
 

 

 

Chapter 1  

Optical fiber chromatic dispersion and 

compensation Techniques 

 

1.1. Introduction 

 

Optical communication systems operating at 2.5Gb/s for conventional nonreturn-to-zero 

(NRZ) intensity-modulated direct detected (IMDD) signal over standard single mode 

fiber (SMF) can cover distances of up to about 1000 km with reasonable power penalty. 

Instead transmission over SMF at 10Gb/s is strongly limited over about 70-80 km for 

NRZ IMDD signals because chromatic dispersion causes severe intersymbolic 

interference in high speed optical systems.  

In the first part of this chapter we will introduce the chromatic dispersion by giving a 

physical approach of the issue, identifying the nonlinear Schrödinger equation which 

describes short pulse propagation in an optical fiber. 
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Then, we will describe the state of art of the most important electrical and optical 

techniques developed in order to compensate chromatic dispersion allowing the 

transmission over distances higher than 150 km at 10 Gb/s. 

 

 

1.2. Fiber chromatic dispersion: a physical approach 

 

1.2.1. Introduction 

 

Chromatic dispersion occurs when the refractive index of a dielectric material depends 

on frequency. In the optical fiber a contribution due to waveguided propagation is also 

present. It is critical, above all, in systems where the pulse duration is very short, 

because the different spectral components of the signal travel with different group 

velocity. Such an impairment causes a distortion of the pulse width and consequently 

Intersymbol Interference (ISI) at the Receiver, inducing a degradation of the whole 

system performance. At high bit rates chromatic dispersion together with non linear 

effects is the major limitation to the reachable propagation distance.  

 

 

1.2.2. A Physical Approach 

 

Maxwell equations can be used to obtain the wave equation that describes light 

propagation in optical fiber as demonstrated in [1] 

 

 ∇ × ∇ × � = − 1�� 	��	
� − �� 	�	
�  1.1  

where ∇ × is the curl operator, c is the speed of light in vacuum, E is the electrical field. 

The induced polarization P can be written as 
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 �(�, t) = �(�, t) + ��(�, t) 1.2  

where PL and PNL  are respectively the linear and nonlinear part of the polarization. 

By utilizing the last two expression and the relation ∇ × ∇  × � ≡ ∇(∇ · �) − ∇�� =−∇�� , we obtain 

 ∇�� = − 1�� 	��	
� = �� 	��	
� + �� 	���	
�  . 1.3  

where ∇� is the Laplacian operator. Let’s also consider �� as a small perturbation with 

respect to �, which is justified because nonlinear changes in the refractive index are  < 10��. In addition the optical field is assumed to be quasi-monochromatic (the pulse 

spectrum if centered at  � is assumed to have spectral width ∆  such that ∆  �⁄ ≪1). Then 

 

 �(�, t) = 12 %&'((�, t))�*+,- + �. �. . 1.4  

where %& is the polarization unit vector and ((�, t) is a slow varying function of time 

(relative to the optical period). In the frequency domain the Fourier transform   (/(�,  −  �) is defined as 

 

 (/(�,  −  �) = 0 ((�, t))�*(+�+,)-1
∞

�∞  1.5  

which satisfies the Helmholtz equation 

 

 ∇�E3 +  4( )5��E3 = 0 1.6  

where 4( ) frequency-dependent dielectric constant and 5� =  �⁄ = 26 7⁄  . 

This equation can be solved by using the method of separation of variables. If we 

assume a solution of the form 
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 (/(�,  −  �) = 8(%, 9):;(<,  −  �))*=,> 1.7  

where :;(<,  ) is a slow varying function of z and ?� is the wave number, then the 

Helmholtz equation leads to the following two equations 

 
	�8	x� + 	�8	y� + '4( )5�� − ?/�.8 = 0 1.8  

 2B?� 	:;	< + C?/� − ?��D:; = 0 . 1.9  

The wave number ?/ is determined by solving the eigenvalue equation Eq.1.8 for the 

fiber modes and can be expressed as 

 

 ?/( ) =  ?( ) + ∆? . 1.10  

If we consider the Taylor Series Decomposition of β around the carrier frequency ω0. 

 

 ?( ) = ?� + ?E( −  �) + 12 ?�( −  �)� + ⋯ 1.11  

 
	:;	< = B(?( ) + ∆? − ?�):; 1.12  

and by calculating the Fourier Inverse Transform of the last equation, finally obtain 

 

 

 
	:	< + ?E 	:	
 + B?�2 	�:	
� + G2 : = BH|:|�: 1.13  

where H is the nonlinear parameter and describes all the nonlinear effects along an 

optical fiber and G is the fiber attenuation. Eq. 1.13 describes propagation of very short 

optical pulse in single-mode fibers. It is often referred as the nonlinear Schrödinger 

(NLS) equation. 
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1.2.3. Dispersion Parameters 

 

The group velocity vg is defined as follows: 

 

 JK = 1 1?  1.14  

which has the physical meaning of information velocity and we can define the 

propagation group delay as a delay per unit of length: 

 

 LK = EMN = O=O+ = ?E . 1.15  

Fiber chromatic dispersion is defined as follows: 

 ?� = P+ = 1LK1 = 1?E1 == 1�?1 �  BQ RST�5UV 1.16  

which is also called Group Velocity Dispersion (GVD). By using  = 26W = �XYZ   then 

 

 PZ = 1LK17 = 1?E17  [ STQU 5U\ 1.17  

 P+ = ?� = PZ ]− 7�26�^ 1.18  

The total fiber dispersion D is obtained as a contribution of two different components: 

DM and Dw, which are called material dispersion and waveguide dispersion respectively. 

- Material dispersion DM occurs because the refractive index of a dielectric material 

depends on wavelength, so each wavelength propagates with different group 

velocity. Due to this effect there is a spreading of the light pulse, depending on its 

spectral width. 
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- Waveguide dispersion DW occurs because the mode field diameter depends on the 

wavelength. The higher the operation wavelength the less the propagation becomes 

confined to the core. Owing to the different refractive index between the core and 

the cladding of the fiber, the mode propagation constant depends of the wavelength. 

In order to obtain the last mentioned components of the dispersion we use a Gaussian 

approximation for the monomodal optical fiber propagation. By using this 

approximation, the field of the fundamental mode can be expressed by a Gaussian 

function, which depends by the core’s radius. Then, we can also express the 

propagation vector β as follows: 

 ? = 267 QY_`abR1 − 2c ]1 − Q�YdeOQ�Y_`a^V 1.19  

where V is defined as: 

 c = 267 fghQ�Y_`a − Q�YdeOi 1.20  

where a is the radius of the fiber core, by using the approximation √1 − % = 1 − k� 

 ? = 267 QY_`a − 267 QY_`a 1c ]1 − Q�YdeOQ�Y_`a^ 1.21  

 LK = 1?1 = 11 l267 QY_`am − 11 n267 QY_`a 1c ]1 − Q�YdeOQ�Y_`a^o 1.22  

We can define the contribution due to the material dispersion as: 

 PpZ = − 7� 1�17� QY_`a 1.23  

Regarding to the waveguide dispersion 

 PqZ = 1LK17 ≅ ∆LK∆7 = − QY_`a − QYdeO�7�  1.24  

Finally, we obtain P = PpZ + PqZ 
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1.2.4. Standard Single Mode Fiber (SSMF) 

 

The standard single mode fiber, also called step index fiber, is the most common fiber 

used in Europe and the USA, and shows a minimum attenuation in the so called third 

communication window (1550 nm) equal to 0.25 dB/km.  

In Figure 1.1 the curves of material, waveguide and chromatic dispersion as a function 

of the wavelength are represented. For the standard single mode fiber, the zero-

dispersion is obtained for λ=1310 nm. Optical fiber communications principally work in 

the third window, which means a λ=1550 nm, in the so-called anomalous dispersion 

regime with a D = +16 ps/nm/km and ?� = −20ST�/5U. 

 

Figure 1.1 Fiber dispersion vs. wavelength  
 

In the Anomalous dispersion region D is positive, hence ?� is negative so low 

frequencies (high wavelength) are delayed, while in the Normal dispersion region it has 

the opposite behavior. 
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1.3. Optical and electrical dispersion compensation 

techniques 

 

1.3.1. Optical Techniques 

 

Optical techniques are based on all-optical dispersion compensation devices placed 

along the optical path. As they operate directly on the optical field, they are able to fully 

compensate chromatic dispersion. However these techniques are in general expensive 

and are difficult to be tuned. The most common optical techniques are discussed below. 

 

 

1.3.1.1. Dispersion Compensating Fibers (DCF) 

 

Dispersion Compensating Fibers (DCF) are special fibers, which work in the normal 

regime (β2 > 0) at 1550 nm. Standard single-mode fibers work in the anomalous regime 

in the third telecommunication window (1550 nm), therefore zero residual dispersion 

can be obtained by alternating SMFs and DCFs of suitable lengths.  

In case of WDM systems, DCF fibers must operate over a wide bandwidth. Moreover, 

the dispersion parameter D must be much higher in DCFs than in SMFs in order to 

reduce loss because DCF fibers, show higher attenuation per unit of length (α) than 

SMFs (typical α is around 0.6 dB/km). 

DCF presents also lower effective area (the ratio between the nonlinear refractive index 

n2 and the effective area Aeff is increased by nearly a factor 5 with respect to standard 

SMFs), which increases the impact of nonlinear effects. In order to reduce the impact of 

nonlinearities, DCFs are usually located before optical amplifiers, where the optical 

signal power is usually low. 
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1.3.1.2. Chirped Fiber Bragg Gratings 

 

A fiber Bragg grating (FBG) is fabricated by introducing a perturbation of the effective 

refractive index in the core of an optical fiber along the axial direction. We can define a 

Bragg’s wavelength corresponding to the wavelength where all the signals reflected 

back by every interface interfere constructively at the grating input. Bragg’s wavelength 

depends on the length of the FBG and on neff. In fact, the optical field at λB, while 

propagating inside a FBG, is reflected by the period perturbations, as shown in Figure 

1.3.  

In Figure 1.2 (a) a fiber Bragg grating with a periodic perturbation of the core refractive 

index of the fiber is shown. In Figure 1.2 (c) an input broadband signal entering the 

fiber Bragg grating is illustrated: a small spectral slice centered around the Bragg’s 

wavelength is reflected back while the remaining spectrum is transmitted. Typically, the 

perturbation is approximately periodic over a certain length of a few millimeters or 

centimeters, and the period is of the order of hundreds of nanometers. 

Figure 1.2 (a) Fiber Bragg Grating (b) detail of the index modulation of the fiber core (c) Fiber Bragg 

Grating operation 
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If we modulate the spatial periodicity along the longitudinal direction z of the grating, 

we obtain a chirped Bragg grating. The device can be modeled as a cascade of 

unchirped Bragg gratings. Different λ are reflected (corresponding to the different λB of 

the chirped grating) in different spatial positions. Hence, different λ have diverse 

propagation lengths along the grating and hence, different group delay. 

 

Figure 1.3 Propagation and Reflection in fiber Bragg gratings 

The group delay of the reflected field at the wavelength 7 = 7tE(<) is given by: 

 
LK(7) = 2<(7)JK(7) 1.25  

where JK(7) is the signal group velocity. If we neglect material dispersion, JK(7) =JK = Yuvww and if x(<) = x� + f<, where a represents the slope of the grating spatial 

period, the total dispersion achieved after reflection by the grating is: 

 Py = 	L	7 = 1f� 1.26  

The operating bandwidth of the grating where dispersion is compensated is ∆7. If the 

grating total length is equal to L, and ∆Qy ≫ λ, then the distance between two 

consecutive zeros in the reflectivity function is equal to: 

 ∆7 ≅ ∆QQ| λ 1.27  
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For example, with typical values of ∆Q = 5 · 10�~, f = 5.86 · 10�E� and y = 564 UU, 

then DL=5700 ps/nm and ∆7 = 1.56 QU. In this way a distance of about 200 km on 

SMF at 10 Gb/s NRZ can be covered for 2 WDM channels spaced 100 GHz. 

FBG are small, cheap and low loss devices with the capability to provide both negative 

and positive dispersion by simply changing the device orientation. However owing to 

the narrow operating spectral bandwidth they cannot be employed to compensate a large 

number of WDM channels simultaneously such as the DCF fibers. For this reason, FBG 

are used at the receiver after wavelength demultiplexing to achieve dispersion 

compensation with very high accuracy for each WDM channel respectively after coarse 

compensation obtained by DCF. 

 

1.3.1.3. Optical Phase Conjugation 

 

The principle of optical phase conjugation (OPC) is described in Figure 1.4. An optical 

phase conjugator mirrors the optical signal at frequency ω0-∆ω into a signal at 

frequency ω0+∆ω. This result can be obtained by exploiting four-wave mixing (FWM) 

process. In FWM, three waves at frequencies ω1, ω2 and ω3 interact inside a strongly 

nonlinear optical medium through the χ(3) nonlinearity. As a result, an optical wave at 

frequency ω4=ω1+ω2-ω3 (conjugate wave) is generated. 
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Figure 1.4 Optical phase conjugation 

Let's suppose we have an optical signal centered at ω0. If we choose ω1 = ω2=  ω0, than 

the signal components at frequency ω3=  ω0+∆ω is mirrored at a frequency ω4=  ω0-∆ω. 

If we write the optical field as: 

 ((<, 
) = :(<))��(=>��,� ) 1.28  

then the conjugated field complex amplitude is Ac(z)=A*(z). Therefore the phase of the 

original optical signal changes its sign after phase conjugation. This can be applied to 

compensate chromatic dispersion, by employing the configuration shown in Figure 1.5 

with OPC placed in the middle of the optical path: 

 

Figure 1.5 Optical phase conjugation propagation 
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In this way the dispersion accumulated in the first half-path is compensated in the 

second half, without using any DCFs.  

OPCs allow to compensate chromatic dispersion, however there show some 

disadvantages:  

a) They are not easy to be adapted for changing network conditions. If something is 

changed in the optical path, modification of the OPC position could be necessary.  

b) Optical phase conjugation requires high power of the transmitted signal (about 20 

dBm or more) and a very high pump to induce FWM inside the non linear material, 

implying high power consumption and high device cost. 

c) In order to obtain very efficient process we need very high nonlinear materials. 

Nowadays, examples of OPC are developed by exploiting LiNbO3 waveguides as in [2] 

or Semiconductor Optical Amplifiers (SOA) structures. 

 

 

1.3.1.4. Optical Ring Resonators 

 

Optical chromatic dispersion can be compensated by utilizing optical integrated circuits 

as lossless all-pass filters, which show a unity magnitude response while their phase 

response can be tailored to approximate any desired response. Feedback paths are 

required. They can be realized with rings or reflective cavities in integrated optics. Here 

we consider a ring implementation based on the cascade architecture shown in Figure 

1.6 
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Figure 1.6 Cascade of two ring resonators 

It has been demonstrated in [3] that the frequency response for a cascade of N rings is 

given by: 

 �( ) = � )���� �u)��� − )��+�1 − �u)����)��+��
u�E  1.29  

where the through-path amplitude transmission for the nth directional coupler is 

designated �u = g1 − �u  and �u is the power-coupling ratio. The filter response is 

periodic, with a free spectral range (FSR) of  1 �⁄ = 1 �QKy⁄   , where T is the delay 

for one trip around the ring, c is the speed of light in vacuum, the group index is  QK = Qa − λ1Qa 17⁄ , and ne is the effective index of the fundamental mode. 

The total frequency response of N rings has a unity magnitude response and the total 

phase response can be calculated as follows: 

 ф( ) = 
fQ�E{�Uh�( )i/�)h�( )i} 1.30  

and the group delay is 

 L( ) = − 1ф( )1 = � � (1 − �u�)(1 + �u� − 1 − 2�ucos ( � − �u))�
u�E  1.31  
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The filter dispersion is given by P(7) = 1L 17⁄  (ST/QU). The use of multiple stages 

allows the phase response to be tailored to approximate any desired function by 

appropriate setting of �u and �u. A two stage filter with a minimum bend radius of 2.2 

mm have been designed in [3] to compensate a chromatic dispersion of 4000 ps/nm 

with a FSR of 12.5 GHz (T=80ps). The filter shows low loss (< 3 dB), large dispersion, 

and small group-delay ripple and provides positive or negative dispersion by tuning the 

relative phases of the rings. At the moment, the waveguide birefringence limits the 

devices to applications for which the input state of polarization can be controlled. 

 

1.3.2. Electrical Techniques 

 

Electrical techniques for dispersion compensation have several advantages compared 

with optical dispersion compensation techniques in terms of cost and tunability. For 

example, electrical techniques allow the reduction of first-installation cost by the 

removal of optical compensators and supporting amplifiers, the reduction of linear 

channel impairments caused by optical filters and the simplification of deployment, also 

the reconfiguration capability as each channel can optimize its own dispersion. 

 

 

1.3.2.1. Dispersion Tolerant Signal Modulations 

 

A dispersive fiber distances an input pulse, causing intersymbol interference at the 

receiver. A signal with a narrower bandwidth should suffer less from chromatic 

dispersion. A way to reduce the signal bandwidth is to exploit line coding, as in case of 

the duobinary code. 

Duobinary modulation is a bandwidth efficient modulation scheme for transmitting 

bitrate R bit/s using less than R/2 Hz of bandwidth. From Nyquist’s theory in order to 
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transmit R bit/s with no intersymbol interference, the minimum required bandwidth of 

the transmitted pulse is R/2 Hz. This implies that duobinary pulses will have ISI. 

However, this ISI is introduced in a controlled manner so that it can be subtracted out to 

recover the original values. 

Let the transmitted signal be 

 %(
) = � 1��(
 − 5�)�
���� , 1� = 0,1 1.32  

Here, {dk} are the data bits, q(t) is the transmitted pulse, and T=1/R is the bit period. 

The pulse q(t) is usually chosen such that there is no ISI at the sampling instances 

(t=kT, k=0±1,… are the sampling instances): 

 �(5�) = �1  5 = 00  5 ≠ 0� 1.33  

NRZ in Standard IMDD is one such scheme and requires, in general, a bandwidth of R 

Hz to transmit R bits/s. The simplest duobinary scheme transmits pulses with ISI as 

follows: 

 �(5�) = � 1  5 = 0,1     0 �
ℎ) ¡BT)� 1.34  

We then see from Eq. 1.32 and Eq. 1.34 that at the sampling instance kT, the receiver 

does not recover the data bit dk , but rather (dk-1 + dk). However, this scheme it is only 

allowed for pulses with a small bandwidth. By allowing some ISI, the transmitted pulse 

q(t) can be made longer in the time domain, and hence its spectrum becomes narrower 

in the frequency domain. With a narrower spectrum, the distortion effects of the channel 

are also fewer. This outcome is one of the reasons why duobinary modulation is 

resilient to dispersion. 



Chapter 1 Optical Fiber chromatic dispersion and compensation techniques  23 
 

 

 
Figure 1.7 Equivalent logical block diagram of duobinary precoder 

 

As illustrated in Figure 1.7, a duobinary signal can be obtained by passing the binary 

antipodal signal through the delay-and-add filter, resulting a three level signal by adding 

the current bit to the previous bit, where the binary level 1 has two possible phase 

values (0 or π). The spectrum diagram is shown in Figure 1.8, where duobinary and 

binary signal at 10Gb/s NRZ spectrums has been compared. 

 

Figure 1.8 Electrical spectrum of Binary and Duobinary signals at10Gb/s NRZ 

 

In [4] it is shown that the ideal electronic duobinary generating filter can be well 

approximated by a single Low Pass Filter (LPF) with -3dB bandwidth of ~R/4 
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bandwidth (it is commonly utilized a 5th order Bessel filter) to produce an electrical 

duobinary signal with 3 different levels, which is then used to drive an optical 

modulator to generate the optical duobinary signal. The optical duobinary signal has 

two intensity levels “on” and “off” as shown in Figure 1.9. The “on” state signal show 

each optical phase, 0 and π, corresponding to the logic states “1” and “-1” of the 

duobinary encoded signal, and the “off” state corresponds to the logic state “0” of the 

duobinary encoded signal. 

 

Figure 1.9 Optical duobinary signal 

The proposed optical signal can be generated by driving with the filtered signal a Mach-

Zehnder (MZ) optical intensity modulator with push pull operation. After propagation, 

duobinary modulated signal can be received directly without any decoding. 

It is demonstrated in [5], that by utilizing the duobinary modulation instead of NRZ 

IMDD modulation we are able to propagate more than 110 km without perceptible 

power penalties of optical fiber length of a SMF, as it is illustrated in Figure 1.10 

 

Figure 1.10(a) BER performances for 10 Gb/s duobinary and binary transmission over 110 km standard 
SMF, (b) Power penalty due to fiber chromatic dispersion for BER of 10-9 
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It was later found out, as shown in [6], that the spectral bandwidth might not be the key 

factor explaining the performance of the duobinary code, but, rather, an interference 

phenomenon occurring between optical marks and spaces. 

Recently in [6], other line coding schemes, called phased amplitude- shift signaling 

(PASS) codes and based on a modification of the duobinary one, have been proposed. 

According to the duobinary code, marks separated by an odd number of spaces are 

oppositely phased. The alternate-block-inversion (ABI) PASS code establishes that 

marks separated by any nonzero number of spaces be oppositely phased, whereas, in the 

monospaced-mark-inversion (MMI) PASS code, only marks separated by a single space 

be oppositely phased. 

 

 

1.3.2.2. Electrical Dispersion Compensators 

 

Electrical dispersion compensation can be obtained by utilizing digital and analog 

filtering techniques. Both can be utilized either in direct detection or in coherent 

detection. A direct detection system consists in utilizing a photodiode at the receiver 

which detects and gives output information of the square of the optical received field. It 

is cheaper than coherent detection but, it’s able to measure only the intensity profile of 

the received optical signal. Hence, we are not able to completely compensate chromatic 

dispersion owing to the absence of information about signal phase. On the other hand, 

coherent detection is realized by utilizing a very stable optical local oscillator which is 

mixed together with the optical received signal. Moreover we have to use a PLL (Phase 

Locked Loop) in order to lock the local oscillator to the phase and the frequency of the 

received optical signal.  

Filters for electric chromatic compensation are less efficient in direct detection than in 

coherent detection, where chromatic dispersion can be totally compensated thanks to 

phase recovery. 
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Transversal Equalizer 

A transversal equalizer consists of a delay line with T-second taps as shown in Figure 

1.11. The current and past values of the received signal are linearly weighted with 

equalizer coefficients or tap weights, cn, and are then summed to produce the output. 

The tap coefficients cn are set to subtract the effects of interference from symbols that 

are adjacent in time to the current symbol.  

Consider the case of 2N + 1 taps with coefficients (tap weights) c-N, … , c0, … , cN . Let 

xk ≡ x(kT) be the filter input at t=kT  and yk ≡ z(kT+NT) be the filter output at t=(k+N)T 

The equalizer output at the sample points is the convolution of the inputs yk and the 

2N+1 tap weights cn: 

  9�  =  � %��u�u�
u���  1.35  

where k = -2N, …, 2N, and n = -N, …, N   

The matrix equation can be represented as Z=YA, where in A (a-N to aN), there are 

2N+1 tap weight values of the filter to be determined. 

In Z (z-2N to z2N), there are 4N+1 values of zk which can be measured if the transmitted 

signals are known. Y is 4N+1 by 2N+1 matrix. 

The system of equations is over-determined, more equations than unknowns. Therefore, 

the criterion for selecting the filter coefficients is typically based on minimizing the 

peak distortion, leading to the zero forcing solution, or minimizing the mean-square 

distortion leading to the Minimum mean square error solution. 
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Figure 1.11 Transversal equalizer diagram 

 

DFE– decision-feedback-equalizer 

The decision feedback equalizer is similar to the transversal equalizer because both 

equalizers show a filter matched to the isolated received pulse, followed by a baud-rate 

tapped delay line. However, at the transversal equalizer output there is intersymbol 

interference caused by both undetected bits and previously detected bits. If the previous 

decisions are correct, they can be used to coherently subtract the intersymbolic 

interference caused by the previously detected bits. The feedback delay line tap values 

are chosen on the assumption that these past decisions are all correct. Errors at the 

output of the equalizer occur in bursts, because a decision error feedback delay line 

tends to cause yet more incorrect decisions. However, the equalizer is able to recover 

spontaneously from this condition. In [7] it shows that the performance of the decision 

feedback is more efficient than in case of linear equalizer, even though its output errors 

occur in bursts. 

The signal at the input of the threshold detector is: 
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 9¢(
) = %(
) − � £�9&(
 − ¤�)p
��E  1.36  

where  9&(
) is the signal after the threshold detector (decided bits) and %(
) is the filter 

input signal. Like in the case of the transversal filter equalizer, a Least Mean Square 

(LMS) or a Steepest Descend algorithm can be used to optimize the filter coefficients. 

DFEs are simpler to implement than transversal filters. 

 

Figure 1.12 Decision Feedback Equalizer 

 

MLSE – maximum-likelihood-sequence-estimator 

Let us consider that the samples of the received signal are represented as:  

 9u = )u + Qu + <u = %u + <u 1.37  

where 

 )u = W(fu, fu�E, … , fu�¦§E) 1.38  

represents the noise-free received optical signal (after O/E conversion), which is in 

general a nonlinear function of a group of ¨ consecutive transmitted bits fu, fu�E, … , fu�¦§E, Qu are samples of the amplified spontaneous emission (ASE) 
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noise, <u are samples of the electrical noise which includes shot noise (the result of the 

quantum nature of light) and the thermal noise from the analog front end of the receiver, 

and %u = )u + Qu. 

Thermal noise is Gaussian. Shot noise has a Poisson distribution, but for large numbers 

of incident photons, its distribution can be closely approximated by a Gaussian. It will 

be assumed that <u is additive white Gaussian noise with power ©>�. On the other hand, 

after photodetection, ASE noise is strongly non-Gaussian and signal dependent. It has 

been demonstrated that the probability density function (pdf) of %u is noncentral chi-

square with 2M degrees of freedom. 

Sª«¬(%u|)u) = 1� l%u)ump�E� exp l−%u + )u� m �p�E ]2 g%u)u� ^ )u
= W(fu, fu�E, … , fu�¦§E) 

1.39  

� is related to the variance of the noise in the electro-magnetic field domain. M is the 

ratio of the O/E bandwidth of the front end, and Im (·) is the mth modified Bessel 

function of the first kind. 

The optimal sequence detector for signals affected by ISI and additive Gaussian noise 

consists of a whitened matched filter followed by a Viterbi decoder [8]. It is well known 

that the samples of the signal taken at the output of the whitened matched filter at the 

symbol rate constitute a set of the sufficient statistics for detection. In the case of non-

Gaussian noise, the problem of obtaining a set of sufficient statistics by sampling a 

filtered version of the input signal at the symbol rate has not been solved. It is assumed 

that the output of the photodetector is filtered and then sampled at the symbol rate, but 

we do not assume that the input filter is a matched filter. It is also assumed that the 

samples of the signal plus noise are independent, but they are not identically distributed. 
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Let N be the total number of symbols transmitted. The maximum-likelihood sequence 

detector [9] chooses, among the 2N possible sequences, the one that minimizes the 

metric 

 U` = � − ln lS²9�³)�(`)´m�
��E )u = W(fu, fu�E, … , fu�¦§E) 1.40  

where S²9�³)�(`)´ is the conditional pdf of the received signal 9� 

 )�(`) = W(f�(`), f��E(`) , … , f��¦§E(`) ) 1.41  

and f�(`), f��E(`) , … . , f��¦§E(`)    = 1, … , 2� are the 2N candidate sequences. 

The minimization can be efficiently implemented using the Viterbi algorithm. For a 

channel with δ symbols of memory as in Eq. 1.38 the Trellis has 2δ-1 states. 

MLSE gives the optimum performance in case of a linear communication channel 

where signals are affected by intersymbol interference and additive Gaussian noise only 

[10]. Using MLSE, error-free NRZ transmission over more than uncompensated 600 km 

at 10Gb/s over SMF has been demonstrated [11] with direct detection. However the 

complexity of a MLSE receiver is higher than a transversal filter or a DFE.  

The MLSE equalizer performance after direct detection can be improved by adding a 

square root extractor after the direct receiver as shown in [12]. In this way, even if the 

phase of the signal is not completely recovered, an electrical signal proportional to the 

optical field amplitude, instead of the power, is obtained. In this way 1000km IMDD 

transmission at 10Gb/s could be reached. 
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Equalization using microwave waveguides 

Microwave devices with dispersion can be used at the receiver to equalize chromatic 

dispersion. Two different structures can be used: microstrip lines and rectangular 

waveguides. Both of them are inserted in the following system configuration 

 

Figure 1.13 Equivalent Circuit Microwave Waveguide Equalization 
 

As shown in Figure 1.13 a coherent detection is necessary to receive the signal. The 

optical signal transmitted along the fiber is mixed with the optical field of a local 

oscillator before the photodiode. Thanks to coherent detection it is possible to recover 

the amplitude, but also the phase information of the optical signal. This phase 

information is needed because the microwave waveguide placed at the receiver 

compensates chromatic dispersion by introducing a group delay slope that has opposite 

sign with respect to fiber chromatic dispersion. 

 

• Rectangular waveguides 

Figure 1.13 shows the coherent system with a waveguide equalizer. At the receiver the 

optical signal is mixed with local optical oscillator, with a frequency offset in order to 

achieve a microwave signal at an intermediate frequency (IF) after the photodiode. The 

IF microwave signal propagates through a waveguide to equalize the linear portion of 

dispersion. Finally, the data bits are detected. 
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Consider a rectangular waveguide of cross section a x b and the TE10 mode. Such a 

waveguide has a cutoff frequency of 

 WY = �2f 1.42  

where c is the speed of light (3x108 m/s), and with b=a/2,the rectangular waveguide is 

single mode up to 2fc. Now to compensate the dispersion in the fiber, we wish to choose 

fc, and a bandwidth B in the waveguide that the time delay is approximately linear 

across the bandwidth. The time delay is most closely linear near 2fc; however, for a 

safety margin to satisfy the linear trend to the time delay, let the highest frequency be 

1.86fc. For frequency f > fc, the group velocity is given by 

 JK = �g1 − (WY/W)� 1.43  

and, thus, the time delay across a fraction α of the bandwidth B (1.86 fc – B< f <1.86 fc) 

is given by 

 
∆�(G) = yE�

µ¶
¶¶¶
¶¶·1.186 − 1

¸1 − ¹ 11.86 − GºW� »�
¼½
½½½
½½¾

 1.44  

where L1 is the length of the waveguide and 0 ≤ α ≤ 1. 

For a standard single mode fiber operating at 1.55µm, we have [13] 

 
∆�ºy = 16ST/5U · QU 1.45  
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or 

 ∆� = −0.13 × 10�E� ºy  (T) 1.46  

with B in GHz and L is the fiber length in km, thus from Eq.1.44 and Eq.1.46, the length 

of the waveguide is given by 

 

yE = −3.9 × 10�~ºy

µ¶
¶¶·1.186 −

µ¶
¶· 1b1 − l 11.86 − Gº W�⁄ m�¼½

½¾
¼½
½½¾

 

1.47  

If α =0.2, then B/fc < 0.36. If B=10 Gb/s, then fc must be greater than 28 GHz. 

Such a high value implies that a wide detection bandwidth is needed. The detection 

bandwidth can be reduced if a microstrip line is used as it will be described below.  

The advantage of using a microwave waveguide is lower radiation from the device into 

other parts of the receiver and lower signal attenuation [14] 

 

• Microstrip Lines 

The structure of a microstrip line is shown in Figure 1.14. The transversal section of a 

microstripline is nonuniform, being partially filled with air and partially with another 

dielectric. Therefore microstriplines cannot support a TEM mode. The fundamental 

mode is instead a hybrid mode, characterized by a certain amount of waveguide 

dispersion.  
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In a narrow band around a certain frequency 

having width w, metal trace thickness 

dielectric constant εr, behaves like a TEM mode with a

approximately by: 

 

where εeff is an effective dielectric constant, which can be calculated by

following approximate formulas (

 ÁaÂÂ
where Á`a is given by: 

 Á`a = 0.5 [Á
with 

tan δ

iber chromatic dispersion and compensation techniques

Figure 1.14 Microstrip line 

In a narrow band around a certain frequency f, the fundamental mode in a

, metal trace thickness t, substrate depth h and substrate relative 

behaves like a TEM mode with a propagation 

?�W� � 26� WÃÁaÂÂ�W� 
is an effective dielectric constant, which can be calculated by

following approximate formulas (w, h and t are expressed in meters) [15

aÂÂ�W� � ]√Á` � gÁ`a1 � 48�E.~ �gÁ`a^
�
 

[Á` � 1 � �Á` � 1�Ä ²¡�´\ � Á` � 14.6 
�b�¡ 

tan δ, εr 
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, the fundamental mode in a microstripline 

substrate relative 

propagation constant given 

1.48  

is an effective dielectric constant, which can be calculated by using the 

15]: 

1.49  

1.50  
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 Ä ²¡ℎ ´ = ÅÆÇ
ÆÈl1 + 12 ℎ¡m��.~ + 0.04 ²1 − ¡ℎ ´� , ¡ℎ ≤ 1l1 + 12 ℎ¡m��.~                                  , ¡ℎ ≥ 1� 1.51  

and F is given by: 

 8 = 403 WËÌ>ℎgÁ` − 1 Í0.5 + ²2 log ²1 + ¡ℎ ´´�Ï 1.52  

Finally, the fundamental mode group delay can be calculated by: 

 L(W) = ya 	?	  1.53  

In [16] the chromatic dispersion accumulated by a 1550 nm signal after 70 km of SMF 

is compensated by using a microstrip line equalizer in the intermediate frequency band. 

Amplitude distortion due to fiber chromatic dispersion at 1550 nm wavelength is 

reduced to below 2.5% with the equalizer. 

When the frequency of the transmitter laser diode (LD) is higher than that of the local 

oscillator, the characteristics required to compensate for fiber chromatic dispersion are 

shown in Figure 1.15. However, the delay characteristics of the equalizers, used in radio 

techniques do not have such a wide linearity. The delay time characteristics of 

manufactured microstrip lines are linear over bandwidths of 10GHz. The calculated 

relative delay time characteristics of microstrip lines are shown in the same Figure as 

solid lines. Delay characteristics of manufactured equalizers are also shown. The 

relative delay time increases from 3 GHz to 20 GHz linearly and its dispersion is about 

0.8 ps/(cm nm), so the chromatic dispersion of 100 km of fiber can be compensated by a 

21 cm stripline at 1550 nm. 
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Figure 1.15 Relative delay time characteristics of the microstrip lines 

Solid lines show calculated values and broken lines the required characteristics. ∆, o, x 

are the measured values for three equalizers. Relative permeability εr is 9.6, and 

microstrip characteristic impedance is 50Ω.  l = stripline length and L = fiber length


