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Tableau 6-1: Parameters used in the simulation 

Parameter Value 

Laser power 5.010-3 W 

Modulation type NRZ 

Dispersion parameter, D 15.69 ~ s/m2 

Dispersion slope, S 50.1051 M s/m3 

Laser wavelength, Â 1550 nm 

Fiber Type SSMF 

Fiber length 2000-6000 km 

Fiber core area 80 pico m2 

Taul 12.2 femto 

Tau2 32.0 femto 

A laser was used in which data is encoded in return-to-zero (RZ), non-return-to-zero 

(NRZ), RZ Duo-binary and NRZ Duo-binary formats correspoIiding to the experimental 

setup described in the applet. In this study, only bursty data is assumed at the input level. 

Continuous data is not considered in this study. 
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Because SSMFs are the most cOlIltÎlonly used fibers, they were employed in the 

simulations of one span of fiber propagation. We investigated several setups for different 

fiber lengths, although aIl other fiber parameters remained the same. The SMF used has the 

following characteristics: length: (ranging from 2000 km to 6000 km) for Z1 and the 

(ranging from 22 to 132 km) for Z2, a core area of 80 p (Pico) m2, and a dispersion and 

dispersion slope of 15.69.~ s/m2 and 50.1051 M s/m3 respectively with Tau1 = 12.2 femto 

and Tau2 = 32.0 femto (10.15
). 

At the receiver, the signal is filtered in the optical do main by a third order Bessel filter 

with lOO-GHz bandwidth and in the electrical domai~ by a fourth order Bessel low-pass 

filter with a 3-dB and a cutofffrequency of 0.7 GHz. 

6.3 Simulation of 40 Gb/s results 

The performance of the system is quantified in terms of receiver sensitivity or optical 

power penalty. Receiver sensitivity is defined as the optical power at the receiver that is 

required to achieve a certain bit-error-rate (BER, typically ranging from 10-12 to 10.2°). 

When the absolute values of the received optical power are not important, the optical power 

penalty can be used instead. The optical power penalty is defined as the required increase in 

the optical power needed to achieve a certain BER relative to a reference zero-penalty case. 

The 40 Gb/s was transmitted through different fiber lengths as shown in the diagrams in 

Figure 6.2. We opted for the eye diagram, since it is a useful tool for the qualitative analysis 

of a signal used in digital transmission. An eye diagram offers at-a-glance evaluation of 

system performance and can offer insight into the nature of channel imperfections. 
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Power [uVIIJ Propagation of 40 Gb/s thru 5000 Km 

time[ps]. 

Power [uVIIJ Disperion Compensation using the Proposed Method 

time[ps] 

c) 

Power [uVIIJ Propagation of 40 Gb/s thru 6000 Km 

time[p.] 

Power [uVIIJ Disperion Compensation using the Proposed Method 

time[ps] 

d) 

Figure 6.2 Simulated receiver eye diagrams ofnoise-free pre-distorted 40-Gb/s 

Figure 6.2 a) illustrates the eye diagram opening of 40-Gb/s through a fiber length of 

1500 km. It is obvious that the eye diagram is spacious for a better sampling of the signal, 

which is a reasonable indication that the transmission was carried out faithfully. It is also 
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very clear that the edge where the zero crossing takes place is almost negligent, the 

horizontal and vertical openings are both wide enough. The slope indicating sensitivity to 

timing error is extremely small and curved, which is in turn a clear indication that the signal 

is likely to be sampled without error. Figure 6.2 b) indicates that after transmitting the 

signal through an SSMF of 3000 km in length, the eye diagram still holds its global shape 

for a better signal sampling. As for Figure 6.2 c) and d), and after the 5000 and 6000 km 

that is considered an enormous distance, the eye diagram begins to deteriorate after 6000 

km. 

6.4 Bit Error Rate (BER) 

The digital receiver performance is governed by the BER. The latter is the probability 

that a bit is identified incorrectly by the decision circuit of the receiver. In fiber optic 

communication systems, the error rates usually range from 10-12 to 10-20
• This value 

depends on the signal-to-noise ratio at the receiver. Under the assumption of a Gaussian 

probability density function (PDF), the probability of error for a one or zero is simply 

ca1cùlated as: 

(6. 1) 

where Pl,O and 0"1,0 are the mean and standard deviations of the one and zero, 

respectively, and Ith is the decision threshold. P1,o is the probability of receiving a bit of 

value 1 when a bit of value 0 was sent. To take into account the bit pattern effects due to 

ISI, (1) is calculated for each 1 and 0 in the PRBS, and the BER is merely calculated as the 

average of all those calculations, 
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where N is the number of symbols in the PRBS. 
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Figure 6.3 Receiver performance when transmitting a 40 Gb/s through 

5000 km using the TEChDC method 
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(6.2) 

Figure 6.4 Comparing receiver sensitivity before and after applying the TEChDC 
method through 5000 km 
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Figure 6.5 a, b, c) Receiver performance for different fiber lengths in terms 
of BER with respect to laser power 

Figure 6.3 compares receiver sensitivity before and after the TEChDC method was 

applied, Figure 6.4 illustrates the BER in terms of the laser power used to transmit data 

with a rate of 40-Gbs through the indicated fiber lengths. Figures 6.5 a), 6.5 b) and 6.5 c) 

shows clearly that a significant reduction of the laser power was used to achieve the desired 

BER. Figures 6.5 a), 6.5 b) and 6.5 c) clearly demonstrate that the values of the laser power 

necessary to atlain such low BER is in the order of 0.004, 0.003 and 0.0025 W respectively. 

6.5 Robustness of the TEChDC method with respect io liber length 

The TEChDC method is based on the solid theory of the Talbot effect, which is a self-

imaging phenomenon that occurs when a periodic signal propagates through a dispersive 

medium at a given distance termed Talbot distance Zr . If the Group Velocity Dispersion 
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(GVD), or chromatic dispersion of second order, is dominant, then ZT2 = ~, where ZT2 
P2 1r 

is referred to as the second order dispersion Talbot distance, d is the period and P2 is the 

second order dispersion coefficient. A particular Talbot effect is observed when the 

propagated distance is a fraction of Talbot distance Z = P Zr . Here ZT is equal to ZT2. This 
q 

is known as the Fractional Talbot effect. The resulting signal undergoes sorne modifications 

according to the value of p and q (p and q are both integers with no common factor). A 

calculation inclllding errors was added to the applet where the error e of the fiber length 

affects the observation distance Z as follows: 

(6.3) 

An example of errors is given in the top left corner of Figures 6.4 b) and c). Figure 6.5-

a) points out that the effect of the error is not observable until the error reaches 5% of the 

total fiber length as shown in Figure 6.5 b). Figure 6.5 c) illustrates the case in which we 

focus on the top left edges of the signal where the signal deviation starts to take place. 
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a): Applet simulating the effect of the error at the level of the observation distance Z (x-

axis is time and y-axis is amplitude) 

b): Input and output signal for an observation distance with a 2% relative error (x-axis 

is time and y-axis is amplitude) 
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cl: Zooming at the top Ieft 

Figure 6.6 Effect of the inaccuracy (5%) of the observation distance on the 
received signal 

By zooming the selected top corner of Figure 6.6 b), one obtains Figure 6.6 c). It is 

clear that the compensated signal (output) and the input signal are not significantly 

different. The received signal starts to diverge from the input signal when the error reaches 

5%. Error tolerance in the fiber length is acceptable if it is less than 5% of the total fiber 

length. The system is robust as long as error is insignificant (5%). 

6.6 Algorithm to easily find the matching integers: a and b 

If only the third order dispersion (TOD) effect is taken into account, the Talbot distance 

isZT =2.~ (ZT3 is the third order dispersion Talbot distance). Furthermore, the 
2P37f 

Fractional Talbot effect can be observed for higher order dispersion. For TOD in particular, 

we can reproduce exactly the same periodic signal at different fractional orders at 112, 113 

and 116 specifically, but the signal is shifted by the product of the temporal period by the 

same value of the order chosen. For a given distance Z the spectrum of the periodic signal 

observed at this distance is: 
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Where Dm = (_1_ + ~Jm2z , and m is an integer 
ZT2 ZT3 

/128 

(6.4) 

when both second and third order dispersion are involved, self-imaging will be observed 

only ifthere are two integers a and b such as: 

(6.5) 

(Global or common Talbot distance) which means~=~P2 d. This makes it possible 
b 2 P3 1i , 

to cancel both second and third order effects. 

Let us take an example: ZT2 = 400 km and ZT3 = 997 km. In this case, the two co-

primary integers a and b are a = 997 and b = 400. In other words, these two values make it 

possible to express the common Talbot distance as follows: ZT = 997 x 400 km = 400 x 

997 km = 398 800 km. This deals with a huge distance, which is approximately the average 

distance between the earth and the moon. 

However, we note that: 5 ZT2 = 2 000 km and 2 ZT3 = 1994 km, which are two relatively 

close distances. So a' = 5 and b' = 2 are acceptable matching integer values if a certain 

tolerance, toI, is permitted. Indeed, 

~ = 997 = 2.4925 and k = 0.4012 
b. 400 a 

(6.6) 

l
b' ~ 1 Thus: -- = 10.4-0.40121 = 0.0012 < - = toI 
a' a 100 

(6.7) 
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Therefore, if a tolerance toI = 1 % is permitted, the integers a' and b' are acceptable 

matching values. We denote r the ratio a 'lb' (r=a 'lb '). The coefficient a' and b' are 

calculated according to the following relation: 

(6.8) 

Let us take ZT3 > ZT2 (which is the general case) and toI = 1 1 L (for example if toI = 5% 

then L = 20). ZT3 > ZT2 means that r > 1 and b 1 a < 1: 

b 
0<-<1 

a 

Thus, there exists an integer S, smaller than L, so that: 

S b S+l 
-<-<-­
L a L 

(6.9) 

(6. 10) 

In other words, any number between 0 and 1 can be limited by two fractional values 

with any common denominator. Let us take the above example: ZT2 = 400 km and ZT3 = 997 

km. In this case bla = 0.4012. Thus, for L = 20 we find 8/20 < bla < 9/20. In this case, Sis 

equal to 8. Thus, we can choose either 

1 b' S 
(6. 11) -=-=-

r a' L 

or 

1 b' S + 1 
-=-=--
r a' L 

(6. 12) 
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For both cases, the following equation is fulfilled: 

I~-~I <.! = toI 
r a L 

(6. 13) 

The fractional Talbot effect is also observable with respect to the approximated ZT. 

If we take S = 8, we obtain, according to equation (6.11), a' = L/4 = 5 and b' = S/4 = 2 

(4 is the greatest common divider of 8 and 20). This means that: 

(6. 14) 

F or the same example, 5 ZT2 = 2 000 km == 2 ZT3 = 1994 km. 

Thus, the common Talbot distance ZT may be chosen as 5 ZT2' or 2 ZT3 or an 

interrnediate value between 5 ZT2 and 2 ZT3 such as the average value: 

(6. 15) 

For our example, we can take ZT = (2000 km + 1994 km) /2= 1997 km. Because the 

second order Talbot distance ZT2 is more than twice as small as ZT3, it is worth choosing an 

interrnediate value doser to 5 ZT2. By taking into account the ranges of the values of ZT2 

and ZT3, we suggest the following interrnediate value: 

Z - 'Z b'ZT3-a' ZT2 -5Z 2 2ZT3 -5ZT2 
T - a T2 + r 2 - T2 + 5" x -":"::"'-2-"':"'::" (6. 16) 

This interrnediate value is doser t05 ZT2 than to 2 ZT3, and it is even doser to 5 ZT2 if 

ZT2 is smaller than ZT3. 
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The matching values a 'and b' found for the couple (ZT2, ZT3) can be also found for the 

couple (ZT212, ZT316), since in these fractional distances the signal form is integrally 

reproduced except for a time shift. 

a): Very small tolerance: toI = 0.4% (x-axis is time and y-axis is amplitude) 

. b): Larger tolerance: toI = 3% (x-axis is time and y-axis is amplitude) 

http://-OLItt5i.lt
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c): Very large tolerance: toI = 15% (x-axis is time and y-axis is amplitude) 

Figure 6.7 Tolerance and coefficients (a & b) relation 

Let us consider Figure 6.7 a) where ZT2 = 434.5 km and ZT3 = 1992 km. Rigorously 

speaking, the common Talbot distance is obtained as follows: ZT = 3984 x 434.5 km = 869 

x 1992 km = 1 731 048 km, that is, more than four times the distance between the earth and 

the moon. In this case, a = 3984 and b = 869. Figure 6.7 a) illustrates the case where 0.4% 

is permitted. This me ans that: 

Ib
l 

bl Ib
l 869

1 Ib
l 

1 --- = ----. = --0.218122 <toi = 0.004 
a' a a' 3984 a' . 

(6. 17) 

is permitted. In this case, the applet suggests the following values for a' and b ': a' = 23 

and b' = 5. This leads to a reasonable common Talbot distance since: 23 ZT2 = 9993.5 km 
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== 5 ZT3 = 9 960 km. The difference between both multiple Talbot distances is 123 ZT2 - 5 

ZT31 = 33.5 km, which is roughly 13 times smaller than the smallest of the two Talbot 

distances, Zr2 in our case. The applet suggests an intermediate value, name1y Zr= 9 991.6 

km, which is closer to 23 Zr2 = 9 993.5 km. Figure 6.7 a) points out clearly that the curve at 

the intermediate distance Zr is almost identical to the curve that should be observed at the 

rigorous, but almost infinite, common Talbot distance. 

In Figure 6.7 b), a further smaller common Talbot distance is suggested since a larger 

tolerance interval is permitted, namely toi = 3% instead of 0.4%. In this case, we obtain: 9 

Zr2 = 3 910.5 km == 2 ZT3 = 3 984 km. The difference between both distances is 19 ZT2 - 2 

ZT31 = 73.5 km, which is more than twice as large as that of Figure 6.7 a). It is in fact 

roughly 6 times smaller than Zr2. The applet suggests an intermediate value, namely Zr = 3 

919.32 km, which is closer to 9 ZT2 = 3 910.5 km. This distance is almost three times 

smaller than that suggested by Figure 6.7 a). Of course, we can use Zrl2 instead of Zr since 

the effect at both distances is identical except for a lateral shift by half the period. In this 

case, the signal quality will be better because the difference between both half multiple 

Talbot distances is 36.75 km instead of73.5 km. 

One can go farther in enlarging the tolerance interval as pointed out in Figure 6.7 c). 

The signal is more deformed but remains acceptable. The advantage is that a shorter fiber is 

required since 4 ZT2 = 1738 km == ZT3 = 1 992 km. The difference between both distances is 

larger than those in Figures 6.7 a) and b). In the present case, we find 14 ZT2 - ZT31 = 254 km, 

which is more than half of ZT2. The applet suggests an intermediate value, namely Zr = 1 

766.0666 km, which is closer to 4 ZT2 = 1 738 km. The difference between Zr and 4 ZT2 is 

28 km, yielding a noticeable deformation. If we take the average value (4 Zr2 + ZT3) / 2 
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instead of the value suggested by the applet, we find ZT= (4 ZT2 + ZT3) /2= 1 865 km and 

the difference between ZT and 4 ZT2 will be 127 km, which is 0.29 ZT2 (between ZT2/4 and 

ZT2/3). This difference leads to the creation of a replica of the signal because both quarter 

Talbot and third Talbot effects result in signal duplication (the replica is shifted by a half 

and a third of the period respectively. For example, ifwe take the intermediate value ZT= 4 

ZT2 + ZT2/4, we observe, as predicted, a signal duplication (with overlap) as illustrated in 

Figure 6.8 below. 

Figure 6.8 Duplication of the signal when we observe the replay field at 4 ZT2 + 
ZT2/4 (x-axis is time and y-axis is amplitude) 

To obtain a better signal quality than that of Figure 6.7 c), we can use half of the 

common Talbot distance Zrl2 instead of the ZT itself (Figure 6.8). In this case the difference 

between both halves of the multiple Talbot distances 14 ZT2 - Zni/2 will be 127 km instead 

of254 km. We obtain a better signal except for a lateral shift by halftheperiod. 
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Figure 6.9 U sing the half Talbot distance ZT/2 instead of ZT itself (x-axis is time 
and y-axis is amplitude) 

6.7 Comparison with another recently developed method 

The TEChDC is compared with another method published recently in the IEEE 

"Journal of Light-wave Technology, vol. 23, no. 1, January 2005" entitled "An Electrically 

Pre-Equalized lO-Gb/s Duobinary Transmission System" This system is a duobinary 

signaling that is combined with a proposed electrical pre-equalization scheme to extend the 

reach of 10-Gb/s signaIs that are transmitted over standard single-mode fiber. This scheme 

is based on predistorting the duobinary signal using two T/2-spaced finite-impulse response 

(FIR) filters. The outputs of the FIR filters then modulate two optical carriers that are in 

phase quadrature. Their results show that distances in excess of 400 km at bit-error rates 

less than 10-15 are possible. Incofporating a forward-error correction scheme can extend the 

reach to distances in excess of 800 km. The reach limitation arises not from CD but from 

fiber nonlinearity, relative intensity noise due to phase-modulation-to-amplitude-

modulation noise conversion, and optical amplifier noise accumulation. 
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For the purpose of comparison, we transmitted a 10 Gb/s through similar distances as 

proposed by the article (400 km, 500 km and 600 km). The simulation results of Figures 9 

and 10 of this article are compared with the following eye diagrams obtained by using our 

method. 

Our Method 

Method in 
article 

400km 

Tableau 6-2: Comparison table 

500 km 600 km 

Table 2 clearly shows that the eye diagram of the TEChDC method depicts wider 

horizontal and vertical openings, leading to better signal sampling. 

6.8 Conclusion 

Chapter 6 deals with simulation .. A setup description of the system is provided for 

different fibers (Zl and Z2). Simulations of eyes diagrams for different fiber lengths are 

presented. Bit error rates are calculated and demonstrate an insignificant amount of error 

present when the proposed solution is employed. A major investigation is spent verifying 

robustness using the applet. 
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Both second and third order dispersion were handled by the TEChDC technique either 

separately or simultaneously. In this case, both Talbot distances ZT2 and ZT3 are calculated, 

leading to a common Talbot distance ZT that may be infinite if calculated rigorously. We 

demonstrated, however, that reasonable quasi-common Talbot distances can be found. For 

this purpose, an algorithm was developed to easily calculate parameters a and b in the 

following equàtion: Zr = aZr2 = bZT3 • 

Both the a and b parameters are not taken literally as calculated so as to avoid obtaining 

larger numbers leading to an enormous fiber length, as previously explained. In terms of 

acceptable tolerance, two alternatives a' and b ' are calculated using a proposed algorithm to 

obtain a reasonable fiber length. 

A tolerance of the fiber length was proved acceptable up to 5%, which is quite large. 

The robustness of the method was proved flexible when choosing the length of the 

additional fiber. A comparison was made with a recently published technique and showed a 

major improvement in the eye diagram. 
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7.1 Summary 

Although equalization is very well known in lower rate communication systems, its 

potential in Gb/s optical communication has not yet been fully exploited. The main obstacle 

lies in the very high speed implementation requirements that limit the available options for 

implementation. The effectiveness of linear equalizers, which are the simplest and most 

amenable to high speed implementation, is limited because direct detection receivers 

convert the distortion that results from chromatic dispersion (CD), which is linear in the 

optical domain, into a nonlinear distortion that is difficult to cancel. 

As the demand for high bandwidth (more than 10 Giga bytes order) increases, so does 

the need for signal compensation at the receiver side. The TEChDC equalization scheme 

(pre or post) can substantially compensate for dispersion inherent in the reach of 40 Gb/s 

signaIs running over SSMF for up to 6,000 km as shown. 

The TEChDC method is based on the Talbot Effect (TE). The latter occurs when a 

periodic sequence of pulses, produced by a laser for example, propagates in a dispersive 

medium. In such a medium the various harmonics making up the pulse propagate with 

different speeds, thus causing a large stretching of the pulse during propagation so that each 

pulse overlaps with the neighboring as weIl as additional pulses. After propagation through 

the dispersive medium with a lengthZi' the received signal is unfortunately affected by 

fiber impairments, mainly CD, as shown in section 6.2 of Chapter 6. Indeed, the signal may 
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be significantly corrupted and totally deformed, making its reconstruction very difficult if 

not impossible. Our alternative consists of introducing a periodizer and propagating the 

periodized signal through another standard fiber with length Z 2 in such a way 

thatZ1+Z 2= nZr , where n is a positive integer. The propagated signal along the distance· 

Z 2 is an exact replica of the originally transmitted signal. Next, a truncation pro cess is 

performed at the very end to restore the desired signal. 

Both second and third order dispersion can be handled by the TEChDC technique either 

separately or simultaneously. In this case, both Talbot distances ZT2 and Zn are calculated, 

leading to a common Talbot distance ZT, which may be infinite if calculated rigorously. We 

showed that reasonable quasi-common Talbot distances can be found, however. For this 

purpose, an algorithm was developed to easily calculate parameters a and b in the following 

equation: Zr = aZT2 = bZT3 • Both parameters a and b are not taken literally as calculated so 

as to avoid obtaining larger numbers leading to an enormous fiber length as previously 

explained. In terms of acceptable tolerance, two alternatives a' and b' are calculated by 

means of a proposed algorithm to obtain a reasonable fiber length. 

The new method developed has many advantages including: 

1. Total restoration of the transmitted signal after being altered by CD. 

2. Offering a total freedom to choose the period, the high order Talbot distances. 

3. No need to increase the number ofrepeaters,which results in major cost savings. 

4. It is independent of the bit rate sent originallY' which means it can handle higher 

data rates 

5. No special fiber is required 
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6. Standard single mode fibers can be used. 

Extensive results are obtained through simulating various cases, as shown above. 40 

Gbit/s was carried out through different fiber lengths, and the eye diagram illustrated is a 

clear indication of the possibilities open for better signal sampling once the method is used. 

To quantify the observed signal degradation, BER simulations are performed on the 

measured outputs. Different fiber lengths are considered. For example, Fig. 4 demonstrates 

a significant reduction in laser power used to achieve a BER in the range of 10-16
• The 

achievable BER was about 10-2°, which is low enough to be of no significant practical 

concem. 

A tolerance of the fiber length is proved acceptable up to 5%, which is quite large. The 

robustness of the method is proved flexible for choosing the length of the additional fiber. 

As shown in Figure 6, the received signal starts to diverge from the input signal when the 

error reaches 5%. The error tolerance in the fiber length is acceptable if it is less than 5% of 

the total fiber length. Furthermore, our method tums out to be effic:ient when both second 

and third order dispersions are involved. 

Although this work focuses entirely on CD compensation and does not compensate for 

polarization mode dispersion (PMD) and non-linear effects phenomenon, it can be easily 

combined with other compensation methods to serve the purpose. This will be the subject 

of future work. 



Chapter 7: Conclusion /141 

7.2 Future Work 

In this section, we give sorne ideas for future extension of this work: 

1. Throughout this research work, we have focused on the CD compensation and does 

not compensate for polarization mode dispersion (PMD) and non-linear effects 

phenomenon, it can be easily combined with other compensation methods to serve 

the purpose. 

2. Study the effect of power consumption on TEChDC. 

3. Study the impact ofrobustness of the TEChDC system using different parameters. 

4. In this work, only bursty data is considered as an input level of the simulation set-up 

is Chapter 6. It would be interesting to investigate the results of the simulation when 

continuous data is considered. 
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