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This paper proposes a new design of an electromagnetic interference wideband filtering power divider (FPD) with a wide stopband based on the genetic algorithm (GA). A set of data structures is constructed by describing the corresponding connection method between the basic units and their electrical parameters in the three-port design. Then, the GA is used to find the appropriate design topology and electrical parameters, including isolation resistances, to meet FPD specifications by optimizing the data structures. For validation, one prototype is implemented. The results indicate that the new wideband FPD exhibits compact size, sharp roll-off, and good in-band isolations.
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1 INTRODUCTION
In recent years, with the rapid development of RF systems, there is an increasing demand for compact and high-performance RF equipment. The design of a highly integrated multifunctional microwave circuit can meet these needs well. Among them, a filtering power divider (FPD) with high performance, especially high isolation, becomes a research hotspot. For wideband (WB) application in wireless communication systems, WB-FPDs are desired and have been explored in [1–9]. A wideband FPD is introduced in [1], which sacrifices passband insertion loss. A wideband FPD with a wide stopband implemented by using open-stub loaded coupled lines [2, 3] presents a novel microstrip dual-mode FPD with a wide upper stopband. In [4–9], several FPDs are introduced, showing good performance in both the passband and stopband. However, the design of FPDs with merits of good insertion loss and high isolation still remains a great challenge.
On the other hand, in order to improve the design efficiency and performance of microwave circuits, multiple intelligent algorithms have been applied to the design [10–13]. [10] presented a computer-aided design procedure of the simulated annealing algorithm to optimize dual-wideband microstrip line filters. [11] proposed a novel method to model the microwave circuit by combining traditional full-wave electromagnetic simulation with the annealing algorithm for the first time. In [10], a compact dual-band bandpass filter was designed using the genetic algorithm (GA). Nevertheless, up to now, there are few algorithms used to design FPDs, not to mention wideband FPDs.
In this paper, a high-performance wideband FPD is designed using the GA. Taking advantage of the capability of avoiding the local optimal situation from the adaptive GA, suitable circuit topology, including the isolation network and corresponding electrical parameters, is determined to achieve the desired performance. To verify this design concept, a wideband FPD working at 1.3 GHz with a fractional bandwidth of 69.2% and out-of-band suppression greater than 4.5 times the center frequency is simulated, fabricated, and tested.
2 DESIGN OF THE OUT-OF-PHASE WIDEBAND FPD
Since a three-port FPD can be considered a symmetrical structure, the even- and odd-mode analysis method can be applied. The equivalent odd- and even-mode circuits of the FPD can be obtained by setting the symmetrical plane open- and short-circuited ends, and the theoretical three-port scattering parameters can be easily obtained as follows:
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where S11e and S11o denote reflection coefficients of the even- and odd-mode equivalent circuit models, respectively, while Se21 represents the transmission coefficients of the even-mode equivalent circuit model.
Traditionally, as shown in Figure 1A, any two-port microstrip circuit can be divided into basic circuit elements, as shown in Figure 1B. The circuit can be seen as a data structure, as shown in Figure 1C, composed of three sections. The first section is coded in integer which is determined by the topology of a basic element. The second section is coded in integer, which indicates the method of connection to the former elements. The third section coded in floating number and represents the corresponding electrical parameters. The details of the basic circuit elements are shown in Table 1. During the GA, a structure is chosen as a gene and a set of structures is set as a chromosome [14–16]. Therefore, it is obvious that the two-port even-mode equivalent circuit model of a microstrip FPD can be indicated by a chromosome.
[image: Figure 1]FIGURE 1 | Representation scheme in the proposed algorithm. (A) Typical microstrip circuit working at 3.5 GHz. (B) Decomposition of the circuit in (A) into basic circuit elements. (C) Chromosome of the circuit in (A), a set of structures.
TABLE 1 | Electrical parameters of the basic elements.
[image: Table 1]In this work, a wideband FPD is designed to improve the operation wideband performance and design efficiency by adopting the adaptive GA [17]. Different from the traditional GA, the adaptive GA changes the crossover and mutation probability with the fitness value automatically, which greatly increases the convergence accuracy and accelerates the convergence process of the GA. The optimization process is as follows: first, in the adaptive GA, the convergence time is influenced by the initial population significantly. Therefore, the corresponding electric length and characteristic impedance of each chromosome is randomly initialized between π/6–5π/6 and 20–150 Ω for practical implementation. Next, in order to effectively appraise the frequency response of chromosome [8], the transmission-line models are utilized to calculate the scattering parameter (S21e). Finally, the ABCD matrix chain of the chromosome is converted into a scattering matrix. The conversion process is shown in the following formula.
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where Z01 and Z02 are the source and load impedances of the system, respectively, and R01 and R02 are the real parts of Z01 and Z02, respectively.
Then, the fitness value is designed as follows:
[image: image]
where N represents the number of sampling points, wi is the weighting value at the ith sampling parameter, and fi is the square deviation between the calculated scattering parameter (S21e) and the desired value at the ith sampling point.
Based on the ideal frequency response, the optimal solution is obtained by optimizing the topological structure and the corresponding electrical parameters. Here, in order to validate the proposed algorithm, a wideband FPD is designed and implemented. The specifications of the FPD are as follows:
Return losses within 0.5–2.0 GHz >20 dB.
Rejections within 2.0–6.0 GHz >20 dB.
Figure 2 shows the desired scattering parameters of the wideband FPD. The whole flowchart of the even-mode circuit optimization procedure for the desired power division filtering response is defined in the left part of Figure 4. In this design, the optimal chromosome after 45 generations is composed of four transmission lines, two short-ended stubs, and two coupled lines, which is used for the dual-port even-mode equivalent circuit model of the desired FPD. The final electrical parameters are shown in Table 2.
[image: Figure 2]FIGURE 2 | Desired function of the genetic algorithm.
TABLE 2 | Electrical and physical parameters of the initial FPD.
[image: Table 2]The next step is to obtain the isolation network configuration with high isolation performance. First, the positions of the isolation resistors need to be determined. In our design, when a short-ended stub or short-ended coupled line is introduced in each branch, a resistor will be placed between the connection points. Additionally, to simplify the configuration, a resistor is necessary when the next unit is a transmission line (TL) unit only. Therefore, three resistors are introduced, as shown in Figure 3C. On the other hand, to make the resistors achieve the satisfactory isolation performance, the resistances need to be set properly. These resistors are utilized in the GA as extended unknown design parameters of the genes, together with the known electrical parameters from the aforementioned determined even-mode equivalent circuit. The initial values of these resistors are set between 100 and 1,000 Ω. S23 is made to approach 0 to find the optimal resistances. More specifically, based on Eq. 1, it can be concluded that once the even-mode equivalent circuit is obtained, S23 is only affected by the odd-mode equivalent circuit. As a result, to obtain S23, the following equation should be optimized to approach 0:
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[image: Figure 3]FIGURE 3 | (A) Equivalent circuit of the proposed WB-FPD, (B) even mode, and (C) odd mode.
where [image: image] is the return loss of S. The right part of Figure 4 shows the whole process of the optimization procedure to achieve optimal isolation. After applying the optimization process, the optimal values of the resistors are successfully found as follows: R1 = 98 Ω, R2 = 591 Ω, and R3 = 105 Ω.
[image: Figure 4]FIGURE 4 | Flowchart of the proposed algorithm.
3 TRANSMISSION ZERO ANALYSIS
Based on the aforementioned design process, the final circuit structure is determined, as shown in Figure 3A. Figure 5 shows the theoretical filtering performance of the proposed WB-FPD circuit. It can be found that the design exhibits wideband and good spurious suppression, which meets the requirement well.
[image: Figure 5]FIGURE 5 | Theoretical filtering performance of the WB-FPD circuit.
In order to illustrate its high filtering performance better, the transmission zeros (TZs) will further be analyzed. Figure 3B shows the even-mode equivalent circuit, which can be utilized to obtain the filtering function. Herein, Zine is the input impedance, and it can be derived as follows:
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where
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Therefore, the reflection coefficient at output port 2 (or port 3) can be derived as follows:
[image: image]
Next, S21 can be determined as follows:
[image: image]
By setting |S21| = 0, six TZs are deduced as (9), which are generated by the short-ended stub and couple lines.
[image: image]
4 IMPLEMENTATION AND RESULTS
According to the aforementioned analysis, a WB-FPD prototype with f0 = 1.3 GHz is designed and manufactured. The proposed circuit is designed on a Rogers RO4003C substrate with a relative dielectric constant of 3.55, a loss tangent of 0.0027, and a thickness of h = 0.508 mm The corresponding parameters shown in Figure 3A are determined as follows (units: mm): L1 = 17.7, L2 = 12.53, L3 = 7.17, L4 = 12.79, L5 = 10.64, L6 = 35.07, L7 = 12.54, L8 = 15.72, W1 = 0.52, W2 = 0.21, W3 = 1.29, W4 = 2.18, W5 = 0.38, W6 = 0.68, W7 = 1.34, W8 = 0.76, S1 = 0.23, S2 = 0.11, and R1 = 100 Ω, R2 = 600 Ω, and R3 = 100 Ω. A photograph of the fabricated WB-FPD is shown in the inset of Figure 6A. The S-parameters are performed using the Agilent 5244 A network analyzer. As shown in Figures 6A,B, the measured center frequency is 1.3 GHz, and the corresponding 3-dB fractional bandwidth is 69.2%. The insertion loss in the passbands is 1.3 dB, while the return losses of the input and output are better than 20.3 and 22.4 dB, respectively. Six TZs can be found as expected, which help achieve good out-of-band suppression. In addition, the measured isolation is 19.8 dB within passbands.
[image: Figure 6]FIGURE 6 | Measured and simulated results of the WB-FPD. (A) Magnitudes of S11, S21, and S31. (B) Magnitudes of S23, S22, and S33.
Table 3 shows a detailed comparison between the proposed design and other reported works. It can be concluded that this design can not only achieve wider working bandwidths and sharper frequency selectivity but also higher in-band isolation. It is also worth mentioning that it realizes a wideband FPD with a wide stopband design using the optimization algorithm for the first time.
TABLE 3 | Comparisons with other previous works.
[image: Table 3]5 CONCLUSION
In this paper, a new design of a wideband FPD with a wide stopband based on the GA is proposed. The analysis and design procedure have been illustrated. A prototype WB-FPD has demonstrated the design concept. With decent performance and high design efficiency, the proposal is attractive for wireless communication systems.
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