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I. INTRODUCTION 

1.1 Background 

An optical soliton in an optical fiber is regarded as a dispersion-free 

carrier for optical communications. It is believed that Tbit/s communication 

will become possible through the use of optical solitons because they are 

supported by a balance between the group velocity dispersion and nonlinearity 

(optical Kerr effect) of the optical fiber. In the negative group velocity 

dispersion (GVD) region of optical fibers, solitons can be generated by 

balancing self phase modulation with negative GVD. 

Since a small transmission fiber loss violates this balance, it is important 

to compensate for the loss with optical gain, otherwise the advantageous nature 

of the optical soliton disappears. Progress on the erbium-doped fiber amplifier 

(EDFA)[ll and a new soliton transmission scheme which uses lumped 

amplifiers [2-4] has enabled us to develop a simple and promising soliton 

transmission system. 

We have succeeded in transmitting solitons over unlimited distances by 

using the dynamic soliton transmission technique and incorporating soliton 

contro!.ISJ Furthermore, the optical soliton can be propagated through a 

transmission line with dispersion fluctuations by using a dispersion allocation. 

A soliton is a good information carrier because of its short duration and 

high stability. Furthermore a soliton is resistant to the polarization dispersion 

effect of optical fibers.I6J 

I. 2 Brief history of optical soliton research 

Solitons in optical fibers were first proposed by Hasegawa and Tappert 

in 1973, and they demonstrated the stability of solitons by numerical 

calculationsJ71 It was seven years after their prediction that an optical soliton 

was actually observed in an optical fiber because, until then, there had been no 
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high-power infra-red optica l pulse sources. In 1980, Mollenauer e t al. 

succeeded in observing solitons in optical fibers by using a high power color 

center laser .lBl There have been many numerical and theoretical investigations 

of soliton propagation in connection with the transmission capacity of optical 

fiber communication systems.l9-11l Those investigations were based on the 

soliton-soliton interaction force. 

Many studies were also undertaken to extend transmission distances in 

parallel w ith high speed communication research. At that time, there were no 

good optical amplifiers operating in the 1.5 Jlm region. Hasegawa and 

Kodama proposed propagating an A=l.5 soliton in a fiber with loss.l12l Blow 

and Doran also studied soliton propagation in fibers with loss, and concluded 

that it was necessary to generate higher order solitons for transmission over 

long distances. l13l In addition, Shiojiri and Fujii pointed out that transmission 

capacity could be improved by increasing the peak power of the input soliton 

pulse in a fiber with loss.l14l 

For longer distance optical transmission systems, optical amplifiers must 

be used to compensate for fiber loss. Stimulated Raman scattering (SRS) in 

optical fiber is promising for soliton transmission since it operates as a 

distributed gain medium. This transmission method was first proposed by 

Hasegawa.[lSl The distributed amplifier is very suitable for soliton 

transmission because it provides a nearly loss-free transmission line. 

Mollenauer et al. demonstrated soliton transmission over 4000 km with 

Raman amplifiers by circulating a 50 ps soliton pulse in a 42 km long fiber 

loop.P 6l 

Er3+ -doped fiber amplifiers operating in the 1.5 Jlm region are of great 

interest for optical communication because of their high gain and low insertion 

loss. It has been shown that solitons can be amplified and transmitted with 

Er3+-doped fiber.l17,18l A lumped amplifier system is very simple and easy to 

construct. However, the idea of using a lumped amplifier for soliton 
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transmission did not appear to be realistic because it would require a repeater 

spacing of as small as 10 km.l19l 

Table 1 Early work on lumped amplifier systems 

Author / Title Published Received 

H . Kubota and M. Nakaza wa: Long-d istance Apr. 1990 June 22, 1989 

Optical Soliton Transmissi on with Lumped 

Amplifiers [3] 

M. Nakazawa, K. Suzuki, and Y. Kimura: 3.2-5 Mar. 1990 Nov. 28, 1989 

Gbit / s, 100 km error-free soliton transmission 

with erbium amplifiers and repeaters [2] 

K. Suzuki, M. Nakazawa, E. Yamada, and Y. Apr. 1990 Jan. 16, 1990 

Kimura: 5 Gbit / s, 250 km error-free soliton 

transmission with Er3+ -doped fibre amplifiers 

and repeaters [4] 

L. F. Mollenauer, S. G. Evangelides and H. A. Feb. 1991 May 8, 1990 

Haus: Long distance soliton propagation using 

lumped amplifiers and dispersion-shifted fiber 

[21] 

A. Hasegawa and Y. Kodama: Guiding-center Dec. 1990 July 30, 1990 

solitons in optical fibers [20] 

K. J. Blow, and N. J. Doran: Average soliton Apr. 1991 Nov . 21, 1990 

dynamics and operation of soliton systems with 

lumped amplifiers [22] 

We proposed a new soliton transmission system suitable for lumped 

gain media, which uses a slightly higher input power than the A=1 .0 soliton. I 

showed in Ref. [3] that the repeater spacings can be extended to as much as 50 
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km with this technique for a fiber loss of 0.22 dB / km. This technique is very 

effective and various soliton transmission experiments were successfully 

completed by using EDFAs. Later the existence of a stable soliton in a lumped 

amplifier system was proved analytically by various groups. [20-221 Table 1 

shows early work related to this technique. Today, experimental soliton 

transmissions exceed 100 Gbit / s in bit-rate, or 10,000 km in distance using 

EDFAs. 

The combination of EDFAs and optical solitons seems a promising way 

to achieve ultra-long distance optical communication. However, the use of 

optical solitons implies two factors which limit transmission distances. One is 

the interaction between adjacent solitons. The other is the Gordon-Haus effect 

caused by coherent interaction between a soliton pulse and the amplified 

spontaneous emission noise (ASE noise) generated by the EDFA.l231 

Furthermore, the accumulation of ASE noise is also unavoidable when signals 

are sent over long distances, and this has a detrimental effect on the SN ratio. 

There is yet another problem for high-speed soliton communication. 

The self Raman effect causes a soliton pulse to experience a carrier frequency 

change, which is called the soliton self frequency shift (SSFS). 1241 The amount 

of SSFS is inversely proportional to the 4th power of the pulse width which 

means that the effect becomes significant for an ultra-high speed soliton 

transmission system. 

Soliton control, which was originally developed for long distance soliton 

transmission, is employed to resolve these difficulties. Prior to soliton control, 

there were some approaches for reducing soliton interaction, such as altering 

the amplitudes or phases of adjacent soliton pulses.l 101 These techniques 

successfully reduced the soliton interaction and enabled transmission distances 

to be extended. However, these techniques were based on the physical 

properties of the soliton pulse, so the distance was still limited by physical 

effects such as perturbations and nonlinear interaction. 
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Soliton control involves applying additional external manipulation to the 

propagating soliton pulse to control it. There are two types of soliton 

transmission control scheme. One is time domain control , the other is 

frequency domain control. 

Time domain control directly corrects any timing change caused by 

Gordon-Haus jitter or soliton interaction and frequency domain control 

stabilizes the soliton pulses. When used together, they eliminate dispersive 

noises such as ASE noise and non-soliton components from distorted soliton 

pulses. For soliton transmission control in the time domain, amplitude or 

phase modulation is applied to the soliton pulses. For frequency domain 

control a bandpass optical filter is installed in the transmission line [25,26] to 

stabilize the soliton pulses. 

Mollenauer devised another soliton control scheme; sliding frequency­

guiding filters. With this technique, a set of optical filters, each with a slightly 

different center frequency, is installed in the transmission system.l271 This 

technique uses only passive optical components and it succeeded in reducing 

the accumulation of ASE noise. A variation of this technique has also been 

demonstrated, which uses an A/0 modulator and a fixed frequency optical 

filter instead of a sliding frequency filter.f28l It seems to be more practical than 

the original sliding frequency guiding filter technique. 

The soliton controls eliminate noise accumulation and soliton interaction. 

It can be said that soliton control has paved the way for tera-bit soliton 

communication. [29] 

There is yet another stream of research aimed at the practical 

introduction of soliton communication. The first problem is short repeater 

spacings. To lengthen the repeater spacings, we proposed a chirp 

compensation technique, in another words a dispersion compensation 

technique, combined with a lumped amplifier scheme. This method can 

extend the amplifier spacing to over 100 km even when using a fiber with a 
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high GVD of 2 ps / (km.nm). The other crucial problem is the dispersion 

fluctuation of commercially available dispersion shifted optical fiber. We 

developed a dispersion allocated soliton to deal with such perturbations. 

Through the use of this concept, currently installed non-soliton optical cable is 

being converted to soliton cable by adding a short section of optical fiberJ301 

1.3 OUTLINE 

The optical soliton has a history of only two decades. Furthermore, 

remarkable advances towards actual transmission systems have been achieved 

in the past five years. 

This paper consists of six chapters (including the introduction), which 

describes the advances made in the last five years in soliton transmission 

research. The developments are described almost in chronological order, i.e. 

the order in which I engaged in the problems. 

Chapter 2 relates to the era before the development of the EDFA. It 

describes the basics of soliton propagation in optical fiber . Chapter 3 describes 

soliton transmission with lumped gain amplifiers such as EDFAs. Chapter 4 

describes soliton transmission control techniques in time and frequency 

domains which make ultra-long distance soliton transmission possible. 

Chapter 5 describes dispersion compensation and dispersion management 

techniques for soliton transmission which are very important in terms of 

realizing a soliton communication system. Chapter 6 is a general conclusion 

and describes the future of soliton transmission research. 

M. Nakazawa, K. Suzuki, and Y. Kimura: Soliton amplification and transmission with 

Er3+-doped fiber repeater pumped by GalnAsP laser diode, Electron. Lett. Vol. 25, pp. 199-

200 (1989). 

2 M. Nakazawa, K. Suzuki, and Y. Kimura: 3.2-5 Gbit/s, 100 km error-free soliton 

transmission with erbium amplifiers and repeaters, Photo. Tech. Lett. Vol. 2. No.3, pp. 216-

219 (1990). 
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II SOLITON INTERACTION ANALYSIS 

II. 1 Optical Soliton Propagation in Fibers 

In a nonlinear medium, the refractive index is given by 

n(r) = n0 + "2[E(t)[2
, (2-1) 

where no and 112 are the linear and nonlinear index of refraction, 

respectively, and E(t) is an electric field.lll The second term represents the 

optical Kerr effect. When the intensity of the electric field changes, its phase 

¢(t) is modulated through the Kerr effect, namely self-phase modulation. 

The frequency change (L'.w) of the pulse is given by 

(2-2) 

so that the frequency of the leading edge of the pulse becomes lower than 

the carrier frequency WQ, and that of the trailing edge of the pulse becomes 

higher. This frequency swept pulse is called a chirped pulse. 

When the chirped pulse propagates through a medi um characterized 

by anomalous group velocity dispersion (GVD), the leading edge of the 

pulse propagates more slowly than its trailing edge, resulting in optica l 

pulse compression. The temporal broadening due to the absolute va lue of 

GVD can be compensated for by the compression due to self phase 

modulation (SPM) with anomalous GVD, making a stable op tical soliton. 

In a silica optical fiber, anomalous dispersion exists in the wavelength 

region longer than 1.3 jlm. It is quite advantageous for optical solitons that 

the loss minimum wavelength of silica fiber is around 1.5 jlm at which the 

optical soliton can be generated. This characteristic is beneficial for long 

distance, high bit rate communication systems. 

The propagation of a nonlinear pulse in a fiber with loss is described 

by the nonlinear Schiidinger equation: 

- 9-



du l d2u 2 . 
-i- = --2 +lui u+l1U. 

d~ 2 dT 
(2-3) 

When the loss is ignored (1=0), the equation has a steady state and periodic 

soliton solutions. The initial condition is Asech(t), which is well known 

as the lowest order (N=l) soliton when 1/2<A<3/2, and especially for A=l.O, 

steady state pulse propagates along the transmission line. When the A is a 

positive integer, waveform of the pulses changes periodically along the 

propagation distance. When the A is not a positive integer, some part of the 

pulse forms N soliton where N is a nearest integer of A, and rest of the 

pulse becomes dispersive wave. The periodic distance is called soliton 

period, Zsp · It is given by 

(2-4) 

where 0 is the GVD, }., is a vacuum wavelength, T is the normalizing time 

(T-='rf'WHM/1.76 for sech shape pulse), and cis the speed of light in a vacuum. 

The peak power of the pulse required for the generation of an exact A=l 

soliton pulse (P1) is given by 

(2-5) 

where n2 is the nonlinear index of refraction (which for silica is 3.2xl0-20 

m 2 /W) . The A =1 soliton is preferable for high speed, long distance 

propagation because the it does not change its shape throughout 

propagation, and also requires the lowest generating power. 

The optical power loss (y) of the silica fiber is minimized at a 

wavelength of 1.55 Jlm, but still has a small loss, for example 0.22 dB/km. 

Hence the steady state soliton solution cannot be maintained over long 

distances because pulse energy decreases gradually due to this small loss. 

The relation between y (in dB /km), Zsp and value 1 (in m-1) is given by 

2 y [ ]-\ 1=-2,1,-- log 1oe , 
n 20000 

(2-6) 
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When 1 is small, the perturbation theory indicates that the soliton 

pulse width broadens in inverse proportion to its amplitudeJ2] If the 

transmission line has a slight gain along its length, the pulse width is 

shortened and the amplitude is increased by maintaining this soliton 

condition. These process are adiabatic so that it is reversible and all 

transferred energy changes soliton energy and forms no additional 

dispersive waves. 

The characteristics of the optical soliton in optical fiber is summarized 

as follows: dispersion free, robust for perturbations, and self formation. 

Because of these property, the N=l soliton seems promising as carriers for 

long distance, high bit rate optical communication systems. 

However this useful property can not be maintained when 1 (or gain) 

becomes large. Soliton transmission suitable for lossy condition is described 

Ia ter in section 3. 

II. 2 Nonlinear Interactions 

For an ideal soliton, the origin of soliton interaction is the nonlinear 

coupling of soliton pulses. When pulse overlap, their carrier frequencies 

are affected. The nonlinear term in the nonlinear Schrodinger (NLS) 

equation, I U 12U, is important in terms of qualitative behavior. Let U be a 

pulse pair, u+v, expand the nonlinear term, and extract the term relating to 

u. This gives 

u( I u 12 + 21 vI 2+ uv*) (2-7) 

The first and second terms are self and cross phase modulation(SPM and 

XPM), respectively. The last term is a phase-sensitive interference term. 

When we ignore the dispersive term, the nonlinear phase rotation on pulse 

u is proportional to I u I 2 + 2 I v I 2+ uv• . Here, the SPM term cancels out 

the GVD term of the NLS so the frequency shift is proportional to 
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d 2 -(21vl +uv*). 
dl 

(2-8) 

Let u =sec h(t)and v = sech(l + l'.t )e'• which means that pulse v advances by 

l'.t and has phase of 1/J relative to pulse u. When l'.t is large, we disregard 

the term I v I 2 because its effect on the pulse u is small compared to the uv• 

term . The frequency shift at the center of the pulse u is 

(2-9) 

For an in-phase case, 1/J = 0, l'.co is greater than 0, which means u 

becomes faster than its original speed because the carrier frequency is in the 

anomalous dispersion region. This result in the generation of the 

attraction force. While 1/J = rr, l'.w becomes less than 0. 

Quantitative results are obtained by a two-soliton solution of the NLS 

equation by the inverse scattering method. Various analyses have been 

performed by using this method to analy ze the soliton transmission 

capacity.[3-5) From these analyses and numerical simulations, a criterion 

was found for avoiding soliton interaction: the soliton pulses should be 

separated by a distance of at least 6 times the pulse width.l6] Although 

soliton interaction can be ignored under this condition, the bit rate of the 

system is fairly limited. 

Phase control or amplitude control was employed between input 

soliton pulses to avoid or reduce the interaction force [5,7] This approach 

reduced the interaction force, although precise control of the amplitude or 

phase of each pulse is required . Furthermore it might not be possible to 

maintain these conditions because of the existence of perturbations such as 

loss, noise during transmission, and optical filters. This means that it may 

not be easy to realize ultra-long distance transmission with these methods. 
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Figure 2.1 Relation between the soliton pulse width and its peak amplitude 
durmg propagation. The upper half of the figure shows pulse shape 
(amplitude) change along the propagation distance and the lower half of 
the figure shows the product of amplitude and pulse width (a)G= 0 01 
(b)G= 1.0. . . ' 
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II. 3 Optical Loss and Amplification of Soliton 

Figure 2.1 shows the relation between soliton pulse width and its peak 

amplitude throughout propagation. The data for f= 0.01 and 1.0 are 

illustrated in Fig. 2.1(a) and (b), respectively. The upper half of the figure 

shows pulse shape (amplitude) change along the propagation distance, 

assuming sech(t) as an input pulse (i.e., exact N=1 soliton). The lower half of 

the figure shows the product of amplitude and pulse width. For Fig. 2.1(a) 

(f= 0.01), this product remains almost constant throughout propagation, 

which means that the perturbation theory is valid and the pulse propagates 

as an N=1 soliton over a long distance. On the other hand, for a large f of 

1.0 given in Fig. 2.1(b), the amplitude decreases very rapidly, and therefore 

the pulse width can not preserve the soliton state. This pulse cannot 

propagate as an N=1 soliton because of its small amplitude. 

In long distance optical transmission systems, periodic amplification 

is required to compensate for fiber loss. Figure 2.2 shows two types of 

amplification scheme used for this purpose. One uses distributed amplifier 

(Fig. 2.2a) and the other uses lumped amplifier (Fig. 2.2b). The former is 

suitable for soliton transmission because it provides an artificial loss-free 

transmission line, while the latter is very simple and easy to construct. 

The Raman amplifier (A1) is a typical distributed amplifier. That is, a 

conventional optical fiber itself becomes an amplifying medium through 

the Raman process. An Er-doped fiber with a low Er ion concentration can 

also be used as a distributed amplifier (A2). In the Raman amplifier, the 

pump intensity decreases due to intrinsic fiber loss and pump depletion. In 

an Er-doped fiber amplifier, the pump intensity decreases due to fiber loss 

and absorption by Er ions. These amplifiers act as a pure distributed gain 

medium only when the gain distributes uniformly. Hasegawa pointed out 

that the decreases in pump intensity produce a periodic perturbation to the 

solitons, and either gain or loss dominates at certain positions. The 

Pump 
Source 

Pump 
Source 

a-1 

a-2 

b Amplifier 

Figure 2.2 Two types of amplification scheme used for long distance 
optical transmission systems. (a) distributed amplifier, (b) lumped 
amplifier. 
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transmission loss of the soliton can only be compensated for by the overall 

periodic Raman gain.l8l When r is small, the soliton pulse behaves as 

described in Fig. 2.1(a), and the pulse can propagate as an N=1 soliton over 

many multiples of Zsp· 

Based on this idea, long distance soliton transmission using periodic 

amplification by Raman amplifier is proposed.[9] Smith and Mollenauer 

have demonstrated pulse transmission over more than 6000 km in a 

recirculating 42-km fiber loop with a Raman amplifier.llO] The conditions 

of their system are L=41.7 km, Z5 p=66 km, y=0.22 dB/km (fiber loss 

coefficient for signal), and a=0.29 dB/km (fiber loss coefficient for pump). 

The loop length L (amplifier spacing) is of the order of Zsp· In that case, even 

though they use a Raman amplifier, it cannot be described as an ideal 

distributed amplifier system. r at the input of the fiber becomes +0.58, at 

which the perturbation theory cannot be applied. 

On the other hand, laser diode (LD) amplifiers and erbium-doped 

fiber amplifiers (EDFA) can be used as lumped amplifiers for soliton 

communication (Fig. 2.2b). An advantage of the lumped amplifier is its 

simple configuration, i.e., the amplifier region is clearly separated from the 

transmission line. The LD amplifier is very compact and reliable, but it has 

polarization dependent gain and a slight fluctuation in the transmitting 

signal pattern (pattern effect) due to the first gain recovery time which is 

comparable to transmitting speed. In contrast, the EDFA has the excellent 

characteristics of polarization insensitivity, high gain, low insertion loss, 

and no pattern effect because of its very slow gain recovery time. Since the 

EDFA needs a pumping laser, it was very important to discover a compact 

and efficient pumping source. Nakazawa et al. showed that 12.5 dB gain 

could be obtained by an EDFA pumped by a 1.48 IJ.m distributed feedback 

laser diode (DFB LD),(lll and the current gain thus achieved exceeds 45 

dB.l12] It was also demonstrated that picosecond and femtosecond solitons 
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can be amplified by the EDFA.l13,14l Recently, the EDFA has been widely 

used for the optical amplification in the 1.5 ~J,m region in addition to its 

optical soliton application. 

II. 4 High order nonlinearitires 

Besides the optical loss, high order dispersion and high order 

nonlinearity strongly affect the soliton propagation characteristics . These 

effects are considered as a perturbation to the NLS equation consists of SPM 

and GVD.l15,16l The leading terms are third order dispersion, self steeping 

effect, and self Raman effect. With these terms NLS becomes 

. au I d
2
u I 12 . k"' d

3
u . 2 d ( 2 ) T, d 2 z- + --+u u=z-----z---lul u +-u-lul (2-10) 

d~ 2 dT
2 6k" T0 dT3 

W0 T0 dT T0 dT 

The third order dispersion, named after third derivative of the wave 

vector k, is originated from wavelength dependence of the GVD.l17l The 

self-steeping of the light pulse results from the intensity dependence of the 

group velocity,l18l and soliton self frequency shift from the response time 

of the nonlinear index change or self Raman effect.l19] 

The coefficient of these terms are l.l x 10- 14 IT0 , 1.7 x 10-15 IT0 , 

5.3 x 10-15 IT0 , respectively, for 0=1 ps/km·nm, D;. = 0.52 ps/km·nm2, and 

.l..=l.55 IJ.m, so that these terms should be taken into account when the pulse 

width becomes shorter than few pico-seconds. 

II. 5 ASE noise 

Although the optical amplifier successfully removed the limitation 

due to optical loss, it induced other limitations. One is degradation of 

signal to noise ratio (SNR) due to accumulation of ASE noise. The other is 

Gordon-Haus effectl20l which gives rise to a random frequency change in the 

carrier frequency of the soliton pulse. 
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11.5.1 SN Ratio 

Average ASE photon number added by one optical amplifier is given 

by 

Jlm,(G- I)L'.v, (2-11) 

where G is a amplifier gain, t.v is a bandwidth of the amplifier, and ).! is a 

inversion parameter of the gain medium. m, is a number of the 

polarization modes, for example, which is unity for LD amplifier and 2 for 

EDFA. Incorporating this ASE noise, the output from the optical amplifier 

< n,, > is given as 

< n,, > = G < n, > + Jlm,(G-I)t.v. (2-12) 

Using the square low detector, the variance of the photon number is written 

asl21l 

= G < n, >+(G -I)J.Lm,t.v + 2G(G -I)J.L< n,. > 

+(G -1)2 J12 m,t.v + G2 /3< n,. > 

(2-13) 

The first and second terms are shot noise of the signal pulse and ASE, third 

is a signal-spontaneous beat noise, fourth is a spontaneous-spontaneous 

beat noise and last is a excess noise due to incoherency. For coherent pulse, 

f3 becomes zero. When G becomes large, shot terms can be neglected. 

Long distance transmission system which consists of k amplifiers 

with gain G, and each section has a transmission loss L (= 1/G), is given as 

<n, >=<n, >GL+k(G-I)LJ.Lm,t.v, (2-14) 

and variance of the photon number u; is calculates by the same manner. 

The SNR for this k-stage amplifier system is given as 

S/ N= < n, >
2 

T 
2 ' CJ, 

(2-15) 

where T is a time slot width of the detector. 

Minimum required SNR is determined by the error rate allowed to the 

system. Assuming that the distribution of the noise is a gaussian, the 

required SNR for error rate of 10-11 is about 22.5 dB.f22l More precise 
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analyses for the bit-error probability with optical amplifier is also 

reported .1231 

11.5.2 Gordon-Haus jitter 

The mean square frequency fluctuation due to an amplifier with gain 

G is given as 

<lln2> = (G-1) A I 3No , (2-11) 

where A = 1.76/to, to is the pulse width, and No is the number of photons 

per unit energy (=poto/hro, ro is carrier frequency, po is the peak power of the 

soliton). The random frequency change results in timing jitter through the 

group velocity dispersion of the fiber and the accumulation of jitter finally 

causes a bit error. 

The variance of jitter is given as 

< 8t2 >= (GI)AL' 19N0Z, (2-12) 

where Za is the amplifier spacing and L is the overall length of the 

transmission line. To ensure a bit error rate of 10-9, the detector window 

acceptance width must be 6.1 times wider than the standard deviation of the 

timing jitter for a Gaussian distribution. 

The limit of the bandwidth and distance product is 

(RL)' ~ 0.1312t0t~R' N0 I r 
_ 0.1372t0 t~ R'A,ff 

hfn2 I Dl 

(2-12) 

where R is the bit rate of the system, and to and 2tw are the full width at half 

maximum pulse width and the detector window width, respectively. For 

example, when R = 10 Gbit/s, to= 30 ps, 2tw = 67 ps, fiber lossy= 0.24 dB /km, 

D = -2 ps/(km·nm), the amplifier spacing is 50 km and Aerr =50 ).1m2, the 

maximum distance L is only 4600 km. To ensure a smaller bit error rate, 

the total transmission distance should be shortened. 
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Another derivation of the Gordon-Haus effect which directly 

compute the timing jitter have also reported .I24J 
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Ill. SOLITON TRANSMISSION WITH LUMPED AMPLIFIERS 

It was long believed that soliton pulses could not be propagated over 

long distances with lumped amplifiers because the pulse loses its soliton 

property if the gain or loss is large. In 1982, a simple and interesting soliton 

transmission method using a lumped amplifier was reported with a 10 km 

repeater spacing and an A=l soliton.fll However, the repeater spacing was 

too short to apply it to actual systems and there were no practically 

applicable lumped amplifiers. This meant that distributed amplifier 

methods such as Raman amplification remained the main area of soliton 

transmission research at that time. 

In the late 1980's, great progress was made on the erbium-doped fiber 

amplifier (EDFA), which is a lumped amplifier in the 1.5 11m region. The 

success of laser diode pumped EDFAsl2,3l has provided optical amplifiers 

that are easy to operate. The EDFA has advantageous characteristics for a 

transmission system such as high gain, high output power, wide bandwidth, 

and polarization independence. Its capacity for soliton amplification has 

also been demonstrated. 

While undertaking research on soliton transmission technology 

using this new amplifier we developed the idea of using the dynamic 

waveform change which occurs during non-integer order soliton pulse 

propagation in an optical fiber with optical loss. Here I describe this new 

soliton communication method which is suitable for a lumped amplifier 

system, and which we call the dynamic soliton communication method.14l 

This technique requires no additional elements but uses a slightly higher 

input than ordinary soliton transmission. The advantages of this 

technology and EDFA were proved by various experiments which were 

performed directly after the development of this technology.IS-91 
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III.l Physical image of new soliton transmission technique 

Because of fiber loss (f), for example -0.22 dB/km at a wavelength of 

1.55 !liD, the steady state soliton solution cannot be maintained. We solve 

eq. (2.3) numerically by using split-step Fouler method. [see Appendix 1] 

When the fiber loss is small, the perturbation theory indicates that the 

soliton pulse width broadens in inverse proportion to its amplitude. This 

no longer holds true when the loss becomes large as already shown in Fig. 

2.1(b). This pulse cannot propagate as an A=1 soliton because of its small 

amplitude. 

First we study the propagation of A# I soliton pulses. It is well 

known that lowest order (N=l) solitons are asymptotically produced in the 

loss less optical fiber when the pulse amplitude is 1/2< A <= 3/2. While 

r # 0, input amplitude must somewhat increased to creates N=l soliton. 

Figure 3.1 shows the evolution of the soliton waveform along fibers. The 

conditions for Fig. 3.1(a) and (b) refer to a f=-0.01 with 1.4 sech(t) input, and 

f=-1 with 1.4sech(t) input, respectively. The loss is the same as described in 

section 2.3 but the amplitude is 1.4 times larger than that of described in the 

section. For small r corresponding to Fig. 3.1(a), the pulse width first 

narrows and then varies around a certain value. For f=-1 shown in Fig. 

3.1(b), the rate of intensity decrease is fast, and pulses soon lose nonlinearity 

due to their small intensity. 

Figures 3.2 shows the pulse width, the peak amplitude and the chirp 

at the center of the pulse as a function of distance for various A values with 

f=-1. The pulse width and the peak amplitude are shown by a solid line 

and a broken line, respectively, in the upper half of the figure. The chirp is 

shown in the lower half. Distances in km are also given in the abscissa of 

the upper halves of the figures. Here, fiber parameters of D =3 ps/km/nm 

and f=-0.22 dB/krn are used. The corresponding pulse width is 21.6 ps and 

the corresponding soliton period is 62 km. The curves of A=1.4 in Fig. 3.2 
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show the same condition as Fig. 3.1(b). For A=l.4 through 2.5 in Fig. 3.2, 

the pulse first narrows and then broadens. When r is small the pulse width 

narrows again, but for a large r the pulse broadens monotonously. It has 

been suggested that increasing the peak power of the soliton pulse can 

improve transmission capacity.llOJ Unnecessarily high input power 

produces more non-soliton parts, therefore, we must be careful not to use 

extremely high input power as input pulse. Furthermore, it is not always 

true that the higher input power enables longer transmission distances. 

High input power cause pulse broadening due to GVD because SPM 

produces wider frequency broadening than low input power, as in Fig. 3.2. 

Here, it can be said that there is an optimum condition for maximizing 

transmission capacity. 

~ :-;_~. 01a DI~:~NCE 

~~ 
./ 

A 1 
-+ 0 

(a) 
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r = - 1 .0 
A =1 .4 

DISTANCE 
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-------~--------

--~----0 
-+ 
t 

(b) 

Figure 3.1 The evolution of the soliton waveform along fibers . 
(a) G=-0.01 with 1.4 sech (t) input, (b) G=-1 with 1.4sech (t) input. 
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As seen in Fig. 3.2, the pulse width recovers its input value at a 

certain distance when A>l. While amplitude of the pulse at that distance is 

quite low to support a soliton. If the pulse is amplified to a certain power, 

the pulse will recover the soliton property as far as the pulse distortion at 

that distance is small. Repeating this process will enables soliton to 

propagates for long distance with lumped amplifiers. 

III. 2 Long distance transmission system with lumped amplifiers 

Here we discuss the long distance transmission with lumped 

amplifiers. For simplicity, we assume an ideal amplifier, which amplifies 

pulses with no distortion and add no noise such as ASE. Coupling loss is 

omitted from the calculation because coupling loss suddenly reduces the 

amplitude without increasing the pulse width and does not affect the 

nonlinear phase, this loss can be compensated for by the ideal amplifier. In 

the calculation, pulse width around 20 ps is assumed so as not to induce 

higher order nonlinearity such as optical shock[llJ and Raman self frequency 

shift.ll2J 

111.2.1 Automatic Power Control 

The actual amplifier installed in a transmission system has automatic 

gain controlling circuit (AGC) to stabilize the transmission system. A 

feedback circuit in an amplifier stabilizes output power of the amplifier, so 

that it is refereed as automatic power control (APC) circuit. Here I study a 

long distance pulse propagation under lumped amplifier with APC. 

Figure 3.3 shows the evolution of a soliton pube in the optical fibers 

with loss and lumped amplifiers with amplifier spacing of 31 km. Here, the 

parameters of y=-0.22 dB/km, and D =3 ps/km/nm are used (f= -1.0). 

Because of large D value and wide pulse width, dispersion slope and soliton 

self frequency shift are neglected. For simplicity, ASE noise is also ignored 
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in the simulation. Figure 3.3(a) is the pulse width and the peak amplitude 

of the pulse just before it reaches each amplifier (output of each fiber). 

Figure 3.3(b) is a panoramic view of the pulse envelope. The amplifier 

spacing is determined so that the pulse width at the output end of the fiber 

is almost the same as that at the input end. The pulse width is slightly 

different at each input because of residual nonlinear phase change. When 

the pulse changes periodically, i.e., the pulse regains its amplitude, shape 

and phase after each amplification, the propagation distance is extended. 

The critical length Lc is characterized here that a certain distance at which 

the pulse recovers its width, making the pulse shape close to that at input. 

From Fig.3.2(b), Lc is 0.55 Zsp for A=l.4 and f=-1.0. For A. =1.55 Jlm, D =3 

ps/km/nm and IFWHM =21.6 ps ('t =12.3 ps), 0.55Zsp correspond to 34 km. In 

the present case, it should be noted that the pulse energy at each input of the 

fiber is kept constant even though the amplitude and pulse width of the 

output of the fibers are not equal. This occurs due to the fact that the 

periodically steady state pulse has slight chirp while the initial pulse is not 

chirped as seen in Fig. 3.2. Take this effect into account, amplifier spacing 

La should set slightly shorter than Lc to accomplish long distance 

transmission . 

Figure 3.3 indicates that the fluctuation of the pulse width is within 

25 % at 250 amplifications. When the pulse separation is 100 ps, the 

fluctuation of the pulse width does not produce any serious problems. 

Figure. 3.3(b) shows that the pulse distortion is small even after many 

amplifications (140 amplifications) . Here, the amplifier spacing is 31 km 

and the 140 amplifications corresponds to 4200 km. This means that a single 

soliton can propagate over more than 4000 km in this simple system. It has 

been shown that this amount of gain is easily obtained with an Er3+-doped 

fiber amplifier pumped at 1.48-1.49 Jlm,l13, 2] even when a laser diode is 

used as a pump source. 
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For comparison, the same calculation for A=l.O is shown in Fig. 3.4. 

The pulse width shown in Fig. 3.4(a) broadens quickly and pulse could not 

holds its shape even 1000 km as seen in Fig. 3.4(b). This clearly indicates 

that simply increasing the input power is very advantageous for long 

distance soliton transmission. 

To investigate the effect of the amplifier spacing change in this 

method, shorter and longer amplifier spacings z than Lc for A =1.4 are 

shown in Figs. 3.5 and 3.6, respectively. An example of shorter amplifier 

spacing, z=19 km (0.3 Zsp), is shown in Fig. 3.5. It does not adversely affect 

propagation characteristics. The pulse width suddenly decreases to 80 % 

and the fluctuation of the pulse width is ±10 % throughout the 10,000 km 

transmission. The disadvantage of employing shorter amplifier spacing is 

that it needs more amplifiers for the same distance. An example of longer 

amplifier spacing, z = 62 km (Zsp), is shown in Fig. 3.6. In contrast with Fig. 

3.5, longer amplifier spacing drastically shortens the propagation distance. 

Furthermore the pulse shape shown in Fig. 3.6(b) is not maintained after 40 

amplifications. 

Peak amplitude, width, and chirp for Figs. 3.3-3.6 are given in Fig. 3.7 

as a function of propagation distance. The conditions of the broken lines in 

Fig. 3.7(a) are A=1.4, f=-1.0 and z=31 km (0.52 times Zsp), and those of the 

solid lines are A=l.O, f=-1.0 and z=31 km. Note here that 31 km is a little 

shorter than Lc for A=1.4 with f=-1.0 because of the reason described before. 

When an A=1.4 soliton is used as an input pulse, the pulse width recovers 

its input value at the first amplifier (i .e., at the output end of the fiber). At 

that point, the amplifier returns the pulse to its initial power, so that the 

pulse remains an A=1.4 soliton. However when an A=1 soliton is used as 

an input pulse, the pulse width becomes 1.2 times broader than the input 

pulse width at the first amp lifier. The amplifier returns the broadened 

pulse to its initial power, so that the pulse becomes an A=1.2 soliton. This 

acts as a increased input of the broader soliton in the next fiber. The broken 

Jines in Fig. 3.7(b) are A=1.4, f=-1.0 and z=Zsp, and the solid lines are A=1.4, 

f=-1.0 and z=0.3 Zsp. For the repeater spacing z=Zsp, which is longer than 

Lc, we see that the pulse width becomes broader than the input pulse width 

and consequently A becomes higher. On the other hand, for z=0.3 Zsp, 

which is shorter than Lc, the pulse width becomes narrower than the input 

pulse width and A becomes lower. If the distortion of the pulse is not large, 

the pulse gains steady states which is different from input pulse. It should 

be also noted that when z is equal to Lc, the chirp oscillates around zero as 

shown by the broken line in the lower part of Fig. 3.7(a). Comparing Fig. 

3.7(a) and (b), the present method in which amplifier spacing is set at around 

Lc is very efficient for long d istance transmission. 

The relation between Lc and the input amplitude A is shown in Fig. 

3.8 where r is -1.0. The actual values of A and Lc are determined from Eqs. 

(3) and (4) when 'A, 1: and I D I are given. 

One factor limiting the pulse propagation in the lumped amplifier 

system is the nonrestoring phase change. It originates in amplitude change 

during propagation, which results in pulse shape distortion. One reason is 

that A ~ 1 solitons have dispersive nonsoliton parts, and these nonsoliton 

parts become background noise. In general, the higher the A for a fiber 

with loss the greater the occurrence of dispersive parts and additional 

nonlinear phase change. Therefore the transmitted pulse shape is 

considerably distorted. Calculations are carried ovt to investigate the 

amplitude dependence of the present method. The amplitude spacings are 

set at Lc. The conditions are A=1.2, f=-1.0 with z=0.33 Zsp (20 km) and 

A=l.6, f=-1.0 with z=0.7 Zsp (43 km). The results are shown in two parts of 

Fig. 3.9, which are drawn in the same manner as Fig. 3.3(b). The upper part 

of Fig. 3.9 indicates that transmission distance will be extended if more 

amplifiers can be used in the same transmission distance. A smaller A can 
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Figure 3.7 Evolution of pulse characteristics along the fiber. 
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Figure 3.8 The relation between Lc and the input amplitude A. 

be used with shorter amplifier spacings, and that causes smaller residual 

chirp and fewer nonsoliton parts. On the other hand, for a higher A as 

shown in the lower part of Fig. 3.9, the transmission distance will be 

shortened. 

- 36 -

1.5 

0.5 

0 

2 

1.5 

0.5 

0 

2 
A=1.2 

1.5 

· .... ·· ........... _.- ............. __ ....... ·· .... ·· ..... :· ...... ·· ... ···· ..... _ .......... _ ....... _ .............. ·· 

0 2000 4000 6000 

distance (km) 

A=1.6 

8000 

0.5 

0 
10000 

2 

I \l•o:'l"'~ :, .,r.l'~ -., ~ :~ .. ol • I.:·~ .. II ! ... 111 \ lllo I ~ !'I., "·' .. "~·,:~: ·.·-: ........... -: :·-. .. :-.:r· .. ..,.,/\.: ·:"l· .. t~:···"·-.:··t·.:-·:o~t .. · .. ~::.: 

Dl 
3 

"0 -c: 
c. 
CD 

I .. I t .. I 'l loo 

1.5 

0 2000 4000 6000 

distance (km) 

8000 

Dl 
3 

"0 -c: 
c. 
CD 

0.5 

0 
10000 

Figure 3.9 Effect of amplifier change on preemphasis method. (a) A=1.2 
and z=0.33 Zsp, (b)A=l.6 and z=0.7 Zsp. 

- 37 -



III.2.2 Gain Fluctuation 

Even in a system with feedback, there is a small amount of gain 

fluctuation. To take the gain fluctuation into account, a random value is 

added to the gain of each amplifier, in which a fluctuation is assumed to 

obey Gaussian distribution. Standard deviations of the gain of cr=0.1 dB and 

0.3 dB are used in the calculations. First, we checked the gain distribution of 

the amplifiers. Figure 3.10(a) is the error of each gain and Fig. 3.10(b) is a 

histogram of the gain error for cr=0.3 dB. This distribution is random 

enough to represent actual gain fluctuations. The random gain is added to 

the soliton pulse. Results for A=l.4 and z=31 km with cr=0.1 dB and 0.3 dB 

are shown in Fig. 3.11 and Fig. 3.12, respectively. In both figures, the pulse 

width variation increases compared with Fig. 3.3. However, for cr=0.1 dB 

shown in Fig. 3.11 the pulse is good enough to propagate over 9000 km. 

The pulse width fluctuation over 9000 km is within ±10 %, and the pulse 

shape is clearly distinguished from noises. In this condition, 0.1 dB is about 

1.5 % of the amplifier gain (0.22 x 31=6.82 dB), and therefore we can say that 

the lumped amplifier system is stable even when the amplifier gain 

fluctuate a little. 

III.2.3 Dispersive Waves 

The present technique, which uses an A> 1.0 soliton, produces a 

slightly dispersive wave compared to an ideal soliton transmission which 

uses an A=1.0 soliton. Here, we check the effect of the dispersive wave 

components by calculating a soliton pair transmission. Figure 3.13 shows 

the waveforms of an in-phase soliton pair of the same intensity separated by 

ten pulse widths. The input amplitude is A=l.4 and the repeater spacing is 

z=31 km . There seems to be no serious problems under these conditions. 
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In actual transmission systems, there are perturbative effects which 

are not incorporated in the present calculation. Some of them originate 

from the amplifier itself, such as spontaneous emission, some of them 

origina te from third order dispersion, optical shock, and the soliton self 

frequency shift in fibers. The effects of these perturbation are incorporated 

in the simulations in section V. 

III.3 Analytic Solutions 

The existence of a stable soliton in a lumped gain system has been 

analytically proved and named the average solitonl14,15] or guiding center 

soli ton. [161 The main issue is that soliton exists under large gain 

perturbations if the amplifier spacing (La) is short compared to the soliton 

period (Z5 p) (i.e., Za = La/Zsp << 1). The nonlinear Shrodinger equation is 

linearized by ignoring the non-commuting nature of nonlinearity and 

dispersion. In terms of physical image, it is assume that there is no 

significant change in pulse width. Under this condition, the soliton 

waveform u is written as 

exp(-1~) 
u(~. r) K v(~, r) . (3-1) 

Incorporating this solution in NLS eq. (2-3), one obtains a loss-less NLS eq. 

of the form 

The factor K is given as 

K = l- exp( -21Z.) 
21Z. 

and eq (3-2) is accurate to ocz;). 

(3-2) 

(3-3) 

Recently, a more precise analysis, which is accurate to O(Z:) has been 

reported.l17l 
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III.4 Conclusion 

A new soliton transmission technique was described which is suitable 

for lumped gain media. The lumped amplifier system is very promising 

for use in realizing a soliton transmission system because of its simplicity. 

All that is required is to locate optical amplifiers every 30-50 km in the 

transmission line. This technique requires no additional elements but uses 

a slightly higher input than an ordinary soliton transmission. Various 

experiments and analytical research have proved the appropriateness of this 

technique. This is a very beneficial alternative to linear optical 

communication systems . 
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IV SOLITON TRANSMISSION CONTROL IN TIME AND 

FREQUENCY DOMAINS 

IV. 1 Soliton Transmission Controls 

Previous approaches to reducing soliton interaction were based on 

the physical property of the soliton pulse itself, so that the distance was still 

limited by physical effects such as perturbations and nonlinear interaction. 

Furthermore, once the pulses were sent into the transmission line, the 

previous approaches had no effect on the pulses. 

The novel approach we present here is to apply additional external 

manipulation to the propagating soliton pulses to control the soliton pulses. 

The principle of this approach lies in different behavior of soliton pulse and 

linear waves. So that soliton transmission control is applicable only for 

optical soliton but not for linear IM/DD system, in which pulse and noise 

behaves same manner. 

There are two types of the soliton transmission control scheme. One 

is control in the time domain, the other is control in the frequency domain. 

Time domain control directly corrects any position change due to Gordon­

Haus jitter and soliton interaction. For soliton transmission control in the 

time domain, a sinusoidal shaping function is applied to the soliton pulses. 

For frequency domain control, a band pass optical filter is installed into the 

transmission linelUl to stabilize the soliton pulses. It can also reduce the 

frequency deviation of the soliton pulse, consequently, it can reduce the 

Gordon-Haus jitter. 

IV.l.l Reduction of Jitter and Interaction 

Figure 4.1 shows the reduction in the Gordon-Haus effect achieved 

with soliton transmission controls. The input pulse width is 40 ps and the 

input amplitude is 1.72. The fiber conditions of loss, dispersion D, and 
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Figure 4.1 Reduction of Gordon-Haus jitter with soliton transmission 
controls. (a! soliton pulses without soliton transmission control, (b) with a 
band pass filter, (c) with a synchronous modulation. 

length Za are 0.24 dB/km, -2 ps/(km·nm), and 50 km, respectively. The 

amplifier spacing is 50 km and the amplifier gain is 12 dB which 

corresponds to the gain required to compensate for the optical loss in a 50-

km optical fiber. To simulate the Gordon-Haus jitter, random frequency 

shifts are introduced at each amplifier position to evaluate Gordon-Haus 

jitter without waveform distortion. Each figure is composed of 10 
independent computer runs. The waveforms in an ordinary soliton 

transmission system without soliton transmission controls is shown in Fig. 
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4.1(a). The pulse position changes more than the pulse width at 5000 km. 

In Fig. 4-1(b), the soliton pulse is controlled by band pass filters installed at 

each amplifier position (frequency domain control). The bandwidth of the 

filter is 10.3 times that of the input pulse. The jitter was reduced to one half 

that seen in Fig. 4.1(a) at 5000 km because the frequency change is 

suppressed by the band pass filters. In Fig. 4.1(c), the soliton pulse is 

controlled by synchronous modulation (time domain control). The 

modulation is applied at every amplifier position and the modulation 

depth of the each shaping is only 2 dB. Although extinction ratio is only 

0.37, most of the timing jitter has been removed. In addition to this 

successful reduction in the Gordon-Haus jitter, synchronous modulation 

can also reduce ASE which is a source of Gordon-Haus jitter. Detail of the 

noise reduction is described in the next section. 

In Fig. 4.2, the standard deviations of the timing jitter versus the 

transmission distance are rewritten from Fig. 4.1 . The thick broken line is a 

result without soliton transmission controls, which agrees well with a 

theoretical Gordon-Haus curve shown with a thin broken line. The 

synchronous modulation successfully reduces the timing jitter to an almost 

negligible level as shown by the solid line. When band pass filters are 

installed in the transmission line, the frequency deviation of the soliton 

pulse is reduced to within a certain amount as shown by the dot-dashed 

line. Here we assume that the frequency deviation obeys Gaussian 

distribution. The distribution of the timing jitter, which occurs in each 

transmission fiber (between two amplifiers), is also Gaussian distribution 

and these distributions are mutually independent. When the variance in 

the jitter is written as cr2 and the mean timing jitter is zero, the moment 

generating function can be written as Mx(t) = exp(cr2 t2 /2). After the k-th 

transmission fiber, i.e., the pulse experiences jitter k times, the moment 

generating function becomes (Mx(t))k = exp(kcr2t2 / 2). This shows that the 
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variance in the timing jitter is kcr2, i.e., the standard deviation of the jitter 

(kl / 2cr) accumulates by the square root of the transmission distance (Ll / 2, 

L=kZa) in contrast to L3 / 2 for the Gordon-Haus jitter. 

Isr-------------------------------------------
1- , , , / 

U) 
10 E: 

Gi 
,:;:; 

01 
c .E 5 -

1-

0 
I 

0 1000 

, 

2000 

, / , / 

without 
soliton control , / , , 

, , , 

-· 

,' ,;"' 

, / 

, , ' , , ' Gordon-Haus 
limit 

-·-
.-· 

·-·-·-filtering 

synchronous modulation 

I 

3000 4000 

disrtance (km) 

5000 

Figure 4.2 Standard deviation of the timing jitter versus transmission 
d1stance. solid line: with synchronous modulation, dot-dashed line: with 
band pass filter, dashed line: without soliton transmission control. The 
sohton transmission control is applied every SO km. Theoretical value of 
the Gordon-Haus jitter is shown by the thin broken line. 

- 49 -



Figure 4.3 shows the frequency deviations as a function of the 

propagation distance. The frequency deviation increases monotonously 

with the square root of the propagation distance. It is important to note 

that the frequency deviation can also be suppressed by a synchronous 

modulation scheme. The suppression of the frequency deviation is due to 

the fact that the propagation speed of the soliton pulse is determined solely 

by the GVD of the soliton carrier wavelength. The synchronous 

modulation enhances the same spectral components as the original soliton 

pulse. Since other frequency components arrive at the modulator at 

different times, frequency control is also possible. This technique is the 

same as the dispersion tuned fiber Raman laser proposed by Stolen et ai.I31 

0.4 

N' 
I 0.3 
t:.. 
c 
0 0.2 "iii 
"> 
Q) 

"0 0 .1 >-u 
c 
Q) 
:::J 

0.0 CT 

jg 

-0 .1 
0 1000 

.... -- ...... _ .. ~ 
______ .... -------

2000 3000 4000 5000 
distance (km) 

Figure 4.3 Accumulation of frequency dev iati on versu s p ropagation 
distance. Solid line: with synchronous modu lation, dot-dashed line: wi th 
band pass fi lter, dashed line: without soliton transm ission control. 

It should be noted that these soliton transmission controls work well 

even when they are spaced further apart. Figure 4.4 shows the standard 

deviations of timing jitter along the propagation distance with soliton 

transmission controls applied every 10 amp lifiers. Instead of frequent 

control, strong controls were applied. The solid line shows time domain 

control in which the modulation depth is 20 dB (2 dB x 10), and the dot­

dashed line shows frequency domain control in which the bandwidth of the 

filter is 3.3 (10.3 I YTIJ). The effects are almost equiva len t to those of the 

controls applied every 50 km. The main difference is the waveform 

distortion due to strong perturbations. Figure 4.4 also shows waveforms at 

5000 km with time domain control applied every 500 km. One of the effects 

of waveform distortions is the appearance of fluctu ation in the timing jitter. 

The solid curve in Fig. 4.4 exhibit greater va riation than that in Fig. 4.2. 

However, less frequent contro l is very useful for the construction of an 

economical system. 

Synch ronous modulation is also effective for reducing soliton 

interaction forces. Figure 4.5 shows the propagation of a soliton pair 

withou t and with synchronous shaping. 20-dB shaping is applied every 

500 km. The pulse width to is 40 ps, and the initial pulse separation is 160 ps. 

For an ordinary soliton transmission system, the separation of 4to is so 

small that strong soliton interaction prevents long distance soliton 

propagation as shown in Fig. 4.5(a) . However, when synchronous 

modulation is incorporated, the two pulses are clearly separa ted as shown in 

Fig. 4.5(b), which indicates that bit rates can be increased with this scheme. 

The soliton pulses tend to pull each other, but the mod ulation pulls them 

back to their original position. 
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IV.1.2 Noise Reduction 

The use of an optical amplifier such as an EDFA is accompanied by 

ASE noise and this limits the propagation distance in terms of S/N ratio. 

The peak power required for an N = I soliton pulse is given by Eq. (2-5), and 

the ASE power of the optical amplifier is given as 

PAs£= J.!(GI)hvB, (4-1) 

where Jl is the population inversion parameter of an optical amplifier, h is 

Planck's constant, B is the bandwidth of an optical filter, and G is amplifier 

gain. For example, when Jl = 2, B = 5.5 x 1010 Hz, G = 15.85 (12 dB), t0 = 40 

ps, Aeff= 39 Jlm2, and D = 2 dB/(km·nm), the PAs£ and PN=J become 0.21 

J.!W and 1.5 mW, respectively, so that the S/N ratio is 38 dB. 100 amplifiers 

add the same amount of noise 100 times, so that S/N ratio is decreased to 18 

dB. Soliton transmission control in the time domain can reduce such a 

noise accumulation. 

The concept of noise reduction is illustrated in Fig. 4.6. The 

continuous noise is modulated (or shaped) like a pulse stream by the first 

modulator. Since the noise is linear, it disperses during propagation as a 

result of the GVD of the fiber. At the next modulator, the re-broadened 

noise is again removed by the synchronous modulation. On the other 

hand, soliton pulses propagate without broadening when excess gain is 

provided. Repeating this process reduces the noise considerably. 

We assume the sinusoidal modulation for the shaping function f(t) 

and that its extinction ratio is 11 x(x < 1). For example, x = 0.01 means an 

extinction ratio of 20 dB . The signal pulse shape g(t) is assumed to be a 

hyperbolic secant squared. 
2 cos(2miT)+ I 

f(t)=x+(1-x)cos (miT)=x+(l-x) 
2 

, 
(4-2) 

g(t) =sec h2(l.76r I t:..t), 

where Tis the period of the shaping function ( = 1/bit-rate). 
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The transfer function for the noise, or noise reduction ratio, due to j(t) is 

TR = (! + x)l2 per shaping if the sinusoidally modulated noise disperses 

during propagation and becomes cw noise again before it reaches the next 

modulator. 

While the transmitting signal power through the modulator T m is 

Tm = J!.;;2J(t)g(t)dt I f!.;;2g(t)dt= f':~f(t)g(t )dt I f':~g(t)dt 

(1-x)[l rc2 
11.76a 

=x+-- + ] 
2 sinh(rc2/1.76a) ' 

(4-3) 

where a= T I t:..t and is assumed to be > 1. It is necessary to compensate for 

the attenuation to maintain the soliton pulse. The required excess gain is 

Gm = l!Tm per shaping. The next amplifier also adds noise but the noise is 

also reduced by succeeding modulators. Thus the total amount of noise 

from k amplifiers is written as 
<NT>=(((< N > TRG + < N >) TRG + < N >) TRG + < N >)·· 

k-J 

= < N > L(TRG)" 
n=O 

(4-4) 

where < N > is the ASE power from each amplifier. 

Here, 
1+x I +x 

TRGm = 2 < 2 I (4 5) 
(1-x) rc 2 11.76a (l-x) ' -

x+--[1+ ] x+--
2 sinh(rc2 I l. 76a) 2 

therefore, TRGm is always less than unity so that <NT> converges for any x 

value. For example, x = 0 (100 % modulation) and a >> 1 gives 

<NT>=2.0<N>, x=O.J (10 dB modulation) and a = 2.5 gives 

<NT >= 3.5 < N >. The Mach-Zehnder intensity modulator has a smusoidal 

transmission as a function of the applied voltage, and the driving voltage is 

sinusoidal. Therefore, the transmission function has a steeper edge than 

sinusoidal modulation which is simply assumed here. In an actual 
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si tua tion, this asymmetric modulation function can remove the noise more 

efficiently. 

intensity 
modulation 

soliton transmission 
fiber (GVD) 

~J) 
noise soliton pulse 

Figure 4.6 Concept of noise reduction by synchronous modulation. 
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Figure 4.7 shows the noise reduction effect through synchronous 

modulation. In Fig. 4.7 (a), the solid and dashed lines are analytic values, 

the circles and squares represent numerical simulations where a is infinite 

and x=O.Ol (20 dB modulation). When the synchronous modulation is not 

applied, the noise accumulates linearly as shown by the dashed line and 

squares. Synchronous modulation greatly reduces noise accumulation as 

shown by the solid line and circles. The noise level saturates at twice the 

input value after only a few shapings. Figure 4.7 (b) shows the same 

calculations for various modulation depths. The converged value 

calculated with Eq. (4-4) is also indicated by the squares in the figure. Even 

when an intensity modulator with a small extinction ratio was used, it still 

converges the noise to a very low level. 

When coherent ASE noise is added to a soli ton pulse, the soliton 

waveform and spectrum are modified, and this eventually prevents a stable 

soliton pulse from being transmitted over long distances. If the noise is not 

too large, the perturbation still yields a stable soliton and a d ispersive wave 

with a small amplitude. Therefore, it is important to install a modulator 

before the coherent noise builds up and interacts strongly with the soliton. 

The principle of the noise reduction is based on the fact that a non­

dispersive pulse (soliton) and dispersive noise (linear) behave differently . 

Therefore, this scheme does not work for linear transmission systems 

operating at a zero-GVD wavelength, in which the noise and the signal 

pulse behave in the same way. 

In contrast, the noise reduction effect of the band pass optical filter is 

limited. In the following discussion, the bandwidth of the optical filter, 

soliton pulse, and ASE noise are assumed to be B, N and white spectrum, 

respectively, and 81 N > I . We also assume a hyperbolic secant-shaped 

pulse spectrum and a Lorentzian filter transmission function. In the 

transmission system many optical filters are cascaded. Let us consider the 
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ASE noise generated by the first amplifier. At the first filter, the profile of 

the ASE noise becomes the same as that of the optical filter. The 

transmission function of the succeeding M(?. I) stage filter is 

{1 1(1 + (2/ I Ell} M After theM stage filter the noise energy is reduces to 

f.:'~ { 11(1 + (2/ I Bht+l df I f.:'~ { 1/(1 + (2/ I B)2l}dJ 
(2M -I)!! 

(2M)'! 

(4-6) 
( M ?. 0) . 

M = 0 means there are no succeeding filters. While the soliton pu lse passes 

the same filter bandwidth M times, because the soliton pulse recovers its 

spectrum during the propagation. The energy transmission of the soliton 

pulse at each filter T1 is 

_ f.::X,sech 2 (1.76f I ~n{ I 1(1 + (2/ I Bh }elf 
TJ - -------=--___!_ __ :__:__~ 

f.::X,sech 2(1.76f I t!,.f)df 

_ 1.768 (I)( 1.768 I 
-2Nn"' 2t!,.jn+2), 

(4-7) 

()" 
where 'l'(n)(z) (= "-" 'I'(Z)) is a polyGamma function ( 'lf( Z) = r (Z) ). It is 

u< r(z) 

important to add excess gain Gt at each filter to maintain a constant soliton 

pulse energy. Thus, G1T1 should equal unity. The total noise power is 

. N-l (2M -I)!! 
wntten as lim L Gf (G1 > 1). If the excess gain is ignored for 

N-+~ M =O (2M)! ! 

simplicity, the amount of total noise becomes a simple series 

I
. ~~ (2M -I)!! Th 
1m L... . is series does not converge when N ~ ~, i.e ., the 

N-+~ M=O (2M)!! 

noise level in the filtering technique is never stable even if the excess gain is 

ignored. 

IV. 2 Ultra-Long Distance Soliton Transmission 

A schematic of the calculated model for ultra-long distance soliton 

transmission is shown in Fig. 4.8 . Each amplifier spacing is 50 km, and 

modulators and band pass optical filters are installed every 10 amplifiers, 

i.e., every 500 km. Sinusoidal modulation with a modulation depth of 20 
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dB and a 10 GHz modulation frequency, corresponding to the pulse 

separation, is utilized in the calculation. Every 10 amplifiers an excess gain 

L'lg is provided, which is slightly larger than that of the other amplifiers, to 

compensate for the power Joss due to the band pass filter and synchronous 

modulation. The bandwidth of the optical filter is twice that of the input 

pulse spectrum. A broader bandwidth filter could be used if installed more 

frequently. 

The soliton control in the frequency domain operates successfully as a 

stabilizer.f4,5l Soliton stability when the filter and modulator are used is 

analyzed by the transmission function. Precise transmission functions are 

calculated with eqs. (4-3) and (4-7), but here for simplicity we assume that 

the pulse shape, filter profile, and modulation function are Gaussian. On 

this assumption, the pulse shape and its spectrum remains Gaussian after 

the modulation and/or the filter is applied. Let the full width at half 

maximum (FWHM) of the pulse shape, the filter bandwidth, and the 

modulation shape be w1 , w1and W,,., respectively, and the spectral width 

of the pulse wv be 0.44/ w,. Since the transmitted pulse remains Gaussian 

with the same peak amplitude, the transmitted energy is the same as the 

ratio of the width. The spectral width after passing the filter is 

w~=wv~wj /<w~ + Wj) so that the transmitted energy for a filter of 

bandwidth W1 is 

(4-8) 

When the pulse passes the filter, the pulse width broadens to 

w;=w,~(w/ + Wj)/WJ . In the same manner the transmitted energy for a 

pulse width of Wt and a modulation of Wm is 

(4-9) 

When the modulation is applied to the broaden pulse of Wf, the 

transmitted energy ratio is ~w,~j(W,~ + w;2). The overall transmission for 

succeeding filter and modulation operation is 

soliton transmission fiber I optical amplifier 

I 

L= 
50 km 

L= 500 km g+L'lg 

band-pass filter 

~~ intensity modulator 

Figure 4.8 Schematic of the long distance soliton transmission system. 
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Figure 4.9 Insertion loss of filter and modulator versus pulse width. 



T8 = ~ W,~/cw,;, + w;2 )~Wj /Cw/ + Wj). (4-10) 

Figure 4.9 is a schematic of the loss (= 1 - transmittance) for the filter 

and modulator system versus pulse width Wt. The dotted line is the loss by 

the optical fi lter, the broken line is the loss by the modulator, and the solid 

line is that of the combined system. They are calculated with eqs. (4-8), (4-9), 

and (4-10), respectively, and w1 = 2.0x0.44 and W,,=1.25 are used in the 

calcu lation. For stab le pulse propagation, loss and gain should be equal. 

Synchronous shaping successfully reduces jitter and noise but the system 

becomes unstable after long distance transmission. That is, once the soliton 

pulse energy becomes smaller than the required energy, the pulse broadens 

due to dispersion. A broadened pulse experiences larger loss than an 

unbroadened pulse at the modulator (broken line), so the energy becomes 

small. It has been shown that a band-pass filter stabilizes not only the 

frequency but also the amplitude of the soliton pulse. A pulse with less 

energy broadens during propagation and has a narrower bandwidth than a 

normal pulse. Therefore it experiences less attenuation at the band-pass 

filter than a normal pulse as shown by the dotted line, i.e., the energy 

recovers. 

There are two balancing points in the combined filter and 

modulation system (solid line) . A narrow pulse (point A) behaves in the 

same way as with a filter. While a wide pulse (point B) behaves in the same 

way as with a modulator and the pulse escapes from the balancing point, 

i.e., point B couldn't support stable pulse. When the pulse width is 

narrower than at point B, it is captured at point A. Thus the pulse is 

stabilized at point A at which the filtering effect is dominant. Points A and 

B can be obtained by setting Eq. ( 4-10) equal to 1 I t>g, 

(4-11) 

By noting w;=w1 ~(w/ + Wj)jwj and wv = 0.44/wl' w1 , which gives points 

A and B, are expressed as 

(4-12) 

The ± signs in eq. (4-12) correspond to points Band A, respectively . Since 

the Gaussian pulse, modulation, and filter shape are assumed in eq. (4-10) , 

this result gives a rough estimation of the stability condition. 

A similar approach to the stability analysis is reported in ref. 6. This 

stabilizer is passive, so that no external feedback controls are required. In 

addition, when EDFAs operating in a saturating region are cascaded, this 

stabilizes the soliton energy,[?! and achieves more stable so li ton 

propagation. 

Here we estimate the excess gain L'lg. Equations (4-3) and (4-7) 

represent estimations of t>g for synchronous modulation alone and a band 

pass filter alone. The excess gains for modulation of a=2.5 and filter of 

Bl N = 2.0 are about 1.3 dB and 0.72 dB, respectively, with a sum of about 2.0 

dB . However, simultaneous operation of the filter and the mod ulation 

results in larger attenuation. This is because the soliton input into the 

synchronous modulator has a slightly broader pulse width since it has 

passed the optical filter. We made an assumption that the pulse 

broadening due to the band pass filter is inversely proportional to the 

energy loss due to the filter. In other words, the ou tput pulse from the 

filter can be approximately described by a sech shape. When the energy loss 

(i.e. the pulse broadening) calculated from Eq. (4-6) is incorporated into Eq. 

(4-3), we obtain an attenuation of 1.63 dB rather than 1.3 dB, because the 

broadened pulse experiences a larger attenuation than the original pulse 

with the same modulation. The estimated overall loss, or excess gain, for 

- ~- -~-



the filter-modulator system is 2.35 dB (1.63 + 0.72). As we previously 

mentioned, the actual shaping function has a more complex shape. In such 

a case, numerical integration will be helpful in estimating the precise excess 

gain. 

Figure 4.10 shows a numerical simulation of one million kilometer 

soliton transmission. t!.g of 2.5 dB, which is obtained by the above 

estimation, is used for the calculation of Fig. 4-10 (a) . Figure 4.10 (b) 

incorporates amplifier saturation in addition, and t!.g was set at 3.0 dB to 

make use of the gain saturation induced stabilization. In both calculations, 

the initial pulse separation is 100 ps, the input pulse width is 40 ps and the 

propagating pulse width is about 30 ps. In spite of the noise and the soliton 

interaction, the soliton pulses are very stable due to the synchronous 

modulation and stabilization by the band pass filter. The noise appearing at 

the base line is less than -20 dB to the pulse peak intensity even after a one 

million kilometer propagation incorporating 20,000 amplifiers. This means 

that the noise accumulation is negligible. In addition, saturated amplifiers 

realize more stable soliton propagation. 

The amplitude fluctuation of the soliton pulse in the one million 

kilometer transmission with saturated amplifiers, corresponding to Fig. 4.10 

(b), is shown in Fig. 4.11. A histogram of the amplitude distribution is also 

shown in the figure, in which the amplitudes are calculated every 1000 km. 

The estimated standard deviation of the amplitude is 0.022, which means 

that the bit error caused by amplitude fluctuation is negligible. 

The validity of the soliton transmission control is proved by various 

experiments. [8-10] Figure 4.12 through 4.15 is a significant result of one 

million km transmission from reference [8]. The experimental setup for the 

ultra-long distance soliton transmission scheme is shown in Fig. 4.12. The 

soliton is generated by a gain switched DFB LD and the spectral windowing 
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Fig. 4.10 Numerical results of a one million km soliton transmission. 
(a) without saturated amplifiers, (b) with saturated ampli fiers. 
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Figure 4.11 The amplitude fluctuation of the soliton pulse in a one million 
km transmission with saturated amplifiers. 

technique.llll The soliton data was coded using a Mach-Zehnder light 

modulator and data speeds were between 5 and 10 Gbit/s. Since a loop with 

a short length of about 100 km does not reflect the conditions in an actual 

fibre system, we have been continuously investigating a single-pass long 

distance soliton transmission. In the paper, 510 km fiber loop with 50 km 

amplifier spacing was used. The soliton transmission fibers (STF) were ten 
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fibers approximately 50 km long with anomalous group velocity dispersions 

at -0.7--2.2 ps/km/nm (average -1.5 ps/km/ nm). The coded soliton was 

coupled into the 510 km loop through a 3 dB coupler and the dynamic 

soliton communication method was used to circulate the solitons in the 

loop. The soliton was reshaped and retimed by a LiNb03 light modulator 

and optical delay, which means that this soliton circulation loop is a kind of 

synchronously mode-locked laser. Therefore, in a steady state condition, 

the soliton can propagate over an infinite distance. The difference between 

the laser and this loop is that laser should have a pulse at every time slots 

but this loop, which is a data transmission line, must preserve data pattern. 

Furthermore, because of the inherent nature of mode-locking, the jitter 

problem, called the Gordon-Haus Limit in a soliton transmission, can be 

removed if the complete locking is accomplished. In addition, this forced 

shaping technique can remove the interaction forces between adjacent 

solitons which have thus far limited the maximum speed of soliton 

communication, resulting in an increase in the bit-rate. This has been also 

confirmed by computer simulations. 

Figure 4.13(a) is a single-pass data signal <110011...> after 510 km, 

where the reshaping has already been achieved by the modulator. The 

soliton pulse coupled into the loop was 42 ps, which was reduced to 35-37 ps 

by the shaping. By closing the 510 km loop, soliton waveforms are 

transmitted over one million kilometres as shown in Fig. 4.13(b) No pulse 

broadening appears and very stable transmission has been attained. It is 

important to note that the accumulation of ASE and non-soliton 

components at "0" signal are negligible. Because of the low dispersion and 

30-45 ps pulse width, the N=1 soliton power was as low as 0.6-2 mW. With 

such a low signal power, the accumulation of ASE noise causes serious 

probrem for ultra-long distance transmission. The accumulated ASE at "0" 

signal may be built up to "1" but soliton control prevent the accumulation. 
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It should be also noted that EDFAs operate in a saturated gain regime, 

resulting in a self stabilization of the soliton power and width.l12] 

In the system, a sinusoidal electric signal for reshaping fed to a 

modulator can be extracted from the coded data signal by using a 

narrowband SAW filter. The synchronization between the transmitting 

soliton and the reshaping signal can be tuned by a phase controller (Delay 

unit). Laser diode amplifiers are also advantageous since they combine 

amplifiers and modulators at high speed. 

Figure 4.14 shows spectra corresponding to Fig. 4.13(a) and (b) . 

Spectral widths (- 3dB down) at the input, after 510 km transmission, and 

one million km (loop condition) are 0.08, 0.09, and 0.11 nm, respectively. 

The slight broadening which occurs after one million km can probably be 

attributed to the accumulation of ASE and slight spectral broadening due to 

self-phase modulation in each circulation and its amplification by the 

EDFAs. 

Fixed data patterns after transmissions over one million km at 7. 2 

Gbit/s and 400 thousand km at 10 Gbit/s are shown in Fig. 4.15. Fig. 4.15(a) 

and (b) are soliton trains coded with <100101011001> and <001110100011> at 

7.2 Gbit/s and Fig. 4.15(c) is <0010110011> at 10 Gbit/s. No pulse broadening 

occurs even when these data signals are transmitted over such long 

distances. A small difference in the peak intensity of each soliton is 

probably caused by the slightly insufficient bandwidth of the electrical power 

amplifier fed to the LiNb03 modulator for the data coding and partly by 

irregularities in the sensitivity of the S1 tube of the streak camera. The 

present technique is not applicable to linear high speed IM / DD systems. 

E.A.:ELECTRICAL 
AMPLIFIER 

EDFA12 EDFA11 EDFAS 

Figure 4.12 Experimental setup for circulating a coded soliton train in a 510 
km loop. The LiNb03 modulator and the optical delay are for soliton 
reshaping and retiming. The optical switch is for cleaning and initiating the 
loop. The ON/OFF ratio of the AO switch was -54 dB. 
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Figure 4.13 10 Gbit/s soliton data transmission over one million km. (a) 
soliton waveforms at 500 km with reshaping. (b) soliton waveforms over 
one million km 
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Figure 4.15 Transmitted data patterns 
over one million km. (a) 7.2 Gbit/s 
data over 1 million km coded as 
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IV. 3 Soliton transmission with long amplifier spacings by soliton control 

Optical soliton transmission technology has shown considerable 

progress through the use of erbium-doped fiber amplifiers (EDFAs).I13,14J 

We have succeeded in transmitting solitons over unlimited distances by 

using the dynamic soliton transmission technique and incorporating 

soliton contro!.IISJ However, theory suggests that the pulse distortion is 

proportional to the second order of the amplifier spacing (2
0

) normalized 

by normalizing distance (20 ) or soliton period (Zsp) .1 161 This means that 

(20 1 Zsp l
2 

should be much smaller than unity in order to achieve ultra-long 

distance soliton transmission. 

On the other hand, higher bit-rate communication requires a shorter 

optical pulse which shortens Zsp. As it is common to set 2
0 

at longer than 

100 km in conventional linear systems, the question arises of how long Za 

can be extended in a soliton system. 

The amplified spontaneous emission (ASE) noise added by optical 

amplifiers also limits the amplifier spacing. It is said that the gain (G) of the 

EDFA should be less than 10 dB because excess noise grows at a rate of 

[(G-l)llnGf/G.Il7l That is, Z0 should be shorter than about 50 km. 

However, these difficulties can be removed through the use of soliton 

control which reshapes the soliton pulse and removes dispersive non­

soliton waves as well as ASE noise. In this letter, we show numerically that 

soliton control is a good solution to the need for soliton transmissions with 

increased amplifier spacing. 

We assume a 10 Gbit/s soliton transmission with an amplifier 

spacing of 100 km, which is 2 to 3 times greater than the spacing in a 

conventional soliton system. Soliton control are incorpora ted in both the 

time and frequency domains by which synchronous modulation with a 

modulation depth of 99% is applied every 500 km. In addition an optical 
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filter with a bandwidth of 0.4 nm, which can be installed in an optical 

amplifier, is installed every 100 km. 

The amplifier gain is equal to the transmission loss of a 100 km fiber 

plus an excess gain. In this calculation, excess gain of 1.3 dB and 0.25 dB are 

required to compensate for the insertion loss of the modula tor and the 

optica l filter, respectively . The input soliton pulse is 25 ps wide, and the 

initial sol iton amplitude is as high as A=2.7, which is 15 % larger than the 

average soliton. The bandwidth of the optical filter is 4 times broader than 

that of the input soliton pulse. The group velocity dispersion (GVD) of the 

fiber is 101 = 2.0 ps/(km·nm), which gives a soliton period of 124 km . 

Therefore Za I Zsp is as high as 0.8. The third order dispersion term and the 

Raman effect term are ignored because the pulse width is broad . The peak 

power of the N=1 soliton, PN=l, is calculated at 3.8 mW where the effective 

core area is 40 J.!m2 A duty ratio of 4 gives an average power at 0.95 mW. 

The ASE noise power generated by the EDFA is given by Eq. (4-1). 

Here, when ].!=4 corresponds to a noise figure of 9 dB, G=251 (24 dB = 0.24 

dB /km x 100 km), and B = 0.4 nm, the ASE power becomes 6.4 J.!W. Figure 

4.16 shows waveforms of a soliton pair with a separation of 100 ps (10 

Gbit/s). It should be noted here that Z0 is almost the same as the soliton 

period so that a significant amount of dispersive wave (non-soliton 

components) is generated during the propagation. In spite of the 

accumulation of the dispersive wave and ASE noise, the soliton pulse 

propagates stably over a long distance with soliton control. Moreover, the 

noise level remains very low due to the noise reduction effect of the time­

domain soliton control. A stable soliton transmission of more than 20,000 

km is easi ly achieved with soliton control, while ideal solitons without 

soliton control will collide after as little as 2,000 km. 

Figure 4.16 Waveform of a 10 Gbit/s pulse pair transmission with 100 km 
amplifier spacing. 
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A significant amount of dispersive wave are generated from a soliton 

under the condition of Za I z,P - I. In addition, strong soliton control 

slightly modifies the soliton pulse resulting in dispersive wave. These 

effects are overcome because the noise reduction effect of soliton control is 

much stronger than the noise generation effects. 

Figure 4.17 shows dispersive wave accumulation during the 

propagation. A single soliton pulse without ASE noise is propagated 

under the same conditions as in Fig. 4.16. A dynamic soliton without 

soliton control is calculated as a reference. Here we define the time 

segments in a series beginning 0, 1, 1', 2, 2' , as shown in the inset in Fig. 

4.17. Each segment is 100 ps wide and the segment 0 contains a signal pulse. 

The energy in each segment is evaluated by a numerical integration and is 

normalized with the signal energy. 

The total energy in segments 2 through 6 and 2' through 6', which 

represents a dispersive wave which behaves as noise, is also shown in Fig. 

4.17. Segments 1 and 1' are not counted because they include tail parts of 

the signal pulse. The solid line indicates the pulse with soliton control and 

the dashed line indicates the reference pulse without soliton control. The 

dashed line shows that a significant amount of noise is generated and 

accumulated because Za is comparable to z,p· By contrast soliton control 

can successfully eliminate the dispersive wave accumulation as shown by 

the solid line, that is, significant noise reduction is achieved. 

Figure 4.18 shows the noise accumulation throughout the soliton 

transmission. The solid line is total noise energy (ASE plus dispersive) 

with soliton control corresponding to Fig. 4.16. The dashed line is ASE 

noise without synchronous modulation as a reference. Here we again 

define the time segments 0, 0', 1, 1', 2, 2', as shown in the inset in Fig. 4.18, 

where no soliton pulses were added when the reference was calculated. 
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As shown by the dashed line, without soliton control, the ASE noise 

accumulates monotonously and eventually destroys the soliton signal. It is 

estimated from the solid line that the ratio of the average soliton power to 

the average noise power is about 100 with soliton control. Such a low level 

of noise will not affect soliton propagation over long distances. 

IV. 4 Ultrahigh speed soliton transmission using soliton control under 

soli ton self frequency shift 

An optical soliton in an optical fiber is regarded as a dispersion-free 

carrier for optical communications, and it is said that Tbit/s communication 

will become possible through the use of optical solitons. We have 

demonstrated picosecond and fern tosecond soliton pulse transmissions 

using a distributed erbium doped fiber amplifier (DEDFA) as a step to Tbit/s 

communication.llB-20] There are two main difficulties in propagating such 

a short soliton pulse over long distances. One is the short soliton period 

and the other is the effect of the soliton self frequency shift (ssfs)l21 1 which is 

due to self Raman gain (or the non instantaneous response of the 

nonlinearity). The former property prevents the use of a simple lumped 

amplifier configuration. A pulse width of 1 ps and a group velocity 

dispersion (GVD) of 0.15 ps/km·nm give a soliton period (Z,P) of 2.6 km, 

which decreases further when shorter pulses are used. An amplifier 

spacing of 10 km is much longer than this Zsp· which means that a large 

quantity of nonsoliton components will be generated which would prevent 

a long distance soliton transmission.l22] It is impracticable to make the 

amplifier spacing comparable to Zsp because this would require many 

amplifiers with a low gain. This difficulty can be overcome by using a 

distributed amplifier. When a distributed amplifier is used, the short 

soliton period becomes a preferable condition. When the Zsp is short, the 

normalized gain or loss becomes small so that the soliton pulse acts 

adiabatically. 

The ssfs problem was overcome by trapping the soliton spectrum in 

an optical bandpass filter when the ssfs is not strong. The bandwidth of the 

DEDFA can be used for this purpose but it is not very efficient for 

femtosecond solitons. With this soliton trapping, the carrier frequency of 

the soliton signal is slightly different from the transmission maximum of 

the filter. The net gain at the transmission maximum of the filter is always 

greater than the gain at the soliton carrier frequency. The result is that the 

noise tends to grow and the instability grows on the soliton pulsc.llSl Even 

the use of a distributed amplifier and optical filters can not eliminate 

soliton-soliton interaction, and therefore this gain trapped instability and 

interaction force limits the propagation distance. 

We have developed a soliton control technique (synchronous 

modulation with optical filtering) for transmitting solitons over virtually 

unlimited distances,l81 which reduces soliton interaction and noise 

accumulation. The above mentioned instability can also be eliminated with 

this control technique. 

However, it is yet to be proved whether the technique can be applied to 

picosecond I fern tosecond soliton transmissions accompanied by 

perturbations. In this paper, we show that it is possible to send a 200 Gbit/s 

soliton signal more than 5000 km by using a distributed amplifier and the 

soliton control technique. 

Femtosecond soliton pulse propagation in optical fibers is modeled by 

a perturbed nonlinear Schriidinger equation: 

. du I d
2u i k"' J 3u 2 . 1 Blu12 

-t- = -------+lui u+tru-...ll...u--
()~ 2 Jr 2 6Jk"Jr0 Jr3 r0 Jr 

(4-14) 

The last term indicates the ssfs effect where In is 5.9 fs. For simplicity, we 

assume that the DEDFA provides a loss-free transmission line (r = 0), and 



that the dispersion is constant over wavelength (k"'=O). We add amplified 

spontaneous emission (ASE) noise with a 5.3 nm bandwidth every 25m. 

This can be seen as a quasi-distributed noise with a Z,P of 2.6 km. A 

synchronous modulation with a 20 dB extinction was applied every 10 km 

and an optical filter with a 5.3 nm bandwidth was installed every 5 km. 

Here, the soliton trapping effect of the DEDFA is not taken into 

consideration but optical filters play this role. The effects of the filters and 

modulators are not described in the equation because they are localized 

every 5 km and 10 km, respectively, but the effects are considered in the 

calculation. 

Figure 4.19 shows soliton waveforms and eye diagrams with 

synchronous modulation at a bit rate of 200 Gbit/s. The waveform is a 2s-1 

pseudo random bit stream (PRBS) pattern and is shown every 500 km. The 

phase of the synchronous modulation is adjusted to maximize the 

transmitted energy. At 500 km, each pulse in the waveform is clearly 

separated. The rms jitter is 0.1 ps, which corresponds to a bit error rate of 

less than lQ-100 by employing Gaussian jitter distribution. As clearly seen 

in the eye diagram shown in Fig. 4.19(c), there are two stable propagation 

states at transmission distance longer than 1000 km. The higher peaks on 

the right correspond to the transmission maximum of the intensity 

modulation. While the lower peaks on the left correspond to pulses which 

are "trapped" by the synchronous modulations. That is, a low-intensity 

(therefore broader) pulse propagates faster than a high-intensity pulse 

because it suffers from less frequency shift. However, the shoulder of the 

synchronous modulation pulls the pulse back toward time slot. Therefore 

there is a point at which walk-off due to ssfs and pulling-back by 

synchronous modulation balances. 
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Figure 4.19. Waveforms and eye diagrams with synchronous modulation 
and optical filters. Modulation is applied to maximize the transmitted 
energy. 
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Figure 4.20 Waveforms and an eye diagram with synchronous modulation 
and optical filters . The modulation phase is moved toward the leadmg s1de 
of the pulse. 
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It should be noted here that the amplitude (energy) of the lower pulse 

is also maintained in spite of the modulation. In Fig. 4.19(a), higher pulses 

are dominant and the modulation maxima tend to exist at around the peaks 

of higher pulses so low intensity pulses suffer greater loss than high 

intensity pulses. While a bandpass filter allows more transmission for 

broad pulse which stabilize the pulse energy. There is at most one steady 

state for a low amplitude soliton which is determined by the filter 

bandwidth and the modulation depth. 

A small amplitude fluctuation which is generated by the coherent 

addition of noise by the DEDFA causes a serious jitter under the presence of 

ssfs. The amplitude fluctuation turns into jitter through GVD, because a 

soliton with a different amplitude (therefore a different pulse width) suffers 

a different amount of frequency shift. In addition, synchronous modulation 

converts jitter to amplitude fluctuation, which increases the jitter and 

makes the system unstable. To improve stability, the phase of the 

modulation is shifted toward the low amplitude pulse. Figure 4.20 shows 

the waveforms and an eye diagram when the modulation phase is moved 

toward the low intensity pulse by 1/16 of the modulation period. A single 

stable transmission state was realized and the jitter was less than 0.05 ps 

even after a 5000 km transmission. 

Figure 4.21(a) and 4.21(b) correspond to the modulation schemes in 

Figs. 4.19 and 4.20, respectively. When the transmission maxima of the 

synchronous modulation are set at around the position of high intensity 

pulses, as shown in Fig. 4.21(a), the high and low intensity pulses each 

have a steady state as described above. On the other hand, when the 

maximum transmission of the modulation is shifted to the left, as shown in 

Fig. 4.21(b), this resu lt in a high transmittance on a low intensity pulse and 

small transmi ttance on a high intensity pulse. There is a correlation 

between amplitude and position in that a high intensity pulse tends to be 
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Figure 4.21 Modulation schemes corresponding to Figs. 4.19 and 4.20. 

delayed because of ssfs. Eventually, the shifted modulation reduces the 

amplitude difference between the high and low intensity pulses, thus 

removing the systematic splitting of the pulse amplitude and position. 

We found that the pulse delays shown in the Figs. 4.19(a) and 4.20(a) 

are almost proportional to the propagation distance. This indicates that the 

soliton is trapped within the filter bandwidth. The carrier frequency shift is 

estimated to be as small as 0.1 nm so the dispersion difference due to the 

frequency shift is negligible. 

The k"' causes a serious degradation in the propagation characteristics 

when the pulse width becomes short or the k" value becomes small. Such 

a case requires more intensive control. 

IV.S Conclusion 

Soliton control is a promising way for increasing the transmission 

distance and amplifier spacing because it reshapes the soliton pulse and 

eliminates dispersive non-soliton waves as well as ASE noise. With this 

technique, high bit-rate soliton transmission can be achieved with much 

longer amplifier spacings than with conventional soliton techniques. 

Without soliton control, the transmission distance in a sub Tbit/s 

soliton system is severely limited by jitter due to the ssfs, noise and 

interaction. However, even in the presence of the ssfs, a transmission of 

more than 5000 km is possible by employing of soliton control and DEDFAs. 
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v. DISPERSION MANAGEMENT IN SOLITON 

TRANSMISSION 

The advent of erbium-doped fiber amplifiers (EDFAs) has led to 

numerous interesting reports on high-speed soliton transmission and 

soliton transmission technology has matured considerably through the 

use of EDFAs.lll Here EDFAs are used as lumped amplifiers, with which 

the concept of the average soliton, or dynamic soliton has been 

developed.l2-S] This technique has a wide range of applicability from L0 

(amplifier spacing) << zsp (soliton period) to La - ZSP' depending on the 

maximum required transmission distance. It is also well known that 

bright so litons can withstand dispersion fluctuation within the 

anomalous GVD region when the soliton period Zsp is much longer than 

the dispersion change-over period . ]6] These conditions are not always 

possible in practical cases, in particular in a high bit-rate transmission 

system where the soliton period is short. Below I describe dispersion 

management techniques to deal with these conditions. 

V.l Partial soliton communication 

Many interesting soliton communication experiments have been 

undertaken based on dynamic soliton method. However the maximum 

amplifier spacing is limited upto 80 km. 

Here, we propose a new technique to extend the amplifier spacing to 

more than 100 km in optical soliton transmission systems with lumped 

amplifiers. Here we refer this technique as "partial soliton 

communication" technique.l71 

As shown in Chapter III that the "dynamic soliton communication 

system" is suitable for soliton communication with lumped amplifiers. In 

this system, the amplifier spacing is almost the same as the distance at 

which the pulse width recovers its input width. Under the condition that 

the amplifier spacing cannot be extended over 100 km. Hasegawa and 

Kodama showed that a soliton-like pulse can be maintained in optical 

fiber independent of the amplifier spacing. This is not economically 

viable for an actual soliton system as many optical amplifiers must be 

used. 

The pulse in a single mode optical fiber is described by a nonlinear 

Schrodinger equation with loss. The normalized form of the equation is 

written as eq. (2-3). 

A longer soliton period ( Zsp) gives a longer Lc, and a longer Zsp is 

obtained by increasing the pulse width or decreasing the dispersion value, 

a broader pulse can increase Lc, resulting in a low transmission rate. It is 

difficult to limit GVD precisely to a small value throughout the fiber 

length, and when the GVD is small, the transmitting pulse becomes more 

sensitive to GVD fluctuation. A higher soliton amplitude (A) also makes 

Lc longer but if A is too high Lc will decrease since excessive spectral 

broadening produces pulse broadening. 

Figure 5.1 shows the pulse width change during propagation. The 

full width at half maximum of the input pulse intensity is tin = 10 ps, the 

GVD of the fiber is 0=-2 ps/km/nm, which makes z," = 19.9 km, loss is 

g=0.22 dB/km. The soliton pulse restores its width at Lc = 27.6 km, 30.4 

km, and 30.2 km for A=l.5, 1.7, and 1.8, respectively. Increasing the 

amplitude from A =1.7 to 1.8 makes Lc shorter. When the pulse 

propagates longer than Lc, the pulse width broadens monotonously. The 

broadening rate increases as the input amplitude increases because the 

high input amplitude (peak power) results in strong SPM so that it 

generates large frequency broadening than small input amplitude. 

Here we investigate the pulse width evoluton when the pulse 

propagates longer than Lc. Figure 5.2 shows the pulse shape and chirp at 
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Figuer 5.1 Changes in pulse width during propagation for A = 1.5, 1.7, 
and 1.8. tin= 10 ps, 0=-2 ps/km/nm, g=0.22 dB /km. 
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40, 60, 80, and 100 km for lin=10 ps and A=l.S input. As expected the pulse 

width becomes broader than the input pulse. Note here that the center 

part of the pulse has linear chirp which indicates the dispersion is 

dominant for that region. As the propagation distance increases, the 

pulse width broadens. Since most of the pulse energy exists in the 

linearly chirped part, the linearly chirped pulse should be compensated for 

and the pulse width can be compressed by normal GVD. 

Figure 5.3 shows the result of pulse compensation by the normal 

GVD. The pulse width change during the compression is shown in Fig. 

5.3(a) for transmission distances of 60, 80, and 100 km, the original input 

pulse is lin =10 ps, and A=l.S. The transmission fiber is D= -2 ps/km/nm 

and g= 0.22 dB/km. The abscissa shows the amount of dispersion in 

ps/nm. For transmission distances of 60, 80, and 100 km, the pulse width 

can be compensated for by appropriate dispersion values of 80, 120, and 160 

ps/nm, respectively. Pulse width can be restored by adjusting dispersion 

even if the transmission distance doubles. Temporal pulse shapes for 100-

km propagation are shown in Fig. 5.3(b) for various dispersion 

compensation values. The original pulse is also shown in the figure by a 

broken line. At a total dispersion of 160 ps/nm the pulse width becomes 

shortest and at that point the pulse almost recovers its original shape. At 

the same time, chirp is minimized, in other words, the pulse becomes 

transform-limited. Since the pulse amplitude is decreased due to 

transmission loss, the scale is arbitrarily magnified in the figure to reveal 

the pulse shape. 

Figure 5.4(a) shows the interaction force between two pulses in the 

present method with multi stage amplification. The condition is lin=10 

ps, pulse separation (T) is 50 ps (i .e. 20 Gbit/ s), and amplifier spacing (La) is 

100 km. The dispersion used for the compensation is 160 ps/nm, which is 

obtained from Fig. 5.3(a) . The conventional dynamic soliton method with 
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Figure 5.3 Pulse shape change during compression. (a) Pulse width: 
transmission distances of 60, 80, and 100 km are shown, (b) wave form: 
(Z=100 km) The pulse shape is restored by 160-ps/nm GVD. Original pulse 
IS tm=10 ps, A=l.S (broken line). 
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Partial soliton method with La=100 km, d1sperswn used for compensation 
is 160 ps/nm. (b) Dynamic soliton method with La= 25 km. 
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La= 25 krn is also shown in Fig. 5.4(b) for comparison. In both calculation 

noise due to amplifiers are not considered. With the partial soliton 

communication method, the pulse separation is almost constant over 2000 

km. A partial soliton can propagate further than dynamic soliton but only 

requires 1 I 4 the number of amplifiers. This is not surprising because a 

partial soliton has less interaction than a dynamic soliton due to the low 

average pulse energy and has almost no residual chirp at the amplifiers. 

In practice, each amplifier generates amplified spo ntaneous 

emission (ASE) noise. The ASE causes deterioration of S/ N ratio and 

timing jitter known as Gordon-Haus limit.IBJ In condition for Fig. 5.4 (b), 

and window of detector acceptance is assumed to be 2/3 of the minimum 

soliton separation, the Gordon-Haus limit for bit error rate (BER) of 1Q-9 is 

1630 km. 

Figure 5.5 shows similar calculation as Fig. 5.4 but incorporates ASE 

noise of amplifiers and the dispersion used for the compensation is 180 

ps/nm. Waveform and eye diagram at 2000 km for 25-1 pseudo random 

pattern are shown in the figure. The complex amplitude of the signal 

pulse at the fiber output is squared before passing through the baseband 

filter because a square law detector is assumed in the baseband signal 

processing. The baseband filter is second order Butterworth type of 13 

GHz (=0.65/T) in 3-dB bandwidth. The Q valuei9J calculated from the eye 

diagram is 12.1 at 2000 km propagation. 

With this new technique, the amplifier spacing can be greatly 

changed, and it can be extended to more than 100 km for optical soliton 

transmission with lumped amplifiers. The optical power loss of a 100-km 

transmission fiber is about 22 dB, and this amount of ga in can easily be 

obtained using laser diode pumped erbium-doped fiber amplifiers. With 

this technique, fewer amplifiers are needed for long distance 

communication and low cost transmission systems can be constructed. 
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Figure 5.5 SimulatiOn of 20 Gbit/s pulse transmission with 100 km 
amplifier spacmg and ASE. (a) eye pattern with Butterworth type filter of 
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Figure 5.6 Numerical simulation of an 80 Gbit/s soliton transmission 
with 50 km amplifier spacings. 
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Here we re-examine the result from another angle, that is, from the 

viewpoint of ultra-high speed communication. One of the difficulties in 

realizing ultra-high speed soliton transmission is the need for short 

amplifier spacings. For 80 Gbit/s the transmission, pulse width should be 

as short as 3 ps which means that the soliton period becomes about 20 km 

even if the dispersion is reduced to 0.2 ps/(km.nm). The "dynamic 

soliton" criterion requires that L, < Z,P for stable transmission while the 

partial soliton condition described above is L, > 5 x Z,P . Figure 5.6 shows 

a numerical simulation of an 80 Gbit/s soliton transmission with 50 km 

amplifier spacings. The transmission line consists of a 49 km long 

dispersion shifted fiber of D=-0.2 ps/(km.nm) and lkm of 0=+7.0 

ps/(km.nm) fiber for dispersion compensation. After a transmission of 

1000 km, the eye diagram is clearly open. Although, the soliton self 

frequency shift and high order dispersion are hard problems, this 

technique is advantageous for realizing ultra-high speed soliton 

transmission system. 

V.2 Dispersion Allocated Soliton 

It has long been believed that a bright optical soliton will only 

propagate in an anomalous GVD region and a dark soliton in a normal 

GVD region, and there have been no reports to suggest that the reverse is 

possible. We have reported that a bright soliton can exist and propagate in 

a normal GVD region as long as the average dispersion Davethroughout 

the amplifier spacing is properly set so that it is anomalous.llO,ll] 

ln this paper we show detailed analyses of the dispersion-allocated 

soliton and point out that a small change in the initial soliton amplitude 

can control how the soliton stably propagates throughout a fiber over long 

distances. 

Here we consider a sech-type bright soliton. The nonlinear 

Schrodinger equation with a position dependent dispersion,,B(~), is given 

by 

Assuming that u can be described in the form 

u = U(~. T)eif(~.<) 

and that U(~, r) and f satisfy the following equations. 

one obtains 

U(~. r) = 27]sech(27]r) 

df =0 
dT ' 

(5-I) 

(5-2) 

(5-3) 

(5-4) 

(5-5) 

Thus, the total nonlinear phase change for a propagation distance z is 

given by 

f(Z) = r<<tt )d~ 
0 ()~ 

= 27]
2 J

0

2 {3(~)d~ +(27])2sech2 (27]r{ z- J
0

2 ,B(~)d~ J 
(5-6) 

In order for u to behave as a soliton, f should be time independent 

and therefore the coefficient of sech2(27]r) should be zero. 

~J.z,B@d~ =I z 0 
(5-7) 

Which means that stable soliton exists by defining Dave, as : 

I f.L 
D,"=L 

0
D(z)dz. (5-8) 

It is permissible to have a random change in the GVD value between 

normal and anomalous as long as Dave is anomalous 

Each fiber section is allowed to have large normal or anomalous 

dispersion changes as long as Dave is slightly anomalous over the soliton 

period. The average soliton period, Zsp(ave), is expressed as 
7r2C '!'2 

Zsp(ave) = 0.322-2 --, 
A Dave 

(5-9) 



where r is the input pulse width. Zsp(ave) can be extended much further 

than La, even though we use highly normal or highly anomalous GVD 

fibers which usually result in short soliton periods in each section. By 

choosing a sma ll Dave, La can be extended to a distance comparable to that 

in a conventional IM /DD system. 

For a pulse width of r, the soliton peak power in the present system 

is given by 

- 0 6 .:l? Dave 
PN=I(ave)- .77 -2--2-Aeff· 

1r cn2 r 
(5-10) 

When the loss is included, the dispersion-allocated soliton amplitude at 

the input, Uo, is the same as that of an average solitonJ3·51 A significant 

difference between the present soliton and a conventional average soliton 

is that it can propagate even in a normal GVD region. Here we analyze 

how much perturbation can be allowed for stable soliton propagation. As 

Di is much larger than D ave' the average soliton behaves just like a 

dispersive wave in each region. Thus, the pulse broadening /H (=rout -ro) 

due to Di is 

(5-11) 

An important requirement for the present soliton is that this broadening 

should be much less than the original pulse width. Thus, a requirement 

of 

( 
D;l; ) I 

DaveZo < 
(5-12) 

is obtained. This is quite reasonable because if the broadening is not 

negligible to the origina l pulse width, the perturbation to the soliton 

becomes large and eventually the soliton pulse becomes a mere dispersive 

wave. A soliton is stable when the product of dispersion and fiber length is 

sma ller than DaveZO(nve)· Here Zo(nve) is the normalized distance which 

has a relationship of Zsp(nve)=(n/2}Zo(nve)· 
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Figure 5.7 Change in the pulse width of a dispersion-allocated soliton as 
a function of propagation distance. The filled circles show the pulse width 
at each amplifier position. 
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Figure 5.8 Change in the soliton pulse width vs. propaga tion distance 
with a different correction factor . The 90 km repeater span consists of a 30 
km fiber with + 0.5 ps/km/nm (normal) and a 60 km fiber with -0 4 
ps/km/nm (anomalous). · 
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Figure 5.7 shows how the pulse width of this new soliton changes as 

it propagates down a dispersion allocated fiber. Here L0 is 90 km. The 

fiber consists of a 30 km fiber with a normal GVD of+ 2.0 ps/km/nm and 

a 60 km fiber with an anomalous GVD of -1.3 ps/km/nm, giving an 

average anomalous GVD of -0.2 ps/km/nm. The soliton width is 20 ps. 

The typical feature of the present soliton is that the pulse width changes 

alternately following the sign of the GVD, but it eventually becomes a 

steady-state pulse due to the nonlinear phase change over the average 

soliton period. As the average dispersion is set at Dave= - 0.2 ps/km/nm, 

without the nonlinearity, the pulse simply disperses out. However, the 

pulse width remains near its original value when the input peak intensity 

is set at that of a conventional average soliton. 

We have already shown that a stable soliton exists in the present 

dispersion-allocated technique.I9.JOl There was no distortion in the 

waveform when Dave was negative (anomalous). When Dave was made 

positive (normal) with Dave = +0.2 ps/km/nm, nonsoliton transmission 

occurred where the pulse was distorted and eventually became 

rectangular. This pulse was the positively chirped nonlinear pulse used 

for pulse compression with a grating pair.112l We also investigated change 

in the pulse width as a function of propagation distance . When the 

dispersion perturbation was large, the pulse width of the present soliton 

deviated slightly from that of a uniform average soliton as it propagated, 

but it was entirely different from a linear pulse. When a small 

perturbation was applied to the system, stable soliton pulse propagation 

was achieved. 

As the dispersion-allocated soliton power is small, it does not 

undergo a large nonlinear phase change, but it behaves like a linear pulse 

such that the pulse broadening due to normal GVD can be compensated 

for by anomalous GVD. However, the nonlinear phase change is gradually 
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accumulated during this process and eventually balances with the average 

dispersion. Thus, the dispersion-allocated soliton has the nature of a pure 

soliton over Zsp(ave)· 

It is important to note that the nonlinear phase rotation in each 

section is slightly modified because the dispersion-dominant pulse 

decreases its amplitude during propagation. Therefore, the initial 

amplitude Uo is modified to a slightly bigger value UoA to compensate for 

the decrease in the nonlinear phase shift of the average soliton. Here A is 

a correction factor which is close to unity. For simplicity, we use a lossless 

Gaussian pulse. The loss is compensated for by Uo. Let the intensity of a 

Gaussian pulse at'!'= 0 be lc. In the propagation of the pulse 0 < z < lp, the 

average intensity Icp is given by 

- I f'• { I 4k "z '} Ia =-J, 1- -(-p-) dz 
P /P o 2 'l'o 

" 8 k l = I - -( _!!__!'_ )'. 

3 'l'o' 
(5-13) 

As the sign of the dispersion changes in the next fiber section, the slightly 

broadened soliton in the first stage recovers to its original intensity. It 

should be noted here that the average dispersion ( kp" I p + k
11

" 1
11

) does not 

have to be zero in order to retain the soliton property, but must be smaller 
" than kp lp. Thus one obtains fc 11 = l cp· That is, the correction factor A is 

4( D 1 )
2 

A := I + - ___f!__f!__ 

3 Dave'Zo 
(5-14) 

When the nonlinear phase change due to fiber los5 and fiber dispersion 

are taken into account simultaneously, the correction factor is given as 

( 
Dl )21-e-2riPIZo 

A = I+ 4 ___f!__f!__ (5-15) 
DaveZo 1- e -2 r'L. I Zo 

where we assume that the decrease in the intensity due to the dispersion is 

smaller than the that due to the fiber loss. As ( Dplp I DaveZo )2 <<1 , A is 

close to unity. 
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Figure 5.9 20 Gb/s PRBS input and output waveforms and 
corresponding spectra (a-1) Input psuedo random soltton waveform, (a-2) 
spectrum, (b-1) Output psuedo random soliton waveform, (b-2) spectrum. 
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Figure 5.8 shows how the change in the pulse width is modified 

when the correction factor A changes. L
0 

is 90 km, and the fiber consists of 

a 30 km fiber with a GVD of+ 0.5 ps/km/nm (normal) and a 60 km fiber 

with a GVD of -0.4 ps/km/nm (anomalous). The correction factor A in 

this case is calculated to be A=l.03 from eq. (5-14). When A is equal to 

unity, a pulse broadening of 1 ps is observed. However, when A is 

increased to 1.02-1.05, this broadening is suppressed, and a more uniform 

propagation is realized. A slight pulse compression occurs in the early 

stage of the transmission, which is due to the strong accumulation of 

nonlinear phase change. An over correction using a factor of A= 1.1 

considerably reduces the transmission quality. 

These techniques offer us the enormous advantage of being able to 

construct an actual soliton transmission line using various fiber 

combinations. Figure 5.9 shows the result of a 20 Gbit/s soliton 

transmission experiment in the field which uses com mercial transmission 

line. [13] 

V.3 Conclusion 

These results prove that GVD management will enhance the 

soliton transmission characteristics. The repeater spacing is extended by 

using the dispersion compensation technique. It also make it possible to 

construct a high bitrate transmission system. For practical use, the 

existence of a soliton in a dispersion-allocated fiber system is proved. This 

idea makes it possible to undertake soliton transmission experiment in 

the field. 
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VI GENERAL CONCLUSION 

This paper described the various technologies which will enable a 

practical soliton communication system to be realized by contro lling the 

characteristics of the transmission line. These characteristics include gain, 

spectral bandwidth, time domain modulation, and GVD. 

The development of a new soliton transmission technique suitable 

for lumped gain media, which we call the dynamic soliton transmission 

technique, is a majour breakthrough in the field of soliton communication. 

A key aspect of this technology is to increase the input peak ampl itude to 

above that of an N=l soliton in order to compensate for the decrease in 

nonlinearity due to optical loss. The remarkable advantage of this 

technique is its simple configuration which requires no additional elements 

but which uses only a slightly higher input power than ordinary soliton 

transmission. Stable soliton transmission can be achieved with lumped 

EDFAs even when the transmission fiber has an optical loss. With this 

scheme, a soliton pulse can propagate as if it were an ideal soliton even 

though the optical fiber has a loss. Numerical analysis proves that a 20 ps 

pulse can propagate for more than 10,000 km with a 30 km repeater spacing. 

The repeater spacing can be extended to more than 50 km by reducing the 

GVD of the transmission fiber. Many experiments have proved that this 

technique is practical for soliton transmission and it has become 

indispensable to soliton transmission research. 

Soliton transmission control techniques in the time and frequency 

domains are described for an ultra-long distance transmission. Soliton 

control is a promising way to increase the transmission distance and 

amplifier spacing because it reshapes the soliton pulse and eliminates 
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dispersive non-soliton waves as well as ASE noise. Numerical simulations 

show that a stable 10 Gbit / s soliton can propagate for more than one million 

kilometers when the repeater spacing is 50 km, and more than 20,000 km 

when the spacing is 100 km. Soliton interaction and ASE noise 

accumulation are successfully eliminated through the use of synchronous 

modulation and optical filters. This astonishing capability is proved by loop 

experiments. Solitons have been transmitted ovewr vast distances 

through the use of synchronous modulation and optical filters. The loop 

transmission system is analogous to the mode-locked laser, but stable "data" 

transmission is only possible by soliton transmission as it enables the noize 

of the vacant time slot to be suppressed. 

Soliton control can also be used for ultra-high speed soliton 

transmission. Without soliton control, the transmission distance in a sub 

Tbit / s soliton system is severely limited by ssfs, ASE noise and soliton 

interaction. Even in the presence of ssfs, a transmission of more than 200 

Gbit/s- 5000 km is possible by employing frequent soliton control and 

DEDFAs. 

The dispersion management of a transmission line drastically 

improves the soliton transmission characteristics. A simple dispersion 

compensation technique makes it easy to extend the repeater spacing to 

more than 100 km for a 20 Gbit/s- 2000 km soliton transmission. A high 

GVD of -2 ps/(km.nm) results in a good SN ratio. This technique is also 

applicable to high bitrate soliton transmission. An 80 Gbit/s soliton can 

propagate for more than 1000 km with a 50 km amplifier spacing. 

For more practical applications of soliton transmission, we analyzed 

the existence of a soliton pulse under serious GVD fluctuation. The soliton 

is robust in the face of this fluctuation and the soliton parameters can be 

described by using the average GVD value. Any discrepancy from a 

- !06 -

uniform GVD transmission line can be compensated for by using a slightly 

higher input amplitude. The use of dispersion management provides 

soliton transmission with the power it needs for practical applications. A 

field demonstration was successfully completed using installed commercial 

cable through the use of the dispersion management technique and its 

success marks a great step forward for soliton transmission. 

As summarized above the combination of EDFAs and optical solitons 

is a promising way to achieve high bitrate, long distance optical 

communication. This is not only interesting in terms of practical 

applications but also for theoretical research. The present work opens the 

new research field of soliton transmission with strong perturbations. This 

approach will extend to many areas of nonlinear optical science and 

technology. 
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Appendix 1 Numerical procedure 

The propagation equation is a nonlinear partial differential equation 

or called nonlinear Shriidinger equation. An analytic solution to the 

equation is obtained only in a special case through the use of the inverse 

scattering method. This means, therefore, that numerical approach is very 

important for an understanding of the pulse propagation in optical fibers. 

The pulse propagation in an optical fiber is classified as an initial 

value problem of the parabolic equation. One method which has been 

used extensively to solve this type of problem is the split-step Fourier 

method ( or beam propagation method ). 

Let us tconsider a modified nonlinear Schriidinger (NLS) equation of 

the form 

A.O 

This equation is formally written in the form [ll 

dl.t 
(k =(D+N)u, A.l 

where 0 is a differential operator which represents dispersion and 

absorption (or the linear part), N is a nonlinear operator which represents 

nonlinear effects (self phase modulation, Raman, optical shock wave) in the 

optical fiber on pulse propagation. These operators are given by 

A .2 

A.3 

The solution to equation A.l is formally obtained in the form 

u(z + h, T) = exp[h(D + N)]u(z, T), A.4 

- 108 -

if N is assumed to be z independent. By introducing the Baker-Hausdroff 

formula for operators a and b 

exp(a)exp(b) = exp[a+ b +I 12[a,b] + .. ], A.S 

where commentator [a ,b] =ab-ba. When we ignore the non-commuting 

nature of 0 and N, equation A.4 can be written as 

u(z + h, T) = exp[hD]exp[hN]u(z, T), A.6 

where a= hD, and b = hN. The dominant error term results from 

[hD,hN]I2 = h2
[D,N]I2, so that the SSFM is accurate to the second order in 

the step size h. 

To improve the accuracy, we often apply nonlinearity at the center 

point of the small step h. i.e., 

u(z + h, T) = exp[hDI2]exp[hN]exp[hDI2]u(z, T), A.7 

The error term of the order h2 is canceled out so that it is accurate to the 

third order in the step size h. Figure Al shows the schematics of this 

method. 

Thus far, the nonlinearity operator N is assumed to be z 

independent. For more precise calculation, the z dependence should be 

taken into account, i.e., exp[hN] is replaced by exp[J,'f.l(z' )dz']. 

The integral is calculated by a trapezoidal rule, 

f
z+h h 
N(z')dz' =-[N(z)+N(z+h)]. 

z 2 
A.S 

However, it is not simple to use this formula becaus(" N(z+h) is unknown at 

the time of the first calculation. It is necessary to introduce an iterative 

procedure to obtain a self consistent condition. 

The dispersion term of Eq. A.7 is solved using a Fourier transform. 

exp[hD I 2]u(z, T) = r 1 
{ exp[hD(iro) I 2]F)u(z, T) A.9 
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where F denotes a Fourier transformation operation. 

procedure is so ca lled the split-step Fourier method .l21 

This numerical 

It is important to no te here that any changes in waveform and pulse 

position due to wa lk off or self frequency shift wi ll reduce the accuracy . It 

may be necessary to repeat the ca lculation by reducing the step size to ensure 

the accuracy of numerica l simulations. 

M. J. Polasek, G. P. Agrawal, and 5. C. Pinault: Numerical study of pulse broadening in 

nonlinear d ispersive optica l fibers, f. Opt. Soc. Amer. B vol. 3, p. 205-211 (1986). 

W. H . Press et al. :Nunzerical Recipes, Camb ridge press, Cambridge, 1986. 
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Appendix 2 Soliton generation methods 

Here I lis t references fo r soliton generation methods 

Bright soli ton: 

1. Solid laser 

Nd:YAG laser (1.3 ~J.m) 

Color center laser 

[1,2] 

[3] 

Soliton laser using color center lase r [4,5] 

2. Wavelength conversion 

Differential frequency generation [6] 

Optical parametric oscillation [7] 

3. Fiber lasers/ Fiber amplifier 

Raman based 

Erbium based 

4. Laser diode with optical amplifier 

[8,9,10,11] 

[12,13] 

Gain switching with spectral filtering [14] 

Electro absorption modulator [1 5,1 6,17] 

Dark soli ton: 

Spacial masking 

M-Z interferometer 

LN modulator 

[18] 

[1 9,20,21] 

[22] 

A. S. Gouveia-Neto, A. 5. L. Gomes and J. R. Taylor: Generation of 33-fsec pulse a t 1.32 

~m through a high-order soliton effect in a single-mode op tical fiber, Opt. Lett. vol. 

12, pp. 395-197 (1987). 
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10 

11 

12 

K. Tai and A. Tomita: 1100x opical fiber pulse compression using grationg pair and 

soliton effect at 1.319 J.lm, Appl. Phys. Lett. vol. 48, pp. 1033-1035 (1986). 

L .F. Mollenauer, R. H. Stolen and J. P. Gordon: Experimental observation of 

picosecond pulse narrowing and solitons in optical fiber, Phys. Rev. Lett. val. 45, No. 

13, pp. 1095-1098 (1980). 

L .F. Mollenauer and R. H. Stolen, , Opt. Lett. val. 9, p. 13 (1984). 
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Lett. val. 12, No. 6, pp. 407-409 (1987). 
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pp. 7-9 (1989). 

K. Suzuki, M. Nakazawa nad H. A. Haus: Parametric soliton laser, Opt. Lett. val. 14, 

No. 6, pp. 320-322 (1989). 
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B vol.4, pp. 652-660 (1987). 
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Lett. val. 12, pp. 181-183 (1987) . 
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laser, Electron. Lett. val. 23 p. 537-538 (1987). 
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M. Nakazawa, E. Yoshida, and Y. Kimura: Ultrastable harmonically and 

regeneratively modelocked polarization-maintaining erbium fibre ring laser, 

£lectro11. Lett. val. 30, p. 1603 (1994). 

13 M. Nakazawa, E. Yoshida, T. Sugawa andY. Kimura:Continuum suppressed, 

uniformly repetitive 136 fs pulse generation from an erbium-doped fibre laser with 

nonlinear polarization rotation, Electron. Lett. val. 29, pp. 1327-1329 (1993). 
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