ahmed et al.; JERR, 20(7): 56-67, 2021; Article no.JERR.68313

Keywords: Current modulation; harmonic distortion; intermodulation distortion; fiber dispersion;

semiconductor laser.

1. INTRODUCTION

Fiber-optic links are widely used in various areas
of science and technology. Although digital fiber
optic systems are known to give superior
performance, the present cost of high-speed
electronics and the continual increase in the
speed of direct modulated semiconductor laser
have given analog fiber links much attention.
Examples of optical systems that employ high
speed fiber links include cable television (CATV)
systems and radio over fiber (RoF) networks
[1-4]. The bandwidth of  conventional
semiconductor laser is several GHz [5], and was
increased to more than 20 GHz with the
invention of multiple quantum well lasers [6].
With suitably chosen components of the fiber
link, the link performance is mostly dominated by
laser nonlinearities. Nonlinearities in laser diodes
root to both nonlinearity in the light current
characteristic and intrinsic nonlinearity due to
laser resonance. The former is induced by device
imperfections, such as leakage current and
dominates at low radio frequencies (MHZz),
therefore, it is diminished in state of art lasers
due to improvement in fabrication technique. The
nonlinearities associated with laser resonance
are associated with spatial hole burning, gain
suppression [7,8], and produce higher harmonics
that manifest themselves in generation of higher-
order harmonic distortions (HDs) that are not
presented in the original signal. [9-11]. Previous
reports showed that the signal distortions are
enhanced around the relaxation frequency of the
laser [12-14].

In analog optical fiber applications and for the
purpose of increasing the transmission speed,
the laser is modulated by two signals with
adjacent frequencies. This type of two-tone
modulation happens to results in intermodulation
distortions (IMDs) in additions to HDs [15-19].
IMDs have two types; namely, IMD2 and IMD3,
which describe the spectral power at the sum
and difference between the modulation two-tone
frequencies, respectively. These intermodulation
components are located very close to the
modulation frequencies and can fall within the
narrow transmission band of an optical link
[15-19].

The performance of fiber links depends largely
on the non-linear properties of the system and
the produced distortions [9,10]. For these
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systems, it is useful to have an a priori
knowledge of the distortion produced by the
directly modulated laser diode. Therefore,
estimation and prediction of these products are
therefore of great importance. Also, it is essential
to minimize the signal distortions in order to
increase the transmitted information capacity in
analog fiber links [20]. Intensive research works
were reported on investigating HDs and IMD3
and determining the corresponding spurious free
spectral range (SFDR) of the laser [9,10,13,15-
21]. Mendis et al. [22] showed that such
intermodulation distortions are lowered by large
gain compression. Krehlik [23] reported that
frequency chirping of directly modulated
semiconductor laser interacts with chromatic
dispersion of optical fibers and causes distortions
of the signal travelling along the optical fiber.
Bakry and Ahmed [18] introduced numerical
simulations on the signal distortions of MQW
lasers under two-tone modulation. They reported
that IMD3 increases with the increase of the
modulation frequency, showing a broad peak
around the resonance relaxation frequency with
values ranging between -55 and -10 dBc [18].
Also, IMD3 was found to increase with the
increase of the modulation index [18].

This paper introduces modeling and simulation of
the signal distortions, including HDs and IMD3 of
semiconductor lasers under two-tone modulation
when the laser is injected near and far above the
threshold level. Influence of the fiber length of a
fiber link that uses the directly modulated laser
on the signal distortions is examined. The main
aim is to explore the optimum ranges of the
modulation index and fiber length that
correspond to laser signal with minimum HDs
and IMD3. The study is based on the rate
equation model of semiconductor lasers excited
by injection current with two sinusoidal tones
separated by a radio frequency as low as 10
MHz. The modulated waveform and the
associated frequency spectrum of the signal are
simulated. It is shown that IMD3 of the free
running laser is the highest distortion type up to
modulation depth of 0.4, and then the 2-order
harmonic distortion, 2HD, dominates the signal
distortion. The fiber attenuation works to
decrease the power of the laser signal uniformly,
and both HDs and IMD3 do not change. The
chromatic dispersion of the fiber changes both
HDs and IMD3 of the laser signal when
propagates down the optical fiber. Fiber length of



5 km is found to minimize 2HD which is the
dominant harmonic distortion of the modulated
signal. Also, fibers shorter than 5km are
characterized with intermodulation distortion of
IMD3 < 0dBc over the entire range of m.

2. METHODOLOGY

The dynamic behavior of the semiconductor laser
under current modulation is analyzed using the
rate equation model of single-mode lasers.
These rate equations describe the time evolution
of the photon density S(t) and injected carrier
density N(t) are given by [24]

d
=T GW,S) (1)

dt ev

as N
-~ = FG(N,S)S—;+RSP 2
where G is the optical gain and is described by
the following nonlinear form

N—-Ng

GN,S) = gyt 3)

where go is the gain slope constant, ¢ is the gain
compression factor, Ng is the carrier density at
transparency, Rsp is rate of inclusion of
spontaneous emission into the lasing mode, I is
the mode confinement factor, V is the active
layer volume, T, is the photon lifetime

Ahmed et al.; JERR, 20(7): 56-67, 2021; Article no.JERR.68313

In the two-tone sinusoidal modulation, the
injection current I(t) is given by the following
form:

1(t) = lp + Iy [sin@7f t) + sin(@7A4 not) [ (4)

where |, is the bias current and I, is the
modulation current, which defines the modulation
depth m=In/l,. In the above equation, fm
represents the modulation frequency of the first
tone, while the second tone frequency is defined
in terms of the frequency spacing Afn as fmz = fm
+ Afm. The time variation for the optical power P(t)
is determined from the photon density S(t) via the
relationship:

P(t) = %VS (t) ®)

where 1} is the differential quantum efficiency, v
is the optical frequency, and h is the Planck’s
constant. The frequency spectrum of the
modulated signal Pi(f) over time period T are
determined from the signal power P(t) as

(6)

-
P (F)==2|[P —i2Azy
f (F)==|[P(e -
o

where f is the noise Fourier frequency.

Table 1. Typical values of the DFB 1.55um-InGaAsP laser and PIN photodiode parameters [24]

Symbol Definition Value

Laser Parameters

A Wavelength 1.65 [Im

Vv Active layer volume 1.5x10-16 m3

Vg Group velocity 8.5x10° cm/s

o Quantum efficiency 0.4

ao Differential gain coefficient 2.5x1020m?

Ng Carrier density at transparency 1x10%* m-3

a Linewidth enhancement factor 5

r Mode confinement 0.4

™ Carrier lifetime 1x10°s

Tn Photon lifetime 3x 101?s

Rsp Rate of spontaneous emission 3x10%

£ Gain compression coefficient 1x108 m3
Optical fiber

ar Attenuation coefficient 0.2 dB/km

D Dispersion parameter 16.75 ps/nm/km
Sk Dispersion slope 0.075 ps/nm?/km

PIN Photodetector
R Responsivity

1 AW
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The above theoretical model is simulated by
using the powerful software “Optisystem”
(software for design and simulation of optical
communication system). The time trajectories of
the laser power P(t) are evaluated over sufficient
long time expending more than 256 cycles of
period T=1/fm1. The calculations are applied to an
InGaAsP DFB laser emitting with A=1.55 pm
using the parametric values given in table 1 [24].
The calculated value of the threshold current is I
= 33.45 mA. The bias current is set to be far
above the threshold level, | = 2.0ly. The power
spectrum Ps in Eqg. (6) calculated by using the
FFT of P(t) as [25].

Ps (f):\/§|FFT[P(t)] (7)

In this calculation, the longer half of the time
trajectory of S(t) is considered, which ascertains
that the transients are discarded and the output
is stabilized.

The laser signal is transmitted down by a
standard single-mode fiber of length Ly,
attenuation coefficient ar and dispersion D. When
the optical field maintains its polarization along
the fiber length, the pulse-envelop amplitude of
the electric component of the optical field is
assumed to vary slowly, E=E(z, 1). The evolution
of E(z,7) along the fiber can be described by a
single nonlinear Schrédinger equation of the form
[26,27]:

2
oE . O“E (8)
—_— + E +i =0
22 o = Voo 2.2

where a frame moving at the group velocity vy is
assumed with t=t -z/lvg =t -z being the
reduced time. [, is the group velocity dispersion
GVD, and wo is the reference frequency of the
signal. The first in the above equation takes into
account the slow changes of the optical field
along the fiber length. The second term takes
into account the linear losses of the optical fiber.
The third term represents the first-order group
velocity dispersion, which is responsible for the
pulse broadening. The following relations are
used internally to convert between them and the
commonly used wavelength domain parameters
D (dispersion) and S (dispersion slope).

D=—2—ﬂcﬂ2 Sk =2—? ©)

The receiver detects the laser signal and
converts it into an electrical signal by a
photodiode detector diode of responsivity R. Both
the shot and thermal noises are ignored. The
values of the attenuation coefficient «r and
dispersion D, and dispersion slope Sk of this fiber
for A=1.55um are also listed in the Table 1.

Figure plots a scheme of present design of the
modulated laser signal propagation and detection
using the Optisystem software.

PM

FR

@
—
W)
@)
-

PD

IM3 i

Fig.1. Scheme of the designed system of laser signal modulation, propagation down the
optical fiber and detection along with harmonic and intermodulation evaluation by Optisystem;
(C.G: carrier generator, LD: laser diode, PM: power meter, OP: optical fiber, PD: photodetector,

RF: spectrum analyzer, OSC: oscilloscope, ECA: electric carrier analyzer)
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3. RESULTS AND DISCUSSIONS
3.1 Two-Tone Modulation Signal

An example of the waveform of the two-tone
modulated laser signal is plotted in Fig. 2 when
the modulation frequency is set to be the
relaxation frequency of the laser f. This
relaxation frequency is evaluated from the
Optisystem as the peak value of the small-signal
intensity modulation response. The calculated
values is f, =5.25 GHz when the bias current is
set to be I = 2Iln. The results in the figure
correspond to modulation depth of m = 0.2 and
frequency separation of [fy, = 10 MHz. The

modulated signal exhibits slow (envelope)
variation with the intermodulation frequency
separation [fy = 10 MHz, and fine variation with

the fundamental frequency fm1 as shown in insets
(a) and (b). These onsets indicate that the signal
deviates from the sinusoidal character of the
modulating current in equation (4), because of
the deep modulation with m = 0.2 which results
signal clipping and pulse generation around
crests of the envelope, as seen in inset (b).
These results indicate higher signal distortion as
reported by Bakry and Ahmed [18].

The Fourier frequency spectrum of the
modulated signal in Fig. 2 is plotted in Fig. 3. The
spectrum exhibits pronounced peaks around the
fundamental frequencies fm1 = 5.25 GHz and fmnz
= 5.26 GHz and their higher harmonics. The
remarkable peaks at the harmonic frequencies
indicate higher harmonic distortions. The
characterizing 2HD and 3HD is calculated as

0.010
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_ a fml 10

2HD (dBc) = 20logy g (10)
1
— a3fml

3HD (dBc) = 20log; g (11)
f1

where am1, azmi and asmi are the peak powers at
the modulation frequency fn1, second-order
harmonic 2fn; and third-order harmonic 3fm In
this case, 2HD = -4.45 dBc and 3HD = -13.55
dBc.

The frequency variations of the signal around the
fundamental peak are zoomed in the inset to
show the third-order intermodulation (IM2 and
IM3) products. The Inset shows appearance of
the IM2 components (fnz + fm2) and IM3
components at (2fm1 - fm2 = fm1 -Ufm ) and (fmz
+[fm), respectively, in addition to weaker
components at lower and higher k-components
at fmi -kUfn and fm2 +kCfyn . The most important
intermodulation product is IM3 [18], and the
associated third-order intermodulation distortion
IMD3 is defined as the ratio (in dBc), of the
amplitude of IM3 components to a1 as [18],

At —Af (12)

IMD3(dBc) = 20logi o
fm

The present value of this intermodulation
distortion is IMD3 = -12.7 dBc, which is still
smaller than the critical level of -5dBc that
corresponds to crosstalk of the intermodulation
component.

0.001

4 0.000,
26 27 28 29 30 3

1

0.005 -

Output power p(t) (W)

‘MMMWM “““ “““

0.000 i

o 50

fnq=Ff, Af=10MHz

0.006

0.004

0.002

0.000,
175

m=0.2

WWMM

100 200

Time (ns)

Fig. 2. The waveform of the two-tone modulated laser diode when fm1 = 5.25 GHz, Afm=10 MHz
and m = 0.2. The frequency of the envelope is Afm while the frequency of the fine variation
corresponds to fm1.
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Fig. 3. The Fourier frequency spectrum of the two-tone modulated laser sighal when fm1 =5.25
GHz, Afm=10 MHz and m = 0.2. The figure displays the 2"® and 3" order harmonics of the
signal. The intermodulation products around fmi1 are seen in the inset

3.2 Signal Distortions
3.2.1 Modulation of the free-running laser

Fig. 6 illustrates influence of the modulation
index m on the two-tone modulation performance
of the investigated laser diode. Fig. 4(a) plots
variations of the power of the fundamental
component at f = fna, power of the second order
harmonic (f = 2fma), power of the third-order
harmonic (f = 3fma), and power of the third-order
intermodulation component (IM3) with m, while
Fig. 4(b) plots the corresponding variations of the
induced HDs (2HD and 3HD) and IMD3. Fig. 4(a)
shows that the power (in logarithmic scale) of the
fundamental component and the 2" and 3t
order harmonics increase in general with the
increase of m. IM3 ranges between -41 dBm
and —24 dBm. Up to m = 0.4, IM3 is higher than
the higher harmonics, while around m ~ 0.9, both
IM3 and the second harmonic attain almost
similar powers. These results manifest in the
corresponding variations of the signal distortions
shown in Fig. 5, which indicates that the
intermodulation distortion IMD3 is the highest
distortion type up to m = 0.4, and then the 2nd-
order harmonic distortion, 2HD, dominates the
signal distortion. The 3"-order harmonic
distortion is the lowest distortion, ranging as 3HD
= -54 ~ -35 dBc. The intermodulation distortion
ranges between IMD3 = -18 ~ -3 dBc.

These results on the intermodulation product and
distortion can be understood from Fig 5, which
plots the modulated laser signal and the
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corresponding power spectrum around the
modulation frequencies fm1 and fmz when m
0.01, 0.2, 0.5, 0.7 and 0.9. Fig 5(a) shows that
when m = 0.01, the signal is almost sinusoidal
and the IM3 component in Fig 5(al) is very
weak, which then corresponds to very weak
distortion IMD3. When m increases, Figs 5(b) —
(e) show that the high-frequency oscillations (at
fm1) are clipped and so does the lower envelope
of oscillating frequency fmz - fm1. The clipping of
the signal increases with the increase of m due
to the gain switching mechanism associated with
moving the lower cycles of the modulating
current below the threshold current Iy [25,28].
The signal distortion is clearer in the envelope of
the modulated signal in Figs 5(c) — (e). Figs 5(c1)
(el) shows that little increase in the
fundamental components at fm and fme as well
as in the intermodulation products around them,
which manifests as the little increase of distortion
IMD3 in Fig. 4(b).

3.2.2Influence of fiber attenuation on signal
distortions

In order to study influence of the optical fiber
properties; namely, attenuation and chromatic
dispersion, on the modulated laser signal, the
signal is assumed to be coupled into an optical
fiber of length Ly, attenuation o and dispersion
parameter D.

Influence of fiber attenuation on laser
modulation, the fiber dispersion (D = 0) is
ignored, and both the fiber length L; and
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modulation index m are varied, and then the
laser signal and its power Fourier spectrum are
recorded. Fig. 6(a) plots variation of the signal
power at the fundamental frequency fmi, the 2nd
and 3-order harmonics and the intermodulation
product IM3 with the fiber length L when m
0.5. The figure indicates that the power (in

-10
(a)

-20«//"""*.—._._—4
€-30~ = fml
%-40« ¢ f
bl f,=f=5.25GHz
g -50 1,=2 1y, —v— IM2
o
QO 604

-704

-80

0.1 0. O . 1.C

modula‘uon |ndex m

logarithmic  scale) at the characteristics
frequencies decrease linearly with the increase
of the fiber length L. These results agree with
the Beer’s law that relates the fiber attenuation
coefficient a (in dB/km), length L; (in km) with the
relative power (P=Pou/Pin) as

0
(b)
.10
—
O
m
T -204 —&— 2HD
- f,=f,=5.25GHz —e— 3HD
g 230 1,=2 1, —A— IMD3
S
o
|7
'5-40~
.50
01 02 03 04 05 06 07 08 09 10

modulation index m

Fig. 4. Influence of the modulation index m on (a) power of the fundamental component, higher

harmonics and IM3, and (b) distortions 2HD, 3HD and IMD3 when | = 2lx, and fm = f;

0.007

=5.25 GHz

) m=0.01 1 (a1)
0.006 1 1,=21,
f,=f=5.25GHz
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0.025 20
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Fig. 5. Two-tone modulation results: (a) —

(e) modulated signals, and (al) —

520G 522G 524G 526G 528G 5.30G
Frequency (Hz)

(el) Fourier power

spectrawhen m =0.01, 0.2, 0.5, 0.7 and 0.9, respectively
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1

L (kM) = @Bmikm)

logio(P) (13)

This linear variation of the laser modulation
frequency components indicates no variations in
the signal distortions, either HDs or IMD3. This is
clear in Fig. 6(b), which then confirms that the
fiber attenuation does not change the signal
distortion.

3.2.3 Influence of fiber chromatic dispersion
on signal distortions

Ahmed et al.; JERR, 20(7): 56-67, 2021; Article no.JERR.68313

its power Fourier spectrum are recorded. The
influence of the chromatic dispersion on the
modulated signal and spectrum is illustrated in
Fig. 7 at different lengths L of the optical fiber
when m = 0.2. Figs 7(a) — (e) show that the
increase of the fiber length causes reduction in
the signal amplitude, which is then attributed due
to the chromatic dispersion of the fiber. It has
been recognized the fiber dispersion works to
broaden the signal duration at expense of the
signal power, and this effect becomes significant
in long fibers [5]. Figs 7(al) — (el1), which plot the
corresponding  spectrum around the two

In this case, the fiber attenuation (I = 0) is modulation frequencies fm1 and fmz, and indicate
ignored, both the fiber length Li and modulation ~ decrease in the amplitudes of frequency
index m are varied and then the laser signal and ~ components.
20 - . -
Tt . —8-
—a
254
A4 V—y A4 v —
g-so- v V— V—v
&) *— o
S ., ] *—o o —— o
g e T —e o —o
€ 0] | * 2w o5
—a—3f il
[=2Ith
sl v M3
A— &
o ,/ A—————A—————L—————*—————L
X A — A,
T ! ) : I I
: 2 T T 8 10
Fiber length L (km)
-10
(b)
15 s — 5 —8 8% 8% 8 8 8 —8 =&
o
m
2
5 204 m=0.5 = s
.g =5.25 GHz : ?I\TDD3
: I=2lth
[a)
e e o o o ¢ o ¢ o o
-30 g
o
35 - ; I

4

6

Fiber length L; (km)

Fig. 6. Influence of fiber length Lf using attenuation only and modulation index m on: (a) power
of frequency component around fm, 2fm, 3fm and fm1 + Afm, and (b) distortions 2HD, 3HD and
IMD3
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Fig. 7. Two-tone modulation results: (a) — (e) modulated signals, and (al) — (el) Fourier power
spectrawhen Lf=1, 3,5, 7and 9 km, respectively using m = 0.2

Quantitative analysis of the power of these
frequency components are given in Fig. 8, which
plots the intermodulation distortion IMD3 as a
function of the fiber length L; over the relevant
range of the modulation index m = 0.1 ~ 1.0. The
figures shows that IMD3 increases with the
increase of Ly, and the range of this increase gets
wider with the increase of m; this range is -18 ~ -
15 dBm when m = 0.1 and becomes -5 ~ +6 dBc
when m 1.0. The increase in the depth of
modulation m results also in enhancing the
intermodulation distortion IMD3. As the figure
shows, IMD3 happens to be larger than 0 dBc,
which indicates that the intermodulation product
IM3 exceeds the power at the fundamental
frequency fmi. This level occurs when the fiber
length L; exceeds 5 and m > 0.5. As a numeric
example on influence of m, IMD3 ranges
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between -18 and -15 dBc over the relevant range
of L when m = 0.1, which increases to range
between -4 and +6 dBc when m = 0.9.

The corresponding influence of the fiber length Lt
and modulation depth m on the higher-harmonic
distortions 2HD and 3HD are plotted in Figs 9(a)
and (b), respectively. The figures show that 2HD
is changing over a wide range of (=50 ~ 5 dBc)
whereas the range of 3HD is as low as below —
30dBc over the relevant range of L. The figures
show also that, in general, 2HD and 3HD exhibit
similar behavior to IMD3 that they increase with
the increase of the modulation index m. However
Fig 9(a) indicates an interesting behavior that
2HD decreases with the increase of the fiber
length Ls, show a minimum around L; = 5km, and
then increases again. The values of 2HD
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Fig. 9. Influence of fiber length L using chromatic dispersion only and modulation index m on
(a) 2HD and (b) 3HD

exceeds the zero-level when L >8 km and m =
0.8 and 0.9. Therefore, it can be concluded that
sending the laser signal down an optical fiber of
length Ly ~ 5km can help in minimizing 2HD
which is the dominant harmonic distortion of the
modulated signal. By re-checking Fig 8, it could
be noticed that the range of Li < 5km is
characterized with intermodulation distortion of
IMD3 < 0 over the entire range of m.

4. CONCLUSION

Modeling and simulation of the harmonic and
intermodulation distortions of semiconductor
laser oscillating in single mode and radiating an
optical fiber link at wavelength of 1.55 [Im were
introduced. The laser was assumed to be directly
modulated with two tones with frequencies
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comparable to the relaxation frequency and
separated with a frequency interval as short as
10 MHz. The laser signal was modeled in terms
of the waveform of the modulated signal and the
corresponding Fourier frequency spectrum. The
influence of the modulation depth m on the signal
distortion of the free running laser was explored,
and the impacts of the attenuation and chromatic
dispersion of the optical fiber on these results
were investigated. Basing on the obtained
results, the following conclusions are itemized as
follows:

1. The intermodulation distortion IMD3 is the
highest distortion type up to m = 0.4, and
then the 2nd-order harmonic distortion,
2HD, dominates the signal distortion. The
3rd-order harmonic distortion is the lowest



distortion, ranging as 3HD = -54 ~ -32
dBc. The intermodulation distortion ranges
between IMD3 = -18 ~ -3 dBc.

The increase in the modulation depth m
results in clipping of the high-frequency
oscillations (at fml) due to the gain
switching mechanism associated with
decrease of the lower cycles of the
modulating current below the threshold
current. This effect is associated with little
increase in intermodulation products
distortion IMD3.

The fiber attenuation works to decrease
the power of the laser signal uniformly
according to Beer's law, which manifests
as equal drop of the Fourier frequency
spectrum of the signal. Therefore, the fiber
attenuation does not change the signal
distortion.

The chromatic dispersion of the fiber
changes both the harmonic distortions and
intermodulation distortion of the laser
signal when propagates down the optical
fiber. Sending the laser signal down an
optical fiber of length Lf ~ 5km can help in
minimizing 2HD which is the dominant
harmonic distortion of the modulated
signal. Also, the range of Lf < 5km is
characterized with intermodulation
distortion of IMD3 less than the 0dBc level
over the entire range of m.
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