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Abstract 

This paper presents the analysis of optimal fractional delay-IIR filter design 

using cuckoo search algorithm. The fractional delay IIR filters are widely used 

in signal processing applications. Thus, there is need to match the response of 

fractional delay IIR filter with ideal response of the filter. A number of 

optimization algorithms like Simulated Annealing (SA), Genetic Algorithm 

(GA), and Particle Swarm Optimization (PSO), Cuckoo Search Algorithm 

(CSA), Cat, Bat etc. are used to optimize the fractional delay-IIR filter design. 

Cuckoo search algorithm is a population based meta-heuristic approach. The 

performance of CSA is compared with genetic algorithm and particle swarm 

optimization. The performance of CSA is improved by Levy flights and thus 

gives better results rather than GA and PSO. Weighted least square function is 

used as objective function. The results show convergence rate of CSA is better 

than GA and PSO.  

Keywords: IIR filter, cuckoo search algorithm, particle swarm optimization 

algorithm, genetic algorithm 

 

I. INTRODUCTION 

Digital signal processing is used to manipulate discrete time signals in which filters 

play an important role. Delay filters are used to provide an integral amount of delay. 

In recent years, in some application areas for the accuracy of the system, signal is 

given a fractional delay and thus fractional delay filters become an important area of 

research [1]. Digital filters are classified as recursive and non-recursive filters [2]. 

Recursive are IIR filters provide better performance than non-recursive filters i.e. FIR 

filters. There are some limitation of IIR filters also like they have multi modal error 

surface and they become unstable quickly but there are some design methods based 

on optimization algorithms which make their design easier such as genetic algorithm 

mailto:parvinderkrm13@gmail.com1
mailto:ermandeep0@gmail.com2


666 Parvinder Kaur and Mandeep Kaur 

(GA) [3], simulated annealing (SA) [4], differential evolution (DE) [5], CAT swarm 

optimization [6]-[7], BAT  algorithm [8], ANT colony optimization [9], Gravitation 

search algorithm (GSA) [10], Firefly algorithm [11], Particle Swarm Optimization 

(PSO) [12]-[13], Cuckoo Search Algorithm (CSA) [14]-[15]. For the optimization of 

fractional-delay (FD) IIR filter the classical optimization techniques that were used 

have some limitations described as follows [1]: (i) the coefficients of filter are locally 

optimal i.e. it revisits the same sub-optimal solution and cannot converge to global 

minimum solution (ii) these techniques do not give suitable results for high 

dimensional optimization problem because the search size increases exponentially as 

the size of problem increases (iii) they require fitness function to be linear (iv) these 

algorithms are complex and have slow convergence speed. According to the study of 

different optimization algorithm, it is found that GA, PSO, GSA provides global and 

optimal solution. GA is a probabilistic heuristic search optimization developed by 

Holland (1975) whereas PSO is swarm intelligent based algorithm developed by 

Kennedy and Eberhart (1995) [1]. These all are heuristic approaches to deal with 

design of FD-IIR filter but a new meta-heuristic approach called cuckoo search 

algorithm was developed. It is based on breeding behavior of cuckoos and provides 

global optimal solution and faster convergence rate than others. Its performance is 

enhanced when it is combined with Levy flights rather than random isotropic walks 

[1]. Study of the paper shows CSA algorithm is superior to GA and PSO. This paper 

is divided into four sections. The section 2 describes different algorithms used for the 

optimization of filter. In section 3 describe the simulation results and discuss the 

comparison between the results. Then, section 4 describes conclusion of the paper. 

 

II. METHODS  

A. Design of fractional delay IIR filter 

The ideal frequency response of a digital fractional delay filter is [1]:  

Hid(ω, p) =  𝑒^(−𝑗ωp)                  …………………. (1) 

Where ω is digital frequency, ω є [0, π] and p is fractional delay, p є [0, 1].  

The filter design problem is to approximate the desired filter response to the ideal 

filter response. Fractional delay filters can be classified into two categories: (i) if 

delay p is fixed then it is called fixed fractional delay filter and, (ii) if delay is variable 

then it is called variable fractional delay filter [12]. The difference equation of FD-IIR 

filter is given by: 

                  𝑦(𝑛) + ∑ 𝑎(𝑘)𝑦(𝑛 − 𝑘)𝑀
𝑘=1 = ∑ 𝑏(𝑘)𝑥(𝑛 − 𝑘)𝑁

𝑘=0     ……………… (2) 

where x(n) is filter input and y(n) is filter output. The filter design is an optimization 

problem having weighted least square as its objective function and the main work is to 

minimize the error given by: 

e(ω, p)  =  Hid(ω, p) − H(ω, p)        ….….……………….. (3) 
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where H(ω, p)  is the approximated filter response. The weighted least square fitness 

function to be evaluated is described as: 

𝐽(𝑤) =  ∫ ∫ 𝑊(𝜔, 𝑝)|𝑒(𝜔, 𝑝)|^2
𝜋

0
𝑑𝜔𝑑𝑝

1

0
           ……………… (4) 

 

Where W(ω) is 

𝑊(𝜔) =  {

0.0513                𝑖𝑓 𝜔 ∈  [0,0.7𝜋]

0.2564      𝑖𝑓 𝜔 ∈ (0.7𝜋, 0.855𝜋]

1                       𝑖𝑓 𝜔 ∈ (0.855𝜋, 𝜋]
}                    ……… (5) 

 

B. Optimization algorithms used: 

There are number of optimization techniques used for filter design problem. Some of 

them are evolutionary and are heuristic based such as gravitation search algorithm, 

genetic algorithm and some of them are nature inspired algorithms such as ant colony 

optimization, particle swarm optimization, cuckoo search algorithm, firefly algorithm, 

bat algorithm, cat swarm optimization. These are meta-heuristic algorithms which are 

based on population and trajectory. Some of the nature inspired optimization 

algorithms used in this paper is described below: 
a. Genetic algorithm: It was developed by John Holland in 1960s and 1970s [1]. It is 

based on Darwin’s “survival of the fittest” principle. In this each coefficient 

represents a chromosome. A set of chromosomes is selected first. Then operations are 

applied on each set. Genetic operations used to find the solution to a set includes 

selection, crossover, and mutation. The best fitted chromosome is selected and the 

others are discarded. The operations used in this algorithm are defined below [3]: 

 Crossover: It means replacing of some genes of one parent with other 
 Mutation: It means choosing a set of genes and then changing its allele value  
 Elite count: Number of genes best fitted and then transmitted to next 

generation 
The basic step for genetic algorithm implementation is followed as below: 

Step 1: Set the initial range of coefficients to [-1, 1] 

Step 2: Set the initial population size to 25 and maximum iterations to 500 

Step 3: Evaluate the fitness function using equation 4 

Step 4: Select the elite string 
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Fig 1: Flowchart for genetic algorithm [3] 

 

Step 5: Applying crossover and mutation to generate the off-springs 

Step 6: Genetic cycle keeps updating 

Step 7: Iterations stops when maximum iteration is reached. The set of chromosomes 

with least error is selected and is used for filter design. The flowchart for the whole 

process is described in Fig 1. 

 

b. Particle Swarm Optimization: It was developed by Kennedy and Eberhart in 

1995. It copies the social behavior of birds. It is population based search algorithm. 

This optimization technique provides global solution for the multimodal function. It is 

simple, robust and has faster convergence than genetic algorithm [12]. It starts with 

random population in which each particle is assigned initial velocity and initial 

position. Here, each particle represents solution. The position and velocity of each 

particle is updated and an optimal solution is obtained. The best value for each 

particle is called individual best (pbest) and the best value among all the individuals is 

called global best (gbest). The velocity and position of particles is updated using 

equation (6) and (7) respectively: 

vi(n+1) = w*vi(n)+C1*rand2*(pbesti(n) – θi(n))+C2*rand2*(gbest(n) – θi(n))  

.………………….(6) 

 

θi(n+1) = θi(n)+vi(n+1)                              …………………..(7) 

Where vi represents the initial velocity of ith particle , w is weighing function, C1 and 

C2 are positive constants, pbesti(n)  represents position for ith best particle, gbest(n) 
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represents position for global best particle, rand1 and rand2 are the random numbers 

uniformly distributed in [0,1]. 

The basic step for particle swarm optimization algorithm is followed as below: 

Step 1: Set the coefficients range to [-1, 1] 

Step 2: Set the initial population size to 25 and maximum iterations to 500. Initialize 

C1 = 2, C2 = 2, vi
min = 0.01, vi

max = 1.0, wmin = 0.2, wmax = 1.0 

Step 3: Evaluate the error fitness function value using equation (4) 

Step 4: Position and velocity for particle pbest and gbest are calculated using equation 

(6) and (7) Step 5: updated value of pbest and gbest for particle is retained and 

previous values are discarded 

Step 5: The iteration cycle keeps updating 

Step 6: Iterations stops when maximum iteration is reached. The fitness value with 

least error is selected and used in filter design. The flowchart for the whole process 

showing particle swarm optimization is shown in Fig 2:  

 

Fig 2: Flowchart for particle swarm optimization algorithm [14] 

 

c. Cuckoo Search Algorithm: it was developed by Yang and Debb in 2009. It is a 

population based meta-heuristic algorithm. It is based on parasitic behavior of 

cuckoos combined with Levy flights which increases its performance.  

Three basic rules of CSA [16]: 



670 Parvinder Kaur and Mandeep Kaur 

 Each cuckoo lays one egg at a time and dumps it into a random nest 

 The best nest will carry the next generation 

 If the eggs are discovered by host bird then either it kills it or  leaves the nest 

Performance of Cuckoo search algorithm is enhanced by levy flights using Levy 

flights formula: 

χn = χi+a0⊕Levy(λ)     ………..… (8)  

Where χn is new nest generated, χi is randomly chosen nest, a0 is step size and Levy 

(λ) represents Levy distribution. 

The basic step for cuckoo search algorithm is followed as below: 

Step 1: Set the initial population size to 25 and maximum iterations to 500.  

Step 2: Generate a new nest using equation (8) and evaluate the error fitness function 

value Jn using equation (4) 

Step 3: Calculate Ji for χi and compare it with Jn  

Step 4: If Ji > Jn then χn replaces χi  

Step 5: The iteration cycle keeps updating 

Step 6: Iterations stops when maximum iteration is reached. The fitness value with 

least error is selected and is used in filter design problem. The flowchart for the whole 

process is shown in Fig 3. 

 

Fig 3: Flowchart for cuckoo search algorithm [15] 



Performance of Optimal Fractional Delay-IIR Filter Using Evolutionary Algorithms 671 

III. SIMULATION RESULTS AND DISCUSSIONS 

A. Analysis of magnitude response of fractional delay IIR filter  

The software tool used is MATLAB. MATLAB is software that integrates 

computation, visualization and programming on a single platform and allows its users 

to do different task like compute mathematical notations, develop algorithms, 

simulations, data analysis etc. MATLAB has various application specific toolboxes. 

The toolbox used for in this implementation is global optimization toolbox. Thus, 

performance comparison of GA, PSO, and CSA algorithms for fractional-delay IIR 

filter is carried out in this software. Simulations are performed and the results for 

order 2 to 5 are observed. The value of delay is fixed at p = 0.5. Population size is 

kept N = 25, maximum number of iterations = 500 and the maximum and minimum 

range of coefficients is [-1, 1]. The graphs are plotted for magnitude response and 

absolute magnitude error and the comparison is done among three algorithms. It is 

analyzed that CSA algorithm has smaller magnitude error than other algorithms and 

has faster convergence rate as depicted in the graph Fig. (4) - (7).  

 

B. Comparison of magnitude response and absolute magnitude error: 

Simulations are performed to analyze the magnitude response of different techniques 

for different order of filter. Here, the order of filter is taken from 2 to 5. The plot of 

magnitude response of each order for different algorithms and their magnitude error is 

also plotted. It is observed that the magnitude error for CSA is low as compared to 

other optimization techniques as shown in Fig (4) - (7). 

 

 

Fig 4: Comparison of GA, PSO, CSA for 2nd order  
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Fig 5: Comparison of GA, PSO, CSA for 3rd order  

 

 

Fig 6: Comparison of GA, PSO, CSA for 4th order  

 

 

Fig 7: Comparison of GA, PSO, CSA for 5th order  
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Table 1 shows the total magnitude error obtained by using GA, PSO and CSA for 

order 2, 3, 4 and 5. The total magnitude error using CSA for 2nd order is 0.0112, for 

3rd order is 0.0309, for 4th order is 1.1968 and for 5th order is 0.2913. This shows that 

magnitude error for all the orders using CSA is less as compared to GA, PSO. 
 

Table 1: Comparison of total magnitude error for all the algorithms 

Order of filter GA PSO CSA 

2 1.0825 0.0458 0.0112 

3 0.3344 0.1328 0.0309 

4 1.2414 0.5112 1.1968 

5 2.3654 0.8751 0.2913 
 

Now, table 2 shows the comparison in the form of percentage improvement for all the 

algorithms on the basis of magnitude error. Table 2 shows the improved percentage of 

98.96%, 90.75%, 3.59% and 87.68% when CSA is compared to GA for 2nd, 3rd, 4th, 

5th order, respectively and 75.54%, 76.73%, 57.28%, 66.71% when CSA is compared 

to PSO for order of filter 2,3,4 and 5.  
 

Table 2: Percentage improvement in magnitude error 

Order of 

filter 

PSO compared to 

GA 

CSA compared to 

GA 

CSA compared to 

PSO 

2 95.7691 98.9654 75.5459 

3 60.2871 90.7596 76.7319 

4 58.8207 3.5927 57.2861 

5 63.0041 87.6850 66.7124 

 

To compare the percentage improvement in magnitude error it is shown using graph 

in Fig 8. It shows the comparison of PSO with GA, comparison of CSA with GA and 

comparison of CSA with PSO using different orders of filter.  

 

Fig 8: Percentage improvement in magnitude error 
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IV. CONCLUSION 

There are a number of algorithms to find the optimal solution of fractional delay IIR 

filter design problem the performance of FD-IIR filter is analyzed using different 

evolutionary algorithms but the results shows that Cuckoo Search Algorithm is 

superior to genetic algorithm and particle swarm optimization algorithm when 

compared on the basis of magnitude response. CSA can be used in multi-modal 

optimization problem. The cuckoo search algorithm is simpler, contains lesser 

parameters and is robust. It gives global optimal solution. The main reason for its out 

performance is correct balance between random walks and lesser parameters. Also the 

performance of cuckoo search algorithm becomes more effective when combined 

with Levy flights rather than using Gaussian or uniform distribution as followed in 

other algorithms. Hence cuckoo search algorithm is the best algorithm among all 

other algorithms.  

 

REFERENCES 

[1]  Manjeet K., Tarun K. Rawat, 2015, “optimal fractional delay-IIR filter design 

using cuckoo search algorithm”, ISA Transactions, Vol. 59, pp. 39-54 

[2]  Suman K. Saha, Rajib Kar, Durbadal Mandal, S.P. Ghoshal, 2014, 

“Gravitation search algorithm: Application to the optimal IIR filter design”, 

Journal of King Saud University – Engineering Sciences, vol. 26, pp. 69–81 

[3]  K. Upadhyay, Manjeet K., Tarun K. Rawat, 2014, “Optimal Design of 

Weighted Least Square Based Fractional Delay FIR Filter Using Genetic 

Algorithm”, IEEE, 

[4]  Shi-Ming Chen, Ali Sarosh, Yun-Feng Dong, 2012, “Simulated annealing 

based artificial bee colony algorithm for global numerical optimization”, 

Applied Mathematics and Computation 219, pp. 3575-3589  

[5]  Wang B, LiB, Chen Y., 2011, “Digital IIR filter design using multi objective 

optimization evolutionary algorithm”, Appl. Soft Compute, vol. 11, pp. 1851–

7. 

[6]  Kamalpreet K. Dhaliwal, Jaspreet S. Dhillon, 2017, “Integrated Cat Swarm 

Optimization and Differential Evolution Algorithm for Optimal IIR Filter 

Design in Multi-Objective Framework”, Circuits System Signal Process, vol. 

36, pp. 270–296 

[7]  Suman Kumar Saha, Sakti Prasad Ghoshal, Rajib K., Durbadal Mandal, 2013, 

“Cat Swarm Optimization algorithm for optimal linear phase FIR filter 

design”, ISA Transactions 52, pp. 781–794 

[8]  Xin-She Yang, Amir H. Gandomi, 2012, “Bat algorithm: a novel approach for 

global engineering optimization”, International Journal for Computer-Aided 

Engineering and Software, Vol. 29 No. 5, pp. 464-483 



Performance of Optimal Fractional Delay-IIR Filter Using Evolutionary Algorithms 675 

[9]  N. Karaboga, A. Kalinli, D. Karaboga, 2004, “Designing digital IIR filters 

using ant colony optimization algorithm”, Engineering Applications of 

Artificial Intelligence, vol. 17,  pp. 301–309 

[10]  Suman K. Saha, Rajib K., Durbadal Mandal, S.P. Ghoshal, 2014, “gravitation 

search algorithm: application to the optimal IIR filter design”, Journal of King 

Saud University – Engineering Sciences, vol.  26, pp. 69–81  

 [11]  Abdollah K-Fard , Haidar Samet, Fatemeh Marzbani, 2014,  “A new hybrid 

Modified Firefly Algorithm and Support Vector Regression model for 

accurate Short Term Load Forecasting”, Expert Systems with Applications, 

vol.  41 

[12]  Neha, Ajay Pal Singh, 2014, “design of linear phase low pass FIR filter using 

Particle Swarm Optimization algorithm”, international journal of computer 

applications, vol. 98-no. 3,  

[13]  A. Parneeth, Prashant K. Shah, 2016 “Design of FIR filter using particle 

swarm optimization”, international advanced journal in science, engineering 

and technology (IARJSET), vol. 3, issue 5,  

[14]  Amir Hossein G., Xin-She Yang, Amir H. Alavi, 2013, “Cuckoo search 

algorithm: a metaheuristic approach to solve structural optimization 

problems”, Engineering with Computers, vol. 29, pp. 17–35 

[15]  Manjeet K., Tarun K. Rawat, 2015, “Optimal design of FIR fractional order 

differentiator using cuckoo search Algorithm”, Expert Systems with 

Applications, vol. 42, pp. 3433–3449 

[16]  Xin-She Yang, Suash Deb, 2010, “Engineering optimization by cuckoo 

search”, Int. J. Mathematical Modeling and Numerical Optimization, Vol. 1, 

No. 4 

 

 

 

 

 

 

 

 

 

 

 

 



676 Parvinder Kaur and Mandeep Kaur 

 

 

 

 

 

 

 

 

 

 

 


