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Synthesis of Antenna Arrays Using Artificial Bee Colony Optimization Algorithm Mohammad Asif Zaman *, Md. Gaffar, Md. Mushfiqul Alam, Sayed Ashraf Mamun, and Md. Abdul Matin Department of Electrical and Electronic Engineering Bangladesh University of Engineering and Technology, Dhaka – 1000, Bangladesh. E-mail: [email protected]



Abstract- In this paper, a novel design method of synthesizing antenna arrays based on Artificial Bee Colony (ABC) optimization algorithm is presented. The algorithm is used to synthesize the radiation pattern of a one dimensional linear antenna array. The values of the amplitude excitations of the array elements are optimized so that the generated radiation pattern matches with a pre-determined desired arbitrary pattern. For analysis, a radiation patterns with low sidelobe levels and with nulls around a specific angular region is selected as the desired radiation pattern. A novel two stage optimization process is implemented to get the best results with minimum processing time. The initial optimization is carried over a wide range of possible solution values. The parameters are further refined in the second stage optimization by narrowing the solution space based on results from initial optimization. Finally, using the optimized parameter values, the radiation pattern of the array is analyzed and compared with the desired radiation pattern. Index Terms- Antenna arrays, antenna radiation pattern synthesis, artificial bee colony (ABC) algorithm, optimization methods.



I. INTRODUCTION Antenna arrays are widely used in RADAR, satellite communication and wireless communications. In many practical cases, it may desirable for an antenna to have high directivity while avoiding interference by keeping a low side-lobe level (SLL). It may also be required that the antenna radiation pattern must have nulls at a particular angular direction to avoid a strong interference source [1]. No single radiating



element can fulfill such design requirements. But an array of radiating elements with proper geometric configuration and electrical excitation can produce radiation pattern of almost any desired shape. This makes antenna arrays an attractive choice in many practical design situations. The radiation pattern produced by an antenna array depends on the radiation characteristics of each element, geometrical configuration of the array, the relative distance between the array elements, and the amplitude and phase excitation of the individual elements [2-3]. In this paper, a 20 element linear array with uniform spacing among the radiating elements is designed. The amplitude excitations of the array elements are taken as variables to synthesize the array pattern. Phase excitation variation can also be used for pattern synthesis. But often, only amplitude excitation variation is sufficient for pattern synthesis [4]. So, phase excitations of all the array elements are assumed to be constant. The binomial method and the DolphTschebyscheff method are often used to synthesize radiation pattern with low SLL [5]. However, these methods do not provide the designer with the flexibility of setting multiple design goals such as independence over SLL, beamwidth and null control. So, optimization algorithms are often used in such cases. The optimization algorithm finds the proper values of the excitation amplitudes of the array elements to synthesize the desired pattern. But traditional nonlinear least square method can not bear the
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demand of such complex optimization [6]. Convex optimization can only be performed when the problem is identified as convex [7]. But the optimization problem is not always necessarily convex. In many such cases, evolutionary optimization algorithms like Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) give satisfactory results [6, 8]. The algorithms have been successfully used for optimizing arrays of different geometry. Both algorithms have their own advantages and disadvantages [4]. In this paper, a new evolutionary optimization algorithm called Artificial Bee Colony (ABC) optimization algorithm is used to synthesize an antenna array.
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a1 ABC optimization algorithm was developed by Karaboga and Basturk [9]. The algorithm is based on the intelligent behaviors of honey bee swarms. It models the movement of the honey bees as they search the areas surrounding their hive to find the best possible food source. Apart from ABC, there are few other optimization algorithms which model the movement of honey bees [10]. But, ABC is the most popular version and it has found applications in many fields of science and engineering [11-12]. However, ABC algorithm has not yet been used in antenna optimization problems. The work presented here is the first attempt to synthesize antenna arrays using ABC optimization algorithm.



II. ARRAY GEOMETRY AND MATHEMATICAL FORMULATION The geometry of the linear array is shown in Fig. 1. The array has 2M radiating elements symmetrically placed around the origin on the positive and negative sides of the y axis. The array elements are uniformly spaced. The distance between two consecutive elements is denoted by d. For analysis, the radiation pattern of all the radiating elements is assumed to be broadside. Therefore, the array pattern is also broadside. This implies that the main-lobe of the array is expected to be on the z-axis direction. The angle θ represents the zenith angle. The location of the observation point P is denoted by



d



a2



aM Fig.1. Geometry of the antenna array.



the three dimensional spherical co-ordinates (r, θ, φ) where r is the distance from the origin and φ is azimuth angle. As the array is linear, the radiation pattern will be independent of φ [2-3]. The amplitude excitations of the array elements are denoted by a1, a2, a3…….. aM. In most practical cases, a symmetric radiation with respect to the zenith angle (θ) pattern is desired. To achieve this, a symmetric amplitude excitation distribution is required. So, the amplitude excitations of the array elements on the negative y axis is taken to be the mirror image of the amplitude excitations of the array elements on the positive y axis as shown in Fig. 1. This reduces the effective number of unique amplitude excitations form 2M to M. The far field radiation pattern of the array is given by [2-3]:
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EP( )  cosn  .



(2)



Where, n = 0 represents an ideal isotropic radiator and n > 0 represents practical directive radiators. A traditional value of n = 1.2 is used here [4]. It is also assumed that all the array elements have identical radiation pattern. For an array of 2M elements with the geometry as shown in Fig. 1, having symmetric amplitude excitation and zero phase excitation, the array factor is given by [2]:



AF ( )  a1e



1 j ( ) kd sin  2



 aM e  a1e



 a2 e



 .....



2 M 1 j( ) kd sin  2



1  j ( ) kd sin  2



 aM e



3 j ( ) kd sin  2



 a2 e



2 M 1  j( ) kd sin  2



3  j ( ) kd sin  2



 .....



0



Desired pattern Pattern for uniform amp. distribution



-10 Normalized far field pattern (dB)



Here, FF(θ) is the far field radiation pattern of the array, AF(θ) is the array factor and EP(θ) is the radiation pattern of the individual array elements. The array element pattern is often approximated by [1]:
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Fig.2. Desired far field radiation pattern (red) and far field radiation pattern of the array with uniform amplitude excitation (blue).



Any arbitrary radiation pattern can be selected as the desired radiation pattern. For analysis, the normalized desired radiation pattern is defined as:



0 dB,  4.75    4.75   FFd ( )    60 dB, 40    60 (4)   35 dB, elsewhere 
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Simplifying, M  (2n  1)  AF ( )  2 an cos  kd sin   . (3)  2  n 1



Here, an = amplitude excitation of the nth array element, k = wave number = 2π/λ, λ = wavelength, and, d = distance between consecutive array elements. For numerical analysis, traditionally used value of d = 0.5λ is taken [1]. The total number of array elements is taken to be 20. Therefore, M = 10. Optimum values of M number of amplitude excitation must be determined so that the array produces a desired radiation pattern. The first step is to define the desired radiation pattern.



The above equation implies that the desired radiation pattern must have 9.5° main-lobe beamwidth, SLL of –35 dB and –60 dB null extending from 40° to 60° (and a symmetrical null from –40° to –60°). The beamwidth and the SLL values are taken based on literature review [6]. The null position and null level are chosen completely arbitrarily. The desired far field radiation pattern along with the far field radiation pattern of the array with uniform amplitude excitation (a1 = a2 = ……= aM = 1) is shown in Fig. 2. It is clearly visible that the array pattern does not match with the desired pattern. So, optimization is necessary. A fitness function must be defined for the optimization process. The value of this fitness function will indicate how closely the array pattern matches with the desired pattern. In this paper, the fitness function is defined as the
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negative sum of the squares of the excess far field magnitude over the desired pattern. So, the fitness function, f, can be expressed as:



 144 2   FF ( )  FFd ( ) ,   144 f  if FF ( )  FFd ( ) . (5)  0, otherwise   Discrete far field points with step size 1° are used to formulate the fitness function. The region of interest is limited from –144° to 144°. It can be noted that fitness function has the maximum value of zero, when the far field pattern falls within the envelope of the desired pattern. Mismatch between the desired pattern and obtained pattern results in negative values of the fitness function. So, the goal of the optimization is to find the excitation amplitude values (a1, a2, a3 ……. aM) so that the fitness function is maximized.



III. OVERVIEW OF ARTIFICIAL BEE COLONY OPTIMIZATION ALGORITHM Artificial bee colony optimization algorithm is inspired from the intelligent movement of honey bees in a colony or swarm [9]. The bees in a colony communicate with each other and move intelligently to find food sources. As the target of the bee swarm is to find the best food sources quickly with minimum movement, the motion of the bees can be modeled and used for an optimization algorithm [9-10]. In ABC algorithm, the colony of artificial bees contains three groups of bees: employee bees, onlooker bees and scouts. A bee carrying out random searches is called a scout. Employee bees search for food sources based on food source locations it had visited before. Employee bees and scouts bring the information of food source locations and quality of the food source back to the hive. The bees waiting in the hive for



information are known as onlooker bees. The onlooker bees receive the information from the employee bees and go to the places where the employee bees or scouts found the best food sources. After relaying the information, the employee bee goes back to the food source it visited previously and searches nearby area for a better food source. After that the employee bees again return to the hive and relay the information to the onlooker bees and the whole process is repeated. Following this process, the best food sources are located quickly and efficiently. In optimization process, the location of a food source denotes a possible solution of the optimization problem. The quality of the food source at a particular location denotes the fitness function value at that location. As the bees look for the best food source, their movement will lead to solution with the maximum fitness value and thus achieving the optimization goal. To solve an optimization problem with D variables, a D dimensional solution space is defined. The artificial bees will roam this D dimensional solution space. The position of the bees and food sources are expressed by a D dimensional vector x = (x1, x2, x3, …… , xD). The fitness function, f(x) can be uniquely determined by x. For the antenna array optimization problem discussed here, D = M and x = (x1, x2, x3, …… , xD) = (a1, a2, a3, …… , aM). Initially, a set of food source positions are randomly selected. For each food source position, one employee bee is selected to find the quality of the food at that location. The food source position are represented by a D dimensional vectors x1, x2, x3, … … , xNs. Here, Ns = number of food sources = number of employee bees = Ne. After evaluating the quality of food at those locations, the information is relayed to the onlooker bees. In ABC algorithm, the number of onlooker bees (No) is equal to the number of employee bees. So, No = Ne. The onlooker bees will search near the places where the best quality of food was found. So, there will be higher number of onlooker bees near a location with high quality food source compared to locations with moderate quality food sources. The probability that an onlooker bee will
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Fig.3. Position of the employee bees (purple) and the onlooker bees (green) in the solution space. visit the jth food source location is given by probability function:
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At the next iteration, the employee bees travel back near the food source location it visited before. Like the onlooker bees, it creates a new search location based on the previous location expressed by the equation:



i



 f (x )



xej  x ej, old  r  d e (x ej, old  x ek, old ) .



i 1



Here, f(xi) is quality of the ith food source denoted by the fitness function value at the ith location. An onlooker bee selects a food source location based on the probability function. Then it generates a new location near the original selected food location given by the equation [9]:
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Here, xje and xke are the location of the food source visited by jth and kth employee bees, (k ≠ j), xjo is the location of the onlooker bee, r is a random number between 0 and 1 and do is the damping constant between the values 0 and 1. If f(xjo) > f(xje) then, xje is replaced by xjo [9].



(8)



Here, de is another damping constant with values between 0 and 1. If an employee bee can not find a better food source for Nlim consecutive iterations, it becomes a scout and searches for a food source completely randomly. The ABC algorithm is implemented using computer coding, and the algorithm is tested using a test fitness function. The test fitness function is taken to be the widely used two dimensional peaks function, which is given by: 2
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IV. NUMERICAL SIMULATION AND RESULTS The ABC optimization algorithm is implemented using computer simulation. The following parameter values are used for simulation: d = 0.5λ, Ne = No = 30, D = M = 10, Nlim = DNo, de = 1 and do = 0.8. The value of Nlim is taken from traditionally used values [13]. The random parameter r is taken from a uniform distribution with values between 0 and 1. The damping parameters do and de are not present in the original ABC algorithm [9]. They are used here to provide flexibility of operation. The possible values of the amplitude excitations are limited between 0 and 1. For a 10 dimensional solution space, if the range of possible values for each dimension is limited between 0 and 1, the resulting solution space is a large one. Although ABC algorithm is capable of handling any size solution space, the simulation time for large solutions spaces are significantly high. Through literature review, it can be noted that for arrays with low SLL, the amplitude excitation distribution always has a tapered distribution with maximum values near the center array elements and low values near the edge of the array [4, 6]. This information can be used to
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Fig. 3 shows the position of the employee bees and onlooker bees and the second iteration of the test solution space. The locations of the bees are superimposed over the contour plot of the test fitness function. It can be seen that the employee bees (purple circles) are uniformly distributed over the solution space. But the onlooker bees (green circles) are clustered near the employee bees with high fitness values denoted by the dark red and yellow regions of the solution space. The best food location found over a preset number of iterations is taken as the solution of the optimization problem. It has been seen that after a sufficient number of iterations, the ABC algorithm successfully finds the global maxima of the test solution space.
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Fig.4. Far field radiation pattern of the array with triangular amplitude excitation distribution. reduce the solution space. A seed solution is used as an initial guess of the solution. The solution space is taken to be the region surrounding the seed solution. The seed solution used here is a triangular distribution given by the equation:
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Here, ai is the ith amplitude excitation. The far field radiation pattern of the array for the triangular amplitude excitation distribution is shown in Fig. 4. It can be seen that the pattern matches more closely to the desired pattern compared to the pattern found with uniform distribution as shown in Fig. 2. However, optimization is still required to create the desired nulls and further reduction of SLL. The solution space is defined as the region that falls within σ % variation of the seed solution. So, the lower limit and the higher limit of the solution space at the ith dimension are given by:
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Fig.6. Best fitness values vs. iteration number curve for the second stage optimization. solution space is defined using (11). This time the value of σ is taken to be 2 and maximum iteration number is limited to 500. Only 2% variation from the seed solution allows a search in a narrower region which is ideal for finetuning a solution. Fig. 6 shows that a fitness value of –13.71 is achieved at the second stage optimization. The values obtained in the second optimization stage are taken as the final solution.
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Fig.5. Best fitness values vs. iteration number curve for the initial optimization.



0.8



0.6



0.4



Initial excitation amplitude distribution Optimized excitation amplitude distribution



0.2



0



1



-9



-7



-5



-3



-1 1 3 Array element



5



7



9



Fig.7. Comparison of optimized excitation amplitude values and initial excitation values. The optimization is performed in two stages. At first stage, σ is taken to be 20. The 20% variation around the seed solution allows the algorithm to explore a wide range of possible solutions. Maximum iteration number is limited to 1000. The best fitness function values at each iteration step are plotted against the iteration number in Fig. 5. It can be seen that the highest fitness value of –241.2 is achieved in this first optimization stage. In the second optimization stage, the seed solution and the solution space is redefined. The result of the first optimization stage is used as the seed solution for the second stage. The new



The initial amplitudes excitations and the amplitude excitations obtained from the first and second optimization stage are shown in Table 1. Fig. 7 shows the comparison between the initial seed amplitude excitation values and the optimized amplitude excitation values. In the figure, the 20 array elements are numbered from –10 to +10. Table 1: Calculated and measured values of spurious resonance frequencies



I Array Element No.



Initial amplitude excitation



1 2 3 4 5 6 7 8 9 10



1.0000 0.9000 0.8000 0.7000 0.6000 0.5000 0.4000 0.3000 0.2000 0.1000
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Amplitude excitation after first optimization 1.0000 0.9603 0.8536 0.7469 0.6051 0.4922 0.3489 0.2918 0.1854 0.0854



Amplitude excitation after second optimization 1.0000 0.9603 0.8666 0.7683 0.6265 0.4922 0.3574 0.2918 0.1930 0.0888
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Fig.8. Optimized far field radiation pattern of the array. Using the optimized amplitude excitation values, the optimized far field radiation pattern is obtained. The results are shown in Fig. 8. It can be seen that the obtained pattern matches very closely with the desired pattern implying that the optimization process was successful. The traditional PSO and GA requires over 10000 iterations to synthesize a desired pattern [4], whereas the proposed two stage ABC optimization method only requires 1500 iterations, making it considerably faster.
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