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Chapter 5 
 

IMPROVEMENT OF FIBER OPTIC SYSTEM 

PERFORMANCE BY SYNCHRONOUS PHASE 

MODULATION AND FILTERING AT THE 

TRANSMITTER 

 
In this chapter, the performance improvement obtained from phase modulation (PM) 

and filtering on return-to-zero (RZ) signal format at the transmitter is investigated. The 

primary purpose is to understand the mechanism of each type of PM that leads to 

performance improvement relative to the RZ signal format with no PM. Three types of 

phase modulation on an RZ pulse train are considered in this chapter: square-wave phase 

modulation (SWM), sinusoidal alternating-phase modulation (APM), and sinusoidal 

same-phase modulation (SaPM). Additionally, the continuous-wave square-wave 

(CWSW) signal format is also investigated. It was shown in the previous chapter 

(Chapter 4) that individual pulses in the CWSW signal format can undergoes PIE, the 

phenomenon in which the pulse peak can be greater than that at the fiber input under the 

presence of dispersion. However, only transmission of a single CWSW pulse was 

considered in the previous chapter. The extent of the performance improvement provided 

by PIE in practical systems still needs to be investigated. Since the investigation is at the 

system level where there are many system components involved, it is difficult to find a 

closed-form expression that fully describes the system performance. Consequently, 

numerical simulation is utilized instead.  

In this Chapter, the optical fiber used in the simulations is assumed to be linear 

and lossless in order to focus on how each modulation format minimizes the impairment 

caused by dispersion. The normalized system parameters involved in the simulations are 

the modulation index B  of the phase modulation, normalized transmitter filter bandwidth 

,Tx BBBW , and normalized transmission distance nz . The performance measure in this 

analysis is the eye opening at the fiber output. The performance improvement obtained 
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from the different types of PM and filtering are analyzed and compared in order to gain a 

thorough understanding of limitations and advantages of PM and filtering at the 

transmitter.  

 This chapter is organized as follows. The first section is the mathematical model 

used in the numerical simulations. The mechanism of each type of PM that leads to the 

performance improvement is discussed in Section 5.2. The effect of filter bandwidth on 

system performance is provided in Section 5.3. In Section 5.4, is a discussion of system 

performance at large normalized transmission distance. The explanation of the existence 

of an optimum modulation index is provided in Section 5.5. The performance 

comparisons of all types of PM considered is presented in Section 5.6.    

 

5.1 SYSTEM MODEL 
The baseband-equivalent transmitter block diagram used in this analysis is shown 

in Fig. 5.1. From left to right, the transmitter consists of a noiseless continuous-wave 

(CW) laser, RZ modulator, phase modulator, optical filter, and data modulator. The role 

of the CW laser is just to provide a single-polarization optical field with a constant 

amplitude of 0P  where 0P  is the peak output power of the CW laser. In order to be able 

to select the type of signal that will be fed to the phase modulator, the RZ modulator is 

placed after the CW laser. When it is off, it will allow the CW signal from the laser to 

pass through without being altered. That is, the electric field at the RZ modulator output 

is given by 

, 0( )nf np nq Pτ =         (5.1) 

when the RZ intensity modulator is off as shown in Fig. 5.1. Note that the subscript np is 

used to remind that phase modulation has not been applied to the signal yet. Similarly, 

the subscript nf means that the effect of filtering has not yet been applied to the signal. 

When the RZ modulator is turned on, the constant input signal will be tailored to be an 

RZ pulse train, the individual pulses of which are raised-cosine in shape, which can be 

written as 

[ ]0
, ( ) 1 cos(2 )

2nf np n n

P
q τ πτ= + .       (5.2) 
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The signal is then fed to the phase modulator, whose function is to modify the phase of 

the input signal. This is equivalent to mathematically multiplying the complex envelope 

of the input signal by ( )nje φ τ  where ( )nφ τ  is a phase function. Thus, the output electric 

field from the phase modulator can be written as 

    ( )
,( ) ( ) nj

nf n nf np nq q e φ ττ τ= ⋅ ,        (5.3) 

where ( )nφ τ  is the phase function. Note that (5.3) is done optically in practice, which can 

be achieved by utilizing an optical phase modulator such as a lithium niobate (LiNbO3) 

phase modulator [108]. In the case of square-wave phase modulation (SWM) and 

CWSW, ( )nφ τ  is a square-wave phase function, having a normalized frequency of 1/ 2 , 

and its mathematical expression is given by (4.2). For the CWSW signal format the 

amplitude of the square-wave phase function ( )nφ τ  is fixed to / 2π  in order to generate 

the alternate-sign RZ pulse train as explained in Chapter 4. For sinusoidal PM, ( )nφ τ  is 

given by    

( ) cos(2 )n p nB fφ τ π τ= ,        (5.4) 

where pf , the normalized frequency of the phase function (normalized by bR ), is equal 

to one-half, and unity for the sinusoidal alternating-phase modulation (APM) and 

sinusoidal same-phase modulation (SaPM), respectively. For a conventional RZ system 

not employing the phase modulation (no PM), ( ) 0nφ τ = . The output signal from the 

phase modulator is then fed to the filter to limit the signal bandwidth. The type of the 

filter selected for use in the simulation is a second-order Butterworth filter because of its 

flat passband. This type of filter can be realized optically from cascaded ring resonators 

[137], [138]. Recall from (4.15) that the transfer function of this filter is given by 

2

, ,

1( )

2 1
n

n n

Tx BB Tx BB

H f
f fj j

BW BW

=
   

+ +      
   

,       (5.5) 
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where ,Tx BBBW  is the 3-dB baseband bandwidth of the filter normalized by the bit rate 

bR . By applying the filter to ( )nf nq τ  given by (5.3) in the frequency domain, the signal at 

the data modulator input can be found from 

     { }{ }1( ) ( ) ( )mod n n nf nq F H f F qτ τ−= ⋅ ,     (5.6) 

where F  and 1F −  represent the Fourier transform and the inverse Fourier transform 

operations with respect to corresponding normalized parameters, respectively.  

 The data modulator is used for modulating the input signal with a randomly-

generated bit pattern. This can be accomplished by gating ( )mod nq τ  on and off according 

to the bit pattern. Thus, the signal at the input to the optical fiber can be written as 

( ) ( ) ( )n mod n k n
k

q q b kτ τ τ
+∞

=−∞

= ⋅ Π −∑ ,     (5.7)  

where { }0,1kb ∈  is the data bit at the kth timeslot, and ( )nτΠ  is a unit-amplitude 

rectangular pulse having a normalized pulse width of unity and centered at 0nτ = . The 

mathematical definition of ( )nτΠ  is given by (4.3). A pseudo random data sequence of 

length 128 is used throughout the investigation. It should be noted that in the simulations 

the multiplication in (5.7) is done after the time delay imposed on ( )mod nq τ  by the filter 

phase response is compensated. This corresponds to assuming perfect timing recovery at 

the receiver. It should also be noted that the peak power of the pulses in ( )nq τ  is adjusted 

so that the pulses have unit amplitude at the input to the optical fiber. 

 Similar to Chapter 4, the optical fiber used in the simulations is assumed to be 

linear and lossless. The transfer function of such an optical fiber can be written in terms 

of related normalized parameters as 
2

2
2( ) exp sgn( )

8o n n nH f i f zπ β
 

= ⋅ ⋅ 
 

           (5.8) 

 where nz  is the normalized transmission distance defined as the ratio between the 

physical transmission distance z  and the dispersion length DL . It should be noted that 

the usual definition of DL  is modified in (5.8) with / 4bT  replacing the input pulse width. 

The reason is to make DL  independent of the pulse width, which depends on the other 
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system parameters. When only a single pulse in the pulse train given by (5.2) is 

considered, it is found that the ratio between the pulse width and the bit period is 

approximately equal to 1/4.6. Since the filter broadens the pulse, that ratio will be larger 

(the denominator in that ratio will be less) at the filter output. Hence, the assumption used 

in (5.8) is reasonable. By using (5.7) and (5.8), the electric field at the fiber output can be 

found from 

{ }{ }1( ) ( ) ( )out n o n nq F H f F qτ τ−= ⋅ .       (5.9) 

The receiver is an ideal square-law detector; thus, the photocurrent output from the 

detector is 2( )out nq τ . The eye opening, which is used as a criterion to determine the 

system performance, is then calculated from 2( )out nq τ . The eye opening in this context is 

just the difference between the lowest signal level of bit 1 and the highest signal level of 

bit 0 at the decision time (the middle of the bit slot).    

 

5.2 PHASE MODULATION MECHANISMS 

 A knowledge of how PM improves the system performance is important in 

analyzing the subsequent simulation results. Basically, the performance improvement 

comes from the fact that PM and filtering imposes some special characteristics onto the 

signal. When a single pulse with no PM is considered, it will be broadened as it travels 

along an optical fiber due to the effect of dispersion. Thus, the tail of a pulse will spread 

beyond its bit slot. In the case of two overlapping pulses, the interference between the 

signal component of the leading pulse and that of trailing pulse in the overlap region 

strongly depends on the relative phase difference between those two signal components.  

For the RZ signal format, all pulses have identical sign. Hence, the signal component of 

the leading pulse and that of trailing pulse are phase-matched midway in the overlap 

region, which in effect causes the growth of a spurious pulse.  

On the other hand, the overlap between the tail of one pulse and the center of 

another pulse causes the reduction of the signal level at the center of the pulse due to 

phase mismatch. This phenomenon can be viewed as the energy in the original pulses 

being transferred to the spurious pulse from energy conservation. Plotted in Fig. 5.2 is the 
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eye diagram at the fiber output for a conventional RZ signal format when , 1.25Tx BBBW = , 

and 1.5nz = . The spurious pulses caused by the overlap between adjacent pulses are 

significant. In the case of bit 1, the growth of spurious pulses reduces the signal level for 

bit 1 and distorts the eye profile so severely that it is no longer RZ. In the case of bit 0, 

the overlap between two surrounding pulses (bit pattern 101) results in the growth of the 

spurious pulses at the middle of the bit slot 0 as shown in Fig. 5.2. Thus, the signal level 

for bit 0 is increased, which further degrades the eye opening. 

 In order to improve the eye opening, the growth of spurious pulses has to be 

minimized or suppressed if possible. As we will see later in this chapter, this can be 

carried out by phase modulating and filtering the signal at the transmitter. The type of PM 

that will be discussed first is the square-wave phase modulation (SWM) on an RZ pulse 

train.  

 

5.2.1 Square-Wave Phase Modulation (SWM) on RZ Pulse Train 
 The mechanism of this PM that leads to the performance improvement is to 

completely suppress the growth of spurious pulses occurring at the boundary between 

two adjacent pulses representing bit 1’s. This can be shown mathematically as follows. 

When the RZ modulator is turned on, the signal at the phase modulator input is given by 

(5.2). By substituting (5.2) and the square-wave phase function ( )nφ τ  given by (4.2) with 

/ 2B π=  into (5.3), the signal at the filter input ( )nf nq τ  becomes 

    [ ] [ ]{ }0

1

sin( / 2)( ) cos ( 2) 2cos( ) cos ( 2)
2 ( / 2)nf n n n n

k

P kq j k k k
k
πτ π τ π τ π τ

π

+∞

=

= − + + +∑ .  (5.10) 

When the transfer function of the filter is considered, it can be generally written as 
( )( ) ( ) nj f

n nH f H f e ξ=  where ( )nH f  is the magnitude response and ( )nfξ  is the phase 

response of the filter. The effect of the filter on an input sinusoidal signal having the 

frequency 0f  is to scale the amplitude of the signal by 0( )H f  and to add the phase delay 

by 0( )fξ . Thus, when ( )nf nq τ  is the signal at the filter input, the output signal is simply 

given by 
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0

1

sin( / 2) 2 2( ) cos ( 2)
2 ( / 2) 2 2mod n n

k

P k k kq j H k
k
πτ π τ ξ

π

+∞

=

 −  −    = − +         
∑                   

 2 22 cos cos ( 2)
2 2 2 2n n
k k k kH k H kπ τ ξ π τ ξ

  +  +        + + + + +                     
.   (5.11) 

For ( )mod nq τ  to be an alternate-sign RZ pulse train, the sign of the trailing pulse has to be 

opposite to the leading pulse; i.e., ( ) ( 1)mod n mod nq qτ τ= − +  has to be satisfied. By using 

(5.11), ( 1)mod nq τ +  is given by 

0

1

sin( / 2) 2 2( 1) cos( ) cos ( 2)
2 ( / 2) 2 2mod n n

k

P k k kq j k H k
k
πτ π π τ ξ

π

+∞

=

 −  −    + = − +         
∑     

               2 22 cos cos ( 2)
2 2 2 2n n
k k k kH k H kπ τ ξ π τ ξ

  +  +        + + + + +                     
. (5.12) 

Since cos( ) 1kπ = −  when k  is an odd integer, ( ) ( 1)mod n mod nq qτ τ= − +  is satisfied when 

the summation in (5.12) contains only the terms associated with odd values of k . This 

condition is satisfied in this case because sin( / 2) /( / 2) 0k kπ π ≠  only when k  is an odd 

integer. Therefore, ( )mod nq τ  given by (5.11) is an alternate-sign RZ pulse train. (Note that 

this is also true for the case of a CWSW pulse train discussed in Chapter 4 [see (4.10)].) 

When the bit pattern is all 1’s ( 11111⋅⋅ ⋅ ⋅ ⋅ ⋅ ), the data modulator is in the on state 

all the time. Thus, the signal at the fiber input ( )nq τ  is just the signal at the modulator 

input ( )mod nq τ . Since the condition that ( ) ( 1)mod n mod nq qτ τ= − +  is satisfied regardless of 

the filter characteristic and an optical fiber is an all-pass filter with quadratic phase 

response, the signal at the fiber output ( )out nq τ  is still an alternate-sign RZ pulse train 

when the bit pattern is all 1’s. At the receiver the square-law detector converts an 

alternate-sign RZ pulse train to an RZ pulse train. This indicates that the 180° phase shift 

between successive pulses suppresses the growth of spurious pulses caused by the 

dispersion. Since this effect is independent of the filter, it can even prevent the overlap 

between successive pulses due to the filter at the transmitter. Therefore, there is no 

adjacent-pulse interaction at all along the path from the RZ modulator to the receiver for 

a sequence of all 1’s. This can be seen in Fig. 5.3, which is the eye diagram at the fiber 
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output of the SWM signal when , 1.25Tx BBBW = , and 1.5nz = . It is clearly seen that 

alternate signs between adjacent pulses (180° phase shift at the boundary between 

adjacent pulses) can suppresses the growth of the spurious pulses. Since the phase is 

constant over the bit slot, the SWM does not have any impact on an isolated pulse 

(isolated bit 1). This can be observed from the eye diagram in Fig. 5.3. Those isolated 

pulses are still broadened by dispersion, which results in the reduction of the pulse peak, 

which represents the signal level for bit 1. When an empty bit slot, representing bit 0, is 

surrounded by bit 1’s ( 101 ), the overlap between those surrounding pulses results in 

the growth of a spurious pulse as shown in Fig. 5.3. This is due to the fact that the nearest 

neighboring pulses surrounding an empty bit slot have identical sign. The growth of 

spurious pulses in the bit slot 0’s in effect increases the signal level for bit 0 at the 

decision time ( 0nτ = ). Still, the eye opening of the SWM signal is wider than that of the 

RZ signal because the alternate sign between adjacent pulses suppresses the growth of 

spurious pulses and helps maintain the signal level for bit 1 in the case of adjacent bit 1’s. 

 

5.2.2 Sinusoidal Alternating-Phase Modulation (APM) on RZ Pulse Train 
For APM, the signal is phase modulated with the sinusoidal phase function given 

by (5.4) with 1/ 2pf = . Since the phase of a signal varies with time over a bit slot, APM 

is equivalent to chirping the signal. When a single pulse is considered, if that pulse is 

chirped correctly, the interaction between the chirp and the dispersion can result in the 

pulse being compressed. On the other hand, the pulse will be broadened more severely, if 

that pulse is not chirped correctly. Since the normalized frequency of the phase function 

in this case is one-half, some pulses representing bit 1’s, are chirped correctly while the 

others are not, depending on the location of those pulses with reference to the phase 

function. 

When a long sequence of bit 1’s is considered, one pulse will be compressed 

while its neighboring pulses will be broadened. This results in the spurious pulse 

suppression. Unfortunately, the performance improvement cannot be accomplished 

without the presence of the filter because the effect of nonidentically chirping the pulses 

is more severe than the benefit obtained from spurious pulse suppression. The role of the 
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filter is to reduce the effect of chirp while maintaining the capability of spurious pulse 

suppression. This can be accomplished when the waveform distortion caused by the filter 

is sufficient. The filter at the transmitter distorts the phase of the signal so that the phase 

of the signal at the filter output ( )mod nq τ  is no longer a pure sinusoid, but rather more 

similar to a square-wave. This in effect preserves the spurious pulse suppression, and 

reduces the unwanted effect of chirp. With a proper value of B , the overlap between 

successive pulses caused by the transmitter filter can also be minimized.  

Shown in Fig. 5.4 is the eye diagram of the APM signal when 1.1B = , 

, 1.25Tx BBBW = , and 1.5nz = . It is clearly seen that the spurious pulses between adjacent 

pulses are suppressed in this case. However, the disadvantage of the APM signal format 

is that not all pulses representing bit 1’s are chirped properly (all pulses are not chirped 

identically). Since some pulses are chirped incorrectly, they are broadened more severely 

than those with the right chirp. This causes not only the peak of the incorrectly-chirped 

pulses being lower than those properly chirped, but also the signal level for bit 0 being 

higher than that in a conventional RZ system with no PM. Thus, for the APM signal 

format, the eye degradation is mainly due to the pulses with incorrect chirp. This implies 

that APM is useful only when the overlap between successive pulses (a long string of bit 

1’s) is more serious than the result of nonidentically chirping the pulses.  

 

 5.2.3 Sinusoidal Same-Phase Modulation (SaPM) on RZ Pulse Train 
 In this system, the pulse compression effect due to the interaction between the 

chirp and the dispersion is exploited to improve the system performance. During its initial 

stage of propagation, a chirped pulse will be compressed. At a certain transmission 

distance, that pulse will be maximally compressed. Beyond that distance, the pulse will 

be broadened again. The pulse compression in effect delays the overlap between adjacent 

pulses, hence delaying the growth of spurious pulses. In addition, the pulse compression 

delays the reduction of the pulse peak, which represents the signal level for bit 1. To 

identically chirp all pulses, the RZ pulse train is phase modulated with the sinusoidal 

phase function given by (5.4) with the frequency pf  of unity. In this scheme, all bit slots 
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have the same phase variation; therefore, this modulation format is called sinusoidal 

same-phase modulation (SaPM).   

 In order to achieve the pulse compression effect, the sign of the modulation index 

B  has to be chosen properly. In fact, it has to be opposite to the sign of the GVD 

parameter 2β ; i.e., 2sgn( ) sgn( )B β≠ . The eye diagram at the fiber output of the SaPM 

signal is shown in Fig. 5.5 when 2sgn( ) 1β = + , 0.7B = − , , 1.25Tx BBBW = , and 1.5nz = . 

It is clearly seen that the spurious pulses still exist, but with lower intensity than those in 

Fig. 5.2. The pulse compression delays not only the growth of spurious pulses between 

adjacent pulses, but also the signal level of bit 0 as seen in Fig. 5.5. Moreover, when an 

isolated pulse (isolated bit 1) is considered, the pulse peak in this case is larger than that 

of the RZ pulse with no PM. Thus, the SaPM on the RZ pulse train helps improve the eye 

opening compared with the RZ signal with no PM. It should be noted, however, that the 

eye profile of the SaPM signal is no longer RZ at large transmission distance nz , which 

may cause timing recovery to be difficult. In order for the eye profile to remain RZ, the 

total transmission distance has to be within the range in which the pulse compression is 

still effective. This suggests that the benefit offered by SaPM on the RZ pulse train is 

limited to a short distance. 

 

5.2.4 Square-Wave Phase Modulation and Filtering on CW Signal (CWSW) 
 Recall from Chapter 4 that the alternate-sign RZ pulse train can be generated by 

square-wave phase modulation and filtering on the CW signal. The phase characteristic 

of the RZ pulse train generated from this technique is nearly square-wave in shape with 

an amplitude of / 2π  (see Fig. 4.2). Therefore, the growth of spurious pulses occurring 

midway between adjacent pulses is suppressed, similar to the SWM signal. However, the 

CWSW signal format also possesses an additional property, which the SWM signal 

format does not have. The shape of individual pulses in the CWSW pulse train can induce 

the peak intensity enhancement (PIE) during the propagation, which is discussed in 

Chapter 4.  

The dispersion broadens the CWSW pulse similar to a conventional RZ pulse, but 

the peak of the CWSW pulse during the initial propagation can be larger than that at the 
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fiber input. This in effect delays the reduction of the pulse peak, similar to the effect of 

SaPM on the RZ pulse train. However, the signal level in an empty bit slot, representing 

bit 0, is also increased due to broad pedestals (tails) of the neighboring pulses when the 

bit pattern 101 is considered. Nevertheless, the increase in the pulse peak caused by the 

PIE dominates the increase in the signal level for bit 0; therefore, the eye opening is 

improved. This can be seen in Fig. 5.6, which is the eye diagram at the fiber output of the 

CWSW transmission format. The large signal level on the floor of the eye diagram is the 

result of broad pedestals of the pulses. However, the lowest signal level for bit 1 at the 

decision time is still large, which is due to PIE. When Fig. 5.6 is compared with Fig. 5.2, 

the eye opening of the CWSW signal is significantly wider (Note that the scale of the y-

axis in both figures is different). 

When the pulses themselves are considered, their peaks are clearly divided into 

three levels. The highest level corresponds to a long sequence of bit 1’s. The very high 

peak is due to two factors: the spurious pulse suppression caused by the square-wave 

phase variation, and the PIE. When two overlapping pulses have opposite signs, 

destructive interference occurs at the boundary between those two pulses, hence 

suppressing the spurious pulses. However, the tail of one pulse interferes with the center 

of another pulse constructively, which in effect further increases the pulse peak in 

addition to the PIE. The second level ( 1.3≈ ) corresponds to bit 1 whose neighbor is bit 1 

on one side and bit 0 on the other side. Since one side of the pulse is an empty bit slot, 

constructive interference at the center of the pulse is reduced compared with a long 

sequence of bit 1’s. One can see that the pulses are broadened on the side adjacent to bit 

0. The lowest level ( 0.9≈ ) belongs to the isolated bit 1. The square-wave phase variation 

does not have any influence on an isolated pulse (isolated bit 1) since the phase of the 

signal is constant over the entire bit slot. Still, its peak is large due to PIE. From Fig. 5.6 

it is clearly seen that CWSW signal format possesses the property of SWM signal in term 

of the spurious pulse suppression. In addition, the PIE delays the reduction of the pulse 

peak, which is similar to the SaPM signal format, but with a different mechanism. Both 

benefits (spurious pulse suppression and PIE) result in considerable performance 

improvement, which can be seen from the simulation results in the next section.  
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When all types of PM are considered, there are three separate mechanisms that 

lead to performance improvement: spurious pulse suppression, pulse compression, and 

peak intensity enhancement (PIE). Some types of PM may possess more than one 

mechanism. The mechanisms by which each type of PM results in performance 

improvement are summarized in Table 5.1. 

 
 
5.3 NORMALIZED FILTER BANDWIDTH    

As explained in the previous section, each type of phase modulation has its own 

characteristic. Thus, they will behave differently under given system conditions. When 

the block diagram of the transmitter in Fig. 5.1 is considered, two parameters can be 

varied. At the phase modulator, the modulation index B  can be tuned to maximize 

system performance. The signal bandwidth ( ,Tx BBBW ) can be optimized with the optical 

filter. When the optical fiber is considered, the effect of dispersion on the signal increases 

with normalized transmission distance nz . It should be noted that when the optical fiber 

is linear, the effect of dispersion is independent of the sign of the GVD parameter 

2sgn( )β . The first system parameter that will be discussed is the normalized filter 

bandwidth, ,Tx BBBW . 

Generally, the major role of an optical filter at the transmitter is to limit the signal 

bandwidth in order to reduce the effect of dispersion at the cost of signal distortion. Thus, 

there are two adverse competing effects: signal distortion caused by the filter and 

dispersion. At small filter bandwidth, the dispersion effect on the signal is small, but the 

signal distortion introduced by the filter is severe. On the other hand, the filter-induced 

distortion is negligible while the dispersion effect is strong when the filter bandwidth is 

large. Note that the dispersion effect depends not only on the signal bandwidth, but also 

on the transmission distance. The dispersion effect increases with the transmission 

distance nz . Hence, how the filter bandwidth ,Tx BBBW  affects the system performance 

also depends on the transmission distance nz . Plotted in Fig. 5.7 are the maximum eye 

openings as a function of ,Tx BBBW  when 0.5nz = . In the case of no PM, which 

corresponds to a conventional RZ signal format, the eye opening improves with the 
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increase in ,Tx BBBW . This is due to the fact that the signal distortion caused by the filter is 

more severe than the effect of dispersion at small nz . The remaining plots in Figure 5.7 

are discussed in the following sections. 

 

5.3.1 SWM and APM 

When ,Tx BBBW  is small, the filter introduces severe distortion to the signal with no 

PM resulting in the overlap between successive pulses. The overlap in effect favors the 

growth of spurious pulses caused by the dispersion. In the case of the SWM, adjacent 

pulses in the RZ pulse train at the filter input have alternate sign. At the boundary 

between two overlapping pulses at the filter output, the tail of the leading pulse and that 

of the trailing pulse have opposite sign, thus canceling each other. Consequently, the 

filter-induced overlap between adjacent pulses in an RZ pulse train is prevented in the 

case of SWM. For APM, as the modulation index B  increases, the slope of the sinusoidal 

phase function ( )nφ τ  near its zero level is increased. This makes the phase function near 

its zero level look similar to the square-wave. The filter-induced overlap between 

successive pulses can be made negligible if the modulation index B  is chosen properly. 

Thus, SWM and APM can help improve the eye opening at small ,Tx BBBW  as shown in 

Fig. 5.7. The improvement comes from the prevention of filter-induced overlap between 

adjacent pulses in the RZ pulse train ( ( )mod nq τ ). Additionally, due to small ,Tx BBBW  and 

phase inversion between adjacent pulses, the filter distorts the input RZ pulse train in the 

cases of SWM and APM so that both edges of an individual pulse in the output RZ pulse 

train are sharper (steeper), similar to the CWSW pulse. Consequently, the peak of the 

pulse can be greater than that at the fiber input owing to the PIE when nz  is not too large. 

Therefore, the eye opening can even be wider than that at the fiber input as seen in Fig. 

5.7 at , 0.4Tx BBBW ≈ . 

The improvement at small ,Tx BBBW  implies that the role of the filter is to eliminate 

the unwanted high-frequency sidebands, and concurrently to maintain the near-in low 

frequency sidebands at an acceptable level. When the transfer function of the filter is 

considered, its magnitude as a function of nf  is bell-shaped. Thus, when ,Tx BBBW  is very 
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small, the filter not only attenuates the unwanted high frequency sidebands, but also those 

at low frequency. That is, when ,Tx BBBW  is too small, all sidebands are attenuated 

considerably. On the other hand, when ,Tx BBBW  is large, the unwanted sidebands at high 

frequencies are not sufficiently attenuated. Thus, the distortion required for reducing the 

unwanted effect of nonidentical chirp in the case of APM is less, and the dispersion effect 

is more severe due to larger signal bandwidth. This results in the existence of an optimum 

filter bandwidth , ,Tx BB OptBW  for APM and for SWM as shown in Fig. 5.7. When ,Tx BBBW  

is larger than , ,Tx BB optBW , the eye opening of APM decays more rapidly than SWM due to 

the effect of nonidentical chirp. 

 

5.3.2 SaPM   

For the SaPM case, the performance improvement results from pulse 

compression, which is due to the interaction between the dispersion and chirp. In this 

case, all pulses are chirped identically by means of synchronous sinusoidal phase 

modulation. At small distance nz , the peak of a pulse can be greater than that at the fiber 

input due to pulse compression. Note that in order to achieve pulse compression, 

dispersion is required. This suggests that at small nz  where pulse compression is still 

effective, filtering the signal to reduce its bandwidth is not necessary. In addition, the 

filter introduces waveform distortion to the signal, and reduces chirp. Consequently, the 

improvement in the eye opening from SaPM increases with ,Tx BBBW  and asymptotes to a 

fixed value at sufficiently large ,Tx BBBW  as seen in Fig. 5.7. The eye opening can be 

greater than that at the transmitter (at the transmitter, the eye opening is unity) at 

sufficiently large ,Tx BBBW  due to the pulse compression effect.  

 

5.3.3 CWSW 

As seen in Fig. 5.7, CWSW can also improve the eye opening. The eye opening 

can be wider than that at the fiber input if nz  is still within the range in which PIE is still 

effective. Moreover, there also exists an optimum filter bandwidth , ,Tx BB optBW  in this case. 
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The existence of , ,Tx BB optBW  comes from the fact that the filter is the key factor that 

determines the shape of individual pulses in the CWSW pulse train. As ,Tx BBBW  

increases, the PIE is stronger (due to the sharper edges of individual pulses in the pulse 

train), but the pedestals are broader due to more severe dispersion. Thus, , ,Tx BB optBW  is the 

result of the balance between the pedestals and the PIE.  

Since the phase response of the filter is not linear with frequency, an individual 

pulse in the CWSW pulse train is not symmetric in shape. This effect is noticeable at 

small ,Tx BBBW ; thus, the improvement is poorer than the other type of PM at small 

,Tx BBBW . The increase in the eye opening at very small ,Tx BBBW  is due to the fact that as 

,Tx BBBW  decreases, the nonlinear phase response becomes closer to DC. But for the 

CWSW pulse train, there are no DC components. Therefore, a pulse becomes more 

symmetric, and resembles SWM because the filter significantly attenuates high frequency 

components. It should be noted that the irregularity of the eye opening at large ,Tx BBBW  is 

the result of the round-off error in the compensation for the time delay caused by the 

filter at the transmitter.      

 

5.4 NORMALIZED TRANSMISSION DISTANCE 

Increasing ,Tx BBBW  can reduce the distortion caused by the filter; however, the 

effect of dispersion is also increased. Figure 5.8 provides plots of maximum eye opening 

as a function of filter bandwidth for the case of 1.5nz = . At large nz  where the dispersion 

is more severe than the distortion from the filter, increasing ,Tx BBBW  does not improve the 

eye opening in the case of no PM, and in fact it decreases the eye opening. The overlap 

between successive pulses caused by the filter at small ,Tx BBBW  is enhanced by the 

dispersion, which results in the growth of spurious pulses. The severe dispersion at large 

,Tx BBBW  also causes the growth of spurious pulses. However, the dispersion is stronger 

than the filter-induced distortion. Hence, the eye opening decreases with the increase in 

,Tx BBBW . 
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5.4.1 SWM and APM 

Since the growth of spurious pulses is severe over the whole range of considered 

,Tx BBBW  at large nz , SWM can help improve the system performance at large ,Tx BBBW  as 

shown in Fig. 5.8. This indicates that the effect of dispersion is very severe at large nz , 

and that the spurious pulse suppression capability of SWM is very effective. Similar to 

SWM, APM is effective over a broader range of ,Tx BBBW  when nz  is larger. However, 

APM can only improve the eye opening when ,Tx BBBW  is not too large. This is because in 

the case of APM, the filter distortion is needed to reduce the effect of nonidentical chirp.  

 For APM, at , 0.7Tx BBBW <  where the filter-induced overlap between successive 

pulses in the case of no PM is severe, the performance improvement is obtained from 

minimizing the filter-induced overlap between successive pulses, and spurious pulse 

suppression. In order to minimize the filter-induced overlap between successive pulses, 

B  has to be sufficiently large. However, as ,Tx BBBW  becomes large, this approach does 

not yield any benefit at all because the adverse effect of nonidentical chirp is stronger. 

The improvement when , 0.7Tx BBBW >  solely comes from the spurious pulse suppression 

capability of APM, which requires smaller B . This will be discussed in detail in the 

section concerning the optimum modulation index OptB .   

 

5.4.2 SaPM 

 In the case of SaPM, nz  in Fig. 5.8 is well beyond the distance range in which the 

peak of a pulse can be made larger than that at the input. Nevertheless, the pulse-

compression effect from SaPM still provides an improvement in eye opening by delaying 

the growth of spurious pulses and decrease of pulse peak. It is clearly seen from Fig. 5.8 

that when nz  is large, SaPM does not result in a monotonic increase of eye opening with 

,Tx BBBW . Although the filter reduces the effectiveness of the chirp, the effect of dispersion 

is significant at this large nz . Thus, there is an optimum filter bandwidth ,Tx BBBW  due to 

the balance between the effectiveness of chirp and the effect of dispersion. When 
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, , ,Tx BB Tx BB OptBW BW< , the improvement from the chirp is stronger than the adverse effect 

of the dispersion; thus, the improvement increases with ,Tx BBBW . On the other hand, the 

improvement decreases with ,Tx BBBW  when , , ,Tx BB Tx BB OptBW BW>  because the effect of 

dispersion is so strong that the increase in the effect of chirp cannot cope with the 

dispersion effect.    

 

5.4.3 CWSW  

 For CWSW, there are two mechanisms that lead to the improvement: spurious 

pulse suppression and PIE. The first is independent of the filter bandwidth ,Tx BBBW  and 

dispersion, which is represented by nz . However, the second strongly depends on both 

parameters. As previously discussed in Chapter 4, there is a maximum transmission 

distance at which PIE can cause the output pulse peak to be greater than that at the input. 

Therefore, the maximum eye opening cannot be improved indefinitely with an increase in 

nz  in the case for CWSW. Similar to SaPM, there is a distance at which the eye opening 

is widest, and a range of nz  in which the eye opening can be greater than that at the fiber 

input. 

When the optimum filter bandwidth , ,Tx BB OptBW  is considered, it increases with nz  

when the benefit (increase in the signal level for bit 1) from PIE is larger than its harm 

(broad pedestals). Thus, , ,Tx BB OptBW  in Fig. 5.8 is larger than that in Fig. 5.7. However, 

when nz  is very large, PIE becomes less effective; therefore, , ,Tx BB OptBW  decreases in 

order to reduce the pedestals. This occurs at nz  larger than 1.5. 

 

5.5 OPTIMUM MODULATION INDEX 

When the signal is phase modulated, its bandwidth is expanded. Thus, dispersion 

is more severe and the distortion caused by the filter is larger. If B  is too large, the 

improvement decreases due to severe fiber dispersion and significant distortion caused by 

the filter. On the other hand, if B  is too small, the effectiveness of phase modulation is 

less. This results in the existence of an optimum modulation index optB . 
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5.5.1 APM 
The performance improvement for APM comes from the spurious pulse 

suppression, which is due to the phase inversion between adjacent bit slots. Recall that 

without the filter, APM does not perform better than no PM because of the effect of 

nonidentical chirp. APM on RZ pulse train requires the filter to reduce the adverse effect 

of nonidentical chirp while still maintaining the spurious pulse suppression capability. 

For a given ,Tx BBBW , in order to get sufficient filter-induced distortion, B  has to be 

sufficiently large due to the fact that the signal bandwidth increases with B . At such 

value of B , the filter beneficially distorts the phase variation of the APM pulse train so 

that it is no longer a pure sinusoid; hence, decreasing the effect of nonidentical chirp on 

adjacent pulses.  

When the modulation index B  is small, the filter-induced distortion is not 

sufficient to reduce the effect of nonidentical chirp; thus, increasing B  does not improve 

the performance, but worsens the performance due to the increase in nonidentical chirp as 

seen in Fig. 5.9, which shows the eye opening as a function of B  when , 1.25Tx BBBW = , 

and 1.5nz = . When B  is larger than a certain value, the filter-induced distortion starts to 

reduce the effect of nonidentical chirp. Hence, the maximum eye opening increases with 

B , but it is still poorer than the case of no PM. In fact, there is a threshold value of B  at 

which the filter-induced distortion is sufficient to cancel the adverse effect of 

nonidentical chirp while the capability of spurious pulse suppression is maintained. For 

the parameters given in Fig. 5.9, that threshold is at 1.1B = . Although the filter-induced 

distortion and spurious pulse suppression increase with B , there is the range of B  in 

which the filter-induced distortion can beneficially reduce the effect of nonidentical 

chirp; i.e., the filter has the limited capability in reducing the effect of nonidentical chirp. 

When B  is very large, the effect of nonidentical chirp becomes stronger than the 

improvement obtained from the spurious pulse suppression. Thus, there is an optimum 

modulation index optB  due to the balance the spurious pulse suppression, and 

nonidentical chirp. At optB B< , the improvement from spurious pulse suppression is still 

effective while the effect of nonidentical chirp is not as significant. On the other hand, the 



–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Chapter 5: Improvement of Fiber Optic System Performance by Synchronous Phase 
Modulation and Filtering at the Transmitter 

137

adverse effect of nonidentical chirp is stronger than the improvement obtained from the 

spurious pulse suppression when optB B> , thus degrading system performance.   

The optimum modulation index OptB  as a function of the filter bandwidth ,Tx BBBW  

is plotted in Fig. 5.10. This figure corresponds to the conditions of Fig. 5.7 ( 0.5nz = ). At 

this short distance, the impairment is due to the filter-induced overlap between adjacent 

pulses in the RZ pulse train in the case of no PM. It should be noted that large optB  is 

required in order to minimize the filter-induced overlap between successive pulses. In 

addition, at small ,Tx BBBW , the filter favorably distorts the APM pulse train so that the 

shape of individual pulses can induce PIE, which further improves the system 

performance. As ,Tx BBBW  increases, the desired distortion caused by the filter is less for a 

given B . Thus, optB  has to increase to obtain sufficient filter-induced distortion to reduce 

the effect of nonidentical chirp. When B  is very large, the filter cannot induce adequate 

phase distortion to reduce the effect of nonidentical chirp. Therefore, APM can provide 

performance improvement only at small ,Tx BBBW  where filter-induced phase distortion 

can reduce the effect of nonidentical chirp. In that range of ,Tx BBBW , alternate phase 

between adjacent pulses in the APM pulse train minimizes the filter-induced overlap and 

suppresses the growth of spurious pulses, which leads to the performance improvement.  

When longer transmission distances are considered as in Fig. 5.8, the range of 

,Tx BBBW , in which APM can help improve the performance, is larger. In order to see the 

impact of nz  on optB , the optimum modulation index optB  as a function of ,Tx BBBW  at 

1.5nz =  is plotted in Fig. 5.11. The staircase in optB  as a function of ,Tx BBBW  implies that 

the performance improvement when , 0.7Tx BBBW >  is not mainly obtained from 

minimizing the filter-induced overlap between successive pulses although APM still 

helps reduce that overlap. The improvement in eye opening, when , 0.7Tx BBBW > , comes 

primarily from the spurious pulse suppression. Hence, optB  is less than that required when 

, 0.7Tx BBBW < . When ,Tx BBBW  increases, the distortion caused by the filter is less; thus, 

optB  has to increase in order to obtain adequate filter-induced distortion to reduce the 
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effect of nonidentical chirp. As ,Tx BBBW  is larger, the filter distortion is less; hence, and 

the effect of nonidentical chirp is more severe. Consequently, APM is no longer 

beneficial at large ,Tx BBBW  because the performance degradation caused by nonidentical 

chirp is stronger than the improvement from the spurious pulse suppression.  

 

5.5.2 SWM  

For SWM, the optimum modulation index optB  is / 2π , and the eye opening is 

symmetric around optB  for a given ,Tx BBBW  as seen in Fig. 5.9. Note that the eye opening 

in Fig. 5.9 is relatively flat around / 2optB π= . At optB , the filter does not distort the 

phase of signal at all. However, when the modulation index B  is not equal to / 2π , the 

filter-induced overlap between successive pulses is not fully suppressed, and the phase 

variation of the pulse train at the filter output deviates from the perfect square-wave to 

resemble the phase variation of the APM pulse train. Thus, the performance improvement 

is less, and the performance of the SWM signal format can be even poorer than the RZ 

signal format with no PM, which corresponds to 0B = , as seen in Fig. 5.9.   

 

5.5.3 SaPM 

In this case the existence of the optimum modulation index OptB  comes from the 

fact that the signal bandwidth increases with the increases in B , and that the effect of 

dispersion is proportional to the signal bandwidth. When the modulation index B  is less 

than its optimum, the effect of chirp is not sufficient to maximize the pulse compression 

although the dispersion is less. On the other hand, when the modulation index B  is very 

large, the effect of dispersion is so severe that a chirped pulse is broadened rapidly after 

being compressed, hence reducing the benefit of pulse compression.  

The main effect of the filter on SaPM is the phase distortion, which in effect 

reduces the effectiveness of chirp. Thus, for a given nz , optB  decreases with the increase 

in ,Tx BBBW  because the filter-induced distortion is smaller at larger ,Tx BBBW  as shown in 

Figs. 5.10 and 5.11. When the filter bandwidth ,Tx BBBW  is large, the distortion caused by 
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the filter is negligible; hence, optB  asymptotes to a fixed value at large ,Tx BBBW . Note 

that the sign of optB  has to be opposite to 2sgn( )β .  

 

5.5.4 CWSW 

 It is clearly seen from Fig. 5.9 that the dependence of the eye opening on B  in the 

case of CWSW is similar to SWM, and / 2optB π= . When the modulation index B  is not 

at its optimum ( / 2π ), an alternate-sign RZ pulse train is not perfectly generated at the 

filter output. That is, square-wave phase modulation and filtering the CW signal does not 

yield a perfect alternate-sign RZ pulse train when / 2B π≠ . Hence, the performance 

improvement is less when / 2B π≠  due to the overlap between successive pulses in the 

pulse train, and nonidentical chirp, which is similar to the case of SWM. Note that the 

eye opening at 0B =  in this case corresponds to intensity modulating the CW signal with 

the data. Thus, the eye opening at 0B =  in this case is not identical to those in the case of 

SWM and APM at 0B = , which represents the eye opening of no PM.    

  

5.6 PERFORMANCE COMPARISONS 

 This investigation would not be complete without a comparison of the various 

types of PM. For ease of comparison and discussion, the level of signal distortion caused 

by the filter, and the dispersion are sorted as shown in Table 5.2. The corresponding 

performance improvements obtained from PM are sorted as shown in Table 5.3. At small 

filter bandwidth, the filter-induced distortion is significant; thus, SWM and APM provide 

the best performance. This is because SWM and APM can prevent the filter-induced 

overlap between adjacent pulses in the pulse train, and take the advantage of the 

distortion to yield a suitable RZ pulse train, in which the pulse shape can undergo PIE. In 

the case of SaPM, the filter-induced distortion reduces the effect of chirp. Thus, the 

improvement obtained from SaPM is less as the filter bandwidth decreases. In the case of 

CWSW, the steepness of the pulse edges increases with the filter bandwidth; thus, large 

filter bandwidth is preferable. Still, it can improve the performance at small filter 

bandwidth. 
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 At medium filter bandwidth, CWSW is superior to all the others because of PIE. 

SaPM is next best because the reduction in chirp is less. Since the filter-induced overlap 

between successive pulses is prevented in the case of SWM, it provides the improvement 

at short nz  where dispersion is not severe. Nevertheless, at large nz  where the effect of 

dispersion is more severe than the distortion caused by the filter, SWM is still beneficial 

due to the spurious pulse suppression. In the case of APM, the improvement primarily 

comes from spurious pulse suppression capability, which is useful only when the growth 

of the spurious pulse is more significant than the adverse effect of nonidentical chirp. 

Thus, APM can provide an improvement only at sufficiently large nz . 

When the filter bandwidth is large, both SWM and APM do not yield any 

performance improvements at short nz  because the filter-induced distortion is not 

significant, and dispersion is not severe. Since SaPM utilizes pulse compression effect 

that is powerful at short nz  and large filter bandwidth, SaPM performs best under this 

system condition. However, at moderate and large nz , CWSW is the best. This is because 

of PIE. On the other hand, APM is useless when the filter bandwidth is large because the 

effect of nonidentical chirp is severe at large filter bandwidth.    

 

5.7 SUMMARY 

 In this chapter, the improvements obtained from various types of PM have been 

numerically investigated in the case of a linear lossless optical fiber. The results indicate 

that with proper choice of PM and filtering at the transmitter, system performance can be 

significantly improved. Over the ranges of parameters considered, the CWSW signal 

format generally outperforms the other signal formats due to PIE and spurious pulse 

suppression. It should be noted, however, that an actual optical fiber is not lossless and 

linear. Additionally, the system components are not noiseless. For example, in-line 

optical amplifiers introduce amplified spontaneous emission (ASE) noise to the system, 

and at the receiver there is electrical thermal noise. The effect of noise is to cause errors 

in the recovered data. In order to fully understand the benefits obtained from different 

optical modulation formats in practical systems, the system performance of practical 

system configurations is numerically investigated in the next chapter.         
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Fig. 5.1: Schematic diagram of the transmitter used in the analysis. 
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Fig. 5.2: Eye diagram at fiber output of RZ signal without phase 

modulation (no PM) when , 1.25Tx BBBW = , and 1.5nz = . 
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Fig. 5.3: Eye diagram at fiber output of SWM signal (RZ signal with / 2π  
square-wave phase modulation) when , 1.25Tx BBBW = , and 1.5nz = . 
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Fig. 5.4: Eye diagram at fiber output of APM signal (RZ signal with 
sinusoidal alternate-phase modulation) when 1.1B = , , 1.25Tx BBBW = , and 

1.5nz = . 
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Fig. 5.5: Eye diagram at fiber output of SaPM signal (RZ signal with 
sinusoidal same-phase modulation) when 0.7B = − , , 1.25Tx BBBW = , and 

1.5nz = . 
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Fig. 5.6: Eye diagram at fiber output of CWSW signal (generated by / 2π  

square-wave phase modulation and filtering on CW signal) when 

, 1.25Tx BBBW = , and 1.5nz = . 
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Table 5.1: Summary of effects obtained from various types of phase 
modulation. 

 
  

SWM 
 

 
APM 

 
SaPM 

 
CWSW 

Spurious-Pulse 
Suppression     

Pulse Compression     

Peak Intensity 
Enhancement * *   

Non-Identical 
Chirp 
(Degradation) 

   ** 

 
Note:  * : the effect occurs at small filter bandwidth. 
 ** : the effect is negligible. 
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Fig. 5.7: Maximum eye opening as a function of ,Tx BBBW  when 0.5nz = . 
Note that the eye opening is normalized to unity at the fiber input. 
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Fig. 5.8: Maximum eye opening as a function of ,Tx BBBW  when 1.5nz = . 
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Fig. 5.9: Eye opening as a function of B  when , 1.25Tx BBBW = , and 1.5nz =  
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Fig. 5.10: optB  as a function of ,Tx BBBW  when 0.5nz =  (corresponding to Fig. 5.7). 
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Fig. 5.11: optB  as a function of ,Tx BBBW  when 1.5nz =  (corresponding to Fig. 5.8). 
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Table 5.2: Level of signal distortion and dispersion in terms of filter 
bandwidth and normalized transmission distance. 

Note:  Short normalized distance: 0.75nz <  

 Moderate normalized distance: 0.75 1.25nz< <  

 Long normalized distance: 1.25nz >  

 Narrow-Bandwidth Filter: , 0.5Tx BBBW <  

 Medium-Bandwidth Filter: ,0.5 1.25Tx BBBW< <  

 Large-Bandwidth Filter: , 1.25Tx BBBW >  
 

Table 5.3: Order of suitable phase modulations in term of filter bandwidth 
and normalized transmission distance. 

 
Note: Items in the table are sorted by performance in descending order. 
 * : the improvement is not significant. 

 Short Normalized 
Transmission Distance 

Moderate Normalized 
Transmission Distance 

Long Normalized 
Transmission Distance 

Narrow-
Bandwidth 
Filter 

Signal Distortion: Severe 
Dispersion: Negligible 

Signal Distortion: Severe 
Dispersion: Negligible 

Signal Distortion: Severe 
Dispersion: Moderate 

Medium-
Bandwidth 
Filter  

Signal Distortion: Moderate 
Dispersion: Negligible 

Signal Distortion: Moderate 
Dispersion: Moderate 

Signal Distortion: Moderate 
Dispersion: Severe 

Large-
Bandwidth 
Filter 

Signal Distortion: Negligible 
Dispersion: Moderate 

Signal Distortion: Negligible 
Dispersion: Severe 

Signal Distortion: Negligible 
Dispersion: Severe 

 Short Normalized 
Transmission Distance 

Moderate Normalized 
Transmission Distance 

Long Normalized 
Transmission Distance 

Narrow-
Bandwidth 
Filter 

1. SWM 
2. APM 
3. SaPM 
4. CWSW 

1. SWM 
2. APM 
3. SaPM 
4. CWSW 

1. SWM 
2. APM 
3. SaPM 
4. CWSW 

Medium-
Bandwidth 
Filter  

1. CWSW 
2. SaPM 
3. SWM 
4. No PM 

1. CWSW 
2. SaPM 
3. SWM 
4. APM* 

1. CWSW 
2. SaPM 
3. SWM 
4. APM 

Large-
Bandwidth 
Filter 

1. SaPM 
2. CWSW 
3. No PM 
 

1. CWSW 
2. SaPM 
3. SWM* 
4. No PM 

1. CWSW 
2. SaPM 
3. SWM 
4. No PM 


