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ABSTRACT 

Optical filters are crucial elements in optical communications. The influence of cascaded filters in the optical signal will 
affect the communications quality seriously. In this paper we will study and simulate the optical signal impairment 
caused by different kinds of filters which include Butterworth, Bessel, Fiber Bragg Grating (FBG) and Fabry-Perot (F-
P). Optical signal impairment is analyzed from an Eye Opening Penalty (EOP) and optical spectrum point of view. The 
simulation results show that when the center frequency of all filters aligns with the laser’s frequency, the Butterworth 
has the smallest influence to the signal while the F-P has the biggest. With a -1dB EOP, the amount of cascaded 
Butterworth optical filters with a bandwidth of 50 GHz is 18 in 40 Gbps NRZ-DQPSK systems and 12 in 100 Gbps PM-
NRZ-DQPSK systems. The value is reduced to 9 and 6 respectively for Febry-Perot optical filters. In the situation of 
frequency misalignment, the impairment caused by filters is more serious. Our research shows that with a frequency 
deviation of 5 GHz, only 12 and 9 Butterworth optical filters can be cascaded in 40 Gbps NRZ-DQPSK and 100 Gbps 
PM-NRZ-DQPSK systems respectively. We also study the signal impairment caused by different orders of the 
Butterworth filter model. Our study shows that although the higher-order has a smaller clipping effect in the 
transmission spectrum, it will introduce a more serious phase ripple which seriously affects the signal. Simulation result 
shows that the 2nd order Butterworth filter has the best performance.  

Keywords: optical filter, optical communication, differential quadrature phase shift keying (DQPSK), polarization 
multiplexed differential quadrature phase shift keying (PM-DQPSK), signal impairment 

 

1. INTRODUCTION 
Optical filters are very important elements in optical networks, especially in long-haul optical communications. In the 
transparent optical network, an optical signal may be passing through several optical cross-connects (OXCs) nodes, 
Dispersion Compensation Modules (DCMs) which are based on chirped fiber Bragg gratings, and reconfigurable optical 
add-drop multiplexers (ROADMs) before it reaches the destination [1, 2]. Normally, the OXCs and ROADMs comprise 
of several filters, such as wavelength blockers (WB) and wavelength selective switches (WSS). When the signal passes 
through several cascaded OXCs or ROADMs, its influence toward the signal can be referred to as the filters 
concatenation effect [3].  This effect impacts the signal quality seriously since that cascaded filters make the filter 
passband narrow which will lead to signal spectrum clipping effect, and introduce strong chromatic dispersion because 
of the variations in filter phase ripple, loss ripple and group delay ripple [4]. With the amount of cascaded filters 
increasing, the filter concatenation effect will be more severe and the signal quality will be further aggravated. 
Furthermore, when the center frequency of the filter passband does not align to the optical signal frequency, such effect 
will be amplified and cause more serious impairment to the signal. In order to keep the signal transmission with high 
quality in the long-haul communication network, it is very significant to study the signal impairment caused by different 
kinds of cascaded filters.  
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Many papers have studied the effects of filter concatenation in optical communication. In [5] the performance of a 
cascade of 11 filters with bandwidth of 50 GHz has been studied in a 20 Gb/s NRZ system. In [3, 4, 6] signal impairment 
caused by filter concatenation in coherent optical OFDM system has been presented. Simulation of signal impairment 
caused by cascaded ROADMs has been shown in [7]. Signal distortion and crosstalk penalties induced by optical filters 
in optical networks have been commented in [8]. Analysis of loss ripple, group delay ripple and dispersion induced by 
optical filters have presented in [9, 10, 11]. However, almost all the papers mentioned above just discuss the 
performance of one kind of filters. In optical communication system, there are many kinds of optical filter models, such 
as Gaussian optical filter, Butterworth optical fiber, Bessel optical filter, fiber Bragg grating (FBG), Fabry-Perot optical 
filter and so on. As demonstrated in this paper, different filters have different performance and the filter amount of 
permitted to be cascaded in the system is different. Besides, different orders of the filter also have different performance. 
In [7] performance of different orders of Gaussian filter has been discussed. In this paper we will study and simulate the 
optical signal impairment caused by different kinds of filters which include Butterworth filter, Bessel filter, Fiber Bragg 
Grating (FBG) and Fabry-Perot filter. Optical signal impairments in 40 Gbps DQPSK and 100 Gbps PM-DQPSK 
systems are analyzed from eye opening penalty (EOP), eye diagrams and optical spectrum. Also, different effects caused 
by different orders of Butterworth filter are discussed from both transmission function and transmission phase. The paper 
is organized as follows: In Section 2 we will present the characteristic of optical filters concatenation; In Section 3 we 
will describe the transmission scheme and the simulation design; then the simulation results will be presented and 
discussed in Section 4; finally, the conclusion is given in Section 5.  

 

2. CHARACTERISTICS OF CASCADED OPTICAL FILTERS 
As mentioned before, in a Wavelength Division Multiplexing (WDM) optical network, before reaching the destination 
an optical signal may be filtered several times by passing through many optical filters, such as ROAMDs, DCMs and 
OXCs. Those filters will cause passband curvature tilt and ripple in the frequency response since they don’t have ideal 
transfer functions for both optical amplitude and phase. Moreover, the phase transfer function cannot vary linearly with 
frequency. With the amount of cascaded filters increasing, it will increase the effect of spectral clipping and make the 
effective bandwidth narrower and narrower. This effect can lead to the signal distortion in the time domain, causing a Q-
factor penalty or EOP [2, 8, 12]. 

The effective transfer function of the cascaded filters is the product of every individual filter. Therefore, the effective 
transmission bandwidth of cascaded filters is much narrower than that of an individual filter. Moreover, when the center 
frequency of the cascaded filters is misalignment, it will further narrow the effective bandwidth. This effect can be seen 
from fig. 1. Compared with an individual 3rd order Butterworth filter, the effective bandwidth of 10 cascaded 
Butterworth filters is much narrow (red line), even if these 10 filters are aligned in the center frequency. When these 10 
filters are cascaded with center frequency misalignment of ±5 GHz, the effective bandwidth is further narrowed.  This 
can be seen in the green line of fig. 1. That is because the transfer function of the filter is not an ideal rectangle transfer 
function. With the number of cascaded filters increasing, the flat top region the effective transfer function becomes 
smaller and the tail decay becomes steeper. This makes the effective bandwidth smaller, especially when the cascaded 
filters are not aligned perfectly.       

According to [2], many filters have characteristics that are well approximated by a 3rd order Butterworth filter transfer 
function, such as the thin film filters that are widely used in WDM systems. In this paper we will focus on the 3rd 
Butterworth filter and compared its performance with Bessel, FBG and F-P filters.  Besides, according to [15], an F-P 
filter can be approximated as the 1st order Butterworth filter model. Also, the 2nd and 4th order Butterworth filter model 
are studied in [16]. So in this part firstly we will study the Butterworth filter model with different orders.  
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Figure 1. Effective transfer functions of a single 3rd Butterworth filter and 10 cascaded filters aligned/misaligned 

 

2.1 Butterworth filter  

According to [13], an nth order Butterworth filter transfer function can be described as the following: =	 /∏ ∙ 	                                                                   (1)   

where α is the parameter Insertion loss, fc is the filter center frequency, B is the Bandwidth, n is the order, and f is the 
frequency. The characteristic of filter is decided by amplitude transfer function and phase transfer function. According to 
the Eq. (1), we can calculate the effective transfer function of various orders in the situations of individual and cascaded 
situation. The results are shown in fig. 2 and fig. 3. 

 

(a) (b) 
Figure 2. (a) Transmission amplitude of different orders of Butterworth filter model (Single filter); (b) Transmission phase 
of different orders Butterworth filter (Single filter) 
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Fig. 2 shows the amplitude transfer function and phase transfer function of various orders of an individual Butterworth 
filter. We can see that with order increasing, the amplitude transfer function of Butterworth filter is much closer to the 
ideal rectangle transfer function. In other words, when the bandwidth is fixed, with the order increasing the flat top 
region is wider and the tail decay is steeper. However, the phase transfer function shows the opposite trend. With the 
order increasing, the linear region becomes smaller and the frequency dependence becomes more serious. Fig. 3a shows 
the effective bandwidth changing with the number of cascaded filters. It can be seen that the effective bandwidth 
becomes smaller with the filters increasing. The high-order shows less effect to the effective bandwidth. For example, 
the effective bandwidth of 30 cascaded 1st order filters (50GHz) is just 9GHz. But such value can reach 39GHz if the 
filter order is set to be 7th order. Fig. 3b shows the effective phase transfer function of 10 filters concatenation. The 
result is similar to the individual situation. However, compared with fig. 2b it can be seen that the linear region becomes 
much smaller and the frequency dependency becomes more severe in all orders.  

 

Figure 3a. 3-dB bandwidth changing with filters concatenation in different orders 

 

 

Figure 3b. Phase transfer function of different orders after 10 cascaded Butterworth filters 
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2.2 Bessel, FBG and F-P filters 

Although Butterworth filter is one of the most important filters, there are several other types of filter models, such as 
Bessel, FBG and F-P, which can also be used in the real condition. In this part we will study such these three kinds of 
filters and compared their performance with the Butterworth filter. The transfer functions of Bessel filter, FBG and F-P 
can be described as the following: 

- Bessel transfer function [13]: = 	                                                                                  (2) 

= ∙                                                                                 (3) 

where Bn is an nth-order Bessel polynomial, = ∑  ; d0 is a normalizing constant, = !∙ ! , wb denotes the 
normalized -3dB bandwidth.  

- For the FBG, its reflectivity spectrum servers the role of the transfer function [14]: =                                                                        (3) 

where δ  is a measure of detuning from the Bragg frequency and can be defined as  	 = 	 / −	 ,	  is the 
refractive index of the fiber mode, k is the coupling coefficient, L is the length of grating, q is to be determined and obey 
the dispersion relation of =	±	√ −  

- F-P transfer function [13]:  = 	 	 ∗                                                                     (4) 

= 	 	–	 	 	 	
                                                                    (5) 

where FSR is the free spectral range and B is the effective bandwidth. The amplitude and phase transfer functions of 
Butterworth, Bessel, FBG and F-P filters are shown in fig. 4a and fig. 4b, respectively. From fig. 4 we can see that the F-
P filter has the flattest transmission spectrum and it also has large phase linear region. Combining these two factors it can 
be known that the F-P filter has less effect to the signal in the individual condition. However, since F-P filter has 
smallest flat top region in the transmission spectrum, it decides that the effective bandwidth will decrease seriously with 
the cascaded number increasing. This can be seen in fig. 5. The size of flat top region of Bessel filter is a little larger than 
F-P filter and it also has phase linear region as large as F-P filter. So it can be derived that the effective bandwidth of 
cascaded Bessel filters is larger than that of the F-P filters in the same condition, as shown in fig. 5. Besides, we can also 
derive that the performance of cascaded Bessel filters is better than that of F-P filters. This can be demonstrated in part 4 
(fig. 7 and fig. 8). Fig. 4a also shows that the Butterworth filter and FBG have wide flat top region. This makes the 
effective bandwidth decreases slowly when several filters are cascaded. However, compared with Bessel and F-P filter, 
the phase linear region of the Butterworth filter and FBG is narrower. This will take more effect to the signal in the 
cascaded condition.  

Fig. 5 shows the variation of effective bandwidth with the cascaded filters in the situation of center frequency aligned 
and misaligned.  When center frequency of all cascaded filters is not aligned, it will make the effective bandwidth much 
narrower. From fig. 5 we can see that whatever the center frequency of all cascaded filters aligned or not, the 
Butterworth and the FBG have much wider bandwidth than F-P and Bessel after several filters concatenation. In the 
situation of center frequency aligned, after 20 filters concatenation the effective bandwidth of Butterworth and FBG is 

Proc. of SPIE Vol. 8855  88550C-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/24/2014 Terms of Use: http://spiedl.org/terms



193.05 193.07 193.09
Fre uen

193.11
THz

193.13

o

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

- - -- Butterworth
- - -- Bessel

FBG

193.05 193.07 193.09 193.11

Frequency(THz)
193.13

 

 

about 30 GHz and about 10 GHz for the F-P and Bessel. Through the comparison between the center frequency 
alignment and misalignment (± 5GHz deviation) we can also see that with center frequency alignment, 3 more filters can 
be cascaded to get the same bandwidth.  

Combining Fig. 4a and Fig. 5, we can make a conclusion that when the amplitude transfer function of a filter is much 
closer to the ideal rectangle transfer function, the effective bandwidth of cascaded filters is much wider. This can be 
explained through the normalized multiplication of transfer function. After many filters concatenation, the effective 
transfer function is very close to the rectangle transfer function and the effective bandwidth is very close to the width of 
flat top region. So if the width of flat top region is much closer to the bandwidth of a filter, it will reduce the effect to the 
effective bandwidth after such filters concatenation.   

 

   

 
(a) (b)

Figure 4. (a) Amplitude transfer function of four kinds of filters; (b) phase transfer function of four kinds of filters 

 

 

Figure 5. 3-dB bandwidth as a function of number of filters for different kinds of filters 
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3. SIMULATION SETUP 
In order to make the simulation structure much simple and close to the real condition, we design a simulation scheme as 
shown in fig. 6. The modulation formats used in the simulation are 40 Gbps NRZ-DQPSK and 100 Gbps PM-NRZ-
DQPSK, respectively. The loop controller is used to decide how many times the signal passes through the filter. In the 
scheme the Erbium-doped fiber amplifiers (EDFAs) are used to compensate the insertion loss and attenuation introduced 
by single mode fiber (SMF) and dispersion compensating fiber (DCF). The DCF is used to compensate the accumulated 
dispersion generated by the SMF. In order to avoid introducing nonlinear effects, the power laughed into the DCF is kept 
lower than -4dBm. Then the signal goes into a 10: 90 power splitter to divide into two beams. One goes to the optical 
spectrum analyzer to observe the signal spectrum. The other one goes to the receiver. Finally a bit error rate (BER) 
analyzer is connected to the receiver to analyze the performance of the received signal. Since the input power of both 
kinds of fibers is lower than -4dBm, we don’t consider the nonlinear effect in the simulation. For making the simulation 
results much close to the real condition, all parameters of each component in the simulation is based on commercial 
components. The simulation parameters are indicated in Table 1. 

 

Figure 6. Block diagram of back-to-back transmission scheme. Tx: (NRZ-DQPSK or PM-NRZ-DPQSK) Transmitter; Rx: 
(NRZ-DQPSK or PM-NRZ-DPQSK) Receiver; OSA: Optical Spectrum Analyzer; BER Analyzer: Bit Error Rate Analyzer; 
EDFA: Erbium-doped fiber amplifier; SMF: single mode fiber; DCF: dispersion compensation fiber.  

 

Table 1. Simulation parameters 

Name Parameter Unit Value 
Filters (Butterworth, 

Bessel, FBG and F-P) Insertion loss dB 5 

EDFA1 Gain dB 10 
EDFA2 Gain dB 15 
EDFA3 Gain dB 15 

 Noise Figure (all amplifiers) dB 5 

SMF 

PMD ps/km 0.06 
Chromatic dispersion ps/nm⋅km 16.0 

Dispersion slope ps/nm2⋅km 0.075 
Attenuation dB/km 0.2 

Length km 90 

DCF 

PMD ps/km 0.05 
Chromatic dispersion ps/nm⋅km -48 

Dispersion slope ps/nm2⋅km -0.15 
Attenuation dB/km 0.26 

Length km 30 

EDFA

Tx Rx BER

OSALoop 

Power Splitter
10 : 90

EDFA DCF EDFASMFFilter 

Proc. of SPIE Vol. 8855  88550C-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/24/2014 Terms of Use: http://spiedl.org/terms



 

 

For analyzing the signal impairment from EOP, we first need to understand the definitions of eye opening. As mentioned 
in [12], eye opening can be defined as  

Eye Opening = V1  – V0                                                                     (5) 

Where V1 is the voltage level of the minimum “1” rail at the eye center, and V0 is the voltage level of the maximum “0” 
rail. So the EOP can be described as  = 10	log , ,, , 		                                                                (6) 

where the subscript “u” represents the undistorted state of the signal and the subscript “d” represents the distorted state 
of the signal. 

 

4. ANALYSIS OF SIMULATION RESULTS 

Simulations are done with 40 Gbps NRZ-DQPSK and 100 Gbps PM-NRZ-DQPSK formats. The simulation results with 
both situations of filter’s center frequency aligned and misaligned are presented in Fig. 7 and Fig. 8. Fig. 7 shows that in 
the situation of filters’ center frequency aligned, the Butterworth filter and FBG show the best performance while the F-
P shows the worst performance. With 1dB EOP, it is possible to make 18 FBG and Butterworth filters cascaded, but only 
9 for the F-P. Fig. 8 shows that with center frequency misaligned arbitrarily of ±5GHz, the influence to the Butterworth 
filter and FBG is the biggest. In such situation, only about 12 Butterworth filters and FBG can be cascaded. This value is 
similar to that of Bessel, which means that the center frequency misalignment of ±5GHz affects the Bessel filter less.   

 

Figure 7. EOP as a function of number of filters in the 40 Gbps NRZ-DQPSK system with (a) all the filters’ center frequency 
aligned and (b) filters’ center frequency misaligned of ±5GHz 
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Figure 8. EOP as a function of number of filters in the 100 Gbps PM-NRZ-DQPSK system with (a) all the filters’ center 
frequency aligned and (b) filters’ center frequency misaligned of ±5GHz 

In the 100 Gbps PM-NRZ-DQPSK transmission system,  when all the filters’ center frequency aligned, the Butterworth 
filter shows the best performance as in 40 Gbps DQPSK system and about 12 filters can be cascaded with 1dB EOP, as 
shown in fig. 8. For the other three kinds of filters, the cascaded number is 6, 6 and 10, corresponding to FBG, F-P and 
Bessel, respectively.  In the situation of filters’ center frequency misaligned, signal impairment caused by FBG and 
Butterworth concatenation becomes more serious. Only 5 FBG and 8 Butterworth filters can be cascaded within a 1dB 
EOP. But the Bessel shows a better performance as in a 40 Gbps DQPSK system. In the limited range of 1dB EOP, 9 
Bessel filters can be cascaded. The performance of cascaded F-P is similar in two conditions. From Fig. 7 and Fig. 8 we 
can see that whatever in 40Gpbs DQPSK system or 100Gpbs PM-DQPSK system, signal impairment caused by both F-P 
and FBG with center frequency misalignment of ±5GHz is very small.   

Since Butterworth model is one of the most important filter models and most of the filters can work as a 3rd Butterworth 
filter [2], it is significant to study the signal impairment caused by different orders of Butterworth model. Fig. 3 shows 
that with the order increasing, the effective bandwidth of filters concatenation is wider. In other words, that means the 
higher-order filters concatenation do less effect of signal spectrum clipping than that caused by the lower-order filter 
concatenation. However, Fig. 2b shows that the transmission phase depends seriously on the frequency with the order 
increasing. Therefore, although it allows more higher-order filters to be cascaded to get a permitted effective bandwidth, 
it does not mean that signal impairment will be mitigated. The signal impairment caused by cascaded filters is decided 
by both transmission amplitude and transmission phase, which can be seen from the simulation results. Fig. 9 shows the 
signal impairment caused by different order Butterworth filters. Combining Fig. 3 and Fig. 9 we can see that although 
the effective bandwidth of cascaded 5th or 7th order Butterworth filters is wider that of cascaded 3rd order Butterworth 
filters, they take more impairment to the signal.   

We can also see that the signal impairment caused by the cascaded 1st order Butterworth filters is the worst among all the 
orders. This is due to the serious decrease of the effective bandwidth. It can be concluded that property of cascaded 
filters is determined by the effective bandwidth and the transmission phase. In the low-order situation, such as 1st and 
2nd, the effective bandwidth takes the dominant role. That is why we can see that the cascaded 2nd order Butterworth 
filters introduces less impairment to the signal than the 1st order. But in high-order situation, which is higher than 3rd  
order (including 3rd order),   the transmission phase takes the dominant role in the property. That is why the cascaded 5th 
and 7th order Butterworth filters take more impairment to the signal than the 3rd order. The 2nd and 3rd order Butterworth 
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filters have better performance than other orders. However, if we just make a comparison between the 2nd and 3rd order, 
we find that with 1 dB EOP, 10 more filters can be cascaded in a 40 Gbps DQPSK system and 5 more can be cascaded 
in a 100 Gbps PM-DQPSK system when we use the 2nd order Butterworth filter. The effect of signal spectrum clipping 
caused by filters concatenation can be seen in fig. 10. And the eye diagrams of the signal distortion are shown in fig. 11. 

Through comparison between fig. 7 and fig. 9(a) or fig. 8 and fig. 9(b), we can see that the F-P filter property is almost 
the same as the first order Butterworth filter model. This is because in the real condition the F-P filter can be 
approximately to the first order Butterworth filter model [15]. 

 
(a) 

 
(b) 

Figure 9. EOP as a function of number of filters with different orders of Butterworth model in (a) a 40 Gbps NRZ-DQPSK 
system and (b) a 100 Gbps PM-NRZ-DQPSK system 
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(a) (b) 
Figure 10. Signal Spectrum (a) after 1 3rd order Butterworth filter; (b) after 18 3rd order Butterworth filters 

(a) (b) 
Figure 11. Eye diagrams, (a) after 1 3rd order Butterworth filter; (b) after 18 3rd order Butterworth filters concatenation. 

 

5. CONCLUSION 

In this paper we study and simulate the signal impairment caused by different kinds of filters. The theoretical analysis 
and simulation results show that the Butterworth filter has the best performance among those four kinds of filters. In the 
40 Gbps DQPSK system, about 18 Butterworth filters can be can cascaded with 1dB EOP in the situation of all filters’ 
center frequency aligned and 12 in that of filters’ frequency misaligned of ±5 GHz. In the 100 Gbps PM-DQPSK system, 
the numbers of cascaded Butterworth filters are 12 and 9 for both alignment and misalignment condition, respectively. 
Besides, study and simulation shows that the 2nd Butterworth has the best performance. If in the real condition a filter 
can be made to be approximately to the 2nd Butterworth model, about 10 more filters can be cascaded in 40 Gbps 
DQPSK systems and 5 more in 100 Gbps PM-DQPSK systems, with -1dB EOP. 
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