Multicarrier Approaches for High-baudrate Optical-Fiber Transmission Systems with a Single Coherent Receiver

ABSTRACT :
In this paper, we show the remarkable timing error (TE) and residual chromatic dispersion (CD) tolerance improvements of the filter bank multicarrier (FBMC) over orthogonal frequency division multiplexing (OFDM) for high-baudrate spectral slicing transmitter and single coherent receiver transmissions. For a 512 Gb/s 16 quadrature amplitude modulated (16QAM) spectrum slicing system at 1600 km of fiber transmission, the FBMC-based system reduces TE and residual CD penalties by more than 1.5 dB and 3 dB, in comparison to the OFDM-based system, respectively.

EXISTING SYSTEM:
Multi carrier modulation formats, such as orthogonal frequency division multiplexing (OFDM), have been considered as potential techniques for the application of high speed, long-haul, and multi-wavelength optical networks due to the capability of inter-symbol interference (ISI) mitigation using simple digital signal processing (DSP) techniques
Delay lines (DLs) were required to keep the timing mismatch below 1 ps for the Nyquist-pulse shaping. Such timing-mismatch requirement is very challenging for practical implementation and thus, alternative modulation formats with higher tolerance to timing mismatch among optical paths are highly desirable for high baud rate super channel transmissions

PROPOSED SYSTEM:
we have implemented the multicarrier-based 128 Gbaud 16QAM spectrum slicing systems for the long-haul transmission distance. Remarkable timing error (TE) and residual chromatic dispersion (CD) tolerance improvements of the filter bank multicarrier (FBMC) over orthogonal frequency division multiplexing (OFDM) for such system were revealed by numerical simulations. FBMC, therefore, would be a very potential candidate for spectral slice engineering applications in the future.
ADVANTAGES:
· The FBMC SS system was also more robust to the residual CD than OFDMs by 3 dB and 4 dB at 1% and 3% of the residual CD, respectively.
· This comes from the fact that the FBMC PFs impulse response is four times longer than the OFDMs.

Introduction :
Both OFDM and FBMC inherit the same principle of multicarrier transmission systems.The transmitted signal, y(t), is the sum of the signals on all channels (or subcarriers) and givenas
where Xk;_ is the data on the kth subcarrier at the _ multicarrier symbol, fk is the carrier frequencyof the kth subcarrier, N is the number of subcarriers, Ts is the multicarrier symbol period, and pT (t)is the prototype filter (PF) at the transmitter which is normally designed once for all subcarriers.
The term pT (t 􀀀_Ts)ej2_tfk implies that the PF at the kth subcarrier in the _thsymbol can beregarded as the time delay – frequency shifted version of the same prototype low-pass filter pT (t).
If we sample the transmitted signal at the sample rate of N=Ts, the simplified discrete transmittedsignal from the eq. (1) can be rewritten as
.The difference between OFDM and FBMC originates from the PF design. For OFDM, the PFis simply a rectangular pulse during a symbol period, i.e. pT (t) = const:;0 6 t <Ts while it istypically a modified raised cosine, root-raised cosine or root Nyquist in the case of FBMC. To maximize the signal-to-noise ratio (SNR) at the receiver, the matched filtering configuration is utilized, i.e. pR(t) = pT (􀀀t).

To meet the rapidly increasing demand for capacity, high spectral efficiency (SE) systems with cost-effective implementations have gained a lot of attention recently [1], [2], [3], [4]. The concept of superchannel has been proposed to push the data rate per interface up to the order of Tb / s [1], [5]. Moreover, due to the high  bandwidth of commercially available photodiodes, superchannel can be effectively received and processed by a single coherent receiver, leading to a significant  reduction in the overall cost per bit. However, up to now, it is still very challenging to generate superchannels with over 100 GHz of bandwidth using a single in-phase quadrature (IQ) optical modulator. As a result, alternative approach such as spectral slice (SS) engineering of the spectrum [2], [3], [4] has been proposed to generate high-baudrate superchannel signals. The report in [2] demonstrates a record symbol rate of 127  . 9 Gbaud 16QAM with the implementation of Nyquist-pulse shaping
and spectrum slicing synthesis techniques. However, in this work, a Q -factor penalty of around 7 dB was observed. This penalty was due to the imperfect receiver and the timing mismatch (timing error) among optical paths, which always exists before the coupling of spectral slices at the transmitter. As a result, in [2], delay lines (DLs) were required to keep the timing mismatch below 1 ps for the Nyquist-pulse shaping. Such timing-mismatch requirement is very challenging for practical implementation and thus, alternative modulation formats with higher  tolerance to timing mismatch among optical paths are highly desirable for high-baudrate superchannel transmissions.In general, due to the long symbol duration, it is naturally expected that multicarrier signals are more tolerant to timing mismatch in comparison to single carrier signal. Multicarrier modulation
formats, such as orthogonal frequency division multiplexing (OFDM), have been considered as potential  techniques  for  the  application  of  high  speed,  long-haul,  and  multi-wavelength  optical networks  due  to  the  capability  of  inter-symbol  interference  (ISI)  mitigation  using  simple  digital signal processing (DSP) techniques [1], [6]. However, to the best of our knowledge, OFDM has not yet been studied for SS systems where the whole bandwidth is received and processed by a  single  coherent  receiver,  taking  advantages  of  the  high-bandwidth  photodetectors.  In  OFDM transmissions,  timing  mismatch  among  optical  paths  not  only  leads  to  intercarrier  interference (ICI)  but  also  increases  the  synchronization  error,  which  can  degrade  significantly  the  system performance. To mitigate the impact of timing mistmatch among optical paths we also consider here filter bank multicarrier (FBMC) - an evolution of OFDM in which the rectangular pulse shaping is replaced by a modified raised cosine filtering.

Digital predistortion

An optical communication system transmitter consists of a digital-to-analog converter (DAC), a driver amplifier and a Mach–Zehnder-Modulator. The deployment of higher modulation formats (> 4QAM) or higher Baud rates (> 32 GBaud) diminishes the system performance due to linear and non-linear transmitter effects. These effects can be categorised in linear distortions due to DAC bandwidth limitation and transmitter I/Q skew as well as non-linear effects caused by gain saturation in the driver amplifier and the Mach–Zehnder modulator. Digital predistortion counteracts the degrading effects and enables Baud rates up to 56 GBaud and modulation formats like 64QAM and 128QAM with the commercially available components. The transmitter digital signal processor performs digital predistortion on the input signals using the inverse transmitter model before uploading the samples to the DAC. 
Older digital predistortion methods only addressed linear effects. Recent publications also compensated for non-linear distortions. Berenguer et al models the Mach–Zehnder modulator as an independent Wiener system and the DAC and the driver amplifier are modelled by a truncated, time-invariant Volterra series.[13] Khanna et al used a memory polynomial to model the transmitter components jointly.[14] In both approaches the Volterra series or the memory polynomial coefficients are found using Indirect-learning architecture. Duthel et al records for each branch of the Mach-Zehnder modulator several signals at different polarity and phases. The signals are used to calculate the optical field. Cross-correlating in-phase and quadrature fields identifies the timing skew. The frequency response and the non-linear effects are determined by the indirect-learning architecture.[15] 
Fiber cable types
An optical fiber cable consists of a core, cladding, and a buffer (a protective outer coating), in which the cladding guides the light along the core by using the method of total internal reflection. The core and the cladding (which has a lower-refractive-index) are usually made of high-quality silica glass, although they can both be made of plastic as well. Connecting two optical fibers is done by fusion splicing or mechanical splicing and requires special skills and interconnection technology due to the microscopic precision required to align the fiber cores.[16] 
Two main types of optical fiber used in optic communications include multi-mode optical fibers and single-mode optical fibers. A multi-mode optical fiber has a larger core (≥ 50 micrometers), allowing less precise, cheaper transmitters and receivers to connect to it as well as cheaper connectors. However, a multi-mode fiber introduces multimode distortion, which often limits the bandwidth and length of the link. Furthermore, because of its higher dopant content, multi-mode fibers are usually expensive and exhibit higher attenuation. The core of a single-mode fiber is smaller (<10 micrometers) and requires more expensive components and interconnection methods, but allows much longer, higher-performance links. Both single- and multi-mode fiber is offered in different grades. 

In order to package fiber into a commercially viable product, it typically is protectively coated by using ultraviolet (UV), light-cured acrylate polymers, then terminated with optical fiber connectors, and finally assembled into a cable. After that, it can be laid in the ground and then run through the walls of a building and deployed aerially in a manner similar to copper cables. These fibers require less maintenance than common twisted pair wires once they are deployed.[18] 
Specialized cables are used for long distance subsea data transmission, e.g. transatlantic communications cable. New (2011–2013) cables operated by commercial enterprises (Emerald Atlantis, Hibernia Atlantic) typically have four strands of fiber and cross the Atlantic (NYC-London) in 60–70ms. Cost of each such cable was about $300M in 2011. source: The Chronicle Herald. 
Another common practice is to bundle many fiber optic strands within long-distance power transmission cable. This exploits power transmission rights of way effectively, ensures a power company can own and control the fiber required to monitor its own devices and lines, is effectively immune to tampering, and simplifies the deployment of smart grid technology. 
Amplification

The transmission distance of a fiber-optic communication system has traditionally been limited by fiber attenuation and by fiber distortion. By using opto-electronic repeaters, these problems have been eliminated. These repeaters convert the signal into an electrical signal, and then use a transmitter to send the signal again at a higher intensity than was received, thus counteracting the loss incurred in the previous segment. Because of the high complexity with modern wavelength-division multiplexed signals (including the fact that they had to be installed about once every 20 km), the cost of these repeaters is very high. 
An alternative approach is to use optical amplifiers which amplify the optical signal directly without having to convert the signal to the electrical domain. One common type of optical amplifier is called an Erbium-doped fiber amplifier, or EDFA. These are made by doping a length of fiber with the rare-earth mineral erbium and pumping it with light from a laser with a shorter wavelength than the communications signal (typically 980 nm). EDFAs provide gain in the ITU C band at 1550 nm, which is near the loss minimum for optical fiber. 
Optical amplifiers have several significant advantages over electrical repeaters. First, an optical amplifier can amplify a very wide band at once which can include hundreds of individual channels, eliminating the need to demultiplex DWDM signals at each amplifier. Second, optical amplifiers operate independently of the data rate and modulation format, enabling multiple data rates and modulation formats to co-exist and enabling upgrading of the data rate of a system without having to replace all of the repeaters. Third, optical amplifiers are much simpler than a repeater with the same capabilities and are therefore significantly more reliable. Optical amplifiers have largely replaced repeaters in new installations, although electronic repeaters are still widely used as transponders for wavelength conversion. 

Wavelength-division multiplexing

Wavelength-division multiplexing (WDM) is the practice of multiplying the available capacity of optical fibers through use of parallel channels, each channel on a dedicated wavelength of light. This requires a wavelength division multiplexer in the transmitting equipment and a demultiplexer (essentially a spectrometer) in the receiving equipment. Arrayed waveguide gratings are commonly used for multiplexing and demultiplexing in WDM. Using WDM technology now commercially available, the bandwidth of a fiber can be divided into as many as 160 channels[19] to support a combined bit rate in the range of 1.6 Tbit/s.
Relationship to gross bitrate

The term baud rate has sometimes incorrectly been used to mean bit rate, since these rates are the same in old modems as well as in the simplest digital communication links using only one bit per symbol, such that binary "0" is represented by one symbol, and binary "1" by another symbol. In more advanced modems and data transmission techniques, a symbol may have more than two states, so it may represent more than one binary digit (a binary digit always represents one of exactly two states). For this reason, the baud rate value will often be lower than the gross bit rate. 
Example of use and misuse of "baud rate": It is correct to write "the baud rate of my COM port is 9,600" if we mean that the bit rate is 9,600 bit/s, since there is one bit per symbol in this case. It is not correct to write "the baud rate of Ethernet is 100 megabaud" or "the baud rate of my modem is 56,000" if we mean bit rate. See below for more details on these techniques. 
The difference between baud (or signalling rate) and the data rate (or bit rate) is like a man using a single semaphore flag who can move his arm to a new position once each second, so his signalling rate (baud) is one symbol per second. The flag can be held in one of eight distinct positions: Straight up, 45° left, 90° left, 135° left, straight down (which is the rest state, where he is sending no signal), 135° right, 90° right, and 45° right. Each signal (symbol) carries three bits of information. It takes three binary digits to encode eight states. The data rate is three bits per second. In the Navy, more than one flag pattern and arm can be used at once, so the combinations of these produce many symbols, each conveying several bits, a higher data rate. 
Modems for passband transmission
Modulation is used in passband filtered channels such as telephone lines, radio channels and other frequency division multiplex (FDM) channels. 
In a digital modulation method provided by a modem, each symbol is typically a sine wave tone with certain frequency, amplitude and phase. Symbol rate, baud rate, is the number of transmitted tones per second. 
One symbol can carry one or several bits of information. In voiceband modems for the telephone network, it is common for one symbol to carry up to 7 bits. 
Conveying more than one bit per symbol or bit per pulse has advantages. It reduces the time required to send a given quantity of data over a limited bandwidth. A high spectral efficiency in (bit/s)/Hz can be achieved; i.e., a high bit rate in bit/s although the bandwidth in hertz may be low. 
The maximum baud rate for a passband for common modulation methods such as QAM, PSK and OFDM is approximately equal to the passband bandwidth. 
Voiceband modem examples: 
· A V.22bis modem transmits 2400 bit/s using 1200 Bd (1200 symbol/s), where each quadrature amplitude modulation symbol carries two bits of information. The modem can generate M=22=4 different symbols. It requires a bandwidth of 1200 Hz (equal to the baud rate). The carrier frequency is 1800 Hz, meaning that the lower cut off frequency is 1,800 − 1,200/2 = 1,200 Hz, and the upper cutoff frequency is 1,800 + 1,200/2 = 2,400 Hz.
· A V.34 modem may transmit symbols at a baud rate of 3,420 Bd, and each symbol can carry up to ten bits, resulting in a gross bit rate of 3420 × 10 = 34,200 bit/s. However, the modem is said to operate at a net bit rate of 33,800 bit/s, excluding physical layer overhead.

Relationship to chip rate
Some communication links (such as GPS transmissions, CDMA cell phones, and other spread spectrum links) have a symbol rate much higher than the data rate (they transmit many symbols called chips per data bit). Representing one bit by a chip sequence of many symbols overcomes co-channel interference from other transmitters sharing the same frequency channel, including radio jamming, and is common in military radio and cell phones. Despite the fact that using more bandwidth to carry the same bit rate gives low channel spectral efficiency in (bit/s)/Hz, it allows many simultaneous users, which results in high system spectral efficiency in (bit/s)/Hz per unit of area. 
In these systems, the symbol rate of the physically transmitted high-frequency signal rate is called chip rate, which also is the pulse rate of the equivalent base band signal. However, in spread spectrum systems, the term symbol may also be used at a higher layer and refer to one information bit, or a block of information bits that are modulated using for example conventional QAM modulation, before the CDMA spreading code is applied. Using the latter definition, the symbol rate is equal to or lower than the bit rate. 
Relationship to bit error rate
The disadvantage of conveying many bits per symbol is that the receiver has to distinguish many signal levels or symbols from each other, which may be difficult and cause bit errors in case of a poor phone line that suffers from low signal-to-noise ratio. In that case, a modem or network adapter may automatically choose a slower and more robust modulation scheme or line code, using fewer bits per symbol, in view to reduce the bit error rate. 
An optimal symbol set design takes into account channel bandwidth, desired information rate, noise characteristics of the channel and the receiver, and receiver and decoder complexity. 
Binary modulation
If the carrier signal has only two states, then only one bit of data (i.e., a 0 or 1) can be transmitted in each symbol. The bit rate is in this case equal to the symbol rate. For example, a binary FSK system would allow the carrier to have one of two frequencies, one representing a 0 and the other a 1. A more practical scheme is differential binary phase-shift keying, in which the carrier remains at the same frequency, but can be in one of two phases. During each symbol, the phase either remains the same, encoding a 0, or jumps by 180°, encoding a 1. Again, only one bit of data (i.e., a 0 or 1) is transmitted by each symbol. This is an example of data being encoded in the transitions between symbols (the change in phase), rather than the symbols themselves (the actual phase). (The reason for this in phase-shift keying is that it is impractical to know the reference phase of the transmitter.)
N-ary modulation, N greater than 2
By increasing the number of states that the carrier signal can take, the number of bits encoded in each symbol can be greater than one. The bit rate can then be greater than the symbol rate. For example, a differential phase-shift keying system might allow four possible jumps in phase between symbols. Then two bits could be encoded at each symbol interval, achieving a data rate of double the symbol rate. In a more complex scheme such as 16-QAM, four bits of data are transmitted in each symbol, resulting in a bit rate of four times the symbol rate.




CONCLUTION:
we  have  implemented  the  multicarrier-based 128 Gbaud 16QAM  SS  systems for the long-haul transmission distance. We evaluated and compared the performance of the SS system with OFDM and FBCM in different configurations by numerical simulations. The results showed that the FBMC-based SS system was superior to the OFDM based SS system in terms of robustness to the timing errors and delay spreads at the cost of slightly increasing the complexity. FBMC, therefore, would be a very potential candidate for spectral slice engineering applications in the future.
