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ABSTRACT

We are at the edge of another industrial revolution, namely the information age.

Although we may have not noticed, the amount of information generated by humanity is doubling every few months. In order to respond to such a huge demand for information modern communications relies on fast digital optical fiber systems which are fast emerging as dominant transmission medium within the major industrialized societies.

Even in advanced fiber optics systems longer spans of fiber with higher bit rates are desired. Researchers have been constantly struggling since the development of optical fiber  in early 60’s to achieve the dream seen with it’s developments but without much success till a couple of years back.

Optical communication system are no longer the pipedreams of the future with the advent of this new data transmission scheme in optics which has facilitated to transmit data at rates in excess of 50 Gb/s, at a distance of 19000 kms requiring no repeaters and with no errors. At this rate one bibble could be sent to everyone on earth--- 5.5(9) people--- in just 10 days.

The new technique utilizes something called “SOLITON  PULSES”.

Optical Solitons are essentially “stable pulses” that travel without changing their shape: they do not disperse and robustly resist perturbations in the physical medium that supports them. They represent one of the most exciting and fascinating concepts in modern communications, arousing special interest due to their potential applications in Optical Fiber Communication.

With this presentation I have tried to focus on the explicit integration of analytical and experimental methods in non linear optics specially “Optical Soliton Communication”.
Brief  History Of  Soliton

Solitons are essentially “stable pulses” that travel without changing their shape: they do not disperse and robustly resist perturbations in the physical medium that supports them.

The phenomenon was first discovered in 1894 by a Scottish Engg., John Scott Russell. 

He observed a well defined heap of water that continued forward on its course with great velocity along the channel without change of form or diminution of speed. Unfortunately the implication that so excited him were misunderstood by his contemporaries. 

It was not until the mid 60’s and the use of digital computers to study non linear wave propagation that the soundness of Russell’s ideas was appreciated. Two Dutchman, Kurtweig and deVries derived an equation that related the spatial changes in the amplitude of the wave to its temporal changes and proposed a solution which confirmed Russell’s observations. This equation is known as KdV equation.

During this time between 1955 to 1975 theory of solitary wave propagation was developed by various researches and mathematicians which confirmed the existence of special localized waves which exhibited particle like behavior.

 In 1973 Hasegawa and Tappert proposed that such solitons could be used for optical communication and Russell’s research hit the big time in modern communication systems when in 1980’s Mollenauer observed the first soliton pulses in a single mode fiber giving birth to the new break through technology.

What  Is  A Soliton  Pulse?
Soliton is a bell shaped pulse of light -- of sufficient intensity and correct wavelength traveling through a non linear optical fiber. They are very short pulses of light that show the peculiar characteristic of maintaining their pulse width in the presence of chromatic dispersion as they propagate in the optical fiber.

Solitons, and any encoded information they carry have a strong resistance to interferences.
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             Fig 1. Soliton Optical Pulse

Solitons are essentially “stable pulses” that travel without changing their shape: they do not disperse and robustly resist perturbations in the physical medium that supports them.

Properties of Soliton:

    * Solitons have very short pulse duration, a single soliton is only 1 picosecond long (1 million millionth of  a second). They have high stability and can propagate independently along its course forever. 

    * Solitons can exist when dispersion and non linearity effect of the fiber counteract one another as a result they propagate without deterioration over many thousands of kilometers.

    * Soliton dynamics are governed by the Nonlinear Schrodinger Equation. Split-step Fourier Method can be applied to efficiently numerically solve the Nonlinear Schrodinger equation. 

    *  During collision between  two soliton pulses, they pass through each other, coming out of the interaction retaining their identities. Since these pulses behave more like particles than waves, they are named as solitons.

*  Since solitons are non linear waves, the Principle of Superposition does not hold due to the fact that the wave's sprrd depends on the amplitude.

* Recently solitons that have decayed, had been revitalized, restored and relaunched following a stage of amplification. 

Mathematical Analysis of Soliton:

One of the most impressive and useful applications of mathematics is to nonlinear optics. Solitons refer to the functional form of the specific solutions of the nonlinear equation that describes light propagation in nonlinear optical media.

Throughout the late 1960’s Zabusky and Kruskal, worked on the problem of finding a general expression for the solution of the KdV equation, under the assumption that the initial profile of the non linear waves was known. They studied certain quantities which remained constant with time. In particular, they had discovered a technique to solve the KdV equation by relating it to another equation, the so-called Schroedinger equation of quantum mechanics. Using the mathematical theory, which had been known for some time, they were able to solve the initial value problem. The remarkable thing about this technique was that they were able to solve a non linear equation by solving several linear equations, which are much easier to solve .In 1968, Lax developed a theory that predicted that other equations could be solved in a similar way. Namely, given a certain pair of linear equations, the so called Lax Pair, it would be possible to solve an associated non linear equation in much the same manner as they had solved the KdV equation.

In 1974, a group of researchers showed how one could work in the reverse direction to find a large class of equations solvable by this “Inverse Scattering Method”. Using the right variables, the solutions of these equations could be written as a superposition of non linear normal modes. This collection of normal modes included soliton, explaining the behavior during collisions. Solitons may be considered as involving the continual balance along its path between the dispersive and nonlinear terms of the nonlinear Schroedinger equation. It may be derived by solving the wave equation given below in a nonlinear and dispersive medium.

The soliton theory has grown steadily ever since it's advent and acceptance. However, very little about the soliton theory has left academic circles, probably due to the highly mathematical nature of the field. 

Propagation  Of  Optical  Soliton
An optical soliton is created in a optical fiber due to the interaction between two contradictory properties of the wave exhibited while transmission -- “Dispersion” and “Non linear effects".

The medium for transmission of optical signal is the optical fiber which is a dielectric medium since it is made of glass. The physical principle used for this transmission is “Total Internal Reflection” which states that when light travels from one medium to another whose index of refraction is lower, there is a critical angle of incidence below which the light will be totally reflected back in the first medium with no light penetrating the interface.

Dispersion: Dispersion describes the dependence of the refractive index (n) of medium on the wavelength of light traveling through the medium so that n=n(). Thus dispersion implies changing the light velocity inside the medium, depending on it's wavelength causing pulse spread.

    A light source, even the best radiates light of a finite spectral width.As a result an information carrying light pulse contains different wavelengths which travels within a fiber at different velocities and will arrive at the fiber end at different times even though they propagate the same path.
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Fig 2. Pulse widening caused by dispersion.

                         Refractive Index, n=c/v

Since, the fiber's refractive index is less for longer wavelengths they travel faster as compared to shorter wavelengths.This results in the spreading of the output light pulse.

    Intermodal dispersion(due to interaction among different modes) and intermodal dispersion (occurring within a single mode) play a major role in limiting the bandwidth and thus the bit rate of optical fiber.

Non Linear Effects: An optical effect is called no linear if it's parameter depends on the light intensity (power). When an electric field is applied to the dielectric the electrons are displaced and get aligned in the particular direction. This alignment is called polarization.

The refractive index of the medium results from the applied optical field (depends on the square of amplitude of applied electric field) perturbing the atoms or molecules of the medium to induce an oscillating polarization which radiates producing an overall perturbed field which exhibits non linear effects at high optical intensity.

The intensity dependent refractive index causes an intensity dependent phase shift in the fiber. Thus non linearities result in a different transmission phase for the peak of the pulse compared to the leading and trailing pulse edges. This effect is known as self phase modulation (SPM) which can alter and broaden the frequency spectrum of the pulse since frequency of  a pulse is time derivative of the pulse.

For critical pulse shapes and at high optical power levels (intensity) pulse compression can be obtained within the fiber itself by applying the SPM.

The Dichotomy of Soliton Pulses in Dispersion-Shifted Fiber
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If there is no non linearity in the fiber, then the frequency of the fiber in itself will not change. But since the pulse itself can be analyzed into sine waves of different wavelengths, the dispersion effect causes the pulse to broaden. This balance between compression and broadening is the key to the formation of the soliton  in optical fibers.
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In order for optical solitons to propagate stably in optical fibers, certain conditions (soliton conditions) must be met. They include the shape, intensity and the width of the pulse, the dispersion coefficient and non linearity coefficient of the fiber. The fig below shows the differences between an optical amplification system using normal NRZ (non-return to zero) pulses and an optical amplification system using soliton pulses. 
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In the normal optical amplification system, the zero dispersion wavelength of the optical fiber is selected as the signal wavelength in order to eliminate the dispersion effect as far as possible. Nevertheless, as the transmission speed increases, wavelength dispersion becomes a significant factor, resulting in degradation of the signal. In the soliton system, however, the limitations of currently existing optical systems are exploited in a positive fashion. Even after long distance transmission, there is no change in the shape of the pulses. This is the reason why the soliton systems with optical amplifiers are seen as promising candidates for next generation optical fiber telecommunications systems, which will bring even larger capacities over longer distances.

Generation  Of  Optical  Soliton
For optical soliton pulses the fiber dispersion and nonlinearity can under certain circumstances cancel each other thus allowing the solitons to remain undistorted over long distances. One important aspect in this context is the generation of jitter and chirp free short optical pulses at high bit rates and in the 1550 nm region where optical fibers have the lowest loss.

In order to develop a practical system for optical communication the availability of a stable and reliable light source is a fundamental prerequisite. Early soliton light sources were very sensitive to variations in the environment such as vibration or changes in temperature. They were also limited to the repetition of pulse trains at fixed frequencies. 

The first stable, reliable and convenient soliton light source used a semiconductor electroabsorption modulator as shown in fig below. 
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When the input voltage to the modulator is increased the optical output decreases exponentially, due to the nonlinear attenuation characteristics. Due to nonlinear effect it is possible to generate short soliton pulses which are very close to the ideal bell shape simply by applying enough d.c. voltage to fully extinguish the optical output and then modulating with sinusoidal voltage which is twice the d.c. voltage since there is no need to drive the device with very short electrical pulses, it is possible to generate short pulses at arbitrary repetition rates simply by changing the driving frequency. This device is capable of generating short pulse trains at arbitrary modulation frequencies upto 20 GHz.

Fiber lasers represent an effective and reliable source of optical pulses that carry information in fiber links. For this purpose actively mode locked erbium fiber ring lasers (AML-EFRLs) are considered to be one of the most promising candidates. The dispersion managed and polarization maintaining 10 GHz AML-EFRL produces a stable and virtually chirp free 3 to 8 ps wide soliton pulses at 1560 nm. The laser can also produce nearly chirp free 15 ps wide Gaussian pulses. The pulses have a timing jitter below 0.2 ps and the highest reported super-mode noise suppression of 90 dB. This strikingly high super-mode noise suppression is believed to be result of the dispersion management in the laser cavity. The wavelength is tunable within 1530 to 1570 nm. The stable soliton operation regime is extended by increasing the laser output coupling. 

In recent years, an even newer type of optical soliton has been discovered. This solitons are created with a very strong nonlinear effect found in some crystals, in which two light fields can ‘shake hands’ and cooperate by traveling together without dispersion. These are much more stable than any previously known soliton, because they are adapted to travel in many other types of environment rather than just inside optical fibers. 
Transmission Of Optical Soliton
The most promising application of soliton theory is in the field of optical communication. Optical solitons proves to be an elegant method to overcome the dispersion of fiber and exploit the nonlinearity. 

An actively mode locked Erbium doped (Ti:Er:LiNbO3) waveguide lasers are attractive soliton sources for optical communications because their pulse repetition is synchronized to the mode locking driver frequency and their emission wavelength match the third communication window. They also benefit from the high pulse peak power to exploit the fiber nonlinearities.

 The block diagram of a soliton transmission system is shown in fig.




       Optical soliton transmission system

A 5 GHz coupled cavity laser has been used within the soliton transmitter. Since the pulse width of this laser is about 3 times too short for transmission on fiber, an external optical bandpass filter with a bandwidth of 5 GHz has been used to narrow the spectrum and to broaden the pulse width. An EDFA after the mode lock laser compensated the losses of band pass filter. To reduce the soliton interaction orthogonal polarization switching (OPS) have been performed. Therefore, the pulse train has been splitted by a 50/50 power divider and separately encoded with 5 Gbit/s. The two pulse trains were recombined to a 10 Gbit/s optical pulse train of interleaved orthogonal polarized data. The receiver consisted two cascaded EDFAs followed by optical band pass filters to suppress the ASE noise of the amplifiers used in the receivers and in the line. The output of receiver has been analyzed with a sampling oscilloscope including an additional 12 GHz electrical filter and the bit error rate detector. This transmission system has a Q factor of 25.1 dB which assess the excellent stability of the system. 

Even though use of solitons in optical communication was predicted in 1972, it took 7 years for the first optical soliton transmission system to develop. The components that facilitated this progress are as follows:

Erbium doped fiber: An erbium doped fiber is fabricated as regular fibers, but its core is heavily doped with erbium ions. Since amplification is actually done by erbium ions, an as high a concentration of erbium ions as possible is desired in silica fiber. To increase the density of erbium ions the core diameter of erbium doped silica fiber is reduced which results in an increased probability of collision between the erbium ions and the photons of information signal. This increases the efficiency of amplification process.

Optical Amplifiers (EDFA): Optical amplifiers simply strengthen the optical signals without having to convert them into electrical signals and back. Thus, they support any bit rate and signal formats since they just amplify the received signals. The most commonly used optical amplifiers in modern systems are erbium doped fiber amplifiers. Only optical amplifier can support TDM and WDM fiber optic networks, with a variety of bit rate, modulation formats and wavelength. 
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             An Erbium Doped Optical Amplifier

EDFA works on the principle of stimulated emission and its gain depends upon the frequency of input signal. The main source of noise in an EDFA is the amplified spontaneous emission.

Techniques Used For Transmission

The main goal of research is to realize long distance, large capacity optical transmission by taking advantage of optical nonlinear effects, including optical solitons and nonlinear techniques for generating ultra short optical pulses. Various soliton transmission techniques have been adopted which increase the transmission capacity and upgrade installed terrestrial or submarine cables. These techniques are discussed below:
DWDM (Dense Wavelength Division Multiplexing)
In a DWDM system several channels at different wavelength ideally behave totally independent. DWDM assigns to each signal its own wavelength and sends all these wavelengths over the same optical fiber. A wavelength carries a transmission channel which occupies a certain portion of the bandwidth of an optical fiber. It allows much better utilization of the bandwidth of optical fiber despite the limitations of existing systems. Also each wavelength (channel) can be added and dropped independently. DWDM is a leading technology for point to point links with transmission capabilities at 1.28 Tbit/sec by combining 128 wavelengths. DWDM transmission has been possible because of the advent of EDFAs and it is wavelength division multiplexing that has substantially increased the capacity of fiber optics.
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Dispersion Managed Solitons

One of the most effective ways of overcoming pulse broadening due to fiber chromatic dispersion is periodically inserting additional fiber segments whose dispersions has opposite signs. This is known as “dispersion management”. 
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Fibers can be manufactured with a given dispersion (D) value measured in ps/(nm.Km). The D can be either positive (short wavelengths are faster) or negative (long wavelengths are faster). Dispersion management is the combination of positive and negative dispersion fibers such that locally the dispersion alternated sign, but over the entire system length the total dispersion-the summed product of D and length is close to zero. Thus, the fiber dispersion is manipulated deliberately to result in an optimized transmission line. In such a system intra channel dispersive and nonlinear effects are balanced to produce stable pulses, while inter channel nonlinear effects are minimized to eliminate channel cross talk. 

The stable soliton pulses that are supported in a dispersion managed fiber are known as “dispersion managed solitons”. They achieve the critical goal of balancing dispersion and nonlinearity while maintaining signal intensity. 

HINDERANCES  IN  OPTICAL  SOLITON  TRANSMISSION

Optical soliton transmission looks very attractive because it completely eliminates the need to cope with any type of dispersion. However, brilliant it appears in theory, practical use often poses it's share of difficulties.

1) Non linear effects impose power limitations on a communication system leading to            following phenonmenons: 

* Cross Phase Modulation (XPM):
 This non linear phenomenon appears specifically in multi channel systems such as WDM  systems.When several optical pulses propagate within a fiber simultaneously the non linear phase shift (Φ) of a particular channel depends not only on the intensity of the channel but also on the signal intensities of other channels. XPM impact essentially depends on transmission technique i.e. modulation and detection technique and it is a serious problem in coherent systems. They become truly practical limitations for high bit rate(> 10 Gbit/s) systems. 

* Four Wave Mixing:

This non linear phenomenon is bit rate independent and thus imposes restriction on systems transmission capacity.

When three EM waves co-propagate through one fiber, they generate a fourth EM wave due to fiber's electric susceptibility. In a sense, three original waves can generate many waves.

FWM results in power tunneling from one channel to another which might cause power depletion of channel thus increasing bit error rate (BER). It may lead to fading of the channel eventually.

It also induces interchannel cross talk, which means that information from one channel interferes other channel.

2)  Polarization  Mode  Dispersion  (PMD):
      At high bit rates, for sub-picosecond pulse widths, PMD becomes a serious limiting   factor in optical fiber links. The origin of PMD is the following:

      The core of real fibers is not perfectly circular. It's cross section is elliptical and orientation of the principal axes of this ellipse is randomly distributed along the fiber. As a result, optical pulses tend to experience broadening due to this randomness and the associated difference in group velocity between different polarization components of the pulse. This broadening of the pulse can be quite significant for short pulses, and therefore, it causes a serious challenge for dispersion management at high bit rates.

3)  Current electronic amplifiers and switches just cannot operate quickly enough for the short pulses and high speeds that optical solitons can provide.

4) Optical amplifiers (EDFA) required at periodic intervals to restore the signal add "AMPLIFIED  SPONTANEOUS  EMISSION (ASE)" noise to the signal, which is amplified further in subsequent EDFA's. Consequently the optical signal to noise ratio (SNR) degrades gradually along the fiber length and because a minimum SNR is required for error free transmission, the total length of the system is limited.

Recent Development And Future Scope

Solitons are far from being just an interesting laboratory phenomenon as the following examples will show.

SUPER COMM' 98---ATLANTA

At SuperComm'98--a major conference on telecomm in Atlanta--PIRELLI CABLES AND SYSTEMS (Italian based telecomm company), unveiled it's new TeraMux hyber dense WDM system based on soliton transmission. This system offers 128 channels with each channel capable of carrying 10 Gbit/s. It's pulse are able to travel upto 6000 kms without repeaters.

NTT

Nippon Denshin Denwa (NTT) has used solitons to transmit data at speed of Gbit/s over a distance of 1000 Km, which they believe to be a world record. Their experiments, undertaken in 1991, demonstrated transmission at 10 Gbit/s over a 1500 Km optical fiber loop. NTT used erbium doped fiber amplifiers and believe that narrower solitons could be used to increase data rates beyond 1 Tbit/s. NTT expect to deploy this technology in 1994/95.

AT&T and Bell

AT&T and Bell scientists Mollenauer and his group have demonstrated error-free transmission of data using solitons at 5 Gbit/s over 15,000 km. 

SOLSTIS : The Future

Recently researchers succeeded in DM soliton transmission of 40 Gbit/s – 1020 km. and 20 Gbit/s – 2040 km.  using optical fiber cable between Mito and Maebashi (170 km.). They recently achieved 100 km. transmission of a 640 Gbit/s OTDM signal which is the fastest transmission experiment ever reported at a single wavelength. 

Recently a light source called VCSEL was developed at 850 nm wavelength. It has a speed and  spectral width of the LASER and cost of LED. Look for DWDM (optical multiplexer) using multimode fiber and VCSEL sources to hit in the next 2-3 years. 

The next generation of intercontinental systems such as TAT-12 across the atlantic will use optical amplifiers and solitons as carrier signals. By the end of the century, however, it is likely that long distance communication will be dominated by SOLITONS.

CONCLUSION

The discovery of optical solitons is considered to be one of the most significant events of the 20th century. The advent of low loss optical fibers and high intense laser sources paved the way for all optical high bit rate technology. Generations of ultra short soliton pulses have been experimentally achieved on employing dispersion-flattened fibers and fiber grating compressor. Recent developments in the design of directional couplers, optical fiber Kerr gate etc. have made possible the realization of extremely efficient optical switching devices by making use of the properties of inelastic collision of optical solitons. 

In long term perspective recent research has opened new horizons in the development of completely new optics technology based on solitons. For fiber optic communication these innovations have created opportunities that will completely change transmission and switching techniques which in turn will one day lead to new network techniques barely even imagined today.
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