
 

 

 

Chapter 2 

Analogical chromatic dispersion 

compensation 

 

2.1. Introduction 

 

In the last chapter the most important techniques to compensate chromatic dispersion 

have been shown. Optical techniques are able to perfectly compensate chromatic 

dispersion because they act directly on the optical field, however, these techniques have 

high costs and they are difficult to tune. We have also shown the electrical techniques 

based on digital signal processor (DSP) which can be used in direct or coherent 

detection with different efficiencies. At the end of the chapter we have shown that 

chromatic dispersion can be compensated by using analogical compensation methods in 

the microwave domain at the receiver after coherent detection. 

In this project we consider the employment of a microstrip line placed at the transmitter 

to compensate chromatic dispersion to avoid the use of coherent detector with optical 

local oscillator. 
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2.2. Microwave Analog Predistortion 

 

Electrical dispersion compensation operating in the microwave regime using microstrip 

lines to achieve analog equalization has been proved in [17]. However this solution 

requires the use of coherent detection of the optical signal at the receiver in order to 

save the amplitude and phase information after square-law detection. 

On the contrary, a simple analog predistortion scheme to compensate fiber chromatic 

dispersion in the microwave domain at the transmitter, proposed in [18], can be utilized. 

This scheme has been proposed in order to avoid coherent detection at the receiver, 

which necessarily employs the use of a local oscillator (LO) and the use of complex 

frequency and phase-locked loops. This is possible by using an analog optical 

modulator such as the so-called dual-parallel Mach-Zehnder (MZ) modulator. The last 

mentioned optical modulator has a transfer function which is linear along a large 

bandwidth. Such a characteristic allows converting the amplitude and the phase 

behavior of the predistorted signal into the optical domain.  

 

Figure 2.1 Dispersion compensation by analog predistortion 
 

The proposed scheme of [18] is shown in Figure 2.1 where a microwave electrical 

carrier is NRZ modulated and sent through an electrical dispersive delay line, in order to 

achieve the necessary predistortion. The signal is then frequency upconverted from the 

microwave to the optical domain by using a particular transmitter composed by an I/Q 
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mixer cascaded with a dual-parallel modulator. The I/Q mixer is a device constituted by 

a couple of microwave mixers and a π/2 hybrid. 

Suppose that the predistorted electrical signal vs(t) and the microwave carrier vc(t), 

given by the following expressions, are sent to the input of the I/Q mixer: 

 ����� = ��cos ���� 2.1  

 ����� = �����cos ��� + ������ 2.2  

where �� and �� are the amplitudes of the signals �� and ��, respectively, while ��is 

the phase of �� and �is the central frequency of the two signals. The two output signals 

from the I/Q can be written as 

 ����� = 12 ����� ��cos ������� 2.3  

 ����� = 12 ����� ��sin ������� 2.4  

They represent the two in-phase and out-of-phase components of the electrical signal 

with respect to the carrier. These two signals can be used to drive the dual-parallel 

Mach-Zehnder modulator. The optical complex field at the output of the modulator is: 

 ����� = √22 ���� �� ! "2#$ #� + %� ! "2#$ #�� 2.5  

Here the two MZ interferometers inside the dual-parallel MZ modulator are driven in 

push-pull configuration. The two electrical signals #� and #�control the in-phase and 

out-of-phase components of the optical field. We bias the two modulators around their #$, obtaining 

 #� = −#$ + �� 2.6  

 #� = −#$ + �� 2.7  
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It is then possible to linearize Eq. 2.6 and Eq, 2.7 around the bias point and write 

 ����� = √22 ���� � "2#$ �� + % "2#$ ��� 2.8  

when '��,�' < *+,- then Eq. 2.8 is a good approximation of Eq. 2.5. If we substitute Eq. 

2.3 and Eq. 2.4 in Eq. 2.8, and the input optical complex field is given by: 

 ���� = .�/012� 2.9  

Then the output optical field is 

 ����� = √2"8#$ ����� ��.�/0�12�456���� 2.10  

Eq. 2.10 shows that all the amplitude and phase information of vs(t) is transferred to the 

optical signal. In particular the frequency dispersion induced in the dispersive 

waveguide is converted into optical chromatic dispersion.  

The dispersive waveguide behaves ideally as an allpass filter, which has the following 

transfer function: 

 78�9��:� = /0$�8;
 2.11  

The filter bandwidth must be twice the bandwidth of the signal vs(t) and centered at  ωe. 

The chirping coefficient c is the total electrical chromatic dispersion induced by the all-

pass filter, measured in ps/GHz. It must have opposite sign with respect to the total 

optical chromatic dispersion to be compensated For example, after 300 km at 10Gb/s in 

SMF at λ =1.5 µm, the total accumulated dispersion is DL=4800 ps/nm. At a central 

wavelength of λ =1.5 µm, a 1nm wavelength interval corresponds to 125 GHz 

frequency interval, so we must have c= - 38.4 ps/GHz. The actual sign of c depends on 

the bias point of the dual-parallel modulator. By choosing the following bias point: 
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 #�< = #�� − #$ 2.12  

 #�=== = #�� + #$ 2.13  

in place of Eq. 2.10, then the output optical field will be given by: 

 ����� = √2"8#$ ����� ��.�/0�12�>56���� 2.14  

and we must change the sing of c in order to achieve dispersion compensation. As a 

result we see that the proposed technique can compensate for both normal and 

anomalous dispersion. From another point of view there is no constraint in the sign of 

the dispersion of the electrical dispersion compensator, which can therefore be freely 

chosen in order to optimize other design parameters. 

 

 

2.3. Chirped Delay Lines 

 

The experiment in [18] shows that, in order to achieve dispersion compensation over 

more than 100km, bulky microstrip lines (with length greater than 20cm) must be used, 

thus limiting the transmitter integration and increasing losses. Therefore, in order to 

increase the propagation distance, more compact components having a higher dispersion 

per unit length must be used. In this work these new components, which are the object 

of the present chapter, have been studied. They are based on Nonuniform Transmission 

Lines (NTLs), which are transmission lines having characteristic impedance and 

propagation constant both function of the position along the line. 
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2.3.1.  Nonuniform transmission lines (NTL) 

 

A nonuniform transmission line is a transmission line where the propagation constant 

and the characteristic impedance are non constant and depend on the position along the 

line. Thus, the per-unit-length parameters depend on the cross-section dimension of the 

guiding structure represented by the transmission line. If this dimension varies along the 

line axis, then the per-unit-length parameters will be function of the position variable x, 

L=L(x), C=C(x), R=R(x) and G=G(x). It is assumed that the principal propagation 

mode of the lines is TEM or quasi-TEM. This assumption is valid when the widths in 

the cross section are small enough compared to the wavelength. Thus, the propagation 

in NTL is described by the following equations: 

 
?#�@, ��?@ = −A�@� ?B�@, ��?�  2.15  

 
?B�@, ��?@ = −C�@� ?#�@, ��?�  2.16  

where V(x,t) and I(x,t) are the transmission line voltage and current, while L(x) and C(x) 

are the inductance and capacitance per unit length at position x respectively. The 

propagating and counter propagating modes a+ and a- given by: 

 D4> = 1√2 E #�@, ��√F�@, �� ± B�@, ��HF�@, ��I 2.17  

where the characteristic impedance Z(x,t)is defined as: F�@, �� = JK�L,��M�L,�� . In addition, if 

we introduce the propagating constant defined as N = %O which can be expressed as 

N = %�HA�@, ��C�@, �� and also introducing the coupling factor K as P = QRS �HT�L,���QL  

where it has not been considered the temporal dependence expressed by the factor /01�, 
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then by introducing the propagation and counter propagation modes in Eq. 2.15 and Eq. 

2.16 the propagation in the nonuniform transmission line can be expressed by: 

 
?D4?@ + ND4 + PD> = 0 2.18  

 
?D>?@ − ND> + PD4 = 0 2.19  

In order to numerically simulate a nonuniform transmission line we model the NTL as a 

cascade of a large number of uniform sections as shown in Figure 2.2  

 

Figure 2.2 Discrete model of a Nonuniform transmission line 

Each section can be described by a transfer matrix. For example the i-th uniform line 

section can be described by  

 V� = W � !O�X� %F�!YZO�X�%[�!YZO�X� � !O�X� \ 2.20  

where N� = %O� is the propagating constant and F� is the characteristic impedance, [� is 

the characteristic admittance and di is the section length. Finally, we can express the 

total transfer matrix of the line T, as a product of the signle transfer matrixes. By means 
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of such a matrix we now are able to calculate the scatter parameters. If we nominate Z0 

as the reference impedance at the ports, then we can express the S11 and S21 scattering 

parameters as follows: 

 ]^, = 2F-�V,, + V̂ ^�F- + V,^ + V̂ ,F-̂  2.21  

 ],, = V,^ + �V,, − V̂ ^�F- − V̂ ,F-̂�V,, + V̂ ^�F- + V,^ + V̂ ,F-̂  2.22  

Finally we can calculate the group delay of the NTL as: 

 _,,��� = − ∂arg �],,�?�  2.23  

where � = 2":. Let us consider that the coupling coefficient is P = d sin e2" Lfgh, then 

a solution of the system of Eq. 2.18 and Eq. 2.19 can be approximated by: 

 D4 = .�@�/0 $fgT
 2.24  

 D> = i�@�/>0 $fgT
 2.25  

where A(x) and B(x) are slow varying functions of x. This system can be easily solved 

and the matrix relating the input mode amplitudes [A(0) B(0)] to the output mode 

amplitudes [A(L) B(L)] can be found: 

 V = WV,, V,^V̂ , V̂ ^\ 

= jcosh lA − % ml sinh lA − dl sinh lA
− dl sinh lA cosh lA + % ml sinh lAn 

 

 

2.26  
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where l = √d^ − m^ and m = O + $fg. The grating reflection coefficient in power is 

defined as: 

 o = pV̂ ,V,,p = sinh^ lAcosh^ lA − emlh^ 2.27  

The highest maximum of R is at the Bragg’s frequency which is: 

 :q = �2D-Hr88 2.28  

where r88 is the effective dielectric constant of the line. At Bragg’s frequency, :q, all 

the signals reflected back by every interface interfere constructively at the grating input. 

By choosing the coupling coefficient as P = d sin e2" Lfgh then we obtain the following 

characteristic impedance of the line: 

 F-�@� = 50t uvSe^$ Lfgh
 2.29  

As a result of the periodic variation of the impedance, the reflection coefficient has a 

maximum at the Bragg frequency fB. The group delay is not constant only in a small 

fraction of the transmission bandwidth. Therefore the line has high group delay 

dispersion in a narrow bandwidth around the Bragg resonant frequency.  

Dispersion compensation requires the design of a transmission line having a prescribed 

group delay over a determined reflection bandwidth. In case of a periodically modulated 

impedance, the reflection bandwidth is narrow. A way to achieve a linear group delay 

over a wide reflection bandwidth is described below [19]. 
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2.3.2. Chirped Delay Lines (CDL) 

 

A Chirped Delay Line (CDL) is a quadratic phase filter whose frequency response 7��� = .-���/>05g�w� around a central frequency ω0 , is characterized by uniform 

insertion losses, A0 (ω), and a linear group delay, �x - = y5gy1 , across the operating 

frequency band, with high delay × bandwidth products over ranges of several gigahertz. 

Let us consider the characteristic impedance of a non uniform microstrip line charged 

by a continuously changing or varying strip width following a linearly frequency 

modulated (chirped) continuous periodic function. Then, the phase-matching condition 

for resonant Bragg coupling between the quasi-TEM microstrip mode and the same but 

counter-propagating mode is ideally satisfied at only one position for each spectral 

frequency, from which it will be back-reflected. If the perturbation is linearly chirped 

then we will see that the mode-coupling location varies linearly in frequency, and, as 

result, the reflection time is also a linear function of frequency. 

Consider Z0 (x) as the perturbed microstrip impedance given by F-�@� = :Ϛ�L��@� where 

Ϛ(x) represents the modulation of the local spatial angular frequency of a continuous 

periodic function f(x), and x is the axis along which the microstrip line CDL is extended 

from x=-L/2 to x=L/2, being L the device total length. It is demonstrated in [19] that if 

Ϛ�@� = Ϛ- + 2C@, then Z0(x) yields a mode coupling location linearly distributed in 

spectral frequency. The parameter C(m-2) fixes the variation rate of the local spatial 

frequency and Ϛ- = Ϛ�@ = 0� is the value of the local spatial frequency at the device 

central point. 

The Bragg condition states that the perturbation period for an angular frequency ω to be 

coupled to the counter-propagating quasi-TEM mode in a microstrip line is equal to λg/2 

(π rad phase-shift), being λg the guided wavelength at this frequency in the unperturbed 

(constant strip width) microstrip line. Then, in the quasistatic (TEM) approximation, the 

angular frequency locally reflected at x, ωl(x) can be calculated as: 
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 �9�@� = Ϛ�@��2Hz88||-} = �2Hz88||-} W2"D- + 2C@\ ∝ @ 2.30  

If an impedance modulation around 50Ω is considered, z88||-} is the effective 

dielectric constant for 50 Ω-line at low frequency regime, c is the speed of the light in 

vacuum, and D- = ^$
Ϛg is the local spatial period at x=0, which fixes the central operation 

frequency ω0 . Eq. 2.30 points out that a linear spatial frequency modulation of the 

impedance provides a linear group delay in a bandwidth 

 ∆� = p�9 W@ = A2\ − �9 W@ = − A2\p = �|C|AHz88||-} 2.31  

around a central frequency 

 �- = �"D-Hz88||-} 2.32  

the group delay can be calculated as: 

 _��� = 2Hz88∆�� �� − �-� + Hz88A�  2.33  

the differential equation for the line reflection coefficient is [19]: 

 
X],,X@ − 2N],, + 12 �1 − ],,̂� X�ln �F-��X@ = 0 2.34  

where ],, = * �⁄ >Tg* �⁄ 4Tg. And if we solve Eq. 2.34 for the input port x=-L/2 taking a purely 

imaginary propagation constant N = %O = 01H�����  and considering Eq. 2.29 then, the 

impedance modulation finally implemented is 
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F-�@� = 50 exp W. · ��@� · !YZ W� Ϛ�@� X�\\ 

= 50 exp �. · ��@� · !YZ�2"D- @ + C@^ + C A^ 4� �� 

 

2.35  

where W(x) is the following apodization function: 

 ��@� = ./>����>K �⁄ �/K�;
 2.36  

where A (nondimensional) is an amplitude factor and the integration constant is fixed to −C A^ 4⁄  for 50Ω-input and output ports, when L is a multiple of D-, ��@� is a 

windowing function for smoother input and output impedance transitions to avoid 

partially reflections from the extremes of the structure. 

From the knowledge of ω0,  ∆� and the group delay, all the line parameters (a0, L and 

C) can be calculated. The relative dielectric constant εeff can be chosen arbitrarily. High 

εeff substrates reduce the device size, but are usually more expensive and lossy.  


