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Abstract. 
A multiobjective genetic algorithm has been applied to design a new
printed, bow-tie antenna for ultrawideband applications, that is, ground penetrating radar, short range and high data rate communications, and 
so forth. The ultrawideband performance with respect to antenna impedance and gain is achieved by an optimized resistive
loading profile and flare angle. A low-cost prototype is manufactured and numerical simulations are validated with
measurements.


1. Introduction
The antenna performance in ground penetrating radar (GPR) systems is measured by its ability to transmit and receive short pulses (on the order of a few nanoseconds), whose duration is a tradeoff between range resolution and penetration depth [1]. The transmission without distortion of these pulses needs ultrawideband (UWB), nondispersive antenna systems. Such ultrawideband antennas must exhibit a linear phase characteristic over the whole operating frequency band (so-called transient antenna [2]), apart from constant magnitude of the input impedance, polarization, and gain.
When an antenna is fed by a transient pulse (impulse antenna), the initial acceleration of the charges produces radiation from the feed point, which is the sole source of radiation until the traveling pulse reaches any antenna discontinuity. There, the current pulse that propagates along the antenna structure, is partially reflected, constituting secondary radiating sources [3]. Therefore, the time-domain antenna response can be divided into two parts: the main pulse and the ringing region. The main pulse results from the direct radiation of the excitation pulse at the feed point, while radiation originating at antenna discontinuities, gives rise to the ringing region. Depending on the relation between width of the pulse and size of the antenna, these regions could overlap.
A design goal for impulse GPR antennas is the removal or minimization of the ringing region. The main method to achieve this is to establish a proper distribution of resistive loads along the antenna to diminish the reflections of the current pulses at antenna discontinuities [4–6]. As a result, the input-impedance bandwidth of the antenna is increased [7]. However, the enhancement of the ultrawideband characteristics of an antenna, by loading its structure, reduces the antenna gain due to ohmic losses. The design of such antennas is a multiobjective engineering problem with opposite goals, where a tradeoff between bandwidth and gain needs to be found.
One kind of antenna widely used in GPR applications is the solid bow-tie antennas [4, 8] being simple to design and having ultrawideband impedance properties. However, in some cases, the use of the wire bow-tie antenna or strip bow-tie antenna may be advantageous, as they are more easily loaded with resistors than their solid counterparts and have adaptive properties [9, 10]. In [11], a microgenetic optimization algorithm (GA) was used to optimize the input impedance bandwidth of a thin-wire bow-tie antenna. The result was an antenna with a very high impedance bandwidth but a low gain. In an effort to increase the directivity of the antenna, a new thin-wire design was proposed in [12], where the front-to-back ratio and the broadband behavior of the input impedance were simultaneously optimized by means of a multiobjective GA. Improved directivity was achieved by bending the two arms of the antenna in a horn-like way, while the broadband impedance characteristics were accomplished by discrete resistive loading of the antenna wires. The result was greater broadside direction gain but at the expense of augmenting the antenna profile.
In this paper, a new optimized printed-strip bow-tie antenna is proposed. With the aim of using a multiobjective GA for the simultaneous optimization of three following antenna parameters: 
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 bandwidth, gain bandwidth, and gain in the broadside direction. This approach goes beyond simply seeking an antenna with high impedance bandwidth, as in the case described in [11]. Moreover, the possibility of using different load profiles on the different strips that compose the antenna geometry is allowed, so that it is possible to find better designs than in [11, 12], where the same load profile was used in all the antenna wires. The only condition imposed on the load profile is to have quadrangular symmetry. The optimization was carried out in two steps. First, a flat, thin-wire bow-tie antenna was designed by hybridizing an in-house multiobjective GA code with the method-of-moments code NEC [13] for modeling the thin-wire antenna response. Subsequently, in order to facilitate the construction of a prototype, the wire antenna was converted into a printed strip using the same surface area rule of thumb [14]. Finally, the equivalent printed antenna prototype was built and its measured 
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 parameter and gain were found to be in good agreement with the numerical results predicted by the commercial code CST Microwave Studio. (This two-step designing procedure is followed because the computation speed of the hybrid GA-NEC code is much faster than the GA-CST.)
The paper is organized as follows. Section 2 describes the parameters that characterize the antenna to be optimized, the specific strategy followed to produce a new UWB optimized design and the numerical results corresponding to that design. In Section 3, the 
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 parameter and antenna gain are measured and compared with numerical simulations. Conclusions are discussed in Section 4, where future directions of investigation are also outlined. Finally, in Appendix, a step-by-step description of the process followed to transform a thin-wire, bow-tie antenna to an equivalent printed antenna is given.
2. Multiobjective Antenna Optimization
There are many strategies to handle multiobjective optimization problems: Vector Evaluated Genetic Algorithm [15], linear aggregation of objectives [16], or the most widely used, which is based on Pareto dominance [17]. In this paper, we will use this last strategy due to its high rate of success in electrical and electronic engineering applications [18, 19]. In particular, we chose the nondominated sorting genetic algorithm in the revised version of Deb et al. (NSGAII) because of its easy implementation, remarkable ability to reach the true Pareto front in mathematical test functions, and less computational complexity than other similar algorithms [17].
In this section, the system to be optimized is first described, setting what parameters can be tuned up and what parameters are kept fixed. Later, the basics of the optimization algorithm that is used in this work is outlined, ending with the presentation of the numerical results from the optimization process.
2.1. Description of the Optimized System
The geometry of the thin-wire bow-tie antenna proposed for optimization is shown in Figure 1. It is made up by 
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 are inserted in the wires. At these gaps, chip resistors are soldered in order to enhance the ultrawideband characteristics of the antenna to be optimized in the frequency range between 0.5 GHz and 3 GHz, which is a typical band in GPR applications. Four different resistors are located on each arm, but, since the maximum of the radiation pattern is required to be in the broadside direction, the distribution of resistors is forced to have quadrangular symmetry and therefore only 
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 different resistors will be considered in total for an antenna design. The number of dipoles were chosen to be 
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 because, although the UWB behavior of the antenna increases with the number of wires, no noticeable improvements are found over 
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 [20]; therefore, the load profile will consist in only 16 different resistors.


	
	
		
			
				
					
				
					
				
			
			
				
					
				
					
				
			
		
	
	
	
	
		
			
				
					
				
					
				
			
			
				
				
					
				
			
		
	
	
	
	
	
	


	
		
		
			
		
		
			
		
	



	
		
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
			
		
	


	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
		
		
			
			
			
			
		
	


	
		
			
			
		
		
			
		
	


	
		
			
		
		
			
		
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
		
			
		
	



Figure 1: Geometry of the thin-wire bow-tie antenna to be optimized. 
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Among the parameters that define the antenna, the ones that will be allowed to vary during the optimization process are the exterior flare angle 
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 the resistor placed in the vicinity of the feed point. The remaining parameters are kept fixed. The wires are chosen to have a radius of 
	
		
			

				𝑟
			

			

				𝑤
			

			
				=
				0
				.
				6
				5
				m
				m
			

		
	
 while their length is 
	
		
			

				𝐿
			

			

				𝑤
			

			
				=
				7
				5
				m
				m
			

		
	
 and the resistors, of body length 
	
		
			

				Δ
			

			
				g
				a
				p
			

			
				=
				2
				m
				m
			

		
	
 (0805 SMD chip resistors), are equally spaced over the wires separated by a distance 
	
		
			

				Δ
			

			

				𝑆
			

			
				=
				1
				8
				.
				7
				5
				m
				m
			

		
	
.
2.2. Antenna Optimization Using a Multiobjective GA
 GAs are optimization algorithms based on the theories of evolution and genetics [21]. GAs are iterative algorithms that consider a population of individuals, each individual representing a potential solution of the problem at hand, which is described by a set of genes. The process starts by evaluating the quality of individuals in the initial population by calculating a representative function, named fitness function, which is defined by the designer in terms of the expected performance of the optimized antenna. The best designs are selected and undergo the genetic operations of crossover and mutation, resulting in a new generation of individuals to be evaluated again. Crossover is usually accomplished by randomly selecting two individuals (called parents) and generating another two (called offsprings) by mixing the genes carried by the parents in some specified fashion. Mutation changes a gene with a certain probability within the allowed values in the design. This process is continued until a stop criterion is met.
The specific optimization algorithm that is used in the present work is the NSGAII. This algorithm is used to optimize, simultaneously, the 
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) of the model proposed above, seeking to achieve the widest possible bandwidth in both magnitudes, with the highest value of the latter. As fitness functions to evaluate the performance of each individual, the following were chosen.
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:The maximum value of the Gain in the frequency band of operation. 
The NSGAII starts with the creation of a population (
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 individuals (antenna designs) with its parameters randomly chosen from a uniform distribution. In the present case, each antenna is represented by a real number, coding the flare angle 
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. After a preliminary study, the search space was reduced to the one defined by the discrete values 
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, thereby speeding up the convergence of the optimization process. The main cycle of the iterative process (see Algorithm 1) starts with the evaluation of each individual of the population by computing 
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	Algorithm 1: Description of the NSGAII.


The specific genetic operators we employed were as follows. First, a binary tournament selection was used to identify the best individuals within the population. This operator randomly picks two individuals from the previous population and chooses the superior solution for a future crossover following the Pareto domination rules. As a mechanism to recombine the features of two individuals previously selected, a hybrid real-discrete crossover operator is chosen, where the angle 
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 while to mutate the resistors the algorithm shown in Algorithm 2 is used. Among these operators, the specific multiobjective genetic operator is the tournament selection, in which the dominance in the pareto sense is implemented.
		
	
		
			
				(
				1
				)
			

		
	
  for  
	
		
			
				𝑗
				←
				1
				,
				3
			

		
	
  do
	
	
		
			
				(
				2
				)
			

		
	
       
	
		
			
				𝑢
				←
				𝑈
				[
				0
				,
				1
				]
			

		
	

	
	
		
			
				(
				3
				)
			

		
	
       if  
	
		
			
				𝑢
				<
				𝑝
			

			
				r
				e
				s
			

			
				(
				𝑗
				)
			

		
	
  then        
	
		
			

				⊳
			

		
	
 Decision of muting one of the values that define a resistors.
	
	
		
			
				(
				4
				)
			

		
	
            
	
		
			

				𝑋
			

			

				𝑗
			

			
				∈
				𝑈
				[
				0
				,
				𝜅
			

			

				𝑗
			

			

				]
			

		
	

	
	
		
			
				(
				5
				)
			

		
	
       end if
	
	
		
			
				(
				6
				)
			

		
	
  end for


	Algorithm 2: Discrete mutation of genes corresponding to resistors.
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2.3. Optimization Results
 To ensure the convergence of the Pareto front, five independent runs of the optimization algorithm were executed with a population of 
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Figure 2: Pareto front and its projections at the end of the optimization process. The Pareto front is represented by black spheres while the selected design (
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) is marked in red and pointed with an arrow.


The parameters of the chosen antenna are 
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 while the load profile is shown in Table 1.
Table 1: Load profile of the selected antenna design. The 
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 in rows.
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	 1 	 2 	 3 	 4 
	

	 1 	 24 	 0 	 11 	 39 
	 2 	 270	 20 	 0 	 12 
	 3 	 790	 33 	 14 	 96 
	 4 	 59 	 170	 5 	 230 
	




3. Experimental Validation of the Antenna Performance
To illustrate the performance of the antenna design proposed in the previous section, two prototypes were fabricated and tested. One monopole over a ground plate fed with a coaxial connector and a dipole antenna fed by a 
	
		
			
				𝜆
				/
				4
			

		
	
 balun. Both were made of metallic strips printed on FR-4 substrates (
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). A printed antenna model was chosen to facilitate its fabrication and testing in our laboratory facilities. Before the prototypes were built, numerical simulations were carried out by CST software, to determine how the antenna performance varied from the thin-wire model simulated