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Abstract
In this paper, we analyzed the eﬀect of spectral width of diﬀerent light sources under the individual and combined impact of ﬁrst- and
second-order dispersion parameters both analytically and graphically. This work also covers the amount of intensity noise introduced in
an optical system and the power penalty required to compensate this intensity noise at diﬀerent optical distances. It has been also investigated that reducing the spectral width can minimize the intensity noise and the power penalty under the individual and the combine
impact of higher- order dispersion parameters. An experimental set up is also analyzed to support our results.
Ó 2008 Elsevier B.V. All rights reserved.
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1. Introduction
An important limitation to the bit rate-distance product
achievable in a ﬁber-optic broadband communication link
arises because of the group-velocity dispersion (GVD) in
ﬁber. In optical communication systems, using standard
dispersion ﬁber at wavelength of 1.5 lm, the transmission
distance is limited by ﬁber chromatic dispersion rather by
the ﬁber loss. An expansion to the higher-order terms of
the propagation constant is essential in order to design
and develop an eﬃcient high-bit rate broadband optical
communication system or network. Higher-order dispersion terms are the forces destructive of pulse propagation
in ultra high-bit rate optical transmission systems.
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It is investigated that the degradation of an optical system performance is mainly due to the intensity noise from a
semiconductor local oscillator laser. A statistical model for
the optical receiver has already presented to calculate the
bit error rate and the power penalty resulting from the local
oscillator intensity noise. The power penalty depends critically on the noise power, data rate, and spectral characteristics of the noise. The system penalty due to this noise in
the intensity modulation and direct detection optical transmission using an external modulator increases as the optical distance increases and can be reduced by decreasing the
spectral width of the light source.
Wang et al. [1] investigates the impact of dispersion
terms on optical ﬁber communication systems using small
signal analysis. Crognale et al. [2] extended the analysis
of the Wang by comparing the eﬀect of second- and
third-order dispersion term. Peral et al. [3] derived an
expression for the large signal theory for the propagation
of an optical wave with sinusoidal amplitude and the frequency modulation in the dispersive medium. Peterman
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et al. [4] discussed the FM–AM conversion for a dispersive
optical ﬁber with respect to binary intensity modulated
PCM systems. This work is also limited to the ﬁrst-order
dispersion parameter. Further, the work reported in [1,2]
was extended in [5,6] by presenting an improved analysis
for analyzing the inﬂuence of the higher-order dispersion
on dispersive optical communication system. Moreover,
this theory is applicable to evaluate the impact of higherorder dispersion on the small signal frequency response
and RIN of an ultra-fast laser diode similarly as mentioned
in [2]. The intensity noise, power penalty analysis with
respect to spectral width of laser was not reported in earlier
work [1–11] for higher-order dispersion terms. Cartaxo
et al. [12–15] presented an improved rigorous small signal
theory for linear and dispersive single-mode ﬁbers operating near zero-dispersion wavelength to derive small signal
IM and FM ﬁber transfer functions, intensity and frequency noise spectra after transmission under the impact
of ﬁrst-order ﬁber dispersion only and with line width
enhancement factor of 5. But the intensity noise and power
penalty analysis at diﬀerent spectral widths including ﬁrstand second-order dispersion terms was not reported in earlier work [1–15].
In this paper, we discussed the eﬀect of spectral width of
laser over power penalty and intensity noise introduced in
the optical system under the individual and combined eﬀect
of ﬁrst- and second-order dispersion parameters in optical
distance range of 1000–10,000 km. Also this paper pointed
out that as we increase the optical distance, the impact of
second-order dispersion parameter becomes more eﬀective
and hence, more power is required to compensate it. The
eﬀect of spectral width of light source including eﬀect of second- and third-order dispersion parameters has been discussed analytically and brieﬂy in the Section 1 and shown
graphically in Section 2. In this paper, we also analyzed
an experimental setup to support our results in section 3.
2. Section I: Theory
Let us consider a single-mode ﬁber transmission line and
assume that the input ﬁeld at the ﬁber input can be given by
[9] as
EðtÞ ¼ Ein ðtÞ  eixt

ð1Þ

The input ﬁeld can be transferred to the output ﬁeld in the
terms of propagation constant, b as
Eo ðxÞ ¼ Ein ðxÞ  eibL

ð2Þ

where b can be expanded as
1
ds 1
d2 s
þ ðx  xo Þ3 2 þ . . .
b ¼ bo þ ðx  xo Þs þ ðx  xo Þ2
2
dx 6
dx
ð3Þ
Here
k2 os
b2 ¼ First-order dispersion ¼ 
2pc ok

ð4Þ



2
k2
os
2o s
k
þ 2k
b3 ¼ Second-order dispersion ¼ 
ok
ð2pcÞ
ok2
ð5Þ
As reported in [6], we neglect the phase and group delay
ds
i.e. boL and dx
because both terms produce only phase
delay of the carrier signal and have no inﬂuence on the distortion on the signal and the dispersion parameters are
deﬁned as
L ds L k2 os
¼
2 dx 2 ð2pcÞ ok


2
L d 2 s L k2
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2o s
F3 ¼
¼
k
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6 dx2 2 ð2pcÞ2
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F2 ¼ 

ð6Þ
ð7Þ

The intensity of noise level under the individual and the
combine eﬀect of ﬁrst- and second-order dispersion parameters as reported in [5,6] can be calculated as
32 2 3
144 2 4 2 2 192
F p DvB3 þ
F p Dv B 
F 2 F 3 p4 Dv2 B2
3 2
3 3
3
ð8Þ
32
¼ F 22 p3 DvB3
ð9Þ
3
144 2 4 2 4
F p dv B
¼
ð10Þ
3 3

rF 2 F 3 ¼

rF 2
rF 3

The power penalty can be calculated given by [7] as


P ðr1 Þ
dpp ¼ 5log10
ð11Þ
P ð0Þ
where
Q  r  t þ Q2  q  Df
¼ Power sensitivity at ri ¼ 0
R
Q  r  t þ Q2  q  Df
P ðri Þ ¼ Power sensitivity with ri ¼
R  ð1  r2i  Q2 Þ

P ð0Þ ¼

R = Responsivity ranges from 0.4 to 0.95,
Q = Ratio of signal current to noise current that measure
the BER.
3. Section II: Results and discussion
Referring to ITU-T Rec. 653 recommendation [8], we
o2 s
2
assume ko = 1550 nm, and ok
2 ¼ 0:085 ps=nm -km. Also,
the dispersion parameters are given as







F2 = 12.75  1024 L/km
F3 = 2.955  1038 L/km
Q = 6, B = 10 GHz, Dv = 10 MHz
rF 2 F 3 ¼ Intensity noise with F 2 þ F 3 ¼ 5:38  103
rF 2 ¼ Intensity noise with F 2 only ¼ 5:38  103
rF 3 ¼ Intensity noise with F 3 only ¼ 4:08  1014

In the range of optical distance from 100 to 10,000 km,
we observed that the intensity noise increases with the optical length under the individual and the combined eﬀect of
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Fig. 1. Intensity noise versus optical length up to 1000 km at diﬀerent
value of Spectral line width under the eﬀect of F3 only.

Fig. 4. Intensity noise versus optical length up to 10,000 km at diﬀerent
value of spectral line width under the combined eﬀect of F2 + F3.
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Fig. 2. Intensity noise versus optical length up to 10,000 km at diﬀerent
value of spectral line width under the eﬀect of F3 only.

Fig. 5. Power penalty versus optical length up to 100 km at diﬀerent value
of spectral line width under individual eﬀect of F2.
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Fig. 3. Intensity noise versus optical length up to 1000 km at diﬀerent
value of Spectral line width under the combined eﬀect of F2 and F3.
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Fig. 6. Power penalty versus optical length up to 100 km at diﬀerent value
of spectral line width under the individual eﬀect of F3.
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ﬁrst- and second-order dispersion (F2 + F3) parameters at
spectral width varies from 10 MHz to 100 kHz as shown in
Figs. 1–4 Under the individual eﬀect of F3, the intensity
noise is very small and increases at a very small rate with
optical distance up to 1000 km that can be seen from the
Fig. 1. But Fig. 2 reveals that the intensity noise increases
comparatively at a high rate as the optical distance
increases up to 10,000 km. Also under the combined eﬀect
of ﬁrst- and second-order dispersion (F2 + F3) parameters,
the intensity noise increases to a very large amount as illustrated by Figs. 3 and 4. From Figs. 1–4, it is also observed
that as we reduce the spectral width to the kHz range, the

intensity noise reduces which further reduces the power
required to compensate this noise.
Further, we calculate the amount of power penalty
required to compensate the loss introduced in the system

Table 1
Fiber parameters
Optical length
Reference frequency
Loss
Non linear refractive index
Eﬀective core area
Fiber non linearity coeﬃcient

100 km
193.04992 THz
0.25 dB/km
3.0e20 m2/W
67.43e6 m2
1.8 W/km

Fig. 7. Channel power versus dispersion at diﬀerent spectral width.

Fig. 8. Eye diagrams at diﬀerent spectral widths (a) 10 MHz (b) 1 MHz (c) 100 kHz.
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due to intensity noise under the individual impact of ﬁrstand second-order dispersion at diﬀerent spectral widths
and optical distances and graphically shown in Figs. 5
and 6. It reveals that the power penalty requirement is minimum with F3 as compared with F2 and reduces as we
decrease the spectral width of the light source but increases
as we increase the optical distance as discussed and proved
above.
4. Section III: Experimental setup
This section provides the experimental proof of the
results of the Section 2 and supports the fact that by reducing the spectral width of the light source in kHz range used
at the transmitter section, we can minimize the eﬀect of
higher-order dispersion parameters over intensity noise
and the power penalty. Hence, the optical distance can be
increased and bit rate can be improved. In the experimental
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setup, we transmit two optical channels at the bit rate of
10 Gbps each with channel spacing of 0.05 THz i.e. the ﬁrst
channel is transmitted at the frequency of 193.025 THz and
second one is transmitted at 193.075 THz at transmitting
power of 6 mW. The information is transmitted in NRZ
raised cosine format, which is modulated over light signal,
emitted by CW Lorentzian laser, by using Sin2MZ modulator. The ﬁber parameters for this experiment setup are
listed in Table 1.
From Fig. 7 it is clear that the power penalty required
for compensating the intensity noise is less at spectral width
of 100 kHz than 10 MHz and 1 MHz, which supports the
results discussed previously in Section 2.
Further, Figs. 8 and 9 reveals that the eye opening at the
spectral width of 100 kHz is more as compared to the eye
opening at the spectral widths of 10 MHz and 1 MHz.
Thus, using a laser of spectral width of 100 kHz can reduce
the intersymbol interference introduced due to the dispersion. Also, reducing the spectral width of the laser, which
also supports the results discussed previously, can increase
the optical distance and Bit rate. Again Fig. 10 calculates
the value of Q for diﬀerent spectral widths, which reveals
that the value of Q is also large at 100 kHz as compared
to the spectral width of 10 MHz.
5. Conclusion

Fig. 9. Eye opening versus dispersion at diﬀerent spectral width.

From our calculations, we concluded that the individual
eﬀect of ﬁrst-order dispersion and the combined eﬀect of
the ﬁrst- and second-order dispersion parameters have
same eﬀect on the receiver intensity noise and power
required to compensate this noise. On the other hand the
eﬀect of second-order dispersion parameter becomes eﬀective with increasing optical length from 1000 km to
10,000 km. We further investigated that by reducing the
spectral width to the kHz range, the eﬀect of higher-order
dispersion parameters can be reduced which increases the
optical distance and the Bit rate of the optical system.
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[12] Adolfo Cartaxo, José Morgado, Journal of Light wave Technology 17
(1) (1999) 86.
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