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Abstract

:

In this paper, a wideband absorptive filtering power divider (AFPD) which features the characteristics of high selectivity and flat output distributions is proposed. It is composed of one unequal width three-coupled line (TCL), two coupled lines (CLs), two stepped open-circuited stubs, two kinds of isolation resistors, and two types of absorptive branches. The design equations of the proposed AFPD are derived using an even-odd decomposition method, and parametric investigations are also performed. It is found that the passband bandwidth can be adjusted by the stepped open-circuited stub which generates two transmission zeros (TZs). By combining the TCL with the CLs, the passband bandwidth is effectively enlarged. In addition, two isolated resistors are utilized for achieving good isolation and output-port matching performance. Without affecting the passband responses, the input port absorptive feature within the whole frequency band can be obtained by loading the absorptive branches both on the input and output ports. For validation, an example operating at the center frequency of 2 GHz was modeled and tested. Results exhibit that the passband FBW reaches 72% under 1 dB criterion, which illustrates flat output port distributions. In addition, for 10 dB return loss, the input and output impedance matching bandwidths are 250% and 78%, respectively. The features of good filtering responses are demonstrated by realizing the rectangle coefficient of 1.24 and the out-of-band suppression of more than 20 dB.
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1. Introduction


Filtering power dividers (FPDs), which integrate the functions of frequency selectivity and power division, have been a hot topic in recent years. Compared with the cascading configuration of power dividers and filters, the FPDs [1,2,3,4,5,6,7,8,9,10] have the merits of smaller size, better performance, and lower insertion loss. The research on FPDs has involved the wideband [1,2,3,4,5,6,7,8], dual-band [3,4,5], multi-way [6,7,8,9], reconfigurable [10], and so on. However, the FPDs introduced above are all reflective-type bandpass filters (BPFs), which means that the un-transmitted RF-input signal in the stopband regions will be reflected back to the source and affect the performance of adjacent active stages, such as the power amplifiers [11], the multiplexer [12], and so on. Inspired from the absorptive filters [13,14,15,16,17], the FPDs with input-absorptive behavior can be a good solution to deal with the above problem.



Until now, only several studies have reported on absorptive FPDs (AFPDs). In [18], the absorptive natures at the input/output ports are achieved by loading resistively terminated bandstop filtering branches. The passband 3 dB fractional bandwidth (FBW) is 13.6% and the 10 dB absorptive FBW is 75.5%. In [19], a frequency reconfigurable input-absorptive FPD is designed by replacing the λ/4 segments in PD arms with tunable BPFs and connecting the tunable bandstop filtering branch to the input port as the complementation. During the 28.1% frequency tuning range, the 3 dB FBW at each tuning state is 11.6%, and the 10 dB absorptive FBW reaches 87%. However, the above reports both have the drawbacks of narrow bandwidth, poor selectivity, and large dimensions.



To widen the operating bandwidth and improve the selectivity, two cascaded coupled lines (CLs) loaded with λ/2 open-circuited stubs are applied in designing the FPD in [20]. In addition, all-frequency input-absorption is realized by using three λ/4 short-circuited stubs series with resistors. Measurement results indicate that the in-band FBW is 62.3% for 10 dB return loss, and the stopband suppression reaches more than 20 dB. In addition, the absorptive bandwidth under 10 dB return loss reaches 200%. However, the passband 3 dB FBW is only 46%. When using 1 dB FBW as the criterion, the FBW is reduced to 25.9%, which indicates poor flatness. In [21], a compact wideband absorptive FPD is proposed. It exhibits the wideband filtering and power division functions by using the three-coupled lines (TCLs). In addition, the wideband input-absorptive feature is achieved by combining the T-shaped network with the absorptive stub. The 1 dB FBW is 52.8%, and the 10 dB input-absorptive band reaches 200%. The only drawback is the poor output matching bandwidth, which is narrower than the 1 dB FBW.



In the paper, an AFPD is presented with the advantages of wide passband bandwidth, wide input absorptive bandwidth, wide output impedance matching bandwidth, high selectivity, and flat output distributions. The main innovation of the proposed AFPD is the loading of two absorptive branches and the combination with suitable filtering sections, including the TCL, the CLs, and the stepped open-circuited stubs, to achieve a wideband absorptive bandwidth and at the same time keep good filtering responses, good output port impedance matching, and flat output distributions. A prototype was fabricated for validation. During the measurement, the FBWs for 1 dB and 3 dB passband criterions are 72% and 85%, respectively, with more than a 20 dB out-of-band suppression level. Using 10 dB return loss as the criterion, the input and output port impedance matching bandwidths are 250% and 78%, respectively. In addition, the rectangle coefficient (RC) reaches 1.24, which indicates high selectivity. In Section 2, the proposed AFPD is analyzed and parametric investigations are carried out. The implementation and measurements of the designed AFPD are shown in Section 3. Finally, Section 4 concludes the paper.




2. Theoretical Analysis and Design Procedure


2.1. Schematic of the AFPD


The topology of the proposed AFPD is illustrated in Figure 1. It consists of one unequal width TCL, two CLs, two stepped open-circuited stubs, two kinds of isolation resistors (R1 and R2), and two types of absorptive branches. One of the absorptive branches is loaded on the input port of the AFPD and consists of two L-shaped microstrip structures connected by a loss resistor (R3). The other absorptive branch, which is composed of a λ/4 short-circuited stub and a lossy resistor (R4), is shunted on the middle of the two isolation resistors, R2. By using the TCL combined with the two CLs, a wide passband 3 dB FBW can be achieved. In addition, two transmission zeros (TZs) appear by shunting the stepped open-circuited stubs, and the frequency selectivity is simultaneously improved. The loading of absorptive branches enables the behavior of input-absorption and increases the out-of-band suppression. Good isolation and output port matching can also be achieved by inserting resistors R1 and R2.



In the following, the circuit parameters of the proposed AFPD are introduced in detail. Firstly, the electrical lengths of the lines in Figure 1 are all defined as θ and correspond to 90° at the center frequency. Let Ze be the even-mode impedance of the CL, and let Zo be the odd-mode impedances of the CL. Since the TCL is composed of CLs with unequal widths, asymmetric CLs are utilized for the analysis of the TCL. Here, four parameters (Zea, Zoa, Zeb and Zob) are applied for the expression of the couplings between the edge and center lines. In detail, Zea and Zoa are the impedances of the edge line under even- and odd-mode excitations, respectively, while Zeb and Zob denote the impedances of the center line under even- and odd-mode cases, separately. The stepped open-circuited stub consists of two kinds of transmission lines (TLs) with the characteristic impedances of Z1 and Z2. The isolation resistor named as R1 is shunted between the nonadjacent lines of the TCL. Two isolation resistors, R2, are in series between the terminals of the two CLs. In the absorptive branch, the first L-shaped structure includes a TL (Z3) and an open-circuited stub (Z4), while the other L-shaped structure is composed of an open-circuited stub (Z5) and a short-circuited stub (Z6). For the other absorptive branch, the characteristic impedance of the short-circuited stub is defined as Z7.




2.2. Analysis of the FPD


2.2.1. Design Equations


Firstly, the AFPD without the absorptive branches (named as FPD) is analyzed. Figure 2 shows its sub-circuits under even-odd mode analysis. From the variables exhibited in Figure 2, the port impedances of the FPD under the odd- and even-mode cases (ZTRino, ZTLine, and ZTRine) can be derived as (1).


   Z TRino  =    Z  TRo 3    Z Y     Z  TRo 3   +  Z Y     



(1a)






   Z TLine  =  Z  S 2   −   2  Z  S 6  2     Z  S 1   +  Z  S 7   +  Z  TLe 1      



(1b)






   Z TRine  =    Z Y   (   Z  33    Z  11    +   Z  33    Z  TRe 1    −   Z  13    Z  31    )     Z Y  (   Z  11   +  Z  TRe 1    ) + (   Z  33    Z  11    +   Z  33    Z  TRe 1    −   Z  13    Z  31    )    



(1c)







Here, the ZTRino is the impedance viewed from port 2 under odd-mode case, and ZTrine is the impedance viewed from port 2 under even-mode case. ZTLine represents the impedance viewed from port 1 under even-mode case. In addition, ZY is the input impedance of the stepped open-circuited stub, ZTRo3 is the input impedance looking in from the right end of the CL in the odd-mode excitation. ZTLe1 and ZTRe1 are the input impedances looking in from the left end of the CL and the right end of the TCL, respectively, in the even-mode case. The expressions of ZY, ZTRo3, ZTLe1, and ZTRe1 are shown in (2).


   Z Y  = j  Z 2     Z 2  tan θ −  Z 1  cot θ    Z 1  +  Z 2     



(2a)






   Z  TRo 3   =  Z  33   −    Z  34    Z  43       Z  44    +   R 2     −     (   Z  13    Z  44    +    Z  13      R 2    −   Z  34    Z  14    )  2    (   Z  TRo 2   +  Z  11    )   (    Z  44    +   R 2    )  2  −   Z  14    Z  41     (    Z  44    +   R 2    )     



(2b)






   Z  T L e 1   =  Z  11   −    Z  13    Z  31    (   Z Y  +  Z 0   )     Z Y   Z 0  +  Z  33    (   Z Y  +  Z 0   )     



(2c)






   Z  T R e 1   =  Z  S 1   +  Z  S 7   +   2  Z  S 6  2     Z  S 2   +  Z 0     



(2d)







The intermediate variable ZTRo3 in (2b) can be expressed in (3), which denotes the input impedance looking in from the connection node of the right end of the TCL and the resistor R1.


   Z  TRo 2   =   (   Z  S 1    Z  S 2    +   Z  S 2    Z  S 7    −   Z  S 6  2   )   R 1     2 (   Z  S 1    Z  S 2    +   Z  S 2    Z  S 7    −   Z  S 6  2   ) +   Z  S 2    R 1      



(3)







Except for the mentioned variables, the variables Z11, Z13, Z14, Z31, Z33, Z34, Z41, and Z44 are the self-impedances of the CL [22], while the variables ZS1, ZS2, ZS6, and ZS7 are the self-impedances of the TCL [23]. The expressions of the self-impedances are shown in (4). Here, the Ze and Zo in (4a) are defined as the even- and odd-mode characteristic impedances of the CL. In (4b) and (4c), the Zea and Zoa are the impedances of the edge line under even- and odd-mode cases, respectively. Zeb and Zob denote the impedances of the center line for even- and odd-mode cases, separately.


   {     Z  11   =  Z  33   =  Z  44   = j    Z e  +  Z o   2  cot θ      Z  13   =  Z  31   = j    Z e  −  Z o   2  csc θ      Z  14   =  Z  41   = j    Z e  +  Z o   2  csc θ      Z  34   =  Z  43   = j    Z e  −  Z o   2  cot θ      



(4a)






   {     Z  S 1   = − j    Z  e a   +  Z  o a    2  cot θ      Z  S 2   = − j    Z  e b   +  Z  o b    2  cot θ      Z  S 6   = − j    Z  e a   −  Z  o a    2  csc θ      Z  S 7   = − j   K  (   Z  e a   −  Z  o a    )   2  cot θ      



(4b)






   Z  e a   −  Z  o a   =  Z  e b   −  Z  o b    



(4c)







Here, note that in order to obtain a wideband response, the value of K is often chosen within 0.3–0.7, and it is set to 0.5 as the average value in the design as [24]. Then, the input impedance matching and transmission performance (S11_FPD and S21_FPD) of the FPD can be obtained as (5) [20].


   S  11 _ FPD   =  Γ  i n e   =    Z  T L i n e   −  Z 0     Z  T L i n e   +  Z 0     



(5a)






   S  21 _ FPD   =  S  31 _ FPD   =  1   2     S  21  e   



(5b)






   S  22 _ FPD   =    Γ  o u t e   +  Γ  o u t o    2  =    Z  T R i n e    Z  T R i n o   −  Z 0 2     (   Z  T R i n e   +  Z 0   )   (   Z  T R i n o   +  Z 0   )     



(5c)






   S  23 _ FPD   =    Γ  o u t e   −  Γ  o u t o    2  =    Z 0   Z  T R i n e   −  Z 0   Z  T R i n o      (   Z  T R i n e   +  Z 0   )   (   Z  T R i n o   +  Z 0   )     



(5d)







Here, Z0 is reference impedance which is equal to 50 Ω in general. Γine represents the reflection performance of the input port for even-mode case. Γoute and Γouto are the reflection coefficients of the output ports (port 2 or 3) under even- and odd-mode excitation, respectively.




2.2.2. Parametric Analysis


Since stepped open-circuited stubs are connected in parallel at the output ports, two TZs (ftz1 and ftz2) related to f0 can be obtained when the input impedance ZY is equals 0 (corresponds to S21_FPD = 0), as shown in (6).


    f   tz 1    =   2  f 0   π  · arctan      Z 1     Z 2               f   tz 2    = 2  f 0  −  f  tz 1     



(6)







From Equation (6), the TZs of the FPD are controlled by the impedance ratio (IR) of the stepped open-circuited stub (Z1/Z2). Figure 3a gives the variation of the TZs and 3 dB bandwidth under different values of IR. It is observed that when IR increases, the two TZs become closer. In addition, the 3 dB FBW is reduced accordingly. For clear illustration, the |S21_FPD| of the FPD is shown in Figure 3b. It is revealed that when the IR changes from 0.6 to 1.45, the TZs shift from 0.465/1.535 f0 to 0.56/2.44 f0, while the corresponding 3 dB FBW narrows from 80% to 70%. In the design, on the basis of achieving the target bandwidth of 80%, the IR of 0.6 is chosen, which corresponds to two TZs located at 0.84 GHz and 3.16 GHz, respectively. Therefore, when Z2 is chosen to be 70 Ω, the value of Z1 can be calculated to be 42 Ω.



When set S11_FPD = 0, according to the method in [25], four transmission poles (TPs) (ftp1, ftp2, ftp3, ftp4) within the passband can be acquired in the frequency range 0–2 f0. Here, the equation of S11_FPD = 0 is a quartic equation. According to the general solutions of the quartic equation, which can be referred to ref. [25], the expression in (7) is derived. It is noted that since the expressions of the TPs are complex, two groups of intermediate variables (o1, o2, o3, o4, x0, x2, x4) are utilized for simplification, as shown in (8) and (9).


   f  t p 1   =   2  f 0   π  arccot  (   1 2     o 1    −  1 2     o 2     )   



(7a)






   f  t p 2   =   2  f 0   π  arccot  (   1 2     o 1    +  1 2     o 2     )   



(7b)






   f  t p 3   = 2  f 0  −  f  t p 2    



(7c)






   f  t p 4   = 2  f 0  −  f  t p 1    



(7d)




where


   o 1  =   2  x 2    3  x 4    +  o 3  +    x 2 2  + 12  x 0   x 4    9  x 4 2   o 3     



(8a)






   o 2  =   4  x 2    3  x 4    −  o 3  −    x 2 2  + 12  x 0   x 4    9  x 4 2   o 3     



(8b)






   o 3  =    2 3   (   x 2 2  + 12  x 0   x 4   )    3  x 4     (   o 4  +   − 4    (   x 2 2  + 12  x 0   x 4   )   3  +  o 4 2     )     1 3       



(8c)






   o 4  = 2  x 2 3  − 72  x 0   x 2   x 4   



(8d)




and


   x 0  =    Z 2 2   B 2   A b   8   



(9a)






   x 2  =    (   Z 1   Z 2   B 2   A b  −  Z 2 2  K  A b   B a  − 2  Z 1   Z 2   B a  A −  Z 2 2  A  A a   A b  +  Z 2 2   B 2   A b  + 2  Z 2 2  A  B a 2  −  Z 2 2   A 2   A b   )   8   



(9b)






   x 4  =    (   Z 1   Z 2  A  A a   A b  + K  Z 1   Z 2  A  B a   A b  +  Z 1   Z 2   A 2   A b  −  Z 1   Z 2   B 2   A b  − 2  Z 1   Z 2  A  B a   )   8   



(9c)






   A =  Z e  +  Z o      B =  Z e  −  Z o    



(9d)






    A a  =  Z  e a   +  Z  o a        B a  =  Z  e a   −  Z  o a     



(9e)






    A b  =  Z  e b   +  Z  o b        B b  =  Z  e b   −  Z  o b     



(9f)







According to (7)–(9), the TPs varies along with different circuit parameters and are investigated when the IR is set as 0.6. Figure 4a shows the variations with the coupling C of the CL, where C = (Ze − Zo)/(Ze + Zo). It is seen that there are four TPs between the two TZs when C is within 4.708–6.2 dB. Out of the range, the TPs are reduced to two. Figure 4b gives the detailed |S11_FPD| performance of the FPD. Wider bandwidth under 10 dB return loss can be obtained for C = 5–5.5 dB. Further, it is found that good impedance matching and equally distributed TPs are obtained simultaneously when the coupling is 5.2 dB. Thus, when the value of Zo is chosen as the 50 Ω, the corresponding value of Ze can be obtained as 172 Ω.



Meanwhile, Figure 5a shows the TPs varied with the coupling CT of a-line in the TCL, where CT = (Zea − Zoa)/(Zea + Zoa) [24]. It is seen that the in-band TPs change from four to three when the CT exceeds 6.925 dB. As illustrated in Figure 5b, wider bandwidth can be obtained with 10 dB return loss for CT = 5.5–6.5 dB. Wider impedance matching bandwidth with suitable TPs intervals is obtained when CT equals with 6 dB. Thus, Zea can be calculated as 150.3 Ω when Zoa is assigned as 50 Ω. Figure 6 shows the variations of TPs and |S11_FPD| along with the odd-mode impedance of b-line (Zob). Four TPs can be generated when Zob is larger than 35 Ω. But the |S11_FPD| bandwidth is less influenced by the Zob. Since the even-odd mode impedances of the edge and center lines in the TCL satisfy the relation in (4c), the even-mode impedance Zob of the b-line is calculated to be 156 Ω when Zob is selected as 60 Ω.



The remaining parameters are the isolated resistors R1 and R2, which contribute to the output ports matching and isolation. On the basis of the parameters obtained above, the relationship between R1 and R2 can be expressed by using the condition of S22_FPD = S23_FPD = 0, as shown in (10). Figure 7 shows the calculated |S22_FPD| and |S23_FPD| of the FPD as a different R2. It can be observed that as R2 increases, the |S22_FPD| and |S23_FPD| values around the center frequency are decreasing, while both of the values deteriorate near the side frequencies. Finally, under the criterion of |S22_FPD| and |S23_FPD| less than −20 dB, R2 is selected as 150 Ω. According to (10a), the value of R1 is calculated as 15 Ω.


   R 1  =   2  B R   (   Z  S 1    Z  S 2   +  Z  S 2    Z  S 7   − 2  Z  S 6  2   )     A R   (   Z  S 1    Z  S 2   +  Z  S 2    Z  S 7   − 2  Z  S 6  2   )  −  B R   Z  S 2      



(10a)






   A R  =  (   Z  11   −    Z Y   Z 0     Z Y  −  Z 0     )     (   Z  11   +  R 2   )   2  −  Z  S 4  2   (   Z  11   +  R 2   )   



(10b)






   B R  =  (   Z  11  2  −  Z  13  2  −    Z Y   Z 0   Z  11      Z Y  −  Z 0     )     (   Z  11   +  R 2   )   2  −  (   Z  11    Z  14  2  +  Z  11    Z  34  2  + 2  Z  13    Z  14    Z  34   −    Z Y   Z 0   Z  14  2     Z Y  −  Z 0     )   (   Z  11   +  R 2   )   



(10c)









2.3. Analysis of the AFPD


2.3.1. Design Equations and Parametric Analysis


In order to realize the input absorptive characteristic, two absorptive branches are loaded, where the sub-circuits under even-odd mode decomposition method are shown in Figure 8. Then, the overall S-parameters of the AFPD can be denoted as (11).


   S  11 _ AFPD   =    A  e _ in    Z 0  +  B  e _ in   −  C  e _ in    Z 0 2  −  D  e _ in    Z 0     A  e _ in    Z 0  +  B  e _ in   +  C  e _ in    Z 0 2  +  D  e _ in    Z 0     



(11a)






   S  21 _ AFPD   =  S  31 _ AFPD   =   2  Z 0     A  e _ in    Z 0  +  B  e _ in   +  C  e _ in    Z 0 2  +  D  e _ in    Z 0     



(11b)






   S  22 _ AFPD   =    Γ  o u t e   +  Γ  o u t o    2   



(11c)






   S  23 _ AFPD   =    Γ  o u t e   −  Γ  o u t o    2   



(11d)




where


   Γ  o u t e  ( o )    =    A  e ( o ) _ o u t    Z 0  +  B  e ( o ) _ o u t   −  C  e ( o ) _ o u t    Z 0 2  −  D  e ( o ) _ o u t    Z 0     A  e ( o ) _ o u t    Z 0  +  B  e ( o ) _ o u t   +  C  e ( o ) _ o u t    Z 0 2  +  D  e ( o ) _ o u t    Z 0     



(12)







Here, the derivations of Ae_in, Be_in, Ce_in, De_in, and Ae(o)_out, Be(o)_out, Ce(o)_out, De(o)_out in (11) and (12) are shown in Appendix A. According to (11a), the parameters of the absorptive branches can be derived when assigning the absorptive criterion (for example, |S11_AFPD| < −10 dB). Since there are seven unknowns (Z3, Z4, Z5, Z6, Z7, R3, R4) in the absorptive branches, the particle swarm optimization algorithm (PSO) is used for fast computation. Equation (13) lists the defined objective function F. Here, N1 and N2 are the sampling points numbers in the absorptive and filtering bands, respectively. fi is the sample frequency, where the sample interval is f0/D. It is noted that in the function F, g1 is denoted as more than 10 dB at the input absorptive band, which corresponds to L1 = 10 dB. In addition, to guarantee non-deterioration on other performances (output port impedance matching and isolation), the criteria g2 and g3 are added. In (13c) and (13d), the L2 represents the limiting conditions of output port impedance matching and isolation, which equals 20 dB.


  F  (   Z 3  ,  Z 4  ,  Z 5  ,  Z 6  ,  Z 7  ,  R 3  ,  R 4   )  =  g 1  +  g 2  +  g 3   



(13a)






   g 1  =  1   N 1      ∑  i = 1    N 1      |     |   S  11    (   f i   )   |   2  −   10   −    L 1    10      |     



(13b)






   g 2  =  1   N 2      ∑  i = 1    N 2      |     |   S  22    (   f i   )   |   2  −   10   −    L 2    10      |     



(13c)






   g 3  =  1   N 2      ∑  i = 1    N 2      |     |   S  23    (   f i   )   |   2  −   10   −    L 2    10      |     



(13d)







Figure 9 gives the detailed optimization flow chart. In the design, the sampling interval f0/D is chosen as 0.1 GHz, and the number of sampling points N1 and N2 were selected as 21 and 13, respectively, to cover the absorptive and filtering bands. The impedance range is limited to 40–120 Ω for practical considerations and for quick calculations. Then, the parameters of the absorptive branches can be obtained.



Figure 10 shows the effects of the resistors R3 and R4 on |S11| of the AFPD. It is seen that the out-of-band absorptive feature is mainly influenced by R3. As R3 increases within 20–60 Ω, the out-of-band return loss is increased. When R3 continues to increase from 60 Ω to 100 Ω, the 10 dB absorptive bandwidth is nearly unchanged, only the matching degree is influenced. As can be seen in Figure 10b, the changing of R4 will affect the matching degree of the input port, but the 10 dB absorptive bandwidth is nearly unchanged.




2.3.2. Theory Results and Design Procedures


Table 1 displays the calculated circuit parameters of the AFPD. Based on Table 1, the performance of the AFPD is obtained and listed in Figure 11. For convenience, the S-parameters of FPD and AFPD are compared directly. It is observed from Figure 11a that by inserting the absorptive branches, the bandwidth for 15 dB return loss at the input port is increased from 79% (0.61 f0–1.40 f0) to 200% (0–2 f0). In addition, the out-of-band suppression has been enhanced to over 30 dB. Under the criterion of |S21| = −6 dB, the calculated bandpass bandwidth is 85%, and the RC (|BW20dB/BW3dB|) reaches 1.17. Figure 11b indicates that the output port impedance matching is less affected by the absorptive branches. But the isolation between output ports is enhanced in the filtering band. After inserting the absorptive branches, the calculated |S23| is less than 21 dB from 0–2 f0, while the |S22| is less than −15 dB from 0.61 f0 to 1.39 f0, yielding a bandwidth of 78%.



The design processes of the proposed APFD are concluded as follows for guidance.



	(1)

	
According to the target 3 dB FBW, determine the IR of the stepped open-circuited stub. Then, the value of Z1 can be calculated according to the preassigned Z2 value.




	(2)

	
According to (7)–(9), the appropriate even- and odd-mode impedances of the CLs (Ze and Zo) and TCLs (Zea, Zoa, Zeb, and Zob) can be selected according to the performance of the TPs and |S11_FPD|.




	(3)

	
Based on the relationship between R1 and R2, as shown in (10), the values of R1 and R2 are obtained by considering the |S22_FPD| and |S23_FPD| performance.




	(4)

	
Finally, based on Figure 9, the absorptive branches (Z3, Z4, Z5, Z6, Z7, R3, and R4) can be optimized under the assigned criteria.










3. Implementation and Measurement


For demonstration, an example is designed at the center frequency of 2 GHz and fabricated on an F4B substrate (εr = 3.5, tanδ = 0.003, and h =1.5 mm). Figure 12 shows the layout and photograph of the fabricated AFPD. The overall dimension of the fabricated prototype is 66 mm × 79 mm, yielding 0.44 λg × 0.53 λg (λg is the guide wavelength at the center frequency). Table 2 illustrates the final dimensions of the designed AFPD optimized by using the software Ansoft HFSS 13.0. In the process of modeling in the HFSS, the Perfect E boundary is assigned to represent the copper foil in realization. The resistors are represented by the Lumped RLC boundary. In addition, lumped port excitation is applied in the modeling. And the auto mesh method is applied in the simulation, which satisfies high resolution to guarantee accurate results.



The circuit is fabricated through the high-precision corrosion equipment, where the accuracy is 0.01 mm. During the optimization using the HFSS, it is verified that the changing of about 0.01 mm has less effect on the overall performances of the prototype, while the resistors and connectors are soldered by hand. The vector network analyzer (VNA) Agilent N5230A (0.3–25.6 GHz) is used as the test equipment. Firstly, three high-frequency test cables are connected to the port of the VNA. Then, the dedicated calibrator is used to calibrate the three cables simultaneously in the frequency range of 0.3–5 GHz. Finally, connect the three cables to the three ports of the prototype separately and performing the measurement.



Figure 13 shows the simulated and measurement results of the fabricated AFPD, which exhibit great agreements. Firstly, the results between the simulated and theoretical results (Figure 11) are compared. It is found that the curves for the theoretical results are more symmetric and better. This is due to the theory results being based on the equations (obtained from formulas by using the MATLAB), and the field coupling between the structures are not considered. While using the HFSS software to construct the layout, the couplings between the structures for the real layout are taken into consideration. Since the simulated results are influenced by the field coupling between the coupled lines, the bending of the transmission lines, the corner and the connection to the output ports, the layout should be optimized to obtain the best results.



As seen in Figure 13a, the input port of the AFPD is absorptive in the whole measured frequency range, yielding a bandwidth of 250%. In the measurement, at the frequencies of 0.89 GHz and 3.25 GHz, two TZs are observed. Under 3 dB criterion, the passband FBW reaches 82.5% (1.24–2.89 GHz). In addition, the insertion loss (IL) at the center frequency achieved its minimum value of 0.35 dB. It is observed that the insertion loss in simulation is 0.28 dB. This is mainly due to the loss of the substrate, while in measurement, an extra loss of 0.07 dB appears. This may due to the loss induced by the connector or the fabrication error. Under the more strict criterion of 1 dB relative bandwidth, the measured bandwidth is from 1.33 GHz to 2.77 GHz (72%), indicating good passband flatness. In addition, the measured RC is 1.24 and the out-of-band rejection is larger than 20 dB, which indicates good filtering responses. It is observed from Figure 13b that in the absorptive bandwidth, the isolation between the output ports is larger than 12 dB. Under the criterion of 10 dB return loss (RL), the bandwidth for output ports matching reaches 78% (1.22–2.78 GHz).



The performance comparisons between the proposed and representative AFPDs are illustrated in Table 3. In [18,19], the 3 dB BPBW are both less than 20%, and the IL at the center frequency is high. In addition, no output reflection FBW is provided. Compared with the AFPDs in [20,21], which both exhibit more than 50% 3 dB FBW and 200% 10 dB input reflection FBW, the proposed AFPD shows a wider 3 dB BPBW of more than 80%, wider output reflection FBW of more than 70%, and smaller RC of 1.24. The out-of-band suppression of the proposed AFPD is also better than the work in [21]. In addition, in consideration of the 1 dB BPBW and 3 dB BPBF items, it is found that the designed AFPD exhibits more flat output port distributions.




4. Conclusions


In this paper, an AFPD with a wide 3 dB passband bandwidth, wide input absorptive bandwidth, wide 10 dB output reflection bandwidth, high selectivity, deep out-of-band rejection, and flat passband response is proposed. In the measurement, the results indicate that more than 70% bandwidths are achieved for 1 dB passband and 10 dB output reflection. The absorptive bandwidth for the input port reaches 250%. In addition, a minimum passband insertion loss of 0.35 dB is obtained. Due to its simple structure and complete design process, the proposed AFPD can be used as a replacement of the traditional reflective PD for improving the system performance, which has broad application prospects in the modern wideband communication system.
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Appendix A



    M  e _ in   =  [       A  e _ in        B  e _ in          C  e _ in        D  e _ in        ]  =  M A  ·  M  T C L   ·  M  C L _ A   ·  M Y    



(A1)





Here, the MA, MTCL, MCL_A and MY represent the ABCD matrices of the absorptive branch at the input port, the TCL, the CL with absorptive branch, and the stepped open-circuited stub, respectively, when input from port 1. And Equation (A2) gives the detailed ABCD expressions of MA, MTCL, MCL_A and MY.


   M A  =  [     1   0         Z 3  + j  Z c  tan θ    Z 3   (   Z c  + j  Z 3  tan θ  )       1     ]   



(A2a)






   M  T C L   =  [         Z  S 2      Z  S 6            Z  S 2    (   Z  S 1   +  Z  S 7    )     Z  S 6     − 2  Z  S 6          1   Z  S 6            Z  S 1   +  Z  S 7      Z  S 6          ]   



(A2b)






   M  C L _ A   =  [         Z  22    (   Z  33   +  R e   )  −  Z  23    Z  32      Z  42    (   Z  33   +  R e   )  −  Z  43    Z  32          (   Z  22   −    Z  23    Z  32      Z  33   +  R e     )   (     Z  44    (   Z  33   +  R e   )  −  Z  34    Z  43      Z  42    (   Z  33   +  R e   )  −  Z  32    Z  43      )  +    Z  34    Z  23      Z  33   +  R e    −  Z  24            Z  33   +  R e     Z  42    (   Z  33   +  R e   )  −  Z  43    Z  32            Z  44    (   Z  33   +  R e   )  −  Z  34    Z  43      Z  42    (   Z  33   +  R e   )  −  Z  32    Z  43          ]   



(A2c)






   M Y  =  [     1   0      j    Z 1  +  Z 2     Z 2   (   Z 1  cot θ −  Z 2  tan θ  )       1     ]   



(A2d)




where


   Z c  =    Z 4   Z 5   Z 6  cot θ + j  R 3   (   Z 4   Z 6  −  Z 4   Z 5    cot  2  θ  )    j  (   Z 5   Z 6  +  Z 4   Z 6  −  Z 4   Z 5    cot  2  θ  )  +  R 3   (   Z 5  cot θ −  Z 6  tan θ  )     



(A3a)






   R e  =  R 2  + 2  R 4  + j 2  Z 7  tan θ  



(A3b)







When input at port 2 under the even-mode excitation, the corresponding ABCD matrix [Me_out] is listed in (A4).


   M  e _ o u t   =  [       A  e _ o u t        B  e _ o u t          C  e _ o u t        D  e _ o u t        ]  =  M Y  ·  M  C L _ A 1   ·  M  T C L 1   ·  M A   



(A4)




where


   M  T C L 1   =  [         Z  S 1   +  Z  S 7     2  Z  S 6            Z  S 2    (   Z  S 1   +  Z  S 7    )    2  Z  S 6     −  Z  S 6          1  2  Z  S 6            Z  S 2     2  Z  S 6          ]   



(A5a)






   M  C L _ A 1   =  [         Z  44    (   Z  33   +  R e   )  −  Z  43    Z  34      Z  24    (   Z  33   +  R e   )  −  Z  23    Z  34          (   Z  44   −    Z  43    Z  34      Z  33   +  R e     )   (     Z  22    (   Z  33   +  R e   )  −  Z  32    Z  23      Z  24    (   Z  33   +  R e   )  −  Z  34    Z  23      )  +    Z  32    Z  43      Z  33   +  R e    −  Z  42            Z  33   +  R e     Z  24    (   Z  33   +  R e   )  −  Z  23    Z  34            Z  22    (   Z  33   +  R e   )  −  Z  32    Z  23      Z  24    (   Z  33   +  R e   )  −  Z  34    Z  23          ]   



(A5b)







Here, MTCL1 and MCL_A1 are the ABCD matrices of the TCL and the absorptive-branch-loaded CL, respectively, when input from port 2. Based on Figure 8b, the ABCD matrix [Mo_out] between ports 2 and 3 under odd-mode excitation is shown in (A6). It is noted that the MTCL_S is defined as the ABCD matrix of the TCL with center-line shorted. Let MCL_R1 and MCL_R represent the ABCD matrices of the absorptive-branch-loaded CL connected to port 2 and 3, respectively. M1 is the ABCD matrix of the resistor R1/2.


   M  o _ o u t   =  [       A  o _ o u t        B  o _ o u t          C  o _ o u t        D  o _ o u t        ]  =  (     M Y  ·  M  C L _ R 1   ·  M 1  ·  M  T C L _ S       ·  M 1  ·  M  C L _ R   ·  M Y     )   



(A6)




where


   M  C L _ R   =  [         Z  22    (   Z  33   +  R 2   )  −  Z  23    Z  32      Z  42    (   Z  33   +  R 2   )  −  Z  43    Z  32          (   Z  22   −    Z  23    Z  32      Z  33   +  R 2     )   (     Z  44    (   Z  33   +  R 2   )  −  Z  34    Z  43      Z  42    (   Z  33   +  R 2   )  −  Z  32    Z  43      )  +    Z  34    Z  23      Z  33   +  R 2    −  Z  24            Z  33   +  R 2     Z  42    (   Z  33   +  R 2   )  −  Z  43    Z  32            Z  44    (   Z  33   +  R 2   )  −  Z  34    Z  43      Z  42    (   Z  33   +  R 2   )  −  Z  32    Z  43          ]   



(A7a)






   M  C L _ R 1   =  [         Z  44    (   Z  33   +  R 2   )  −  Z  34    Z  43      Z  24    (   Z  33   +  R 2   )  −  Z  34    Z  23          (   Z  44   −    Z  43    Z  34      Z  33   +  R 2     )   (     Z  22    (   Z  33   +  R 2   )  −  Z  23    Z  32      Z  24    (   Z  33   +  R 2   )  −  Z  23    Z  34      )  +    Z  34    Z  23      Z  33   +  R 2    −  Z  24            Z  33   +  R 2     Z  24    (   Z  33   +  R 2   )  −  Z  23    Z  34            Z  22    (   Z  33   +  R 2   )  −  Z  23    Z  32      Z  24    (   Z  33   +  R 2   )  −  Z  23    Z  34          ]   



(A7b)






   M  T C L _ S   =  [         Z  S 1    Z  S 2   −  Z  S 6  2     Z  S 2    Z  S 7   −  Z  S 6  2         (   Z  S 1   −    Z  S 6  2     Z  S 2      )   (     Z  S 1    Z  S 2   −  Z  S 6  2     Z  S 2    Z  S 7   −  Z  S 6  2     )  +    Z  S 6  2     Z  S 2     −  Z  S 7            Z  S 2      Z  S 2    Z  S 7   −  Z  S 6  2           Z  S 1    Z  S 2   −  Z  S 6  2     Z  S 2    Z  S 7   −  Z  S 6  2         ]   



(A7c)






   M 1  =  [     1   0       2   R 1       1     ]   



(A7d)
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Figure 1. Circuit topology of the proposed AFPD. 
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Figure 2. The (a) even- and (b) odd-mode sub-circuits of the FPD. 
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Figure 3. Calculated performances of the FPD with different IRs. (a) TZs and 3 dB FBW. (b) |S21_FPD|. 
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Figure 4. Calculated (a) TPs and (b) |S11_FPD| of the FPD under different C when Zo is chosen as 50 Ω. (Z1 = 42 Ω, Z2 = 70 Ω). 
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Figure 5. Calculated (a) TPs and (b) |S11_FPD| of the FPD with different CT when Zoa is chosen as 50 Ω. (Z1 = 42 Ω, Z2 = 70 Ω, Ze = 172 Ω, Zo = 50 Ω). 
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Figure 6. Calculated (a) TPs and (b) |S11_FPD| of the FPD with different Zob. (Z1 = 42 Ω, Z2 = 70 Ω, Ze = 172 Ω, Zo = 50 Ω, Zea = 150 Ω, Zoa = 50 Ω). 
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Figure 7. Calculated (a) |S22_FPD| and (b) |S23_FPD| of the FPD with different R2. (Z1 = 42 Ω, Z2 = 70 Ω, Ze = 172 Ω, Zo = 50 Ω, Zea = 150 Ω, Zoa = 50 Ω, Zeb = 156 Ω, Zob = 60 Ω). 
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Figure 8. Equivalent (a) even- and (b) odd-mode sub-circuits of the AFPD. 
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Figure 9. The optimization flowchart. 
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Figure 10. Effects of (a) R3 and (b) R4 on |S11| of the AFPD. 
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Figure 11. Theory results of the AFPD and FPD. (a) |S11| and |S21|, (b) |S22| and |S23|. 






Figure 11. Theory results of the AFPD and FPD. (a) |S11| and |S21|, (b) |S22| and |S23|.



[image: Electronics 12 03704 g011]







[image: Electronics 12 03704 g012] 





Figure 12. Layout and photograph of the fabricated AFPD. 
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Figure 13. The simulated and measured results of the fabricated AFPD. (a) |S11| and |S21|, (b) |S22| and |S23|. 
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Table 1. Calculated values of the AFPD.
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	Z1 (Ω)
	Z2 (Ω)
	Z3 (Ω)
	Z4 (Ω)
	Z5 (Ω)
	Z6 (Ω)
	Z7 (Ω)
	Ze (Ω)
	θ (°)



	42
	70
	102
	52.9
	120
	40
	120
	172
	90



	Zo (Ω)
	Zea (Ω)
	Zoa (Ω)
	Zeb (Ω)
	Zob (Ω)
	R1 (Ω)
	R2 (Ω)
	R3 (Ω)
	R4 (Ω)



	50
	150.3
	50
	156
	60
	15
	150
	62
	11










 





Table 2. Final dimensions of the AFPD (Unit: mm).
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	Wt
	Lt
	W1
	L1
	W2
	L2_1
	L2_2
	W3
	L3
	W4
	L4



	3.3
	14.5
	5.1
	22.23
	2
	6.24
	19.26
	0.65
	28.9
	3.04
	21.8



	W5
	L5_1
	L5_2
	W6
	L6_1
	L6_2
	W7
	L7_1
	L7_2
	L7_3
	L7_4



	0.33
	20
	4.2
	4.54
	12
	9.8
	0.44
	3
	2.4
	3.2
	7.4



	L7_5
	L7_6
	We
	Le
	Se
	LS
	WS
	Wa
	Wb
	Wd
	r



	2.4
	3.1
	0.51
	21.8
	0.2
	23.4
	0.24
	0.59
	0.49
	1.5
	1.5



	R1
	R2
	R3
	R4
	
	
	
	
	
	
	



	15 Ω
	150 Ω
	50 Ω
	13 Ω
	
	
	
	
	
	
	










 





Table 3. Performance Comparisons Between the Proposed and Representative AFPDs.
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	Test Band

(GHz)
	1 dB BPBW

(%)
	3 dB BPBW

(%)
	10 dB IRFBW

(%)
	10 dB ORFBW

(%)
	Out-of-Band Rejection (dB)
	RC
	IL a (dB)





	[18]
	1–3
	7.4 *
	13.6
	75.5 *
	-
	>15
	2.88 *
	0.9



	[19]
	0.5–2
	9.1 *
	11.6 *
	87
	-
	>23
	1.42 *
	2.5



	[20]
	0–5
	25.9 *
	51.4 *
	285
	62.3
	>30
	1.56 *
	0.9



	[21]
	0–5
	52.8
	-
	212
	42.4
	>17
	1.45 *
	0.32



	This work
	0–5
	72
	82.5
	250
	78
	>20
	1.24
	0.35







BPBW: Passband bandwidth based on |S21|. IRFBW: Input reflection FBW. ORFBW: Output reflection FBW. RC = rectangular coefficient = |BW20 dB/BW3dB|. a: Minimum passband IL. *: Estimated from the results.
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