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Abstract 

Phase-only optimization of asymmetric multiple beams reflectarray with single feed is 

investigated in this paper. The conventional design approaches are first reviewed. 

Secondly, for design of asymmetric multiple beams reflectarray with arbitrary gain levels 

and beam directions, a general method based on invasive weed optimization is proposed. 

Then, practical considerations for applying the proposed method to design multiple 

beams reflectarray are talked over. For illustrating the effectiveness of the proposed 

method, several multiple beams design cases with different design requirements are 

optimized through this method, and the optimized results are analyzed through simulation 

approach based on array theory. The simulation results show that the optimized cases 

demonstrate the satisfactory multiple beams performance. 
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1. Introduction 

Due to combination of the favorable features of reflectors and phased arrays, printed 

reflectarray antenna has received notable attentions over years and been applied in various 

applications, such as satellite communications, radars systems, and commercial usages [1-

2]. The outstanding feature of the reflectarray antenna is the individual phase control of 

each element without complex feeding network and high manufacturing cost [1]. In 

comparison with phased arrays with complex feeding network and reflectors with high 

manufacturing cost, this feature can help the reflectarray to achieve shaped or even 

multiple beams without additional complexity and cost [3-4]. 

High gain multiple beams antennas have numerous applications in electronic counter 

measures, satellite communications, and multiple target radar systems [5].These multiple 

beams antennas are typically based on reflectors with feed-horn clusters [6] or large 

phased arrays [7]. Considering the complex processing technologies of these antennas, the 

manufacturing cost of these multiple beams antennas are typically high. However, low-

cost feature of reflectarray antenna makes it a suitable antenna candidate for the multiple 

beam applications with cost reduction. 

Multiple beams performances can be achieved by the reflectarray antennas with single 

or multiple feeds. Several designs of single feed multiple beams have been demonstrated 

over years. A single-feed two beams reflectarray design was demonstrated in [4] while [8-

10] presented a single feed four beams reflectarray design. Multiple feed multiple beams 
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reflectarray design with shaped patterns was studied in [11]. It should be noted that 

different approaches in these papers have been introduced to achieve the multiple beams 

performance, however, all reported designs are concentrated on symmetric multiple 

beams performance. As design of a single feed asymmetric multiple beams reflectarray is 

a quite challenging task with high complexity, the conventional approaches implemented 

to obtain the required aperture phase distribution fail to achieve a satisfactory 

performance [12]. 

The major focus of this paper is on the optimization design of asymmetric 

multiple beams reflectarray with single feed. Firstly, the available design 

approaches are reviewed. Then, for designing asymmetric multiple beams 

reflectarray with arbitrary gain levels and beam directions, a general method is 

proposed. This method is based on implementing a novel numerical optimization 

algorithm named invasive weed optimization (IWO) [13-14], inspired from weed 

colonization, for phase optimization of reflectarray elements. Practical 

considerations for implementing the proposed method are discussed in this paper. In 

order to demonstrate the effectiveness of the proposed method for designing the 

asymmetric multiple beams reflectarray with a single feed, several  multiple beams 

cases with different design requirements are optimized and the performances of the 

optimized multiple beams reflectarray are analyzed numerically. 

 

2. Optimization Methods for Single Feed Multiple Beams Reflectarray 

It is important to point out that the element amplitude on the reflectarray aperture has 

been fixed by the property and relative position of feed and element. Therefore, in order 

to achieve the multiple beams performance with a single feed, the only adjustable 

parameter is the element phase on the reflectarray aperture. As it is known, the reflected 

phase of element can be adjusted by controlling the geometrical parameters of the 

elements. Owing to this feature, arbitrary element phase distribution on the aperture can 

be realized, which provides the capability for the reflectarray to achieve simultaneous 

multiple beams performance with a single feed. However, the challenge is the 

determination of the element reflected phase required for the multiple beams performance. 

In other words, the design of multiple beams reflectarray becomes a basic phase-only 

array synthesis problem. 

In general, to achieve multiple beams performance with single feed, the element phase 

distribution on the reflectarray aperture can be calculated through two different methods: 

one is direct analytical method, and the other is optimization method. While having an 

analytical expression for the required aperture phase is advantageous, it has been studied 

that the achieved performance of those analytical approaches cannot be satisfactory in 

most cases, and in order to achieve a desirable performance, it is necessary to apply some 

optimization procedure [10]. In optimization methods, an optimum element phase 

distribution on the reflectarray aperture for achieving desired multiple beams performance 

can be obtained through a phase-only optimization technique. It should be noted that the 

optimization techniques are typically categorized into two major groups, i.e. local and 

global search techniques. Although both search techniques are model-based optimization 

routines, the essential difference between these two techniques is the solution hyperspace 

that the algorithm searches. For a local search algorithm, it can only search for the 

solution in a limited hyperspace determined by the initial values. On the other hand, a 

global search algorithm can search the entire solution hyperspace. In other words, a local 

search algorithm can only find the optimal solution if it is discoverable from the starting 

searching points. Otherwise, this search algorithm could get trapped in the local minima 

and will not converge. In contrast, a global search algorithm can find the optimum 

solution from any starting searching point; however, the major drawback is very high 

computation cost. 
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Currently, the primary optimization approach applied for multiple beams reflectarray 

designs is the intersection approach also known as the iterative Fourier techniques (IFT) 

[15]. This approach is a very robust local search algorithm which searches for the solution 

with an iterative procedure. It is worthwhile to point out that the initial values for element 

phase distribution are typically obtained from the direct analytical solution. While several 

multiple beams reflectarray have been successfully demonstrated using this approach [9-

11], for some complex cases, this algorithm can only converge to local minima rather than 

the optimum solution because of the non-convexity of the optimization problem on hand. 

It is worthwhile to point out that for multiple beams designs, if the initial radiation 

patterns generated by the initial phase distribution are with high side lobes in the visible 

range, this method usually cannot optimize this design. However, this problem becomes 

more challenging when the asymmetric multiple beams performance is required. 

Therefore, it is necessary to introduce a global and more powerful optimization approach 

into the design of multiple beams reflectarray. 

As discussed earlier, global search techniques search for the solution in the entire 

hyperspace. Therefore, an efficient and high performance algorithm is necessary for 

optimization. The IWO, a numerical stochastic optimization inspired from weed 

colonization, is first introduced by Mehrabian and Lucus in 2006 [13], and applied to the 

electromagnetic problems by Karimkashi and Kishk in 2010 [14]. It is shown that in 

certain cases the IWO outperforms the genetic algorithm (GA) and particle swarm 

optimization (PSO) in convergence rate as well as the final error level with less 

computational bookkeeping. Moreover, the performance of IWO is more stable and 

efficient against different boundary conditions and tuning parameters. Hence, the IWO is 

selected for the optimization design of multiple beams reflectarray. It is significant to 

point out that while IWO has been implemented for array optimization, for most cases, 

the number of elements is usual around 100, which implies that a main challenge in 

practically implementing a global search for a reflectarray is the very large solution 

hyperspace due to the several hundreds of elements on the reflectarray aperture. 

 

3. Practice Considerations for Implementing Invasive Weed 

Optimization in Multiple Beams Reflectarray Design 
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Figure 1. Geometrical Model of the Reflectarray System 

IWO is a powerful global search algorithm which is well suit for array synthesis 

problems. While this optimization method is very robust, the major computational 

expensive part focuses on the evaluation of fitness function. For the reflectarray 

synthesis design, the calculation of the radiation pattern is required for the fitness 

evaluation each iteration. Therefore, the efficient computation of the radiation 

pattern becomes the key point in the optimization. It  has been shown that the 
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radiation pattern of a reflectarray can be computed using two different approaches, 

namely array theory and aperture field methods [1]. While the analysis principles 

for the two methods are completely different, numerical investigations have shown 

that the co-polarized radiation patterns computed by both methods are in well 

agreement with each other [16]. However, from the viewpoint of computational time, 

the array theory technique is much faster, and therefore it is more suitable for the 

optimization problem discussed in this paper. It should be pointed out that a further 

computational speed up for the calculation of radiation pattern can be achieved 

through replacing the double summations by a 2-D Fourier transform [16]. A 

geometrical model of the reflectarray system and vector coordinates is illustrated in 

Figure 1. 

It should be noted that in order to implement special transforms in the array 

theory formulation, a direct relationship between the angular coordinates (u = 

sinθcosφ, v = sinθsinφ) and array elements (m, n) is required. Then, the Fourier 

transforms are used to directly relate the complex coefficients between the angular 

coordinates and the array elements. Finally, the radiation pattern of a reflectarray 

system can be calculated quite efficiently using the following equation 
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( , ) Cos ( , ) 2 Cos ( , )

f

mn f mne e mn
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jk r r r ufq q j

e
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m n
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  (1) 

The first term in the above equation is the transmit mode pattern of the element which 

can be multiplied with the array factor after implementing the Fourier transform. It should 

be noted that in the above equation, every term except the exponential term 
ˆmnjkr u

e
 

 is 

calculated before implementing the Fourier transform, and only this exponential term is 

directly relating the aperture fields to far fields. Moreover, it is necessary to point out that 

the term ϕmn in equation is consisted of two parts: one is the compensation for the spatial 

delay, and the other is the element aperture phase shift for reflectarray element. As the 

spatial delay for each element is a fixed value, only the element aperture phase shift need 

to be adjusted in the optimization. 

 

 

Figure 2. Upper Bound Mask (MU) Model for an Asymmetrical Multiple 
Beams Reflectarray 

In the next stage, the IWO approach is implemented to optimize the element 

aperture phase shift within the range from 0 to 2π. In order to achieve multiple 

beams performance, a far field mask based on the design requirements should be 

defined for the optimization. The required far field mask for multiple beams 

radiation patterns are typically circular contours defined in the direction of each 

beam with required beam level [9-10]. Moreover, it also should be noted that the far 

field mask usually requires defining the upper (MU) and lower (ML) bound according 

to the desired pattern performance in the entire angular range. A 3-D figure of the 
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upper bound mask model for a multiple beams design with different beam levels in 

asymmetric beam directions is shown in Figure 2. 

The fitness function, cost measure to be minimized, defined for this optimization 

is as following equation 
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The above equation shows that the fitness function takes into account the 

performance of every point in the visible range, i.e. u
2
 + v

2
 ≤ 1. The first term in the 

fitness function evaluates the side lobe performance of the pattern for every point 

which does not belong to the main beam area. The last two terms evaluate the main 

beam performance of the pattern. It is important to point out that for a multiple 

beams design with same beam level the value of coefficient P can be 0, however, for 

the different beam levels case it should be 1 for considering the effect of different 

beam levels on the main beam performance. 

 

4. Numerical Results 
 

4.1. Optimized Multiple Beams Performance for IWO 

In order to illustrate the feasibility and robustness of this global optimization 

technique for general multiple beams reflectarray design, four different multiple 

beams design cases with working frequency of 12.5 GHz are investigated. For these 

design cases the reflectarray aperture is a circular plate with a diameter of 10λ, and 

the element located on the aperture is with the spacing of λ/2. The feed is prime 

focus with the f/D = 0.75. The power qe of the element pattern model is 1. The 

power qf of the feed pattern model is 6.5, which generates an edge taper below -13 

dB. 

Table 1. Design Requirements for Multiple Beams Performance (Beam 
Direction (θn, φn) and Normalized Gain Level) 

Design Beam 1 Beam 2 Beam 3 Beam 4 

Case I (30°, 0°) 

0 dB 

(30°, 90°) 

0 dB 

(30°, 180°) 

0 dB 

(30°, 270°) 

0 dB 

Case II (30°, 0°) 

0 dB 

(25°, 100°) 

0 dB 

(45°, 200°) 

0 dB 

(35°, 280°) 

0 dB 

Case III (30°, 0°) 

0 dB 

(30°, 90°) 

-5 dB 

(30°, 180°) 

-3 dB 

(30°, 270°) 

-8 dB 

Case IV (30°, 0°) 

0 dB 

(25°, 100°) 

-5 dB 

(45°, 200°) 

-3 dB 

(35°, 280°) 

-8 dB 

 

The design requirements for these multiple beams design cases are summarized in 

Table 1. It is worthwhile to point out that while the beam width and gain level of the 

multiple beams antennas are generally determined based on the task requirements, 

for the design cases investigated in this paper all beams are set to have the same 

beam width of the reference single beam design with the same configuration of the 

design cases. In addition, the side lobe level of the upper mask for all design cases 

is set to -25 dB. The contour figures of the upper bound mask model for these four 

design cases are exhibited in Figure 3. 
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(a)                                                                (b) 

          

(c)                                                               (d) 

Figure 3. Contour Figures of the Upper Bound Mask Model for these Four 
Designs: (a) Case I, (b) Case II, (c) Case III, (d) Case IV 

With the design requirements specified, the task is then to initialize the 

parameters of IWO for the optimization problem. The initial standard deviation (SD) 

is set equal to 5 percent of the range [0, 2π] of each element phase shift, and the 

final SD is set equal to 5e-5. It is suggested that the best choice for the value of 

nonlinear modulation index is 3, moreover, it has been concluded that the maximum 

and minimum numbers of seeds are respectively set to 5 and 1, which can lead to a 

good performance of the optimizer [14]. The maximum number of plant is set to 30, 

and the restricted boundary condition is selected. For each design case, 100,000 

iterations are performed. It should be noted that in equation (1), the computation 

time for radiation pattern calculation is mainly depending on the far field resolution. 

For arrays with about 400 elements, a far field pattern with 400×400 points evenly 

spaced in the angular coordinates is usually adequate, and therefore this value is 

used for all design cases in this paper. With our developed radiation pattern analysis 

code, the computation time for each radiation pattern calculation is about 3 

milliseconds on a 3.06 GHz Intel Xeon W3350 Think Station. For each design case, 

the total computation time is about 23 hours. The convergence curves for the four 

design cases are exhibited in Figure 4. From the Figure 4, it can be seen that in all 

four design cases, although the solution doesn’t convergence initially, it eventually 

escapes the optimization traps. 

For the four design cases investigated in this paper, the first two cases have 

multiple beams with equal gain level. Case I is a symmetric four beams reflectarray 

design, which is similar to the case reported in [9-10]. Case II is an asymmetric four 

beams reflectarray design. From the convergence curves, it can be observed that 

with the fixed iteration numbers, the fitness improvement for Case I is more obvious 

than that for Case II, which is good indicator for the complexity of the asymmetric 

design. Designs of multiple beams with different gain levels are investigated in the 

last two cases. The same fact that the asymmetric design is more complex than the 
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symmetric design is observed. The optimized phase distribution and radiation 

patterns for these four design cases are shown in Figure 5 and Figure 6, respectively. 

From Figure 6, it can be observed that the four multiple beams design cases 

investigated in this paper achieve the design requirements, which demonstrates  the 

effectiveness and robustness of the invasive weed optimization for the multiple 

beams designs. It is worthwhile to point out that according to the design 

requirements it is possible to use the symmetry of the optimization problem to 

reduce the dimension of the problem. However, the focus of this paper is on 

asymmetric multiple beams design, therefore no symmetry boundary is utilized in 

the optimization process. 

 

 

Figure 4. Convergence Curves of the Invasive Weed Optimization for 
Multiple Beams Reflectarray Design Cases 

        

(a)                                                                             (b) 

             

(c)                                                                              (d) 

Figure 5. Optimized Element Phase Distribution: (a) Case I, (b) Case II, (c) 
Case III, (d) Case IV 
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(a)                                                                               (b) 

               

(c)                                                                              (d) 

Figure 6. Radiation Patterns for the Optimized Multiple Beams Reflectarray: 
(a) Case I, (b) Case II, (c) Case III, (d) Case IV 

 

4.2. Comparison between the IWO and the IFT  

To illustrate the significance of implementing a global search technique for 

asymmetric multiple beams designs and the limitation of the local search techniques, 

the IFT is applied for phase optimization of Case II with the same design 

requirements. The optimized phase distribution and radiation pattern obtained by 

using the IFT are shown in Figure 7. There are to be compared with Figure 5 (b) and 

Figure 6 (b), respectively. From comparison, it can be observed that for this design 

case, the obtained radiation performance by the IFT is not satisfactory. Gain levels, 

side lobe levels and beam direction are obviously not satisfying with design 

requirements. In particular, some undesired lobes with a larger than -10 dB 

normalized magnitude are generated in visible range. In addition, the normalized 

gain level difference between beams is larger than 3dB. 

 

       
                       (a)                                                                       (b) 

Figure 7. Optimized Element Phase Distribution and Radiation Patterns for 
Case II Using the IFT: (a) Phase Distribution, (b) Radiation Patterns 



International Journal of Multimedia and Ubiquitous Engineering 

Vol.11, No.4 (2016) 

 

 

Copyright ⓒ 2016 SERSC      371 

In general, the IFT is quite advantageous for simple design case such as Case I. 

However, for asymmetric design case, the optimization problem is quite challenging, 

and a satisfactory multiple beams performance cannot be achieved with this 

technique. In addition, while in comparison with the IFT, the IWO requires much 

higher computation time, the major strength of this global search technique is the 

capability to escape the traps in the optimization procedure. 

 

5. Conclusion 

Phase-only optimization of asymmetric multiple beams reflectarray with single feed 

has been investigated in this paper. At first, conventional approaches for designing 

multiple beams reflectarray are reviewed, and the shortcomings of these approaches are 

discussed. After that, a general approach based on the invasive weed optimization to 

design asymmetric multiple beams reflectarray is proposed and practice considerations of 

implementation of this approach are discussed. Different design cases of multiple beam 

reflectarray with asymmetric beam directions and gain levels are optimized by the 

proposed approach. The satisfactory multiple beams performances achieved by the 

proposed approach demonstrate the effectiveness and robustness of this approach, which 

makes this method a more universal approach for any multiple beams performance design. 
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