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A Simple Approach to Synthesis of Arrays with Shaped Pattern and Low Side Lobe Level Suomin Cui* and Daniel S. Weile Dept. of Electrical & Computer Engineering, University of Delaware, Newark, DE



1. Introduction The problem of synthesizing an antenna pattern for a particular application has received much attention since antennas were first introduced by Heinrich Hertz at the end of the nineteenth century. Since that time, much (and perhaps most) of this work has focused on the design of arrays of antennas. The main goal of antenna array synthesis is to find appropriate weighting coefficients to yield a desired radiation pattern. Numerous possible methods have been proposed over the years including the well-known Tchebyschev, Taylor and Fourier methods [1] which are usually referred to as classical methods, a series of variants based on the classical methods such as the Orchard method [2], various numerical methods including nonlinear optimization methods [3], adaptive methods [4], genetic algorithms [5] and so on. In this article, we present a new method to synthesize radiation patterns of antenna arrays with shaped patterns and low side-lobes based on a phased array technique. This method is based on the following prior knowledge: By superposition, we always can use numerous antenna arrays with low side lobes to construct one antenna system which can realize a desired shaped pattern in a given region. Because all of the arrays used here have low side-lobe level, regions that have no main beam shifted into them will have low sidelobes. In other words, the method presented here is based on using a low side-lobe, narrow beam array as an array with an approximate delta function pattern from which any other arrays can be built. This observation gives the method explicit physical meaning: arrays built by the method presented here have their patterns shaped by the superposition principle, and deviations from a desired pattern result from the inability to produce a true delta function pattern with a finite number of antennas. Moreover, because the method is based on superposition (and not, for instance, the polynomial nature of linear array factors), element patterns and higher dimensionality cause no difficulties for the method. Several synthesis examples for linear arrays confirm the usefulness and simplicity of the proposed method. 2. The Optimization Procedure Consider a linear array composed of N equispaced isotropic elements separated by a distance d shown in Fig.1. Let I n be the excitation of each element. The array factor is expressed by the well-known formula: N



F (θ ; I1 ,… , I n ) = ∑ I n exp  jk0 ( n − 1) d cos θ 



(1)



n =1



where k0 is the wavenumber and θ is the angle with the line of array elements. The goal of the proposed procedure is to determine the excitation coefficients I n of the array to form shaped patterns in a given region θ L ≤ θ ≤ θ H (or several such regions) while the side-lobe level outside of this region is kept as low as possible. The procedure comprises three main steps: (1) construction of an appropriate low side lobe level array such as Tchebyschev array, (2) formulation of a minimization problem, and (3) optimization. These steps are discussed below. Step 1: Construction of an appropriate low side lobe level array. Given N, the number of array elements, a Tchebyschev pattern is easily designed which is optimal in the sense that it yields a minimum uniform side-lobe level for a given main lobe width. The main lobe of the array so designed is located at θ = 90° . The excitation coefficient for each element in the low side lobe level array will be denoted by I nT for n = 1,… , N . The side-lobe level of the array should be chosen to be slightly lower than the desired side-lobe of the eventual shaped-pattern array. This is because the method presented here works by adding the pattern of this array to shifted versions of
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itself. Thus, keeping the side-lobe level of this basic array slightly lower than the desired sidelobe level will ensure that this design goal is achieved. Step 2: Formulation of a minimization problem. After finding the weights for low side-lobe level array in the last step, a minimization problem is formulated to create the desired pattern. Consider the array with excitation coefficients given by I nm = am I nT exp  − jk0 ( n − 1) d cos θ m  (2) where am is real and positive, and θ m is an angle between 0 and π radians. An array with excitation I nm will then be a low side-lobe level array with the main lobe shifted to θ = θ m and with an amplified array factor given by the expression F (θ ; I1 ,… , I N ) = am F (θ − θ k ; I1T ,… , I NT ) . Because the radiation pattern of this array has only one main lobe at θ = θ m , and has low side lobes in the complementary region, several main lobes can be used to construct the desired pattern in the design regions, while keeping the pattern in other regions at a low level using the principle of superposition. In particular, an optimization problem can be formulated building on this observation. Given the design of the low side-lobe level array, a low sidelobe array with the desired pattern can be found by minimizing the functional  2 f ( a1 , a2 ,… , aM ) = ∫  Fdes (θ ) −  θ1  θ2
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where Fdes (θ ) is the desired shaped pattern, M is an integer determining how many Tchebyschev arrays will be used in the creation of the pattern. The values θ m to be used in determining I nm from Eq. (3) can be created from an arithmetic progression from θ L to θ H . Step 3: Optimization. The values am , m = 1,… , M in Eq. (3) can be found by employing multidimensional minimization algorithms. In this study, we adopt the direct search complex algorithm coded in the IMSL library (BCPOL) and described in [6] in detail. As might be expected, the initial values of am are critical to the success of this local optimization algorithm and the problem is especially acute for large M. A good choice for the initial guess (and the choice employed in this paper) is derived by assuming the interference among the main lobes for each underlying Tchebyshev pattern is weak, so am = Fdes (θ m ) . (This choice results from viewing each as an approximate delta function, and is the step that necessitates creating the array from an underlying, low side-lobe array.) While it is possible to use more robust, global search algorithms like genetic algorithms [7] or simulated annealing [8] to find the am with less dependence on the initial guess, such an approach is overkill, and will be far less computationally efficient than the current approach with the proposed initial guess. It should be noted that in general the side-lobe level of the resulting array will be a bit higher than that of the underlying Tchebyschev array. This difficulty can be explicitly handled by adding a simple term to Eq. (3) to produce the desired side-lobe. For example, a term proportional to f1 = ( SLLmax − SLLdes )
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can be used, where SLLmax and SLLdes are the highest and desired side-lobe level respectively. Of course, if the underlying Tchebyshev array side-lobe level is just slightly below that of the desired array, this extra term becomes superfluous. 3. Examples and discussion To illustrate the effectiveness of the proposed approach, we use a 25-element linear array with half wavelength spacing ( N = 25 and d = π / k0 ) to synthesize three desired patterns. The underlying low side-lobe level Tchebyschev pattern is shown in Fig. 2. Its side-lobe level is -36 dB. The first example is synthesizes the array to have a flat-top beam from 75° to 105° . Fig. 3(a) shows optimized pattern achieved by disregarding the side-lobes. The ripple of the resulting



pattern is ±0.35 dB , and the side-lobe level is -31 dB when M = 30 . The initial pattern for generated by the am of Eq. (2) is also shown. If a lower side-lobe such as –35 dB is required, the term of Eq. (4) can be added to the cost function to adjust the side-lobe level. Fig. 3(b) shows the result of doing this with SLLdes = −35 dB for M = 15, 20, and 30. It is clear once M is large enough, choosing a larger value of M does not alter the radiation pattern. The appropriate value of M not only depends on the size of the shaped region for a given array, but also on the size of the array under study. Larger arrays will give rise to narrower Tchebyschev beams and will hence require larger values for M. The second example demonstrates the synthesis of an array with two flat-top beams: Fdes = 0 dB for θ ∈ [50 , 70 ] , and Fdes = −10 dB for θ ∈ [110 ,130 ] . Figs. 4(a) and (b) show the synthesized patterns for M = 30 with and without the –35 dB side-lobe level requirement, respectively. Without the side-lobe level requirement, the pattern has a ripple of ±0.2 dB . When a –35 dB side-lobe level is required, the ripple increases to ±0.6 dB . This example shows that there is a tradeoff between the ripple amplitude in the shaped region and the side lobe level as is well known. In the third example, the goal was the synthesis of a mainbeam located at θ = 90 with a beam shape given by F = 1.25 × 10−3 sec 2 θ for θ ∈ [30 ,87 ] . The profile of the desired pattern and that of the obtained pattern are compared in Fig. 5, the side-lobe level is found to be -36 dB. This method is especially suitable for very large arrays. As stated before, the main beam from Tchebyschev method becomes narrow for a given side-lobe level, and thus the radiation pattern of Tchebyschev array is closer to ideal delta function. This implies that the initial guess presented in step 3 is much closer to desired optimum, resulting in very fast optimizations. Also, from Section 2, it is clear that this method does not depend on the array dimensionality at all, so it can easily be extended to planar arrays, unlike schemes based on the polynomial nature of the array factor. 4. Conclusions A simple approach for the synthesis of array patterns with shaped pattern and low side-lobe level has been proposed. The effectiveness of the approach has been confirmed by examples for equispaced linear arrays. In the talk, examples of the design of larger linear arrays and of planar arrays will be presented. References 1. C. A. Balanis, Antenna Theory—Analysis and Design. New York: Wiley,1982. 2. H. J. Orchard, R. S. Elliott and G. J. Sterb. “Optimizing the synthesis of shaped beam antenna patterns,” IEE Proc. Part.H, vol.132, pp.63-68, 1985. 3. M. H. Er, S. L. Sim and S. N. Koh, “Application of constrained optimization techniques to array pattern synthesis,” Signal processing, vol.34, pp.323-334, Nov. 1993. 4. P. Y. Zhou and M. A. Ingram, “Pattern synthesis for arbitrary arrays using an adaptive array theory,” IEEE Trans. Antennas and Propagat., vol.47, pp. 862-869, May 1999. 5. D. S. Weile and E. Michielssen. “The control of adaptive antenna arrays with genetic algorithms using dominance and dipody,” IEEE Trans. Antennas and Propagat., vol.49. pp. 1424-1433, Oct. 2001. 6. P. E. Grill, W. Murray and M. Wright. Practical Optimization. Academic press, NewYork, 1981. 7. D. E. Goldberg, Genetic Algorithms in Search, Optimization & Machine Learning, Addison Wesley, 1989. 8. S. Kirkpatrick, J. C. D. Gelatt, and M. P. Vechi, “Optimization by simulated annealing,” Science, vol. 220, pp. 671-680, 1983.
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Fig.2 Tchebyschev pattern with -36 dB side-lobe level (N = 25).



Fig. 1. Geometry of an N element equispaced linear array.
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Fig. 3. Initial and optimized patterns of a flat top beam (a) with no side-lobe restriction and (b) with side-lobes restricted to be less than –35 dB.
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Fig. 4. Optimized patterns of a double flat top beam (a) with no side-lobe restriction and (b) with side-lobes restricted to be less than –35 dB. 0 -5 -10 Designed pattern Desired pattern
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Fig. 5. Optimized pattern of a csc2 array.
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