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Abstract- In this paper, we analyze the impact of group velocity dispersion GVD to estimate the maximum  allowable bit 
rate for optical transmission without the need for using a dispersion management technique (DMT) and/or a forward error 
correction technique (FECT) when a single-mode fiber is used for optical transmission. The analysis was performed using 
Matlab software (The Math works, Inc., Natick, MA, USA). Although it was observed that the GVD noise floor is reached at 
a shorter fiber length as the bit rate increases, a significant improvement in which the GVD noise floor is reached at longer 
fiber can be achieved if an externally modulated, small spectral-width source is used when a bit rate of 622 Mbps, 1 Gps, or 
2.5 Gbps is used. However, a dispersion management technique becomes necessary if the bit rate increases to 10 Gbps or 
more.  
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I. INTRODUCTION 
 
The history of investment in optical fibers for access 
networks started in the early nineties, when there was 
an anticipated growth of bandwidth demand. The first 
optical access network was the broadband passive 
optical network (BPON [G.983]), standardized by the 
International Telecommunications Union’s 
Telecommunication Standardization Sector (ITU-T) 
in 1995[1][2][3]. The BPON was followed by 
gigabit-class PONs (Ethernet PON [IEEE802.3ah] 
and Gigabit PON [G.984]), standardized in 2004 by 
the Institute of Electrical and Electronic Engineers 
(IEEE) and ITU-T, respectively[4][5][6][7].  
 
The downstream data rates offered by these PONs 
were 622 Mbps, 1 Gbps, and 2.5 Gbps, respectively. 
In all of the foregoing optical access networks, 
service was provided using time-division 
multiplexing (TDM) technology in which a point-to-
multipoint (P2MP) connection is established between 
one optical line terminal (OLT) and several optical 
network units (ONUs). Although TDM offers a cost-
effective approach, its main drawback is its sharing-
traffic nature, which poses a significant challenge 
towards future upgradeability [8].  
 
To overcome this limitation, different architectures 
have been pro-posed in the literature to create a next-
generation optical access network [9][10][11] based 
on either wave-length-division multiplexing (WDM) 
or hybrid TDM/WDM technologies. In one of our 
studies [12], we proposed a hybrid TDM/DWDM-
Based long-reach optical access network (LR-OAN) 
scheme involving a two stage design. The design was 
based on a study of the characteristics of different 
optical components; including AWGs, erbium-doped 
fiber amplifiers (EDFAs), and power splitters (PSs), 
and the possibility of integrate these components 

together in one configuration to develop a hybrid 
TDM/DWDM scheme. While the AWG is used to 
realize the frequency re-use approach and handle 
upstream and downstream flow via the same 
input/output port through its properties of wavelength 
cyclic (WC), and free spectral range (FSR), the 
EDFA is used to increase the capacity, extend the 
range, and improve the design.  
 
Figure 1 shows a diagrammatic description of the 
design. In our design, we use the single-mode fiber as 
a medium of optical transmission due to it overcomes 
the intermodal dispersion phenomenon where the 
energy transfer is done by only one mode (the 
fundamental mode).  
 
However, a phenomenon referred to as group velocity 
dispersion GVD which leads to the broadening the 
optical pulses as they propagate through the single-
mode fiber and thus affecting the bit rate is a 
considerable issue. Therefore we focus in this paper 
on providing an analytical analysis concerning the 
GVD-based power penalty to evaluate the maximum 
allowable bit rate for optical transmission without the 
need for using any dispersion management techniques 
(DMTs) and/or any forward error correction 
techniques (FECTs) in the case in which a single-
mode fiber is used. The power penalty (  ) is defined 
as the additional power required to maintain a 
specific bit-error rate (BER) performance and is 
expressed in decibels as 
 

(1) 
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Fig 1. Flow diagram of the proposed design 

 
II. THE IMPACT OF GVD  
 
Although intermodal dispersion is not an issue in 
single mode fibers (SMFs) because the energy of an 
input pulse to an SMF is transferred by only one 
mode (the fundamental mode), a phenomenon 
referred to as chromatic dispersion, also called group 
velocity dispersion GVD, leads to the broadening of 
pulses as they propagate through an SMF. This result 
arises from the dependency of the group velocity 
associated with the fundamental mode on the 
frequency. Because an optical pulse occupies a finite 
frequency span, its width will be broadened as it 
propagates through an SMF due to the GVD effect. In 
an optical communication system, GVD affects the 
receiver performance in two ways. First, the pulse 
peak power decreases as the optical pulse broadens, 
leading to a consequent reduction in the pulse energy 
within the bit slot and a reduction in the SNR at the 
receiver decision circuit. Because the SNR should 
remain constant to maintain desirable BER 
performance in a digital optical communication 
system, an increase in the average power at the 
receiver is required. This increase in the average 
power is referred to as the power penalty and is 
imposed to compensate for energy reduction within 
the bit slot at the receiver decision circuit. Second, as 
an optical pulse broadens, a portion of its energy 
spreads out of its allocated bit slot, which leads to the 
inter-symbol interference (ISI) effect and degrades 
the receiver performance. To reduce the ISI effect, 
the receiver is designed such that the input signal to 
its decision circuit corresponds to the transfer 
function of a raised cosine filter. In a practical optical 
communication system, an optical pulse does not 
have an exact rectangular shape; a Gaussian (bell-
shaped) pulse is commonly used as an approximation, 
allowing the signal pulse to be described by its 
average (mean), mean square (variance), and standard 
deviation (root mean square). To estimate the power 
penalty imposed by the GVD effect, consider the 

input Gaussian pulse within the bit slot  shown in 
Figure 2.  
 

 
Fig 2. Input optical Gassian pulse, and its associated output 

broadened Gaussian pulse 
 

spectrum widths, the variance of the output 
broadened pulse   is given by 
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3.1 The first cased (directly modulated large 
spectrum-width source is considered) 

a chirp-less input Gaussian with C = 0. Considering 
the above yields the following: 

  

  
 

 

of the pulse energy can be kept within the allocated 

bit 

 

  
3.2 The second cased (directly modulated small 
spectrum-width source is considered) 

signal spectrum width in wavelength units. Following 
the same procedures employed in the first case, the 
power penalty due to the GVD effect in this case is 
given as 
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3.3 The third cased (an externally modulated 
small spectral-width source is considered) 

  

 

  
III. RESULTS AND DISCUSSIONS 
 
This section is divided into three subsections. In 
theses subsections, results concerning the impact of 
GVD, where a directly modulated large spectrum-
width source, a directly modulated small spectrum-
width source, or an externally modulated small 
spectral-width source are considered, respectively. 
The results are based on the mathematical derivations 
that have been performed in the previous sections and 
obtained by using Matlab software (The Mathworks, 
Inc., Natick, MA, USA).  
 
3.1 Power penalty due to GVD (directly modulated 
large spectrum-width source is considered) 
In this case, the power penalty due to GVD is 
evaluated by considering equation (6). Figure 3 
shows the graphi-cal representation of (6). It 
represents the power penalty vs. the fiber length for 

different bit rates (622 Mbps, 1 Gbps, and 2.5 Gbps). 
It is clear that the power penalty increases in each 
case as the fiber length increases until the GVD 
reaches the point of the GVD noise floor, where the 
penalty tends to infinity. The GVD noise floor is 
reached at a shorter fiber length as the bit rate 
increases. i.e. the fiber lengths that can be used if a 
penalty of 1 dB is allowed are 7.64 km, 4.75 km, and 
1.9 km at 622 Mpbs, 1Gpbs, and 2.5 Gbps, 
respectively. However, these fiber lengths confirm 
the invalidity of using the directly modulated large 
spectrum-width source as a transmitter in any optical 
access network where a minimum length of 20 km 
was specified. 

 
Fig 3. Power penalty due to GVD versus fiber length at 

different bit rates (first case) 
 
3.2. Power penalty due to GVD (directly 
modulated small spectrum-width source is 
considered) 
In this case, the power penalty due to GVD is 
evaluated by considering equation (7). Figure 4 
shows the graphi-cal representation of (7). It 
represents the power penalty vs. the fiber length for 
different bit rates (622 Mbps, 1 Gbps, and 2.5 Gbps). 
Similar to the first case, the power penalty in this case 
increases as the fiber length in-creases until the GVD 
reaches the point of the GVD noise floor, where the 
penalty tends to be infinity. The GVD noise floor is 
reached at a shorter fiber length as the bit rate 
increases. However, the GVD noise floor in this case 
is reached at longer fiber lengths. For example a 25 
km fiber that imposes a 1 dB penalty can be used at a 
bit rate of 2.5 Gbps, which is longer than the fiber 
length that can be used at 2.5 Gpbs in the first case 
(1.9 km), which confirms the possibility of using the 
directly modulated small spectrum-width source as an 
optical trans-mitter in the OANs as long as a bit rate 
of 2.5 Gbps or less is specified. 

 
Fig 4. Power penalty due to GVD versus fiber length at 

different bit rates (second case) 
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3.3 Power penalty due to GVD (an externally 
modulated small spectral-width source is 
considered) 
In this case, the power penalty due to GVD is 
evaluated by considering equation (9). Figures 5 (a), 
(b), and (c) show the graphical representations of (9). 
They represent the power penalty vs. the fiber length 
for different bit rates (622 Mbps, 1 Gbps, and 2.5 
Gbps). In this case, the performance is significantly 
improved because the GVD noise floors are reached 
at much longer fiber lengths compared with the GVD 
noise floors obtained in the first and second cases. 
For example, the fiber lengths that can be used if a 
penalty of 1 dB is allowed are 2988.6 km, 1156.25 

km, and 185 km at 622 Mpbs, 1Gpbs, and 2.5 Gbps, 
respectively, which strongly confirms the possibility 
of using the externally modulated small spectrum-
width source as an optical transmitter in the OANs 
where a minimum length of 20 km was specified. 
However, the allowed fiber length falls dramatically 
if the bit rate increases to 10 Gbps or more. Figure 6 
shows the penalty versus the fiber length at 10 Gbps, 
where the GVD noise floor is reached at 31.25 km. In 
this case a fiber length of 11.56 km can be used if a 
penalty of 1dB is allowed, which necessitates the use 
of a dispersion management technique if a longer 
fiber length is required. 
 

 

 
Fig 5. Power penalty due to GVD versus fiber length at different bit rates (third case) 

 
CONCLUSIONS AND FUTURE WORK 
 
An analytical-based analysis on the impact of the 
GVD on the bit rate in a single-mode fiber and its 
associated power penalty were provided. Although, it 
was observed that the GVD noise floor is reached at a 
shorter fiber length as the bit rate increases where the 
penalty tends to infinity, a significant improvement in 
which the GVD noise floor is reached at longer fiber 
can be achieved if an externally modulated, small 
spectral-width source is used when a bit rate of 622 
Mbps, 1 Gps, or 2.5 Gbps is used.   
 

 
 
However, a dispersion management technique 
becomes necessary if the bit rate increases to 10 Gbps 
or more. Future research planned on this topic 
concerning the first stage of the design in which the 

performance of the proposed TDM/DWDM optical 
access network architecture will be evaluated based 
on mathematical analyses. In those mathematical 
analyses, the BER will be calculated based on signal-
to-noise ratio (SNR) evaluation at the receiver. This 
involves tracing the path of the digital signals along 
the way between the transmitter and the receiver 
considering effects on it at each stage. The SNR will 
be estimated by calculating both, the signal and noise 
power at the receiver. A further research planned on 
this topic concerning the second stage of the design 
where the EDFA is intended to be incorporated after 
being optimized based on analytical and simulation 
models in terms of its power pump (Pp), erbium-
doped fiber (EDF) length, overlap factor, erbium ions 
concentration, and configuration used, which could 
lead to improve the design and reduce the cost. 
 
REFERENCES 
 

[1]  ITU-T, 1998, Recommendation G.983.1, Broadband 
optical access systems based on Passive Optical Net-works 
(PON). 

[2] ITU-T, 2000, Recommendation G.983.2, ONT 
management and control interface specifications for ATM 
PON. 

[3] ITU-T, 2001, Recommendation G.983.3, A broadband 
optical access system with increased service ca-pability by 
wavelength allocation. 

[4] IEEE 802.3ah Ethernet for the First Mile website, 
available from http://www.ieee802.org/3/efm/.  

[5] ITU-T, 2003, Recommendation G.984.1, Giagbit-capable 
Passive Optical Networks (G-PON): General cha-
racteristics.  



International Journal of Industrial Electronics and Electrical Engineering, ISSN: 2347-6982 Volume-4, Issue-7, Jul.-2016 

Analytical Analysis Of Group Velocity Dispersion GVD-Based Power Penalty In A Single Mode Optical FI-BER 
 

169 

[6] ITU-T, 2003, Recommendation G.984.2, Gigabit-capable 
Passive Optical Networks (G-PON): Physical Me-dia 
Dependent (PMD) layer specification.  

[7] ITU-T, 2004, Recommendation G.984.3, Gigabit-capable 
Passive Optical Networks (G-PON): Transmission 
convergence layer specification.  

[8] Fu-Tai An, Kyeong Soo Kim, David Gutierrez, Scott Yam, 
Eric (Shih-Tse) Hu, Kapil Shrikhande and Leonid G. 
Kazovsky ‘‘SUCCESS: A Next-Generation Hybrid 
WDM/TDM Optical Access Network Architecture ’’ 
Journal of Lightwave Technology. vol 22, no. 11,pp2557-
2569, Nov 2004.  

[9] K. Grobe and J. P. Elbers, "PON in adolescence: from 
TDMA to WDM-PON," Communications Magazine, 
IEEE, vol. 46, pp. 26-34, 2008. 

[10] J. i. Kani, "Enabling Technologies for Future Scalable and 
Flexible WDM-PON and WDM/TDM-PON Systems," 
IEEE Journal of Selected Topics in Quantum Electronics, 
vol. 16, pp. 1290-1297, 2010. 

[11] Kazovsky et al., " Challenges in next-generation optical 
access networks: addressing reach extension and security 
weaknesses," IET Optoelectron, Vol. 5, Issue. 4, 2011, pp. 
133–143. 

[12] Mohammad Syuhaimi and Ibrahim Mohamed, "Highly 
Utilized Fiber Plant with Extended Reach and High 
Splitting Ratio Based on AWG and EDFA 
Characteristics," ETRI Journal, vol.35, no.5, 2013. 

[13] Govnid P. Agrawal. ‘Fiber-Optic Communication 
Systems’. John Wilet & Sons, 2010. 

 
 
 
 
 
 
 

 
 
 


