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Abstract. 
This paper presents a possible simulation of negative effects in the optical transmission medium and an analysis for the utilization of different signal processing techniques at the optical signal transmission. An attention is focused on the high data rate signal transmission in the optical fiber influenced by linear and nonlinear environmental effects presented by the prepared simulation model. The analysis includes possible utilization of OOK, BPSK, DBPSK, BFSK, QPSK, DQPSK, 8PSK, and 16QAM modulation techniques together with RS, BCH, and LDPC encoding techniques for the signal transmission in the optical fiber. Moreover, the prepared simulation model is compared with real optical transmission systems. In the final part, a comparison of the selected modulation techniques with different encoding techniques and their implementation in real transmission systems is shown.



1. Introduction
Nowadays, an interest in the signal transmission through optical fibers is rapidly increasing due to the transmission bandwidth. Creating new optical transmission paths can be time consuming and expensive [1–4]. Therefore, more effective approaches are appearing to satisfy increased customer requests. In both electric and optical domains, utilizing new advanced signal processing techniques can lead to increasing of the transmission capacity. Such solutions can be easily integrated. With increasing of modulation rates, negative influences on the transmitted optical signals are growing and so additional bit errors in information flows are emergent. Therefore, it is important to design and analyze a performance of advanced signal processing techniques utilized in the optical transmission medium with respect to its environmental influences. The simulation can determine transmission boundaries of each advanced signal processing technique for the designed optical system and allow comparing all possible solutions before their practical deployment. The simulation allows evaluating possible increasing of data rates and transmission ranges in deployed optical transmission systems using advanced signal processing techniques and designing new optical transmission systems with advanced optical components and fibers.
First, basic parameters of the optical fiber and principles of selected encoding techniques are introduced. In this paper, the simulation studies are restricted to the block codes. Convolutional codes with different rates and constraint lengths can later be considered along with the assumed modulation techniques. Then, a comparison of the prepared simulation model with real optical transmission systems measured by the Ciena system is presented. Moreover, a specific application of the optical transmission system with advanced optical signal processing techniques can also be represented in this case. A main attention of the contribution is focused on the analysis of different modulation and encoding techniques at the signal transmission in the optical transmission medium and their possible implementation in real transmission systems. From proposed, realized, and presented signal modulations, only some of them are considered for enhanced analysis, evaluation, and comparison purposes. In the final part, selected modulation and encoding techniques implemented on real transmission systems are analyzed for the high data rate signal transmissions.
1.1. Characteristics of the Optical Fiber
Each optical fiber represents a transmission system, which is frequency dependent. A pulse propagation inside this transmission system can be described by the nonlinear Schrödinger equation (NLSE), which is derivate from Maxwell’s equations. From the NLSE equation, we can express effects in optical fibers that are classified as [5, 6](a)linear effects, which are wavelength dependent,(b)nonlinear effects, which are intensity (power) dependent.
Linear Effects. Major impairments of optical signals transmitted via the optical fiber environment are mainly caused by linear effects, the dispersion and the attenuation. The attenuation limits a power of optical signals and represents transmission losses. Nowadays, optical transmission systems are able to minimize impact of the attenuation by deploying all-optical amplifiers. Another source of the linear effect represents the dispersion causing broadening of optical pulses in time and signal phase shifting at the fiber end. There are three main dispersion types [5–8]:(i)The modal dispersion caused by the different propagation velocity of optical modes propagating in multimode fibers.(ii)The chromatic dispersion caused by the different propagation velocity of wavelengths generated in laser sources propagating in the optical fiber. It consists of material, profile, and waveguide dispersions.(iii)The polarization mode dispersion caused by the birefringence effect due to a nonsymmetry and imperfections of optical fibers.
Nonlinear Effects. These effects play an important role at the long haul optical signal transmission. Nonlinear effects can be classified as follows:(i)Kerr nonlinearities are self-induced effects, where the phase velocity of the pulse depends on the pulse’s own intensity. The Kerr effect describes a change in the fiber refractive index due to electrical perturbations. Due to the Kerr effect, following effects are possible to describe:(a)Self-phase modulation (SPM) is an effect that changes the refractive index of the transmission medium caused by the pulse intensity [9, 10].(b)Four-wave mixing (FWM) is an effect where the fourth wave can be arisen by mixing of three optical waves and this one can appear in the same wavelength as one of mixed waves [9].(c)Cross-phase effect (XPM) is an effect that causes a spectral broadening where the optical pulse can change the phase of another pulse with different wavelengths [9–11].(ii)Scattering nonlinearities occur due to a photon inelastic scattering to lower energy photons. The pulse energy is transferred to another wave with a different wavelength. Two such effects appear in the optical fiber:(a)Stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) are effects that change a variance of light wave into different waves when the intensity reaches a certain threshold [9–11].
1.2. Principles of Selected Encoding Techniques
Forward error correction (FEC) techniques represent a system where additional data are inserted into a data message so that it can be recovered by a receiver even when a number of errors due to transmission is emergent. These FEC codes are widely used in systems where a data retransmission is not an option such as broadcasting and high haul optical transmission systems [12, 13]. FEC codes are usually divided into convolutional and block codes:(i)Convolutional codes are processed on a bit-by-bit basis.(ii)Block codes are processed on a block-by-block basis.
Convolutional codes are based on the encoding signal with a final impulse response. This type of coding does not require division of bits into the blocks. The convolution codes may be decoded using the Viterbi algorithm, which is a method of decoding with maximum reliability. This method is based on finding the most appropriate way forward through the possible states of transition. The complexity of the Viterbi algorithm increases with the number of states in decoding. Therefore, it is advisable to use codes that use a small amount of redundancy. Convolutional codes have lower resistance against noise than the linear block codes and not using the minimal trellis like linear blocks [13, 14].
For analysis, block codes, especially cyclic block codes, are considered. Cyclic block codes are widely used in data communication because their structure makes encoder and decoder circuitry simple. Cyclic block codes are defined as the cyclic  code if  is a linear code of the length  over a finite field and if any cyclic shift of a codeword is also a codeword as shown in
The information data with the length  are coded with the polynomial  using (1). Considerwhere  represents the polynomial of degree ,  is the information polynomial of degree , and the generator polynomial  must be of degree .
The Reed-Solomon (RS) codes that belong to cyclic block codes are widely used in many communication fields [13, 14]. The RS codes are related to BCH codes and can be defined as a primitive BCH code of the length , where
RS codes are specified as  or , where  represent the code length,  represents the information length, and  is the Hamming distance. Let  be a number of errors that can be corrected; then correction () or detection () abilities are specified for the code. There exist two encoding types for RS codes:(i)Nonsystematic.(ii)Systematic.
The decoding for RS codes is based on syndrome equations:where  is the locator th error and  represents its value (detection of location and value). More information about RS encoding techniques can be found in [13].
The Bose Chaudhuri Hocquenghem (BCH) code is a cyclic polynomial code over a finite field with chosen polynomial generator. BCH codes are -error correcting codes defined over finite fields , where . The advantage of BCH codes is using syndrome to decode errors in which there exist good decoding algorithms that correct multiple errors [14].
The generating of a binary BCH code over an extension field  is easy to construct. The polynomial generator  is needed to obtain a cyclic code [12–16]. For any integer  and , there exists a primitive BCH code with parameters , , and . The generator polynomial  of -error correcting primitive BCH codes of the length  is given bywhere LCM represents the Least Common Multiple. Then the code is generated using (2).
BCH codes are decoded with various algorithm based on calculation of syndromes values for the received codeword.
Low Density Parity Check (LDPC) codes belong to linear encoding techniques that can transmit data close to the Shannon theorem (the channel capacity). The main disadvantage of the LDPC code is the time consumption of the code algorithm, which often limits its utilization in high data rate optical transmission systems. However, it is possible to encode more low data rate signals and then merge them into one high data rate signal. The high data rate signal can be transmitted via the optical transmission system.
The LDPC coding is defined by the LDPC  matrix. Assuming the length of information bits K, the length of encoded bits , and the average weigh column  (weight vectors represent the sum of nonzero components of the vector), then  is the sum of the parity check in code. The LDPC matrix  is composed of  rows and  columns. The generation matrix  is necessary to encode coding sequence [14, 15].
Prepared block schemes of mentioned encoding techniques in the simulation model are shown in Figures 1 and 2. Figure 3 shows the schematic block diagram of LDPC source signal. Blocks are initiated using a Bernoulli generator that generates random binary bits representation of the information signal. The signal is then coded with an adequate encoding technique. The output signal is filtered with a Gaussian filter for representation of the real signal. The LDPC block is created by using 10 Bernoulli generators, each encoded with the LDPC code and merged into the high data rate signal [16, 17].




	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
		
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
	


Figure 1: The block scheme for the signal generation with RS and BCH encoding techniques.






	
	
		
			
				
					
				
					
				
				
				
				
				
				
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
		
		
			
				
		
		
			
				
					
				
					
				
					
				
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
				
				
				
				
				
				
					
				
				
					
				
					
				
					
				
					
				
				
				
				
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
				
				
				
					
				
					
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
				
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
				
					
			
		
		
			
				
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: The block scheme for the signal generation with the LDPC encoding technique.






	
	
		
			
		
			
		
			
		
			
		
			
		
		
			
				
		
		
			
		
		
		
		
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
				
			
				
			
				
			
				
			
				
		
		
			
		
		
		
		
		
			
		
			
				
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 3: The schematic block diagram for the signal generation with the LDPC encoding technique.


2. The Simulation of the Optical Transmission System
The prepared simulation model comes out from the simulation model for optical communications introduced in [18–20]. A modeling is performed in the Matlab Simulink 2014 programming environment. The simulation model presents an influence of linear and nonlinear effects present in the optical transmission medium at the signal transmission. The general schematic block diagram is shown in Figure 4. To verify a reliability and exactness of the simulation model, authors realized a comparison of two optical transmission paths measured in cooperation with the Orange Slovakia company. The optical path_1 consists of the 59.2 km standard SM (ITU-T G.652) fiber with the 10 Gbit/s noncoherent OOK modulated signal using 80 WDM channels. The optical path_2 consists of 170.7 km standard SM (ITU-T G.652) fiber with the 10 Gbit/s noncoherent OOK modulated signal using 80 WDM channels. Transmitted signals are examined with the 193.4 THz frequency. Both paths are utilizing EDFA amplifiers at the optical fiber end, while the optical path_2 is furthermore using additional 3 EDFA amplifiers every 40 km. Simulation models for the optical path_1 and optical path_2 are shown in Figures 5 and 6, respectively. For describing information signal transmission, a bit error rate (BER) parameter can be calculated. The BER calculation for each simulation model is done by comparing input and output bits. For both optical paths, simulation results show the BER parameter higher than 10−12, satisfying common transmission conditions. For both simulation models, the Reed-Solomon code  is utilized to enhance the system BER parameter.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
					
				
					
			
		
		
			
				
			
				
			
				
					
				
					
			
		
		
			
		
		
			
				
			
				
			
				
					
				
					
			
		
		
			
				
			
				
			
				
					
				
					
			
		
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
		
		
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
			
				
			
				
					
				
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
			
				
			
				
					
				
					
			
		
		
			
				
			
				
			
				
					
				
					
			
		
		
			
				
			
				
			
				
					
				
					
			
		
		
			
				
			
				
			
				
					
				
					
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
			
		
			
		
			
		
			
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 4: The schematic block diagram for the optical transmission system.






	
	
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
	


Figure 5: The simulation model for the optical path_1.






	
	
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
		
			
		
			
	


Figure 6: The simulation model for the optical path_2.


For both optical paths, presented simulated and measured transmission parameters (Tables 1 and 2) include besides other received optical power level values for calculations related to the attenuation. As can be seen, parameters are very similar, at which the simulation is characterized by worse ones. Therefore, if the optical simulation is passed, then the real system would be properly and correctly operating.
Table 1: The optical path_1 transmission parameters.
	

	Parameters	Measured	Simulated
	

	Rx power (dBm)	
                −13.2	−13.4
	OSNR (dB)	25.9	24.3
	PMD (ps)	1.06	1.25
	SPM (dB)	0.87	1.22
	XPM (dB)	−57.59	−60.5
	FWM (dB)	N/A	−124.3
		7.99	8.1
	BER	>10−15	>10−12
	



Table 2: The optical path_2 transmission parameters.
	

	Parameters	Measured	Simulated
	

	Rx power (dBm)	−13.69	−12.3
	OSNR (dB)	21.07	20.9
	PMD (ps)	1.74	1.83
	SPM (dB)	1.03	1.1
	XPM (dB)	−42.02	−40.5
	FWM (dB)	N/A	−112
		6.27	6.2
	BER	>10−15	>10−12
	



3. The Analysis of Selected Modulation and Encoding Techniques
The first modulation technique used for real optical transmission systems was the two-level amplitude modulation OOK with the direct detection. This system is characterized by transmission rates from 1 Gbit/s and its limitation is represented by the 10 Gbit/s rate over optical single mode fibers with the 50 km line length. Nowadays, OOK systems are deployed with coherent receivers that can increase the system range depending on the receiver sensitivity and the transmitters’ generated noise. Coherent systems highly improve transmission characteristics, but their implementation is expensive due to security mechanisms for phase and polarization detecting. Another possible improvement for coherent systems is represented by using the Duobinary modulation. This leads to a modification in the electrical domain that is less costly than in case of exchange optical components. For given modulation, the Monte Carlo algorithm can be used because it allows a measuring of the BER parameter. The simulation model uses the standard SM (ITU-T G.656) optical fiber. The comparison of transmission characteristics for coherent OOK and Duobinary systems is shown in Figure 7.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
	


Figure 7: BER transmission characteristics for OOK keying and Duobinary modulation.


Possible solution can be represented by coherent systems with phase and frequency modulation techniques, which are represented by BPSK, DBPSK, and BFSK. These modulation techniques achieve similar transmission characteristics (shown in Figure 8), where the BPSK achieves better results, about 0.1 dB compared to the DBPSK and about 3 dB compared to the FSK.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
			
		
		
			
		
			
		
		
			
				
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 8: BER transmission characteristics for BPSK, DBPSK, and BFSK keying.





Higher modulation formats can be further used to increase signal transmission rates in the optical system [21–25]. Such modulation techniques have a lower tolerance to the optical signal-to-noise ratio (OSNR); and, therefore, it is necessary to analyze the BER parameter depending on the OSNR. Figure 9 shows transmission characteristics for high-level modulation formats. QPSK and DQPSK keying exhibit similar resistance to noise as BPSK and DBPSK keying. In this case, the transmission rate would be increased twice and if the polarization modulation (PDM) is used, then the 40 Gbit/s transmission rate can be reached. This solution requires the deployment of MZM modulators and the PDM modulator. For 8PSK and 16QAM modulations, the noise resistance is decreasing around 2 dB that, in some systems, will lead to higher bit error rates caused by laser noise, amplifier noise, and/or nonlinear effects of the optical transmission medium.




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
	


Figure 9: BER transmission characteristics for QPSK, DQPSK, 8PSK, and 16QAM keying.


For improving transmission rates of modulation formats, different encoding techniques can be used [26, 27]. A complete scheme of the prepared optical transmission system is shown in Figure 10, where the total optical fiber length is extended to 320 km.




	
	
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
				
					
				
			
		
		
		
		
		
		
			
		
			
		
			
		
			
	


Figure 10: The block scheme for analysis of the selected modulation and encoding techniques.


After theoretical analysis, the following codes , , and  were selected. The RS and BCH codes are capable of encoding data quickly up to 10 Gbit/s; however, the LDPC codes require more time to encode data. Therefore, 10 data streams are encoded separately and afterwards multiplexed into one data stream (shown in Figure 2). For analyzing and simulating, only binary modulation formats are used.
A comparison of binary modulation techniques (noncoherent OOK, BPSK, and DBPSK) combined with encoding techniques (RS, BCH, and LDPC) is shown in Figure 11. Encoding techniques can increase the system range from 50 km up to 160 km depending on appropriate code. Better transmission characteristics are achievable through coherent phase modulations BPSK and DBPSK, where limitations are between 80 and 100 km. The BCH and RS codes increase the range of these systems up to 160 km and this system range can be increased up to 230 km by using the LDPC code. The LDPC code is more than 50% efficient compared to BCH and RS codes; however, such a system needs encoding individual data signals with lower transmission rates than the total system transmission rate. Therefore, it is more effective to use the LDPC code in metropolitan networks, where a time multiplexing is used.




	
	
		
			
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 11: Comparison of binary modulation techniques combined with encoding techniques.


4. The Implementation of Modulation and Encoding Techniques
Selected modulation and encoding techniques are implemented on the optical transmission system with the standard SM fiber (ITU-T G652), where a data signal with the 10 Gbit/s transmission rate and 80 WDM channels is transmitted. Individual transmitters are designed using the MZM modulator, where a continuous wave generated in the CW-DFB laser is modulated with a data signal generated by the Bernoulli generator. The CW-DFB laser generates a continuous wave with 1 mW power and embeds the 4 dB amplitude noise. It is considered that a phase noise is suppressed. The analyzed signal is transmitted with the 193.4 THz optical frequency and the resulting OSNR is 30 dB. For increasing the optical transmission path range, EDFA amplifiers are used every 40 km for amplifying the transmitted signal, where a noise figure NF is equal to 4 dB. The optical fiber with a negative CD is placed before a receiver to compensate the CD effect in the system. The received signal is detected by a coherent detector whose sensitivity is around −17 dBm. Based on the previous analysis, a hard decision scheme with the  code is selected for implementation.
First, binary modulation techniques can be considered, where the OOK has the worst transmission characteristics; and therefore, the transmission system range is limited to 230 km. The analyzed BPSK and BFSK modulations achieve similar transmission characteristics, where both systems are capable of having a signal transmission over the 300 km line length with the 10 Gbit/s transmission rate. It is optional to use these modulations to achieve the longest transmission system range. For increasing transmission rates of these modulations, it is possible to use a combination with the PDM (PDM-BPSK and PDM-BFSK), where the transmission rate of these systems will be higher twice (20 Gbit/s). For achieving higher transmission rates, it is necessary to use multilevel modulation formats. The QPSK signal range is around 300 km, where a transmission rate compared with binary modulations is twice higher. Using a combination with the PDM, the result transmission rate achieves 40 Gbit/s. The maximum range of 8PSK and 16QAM systems is around 200 km. The decreased range of these systems is due to amplifier noises and nonlinear effects in the optical environment. However, these systems using the PDM have transmission rates 60 Gbit/s (PDM-8PSK) and 80 Gbit/s (PDM-16QAM) per channel. The analysis shows that the range limitation is mainly caused by amplifier noises and nonlinear effects that are accumulating. For increasing the system range of multilevel modulation formats, the use of encoding techniques such as the  code is optional. For further improvement of transmission characteristics, optical amplifiers with a low noise figure, advanced detectors, and soft encoding schemes can be used. However, these components rapidly increase the system cost and particular financial analysis for the system effectiveness is necessary. Output transmission characteristics for each modulation technique are shown in Table 3.
Table 3: Comparison of selected modulation techniques implemented for the optical transmission system.
	

	Modulation techniques	Parameters	Fiber length km
	40	80	120	160	200	240	280	320
	

	OOK	BER [ 	10−12	10−12	10−12	10−9	10−2	10−1	10−1	10−1
	OSNR [dB	25	19	14	7	2	1	1	1
	

	BPSK	BER [ 	10−12	10−12	10−12	10−12	10−12	10−12	10−11	10−9
	OSNR [dB	27	24	20	17	15	11	8	5
	

	DBPSK	BER [ 	10−12	10−12	10−12	10−12	10−12	10−12	10−10	10−8
	OSNR [dB	27	24	20	17	15	11	8	5
	

	BFSK	BER [ 	10−12	10−12	10−12	10−12	10−12	10−12	10−11	10−9
	OSNR [dB	28	26	24	21	18	16	13	10
	

	QPSK	BER [ 	10−12	10−12	10−12	10−12	10−12	10−12	10−11	10−9
	OSNR [dB	27	24	20	17	15	11	8	5
	

	8PSK	BER [ 	10−12	10−12	10−12	10−12	10−10	10−6	10−3	10−2
	OSNR [dB	27	23	19	14	9	6	2	1
	

	16QAM	BER [ 	10−12	10−12	10−12	10−12	10−9	10−3	10−1	10−1
	OSNR [dB	27	22	17	12	7	2	2	1
	



5. Conclusion
This contribution analyzes a possible utilization of selected modulation and advanced encoding techniques at high data rate signal transmission in optical transmission medium. At first, the prepared simulation model for optical transmission systems with real transmission systems is compared. Next, a performance analysis of different binary and multilevel modulation techniques in combination with RS, BCH, and LDPC codes utilized in optical transmission systems is presented. The simulation results show the limitation of binary modulation techniques and their possible improvement using FEC codes. The LDPC code can improve a system’s performance for all modulation schemes. Finally, a prepared optical system with real parameters is enhanced using the LDPC code and selected modulation and encoding techniques are analyzed for their practical implementation.
In future analyses, convolutional or turbo codes with different rates and constraint length can be considered. Moreover, other recent modulation techniques in possible combinations with encoding techniques are analyzed. Besides, a utilization of solitons with available optical signal processing techniques is a very interesting area.
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