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Abstract

:

Flexible design schemes for single- and dual-band power dividers terminated in arbitrary port impedances are proposed in this paper. The proposed architecture provides the inherent impedance transformation to real, complex, and frequency-dependent complex impedances at the input and output port terminations. Furthermore, the proposed design is supported by flexible design procedures with independent design variables to enhance rapid prototyping in microstrip technology. It is demonstrated that the presence of independent design variables enhances the design flexibility for varied ranges of frequency and impedance transformation ratios. Two different prototypes, one each demonstrating single- and dual-band performances, are developed to validate the performance of the reported designs with real and frequency-dependent complex port impedances. The prototypes exhibit excellent agreements between the simulated and measured results. The single-band impedance transforming power divider (ITPD) possesses a low-amplitude imbalance of   0.5   dB, a phase imbalance of less than ±0.5   ∘  , and an isolation of   − 26   dB at the design frequency of 5.8 GHz. The dual-band prototype also exhibits a low-amplitude imbalance of   0.5   dB and a phase imbalance of less than ±0.5   ∘   at both the design frequencies of 1 GHz and 2.6 GHz. The isolation is also better than   − 30   dB at both design frequencies. It is thus shown that the overall performance advances the state of the art in the design schemes of ITPDs.
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1. Introduction


There has been tremendous growth in wireless-related applications in the past decade, and this has necessitated the development of a variety of RF circuits and components operating at single or multiple frequencies simultaneously [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15]. In this context, it is imperative to note that the design schemes for the Wilkinson power divider (WPD) have also seen rapid advances to support the requirements of wireless communication systems (WCS) [16,17,18,19,20,21,22,23,24,25]. For example, multiband WPD architectures are suitable for applications requiring operations at distant bands [26,27,28,29,30,31,32,33,34]. Furthermore, power dividers (PDs) operating at single/multiple frequencies with inherent impedance transformations for different types and levels of impedances are extremely advantageous [35,36,37]. Such architectures with inherent features have become compact and cost-effective.



In general, a number of PD design reports are available in the literature, which discuss the realization schemes for multifrequency operation (in terms of frequency ratio r) and impedance transformation (in terms of k) [16,19,22,23,24] with perhaps limited usefulness, emanating from complex design schemes, nonplanar architecture, incorporated reactive elements, variable nature of impedance environments at the ports, dual-band operation, etc. Here, the frequency ratio (r) is referred as the ratio of higher design frequency (  f 2  ) to lower design frequency (  f 1  ), and the impedance transformation ratio (k) is the ratio of load/output impedance (  Z L  ) to source/input impedance (  Z S  ). The impedance transformation in a PD with dual-band operation is also reported, but the high-impedance transformation requirements are still elusive [22]. The relatively recent designs are either limited in achievable k or r [23,24]. Additionally, the design in [24] utilizes an admittance inverter to replace the conventional transmission lines (TL), which results in a large architecture. Moreover, there is absence of measurement validation of the impedance transformation [24]. In addition, most of the reported design schemes related to dual-band impedance-transforming power dividers (ITPDs) only talk about ports terminated in real impedances. There is one recent report that emphasizes the dual-band performance of the frequency-dependent complex impedance-transforming power divider, which utilizes the T-type impedance transformer at the ports [37]. Unfortunately, dual-band PDs with a varied nature of impedance environments at their respective ports are rare. It is thus clear that there is an emergent need for the design and performance evaluation of PDs under a varied nature of port impedances with the benchmarking of isolation, amplitude, and phase performance.



The proposed PD architecture in this paper therefore provides an inherent impedance transformation for single-/dual-band operations. The proposed design provides an analytical solution to enhance the operation of single-band equal port WPDs to arbitrary impedance environments at the ports at two arbitrary frequencies of operations. The proposed design is also augmented with independent design variables, which enhances the design flexibility further to provide high k and r simultaneously.



The design analysis of the proposed architecture is described in detail for both the single- and dual-band operations in Section 2. Section 3 illustrates the flexibility that the proposed design offers in terms of r and k. Finally, the proposed circuit is validated through two prototypes on single- and dual-band operations, each in Section 4. Section 5 follows with the conclusion.




2. Proposed Circuit and Design Analysis with Closed-Form Design Equations


The architecture of the proposed ITPD is shown in Figure 1. All the TLs are marked with respective characteristic impedances and electrical lengths. It should be noted here that the characteristic impedances are real and positive. This condition will also be helpful later in the design analysis. The input port (port 1) of the proposed power divider is terminated with the impedance   Z S   (in  Ω ), and the output ports (ports 2 and 3) are each terminated with the impedance   Z L   (in  Ω ). Both the port impedances, i.e.,   Z S   and   Z L  , can either be a real, a complex, or an uncorrelated frequency-dependent complex load (FDCL). It is imperative to mention here that the output ports should have equal port impedances for the equal power division. To demonstrate both the real and complex environment in the design analysis of the proposed ITPD,   Z S   is considered an arbitrary real impedance, while   Z L   is an arbitrary complex impedance for the single-band operation and an arbitrary FDCL for the dual-band operation. The   Z L   as an arbitrary FDCL is defined in (1) at the two arbitrary design frequencies   f 1   GHz and   f 2   GHz for dual-band operation. Here,    f 2  >  f 1    (  r =  f 2  /  f 1   ). Characteristic impedance (in  Ω ) and electrical length (in    ∘  ), defined at   f 1  , of all the respective TL sections are depicted in Figure 1.


   Z L  =       R  L 1   + j  X  L 1    @  f 1         R  L 2   + j  X  L 2    @  f 2        



(1)







2.1. Design Analysis of the Single—Band ITPD


In this section, the proposed PD is analyzed for its operation at a single frequency, i.e.,   f 1   only. Owing to the symmetry of the architecture, odd–even mode analysis is provided to deduce the design equations. The respective odd- and even-mode equivalent circuits are shown in Figure 2 and Figure 3, respectively. The load impedance   Z L   is a complex entity, i.e.,    Z L  =  R  L 1   + j  X  L 1     for the single-band of operation.



2.1.1. Odd-Mode Design Analysis


The odd-mode equivalent circuit of the proposed PD is shown in Figure 2. The input admittances   Y a  ,   Y b  , and   Y c  , derived using standard TL theory [38], are expressed in (2)–(4), respectively. For the impedance matching of the circuit, (5) must be followed to derive the expressions of R and   Z X  . Here, the terms   Z 3  ,   Z 4  , and all the electrical lengths are considered as the independent design variables, which makes the design scheme highly flexible for arbitrary port terminations. Subsequently, the term   Y b   becomes a known quantity, which is expressed as    G b  + j  B b   . Following (5), the expressions of R and   Z X   can be derived as (6) and (7), respectively. It should be recalled that the parameters R and   Z X   are real and positive.


   Y a  =    Z 4  + j  1  Y L   t a n  θ 4     Z 4    1  Y L   + j  Z 4  t a n  θ 4      



(2)






   Y b  =    Z 3  + j  1  Y a   t a n  θ 3     Z 3    1  Y a   + j  Z 3  t a n  θ 3     =  G b  + j  B b   



(3)






   Y c  =  2 R  +  1  j  Z X  t a n  θ X     



(4)






   [  Y b  ]  =  [  Y c *  ]   



(5)






  R =  2  G b    



(6)






   Z X  =  1   B b   t a n  θ X     



(7)








2.1.2. Even-Mode Design Analysis


The even-mode equivalent circuit of the proposed ITPD is shown in Figure 3. The design parameters   Z X  ,   Z 3  ,   Z 4  ,   θ X  ,   θ 3  , and   θ 4   are known from the odd-mode analysis. Now, using standard TL theory [38], the admittances   Y m  ,   Y n  , and   Y o   can be expressed in (8)–(10), respectively. Again, for the impedance matching, (11) should be invoked to deduce the expressions of the design parameters   Z 1   and   Z 2  . The electrical lengths   θ 1   and   θ 2   are independent variables here, which further enhances the design flexibility. For the simpler design analysis,   θ 1   and   θ 2   can also be considered equal.


   Y m  =    Z X  + j  1  Y b   t a n  θ X     Z X    1  Y b   + j  Z X   t a n  θ X      



(8)






   Y n  =    Z 2  + j  1  Y m   t a n  θ 2     Z 2    1  Y m   + j  Z 2   t a n  θ 2      



(9)






   Y o  =    Z 1  + j  1  2  Y S    t a n  θ 1     Z 1    1  2  Y S    + j  Z 1   t a n  θ 1      



(10)






   [  Y o  ]  =  [  Y n *  ]   



(11)







A design flowchart of the proposed ITPD for the single-band operation is depicted in Figure 4. The presence of the independent design variables should be noted in the design procedure, as this enhances the design flexibility. The flexibility does not only make the design realizable for arbitrary port impedances, but choosing smaller values of   θ 1  ,   θ 2  ,   θ 3  ,   θ 4  , and   θ X   provides a compact design of the proposed ITPD. To clarify further, a numerical example can be assumed with   Z S   = 50  Ω  and   Z L   = 155.9-j27  Ω  at the operating frequency of 1 GHz. Using (6) and (7), R and   Z X   can be calculated as 50  Ω  and 38.5  Ω , respectively, for the independent variables   Z 3   =   58.1    Ω ,   θ 3   =    65.5 ∘   ,   Z 4   =   68.7    Ω ,   θ 4   =    13.6 ∘   ,   θ X   =   60 ∘  . Please note that if the calculated value of   Z X   is not realizable within microstrip technology, i.e., [20 150]  Ω , the independent variables can be chosen differently. Similarly,   Z 1   and   Z 2   can be calculated as   63.6    Ω  and   32.6    Ω  following (11) respectively, for the independently chosen   θ 1   =    69.5 ∘    and   θ 2   =    73.3 ∘   . Again, the values of   θ 1   and   θ 2   can be chosen differently if   Z 1   and   Z 2   are not realizable within microstrip technology.





2.2. Design Analysis of the Dual—Band ITPD


The proposed ITPD is also analyzed for its operation at two arbitrary design frequencies for the dual-band operation. Subsequently, the variation at the arbitrarily chosen design frequencies highlights the FDCL nature of the port impedances. The impedance   Z S   is an arbitrary real impedance and   Z L   is an arbitrary FDCL (1).



2.2.1. Odd-Mode Design Analysis


The odd-mode equivalent circuit of the proposed ITPD for the dual-band operation is depicted in Figure 5. The arbitrary FDCL   Z L   (or   1 /  Y L   ) is converted to a complex conjugate admittance   Y a   for   Z 4   and   θ 4  , as expressed in (12) and (13), respectively [39].


      Z 4  =    R  L 1    R  L 2   +  X  L 1    X  L 2   +    X  L 1   +  X  L 2      R  L 2   −  R  L 1      (  R  L 1    X  L 2   −  R  L 2    X  L 1   )        



(12)






   θ 4  =   π + a r c t a n    Z 4   (  R  L 1   −  R  L 2   )     R  L 1    X  L 2   −  R  L 2    X  L 1       1 + r   ,  



(13)







Subsequently, to achieve impedance matching for the odd-mode equivalent circuit,   Y b   should follow (14), which results in the expressions of the design parameters   Z 3   and   Z X  . The electrical lengths are considered equal, i.e.,    θ 3  =  θ X  = θ  , for the simplification of the expressions. The real and imaginary parts of the admittances   Y a   and   Y b   are expressed in (15), (16) and (17), (18), respectively. The admittance   Y b   will also be a complex conjugate entity if  θ  follows (21) [40].


   [  Y b  ]  =  [  Y  a  *  ]   



(14)






  R e  [  Y a  ]  =  G a   



(15)






  I m  [  Y a  ]  =  B a   



(16)






  R e  [  Y b  ]  =   2 R  Z X 2  t a  n 2  θ  ( t a  n 2  θ + 1 )   A   



(17)






  I m  [  Y b  ]  =    R 2   Z X 2  t a  n 3  θ  ( B )     Z 3  A    



(18)




where


  A =  R 2  + t a  n 2  θ  (  R 2   Z 3 2   Z X 2  t a  n 2  θ − 2  R 2   Z 3   Z X  + 4  Z X 2  )   



(19)






  B =  4  R 2   −  Z 3 2  −   Z 3   Z X   +   Z 3    Z X  × t a  n 2  θ   +  1   Z X 2  × t a  n 2  θ    



(20)






  θ =   ( 1 + n ) π   1 + r   ;  n ∈  ( 0 , 1 , 2 , … )   



(21)








2.2.2. Even-Mode Design Analysis


The even-mode equivalent circuit of the proposed power divider for the dual-band operation is shown in Figure 6. It is apparent from the circuit that except   Z 1   and   Z 2  , all the design parameters are already calculated in the odd-mode analysis. Therefore, the input impedance   Z m   is known, and can be written as    R m  + j  X m    @  f 1  , and    R m  − j  X m    @  f 2  , where   R m   and   X m   are the real and imaginary parts of   Z m  , respectively. Again, the electrical lengths are considered equal, i.e.,    θ 1  =  θ 2  = θ  , as in (21), for the simplification of the expressions. Using standard TL theory [38], the expressions for impedances   Z n   (22) and   Z o   (23) can be deduced. Invoking    Z o  = 2  Z S   , and simplifying (22) and (23) provides   Z 1   and   Z 2   with   a = t a n θ   [41].


   Z n  =  Z 2     Z m  + j  Z 2  t a n θ    Z 2  + j  Z m  t a n θ    



(22)






   Z o  =  Z 1     Z n  + j  Z 1  t a n θ    Z 1  + j  Z n  t a n θ    



(23)






   2  Z S     a  2   Z  2  2  +  [  2  Z S    X m  a +  Z 1   (  R m  −  2  Z S   )  ]   Z 2  +  [  Z 1   2  Z S    X m  a −  Z  1  2   R m    a  2  ]  = 0  



(24)






   Z 1  a  Z  2  2  +  [  Z 1   X m  −  R m   2  Z S   a +  Z  1  2  a ]   Z 2  −  [  Z 1   2  Z S    R m  a +  Z  1  2   X m    a  2  ]  = 0  



(25)







A design flowchart of the proposed dual-band PD is depicted in Figure 7. It is apparent from the flowchart that the independent design parameters are reduced in comparison to the single-band ITPD, which is due to the additional burden of dual-band characteristics with the arbitrary frequency-dependent impedance transformation. The design parameter R is the only independent variable here. The electrical lengths must follow (21) for the dual-band operation of the impedance-transforming PD, except   θ 4  , which is provided in (13). However, the design cases with real impedance terminations at the output ports   θ 4   should also follow (21). Again, to further clarify the design procedure, a numerical example can be assumed with   Z S   = 30  Ω  and   Z L   =   54.14 + j 8.6    Ω  at 1 GHz and   70.7 + j 5.3    Ω  at   2.6   GHz. Using (12) and (13),   Z 4   and   θ 4   can be calculated to 60  Ω  and 70   ∘  , respectively. Now, (14) is used to calculate   Z 3   = 49.29  Ω  and   Z X   = 108.37  Ω  for independently chosen   R = 93  Ω  , whereas (21) is used to calculate   θ 3   =   θ X   = 50   ∘  . Please note that if the calculated values of   Z 3   and   Z X   are not realizable within microstrip technology, i.e., [20 150]  Ω , the independent variable R can be chosen differently. Now,   Z 1   and   Z 2   can be calculated to   62.34    Ω  and   33.22    Ω  using (24) and (25), respectively. and   θ 1   =   θ 2   are calculated to 50   ∘   using (21).






3. Case Studies


The proposed design of ITPD is an ideal solution for the varying impedance environments that are usually required in the front-end circuits of a wireless communication system. The effectiveness of the proposed design is studied by evaluating its design parameters for varied design specifications such as arbitrary port terminations and arbitrary design frequencies. The port terminations can independently be a real, complex, or FDCL in nature based on the design requirements.



It is apparent from the previous section that the design flexibility of the proposed ITPD is limited for the dual-band operation due to fewer independent design variables in comparison to a single frequency of operation. It is, therefore, prudent to evaluate the range of k and r for the dual-band operation of the proposed ITPD.



3.1. Case Study: Frequency Ratios (R)


The proposed ITPD is capable of providing arbitrary r for the dual-band operation. To analyze the range of r, an arbitrary design example with input impedance (  Z S  ) = 50  Ω  and output impedance (  Z L  ) = 50  Ω  is selected. The minimum and maximum range of r is evaluated for the realizable design parameters. These calculated design parameters for distinct r are plotted in Figure 8, which reveals that all the design parameters (  Z 3  ,   Z X  ,   Z 1  /2,   Z 2  /2,   Z 4  ) are within the realizable range in microstrip technology [20 150]. For resistor R, it may take any value within or beyond [20 150]  Ω , based on the manufacturer’s availability. A very wide range of r from 1.1 to 5.7 is achieved in this study. It should also be noted that the FDCL port terminations and their variations with frequency may influence the range of r, unlike the arbitrary but real port terminations.




3.2. Case Study: Impedance Transformation Ratios (K)


In this case study, the proposed ITPD is evaluated for the range of k for a fixed value of   r = 2  . Again, the design parameters are calculated for the output port impedances    Z L  = 54.14 + j 8.6  @  f 1   GHz, and    Z L  = 70.6 + j 5.3  @  f 2   GHz. The frequency ratio is fixed at   r = 2   and the source impedance   Z S   is varied, from an impedance as low as 5  Ω  to as high as 425  Ω . The respective design parameters are calculated and plotted in Figure 9. All the design parameters are realizable in microstrip technology [20 150]. This analysis demonstrates the effectiveness of the proposed ITPD for high impedance transformations while transforming an arbitrary real impedance to an arbitrary FDCL impedance. Additionally, the ITPD is also evaluated and plotted for the real port terminations in Figure 10 and Figure 11. Here, the load impedances are fixed at 50  Ω , while the source impedance is varied, from as low as 5  Ω  to as high as 600  Ω . For the clarity of the plots, Figure 10 and Figure 11 are plotted separately to demonstrate the calculated design variables when the source impedance is lower and greater than   Z L  , respectively. These plots convey that the proposed ITPD is an ideal choice for a very wide range of arbitrary r for real, complex, and FDCL port terminations at any port. The achievable k will significantly improve the single-band operation, considering the fact that the single-band ITPD possess enhanced design flexibility owing to a higher number of design variables.



The design parameters for some of the design cases with arbitrary r and k are calculated and listed in Table 1. Case 1 depicts the design case with the dual-band operation of the ITPD for an FDCL impedance at the output ports. Cases 2 and 3 also demonstrate the design cases with FDCL impedance, but with different r and k. The design Cases 4 and 5 have real port impedances at all the ports with different r and k. Case 6 of Table 1 depicts the design parameters for the single-band operation of the proposed ITPD.




3.3. Brief Discussion on Bandwidth Control


The proposed PD demonstrates a good improvement over the existing literature for the equal power division at arbitrary r and k. Considering the requirements from the practical design environment, the proposed ITPD is tested in a simulation setup for bandwidth improvement. Owing to the independent variables, the selection of the design parameters has the ability to provide reasonable improvements on the operational bandwidth. It has been identified that the bandwidth of the proposed ITPD can be controlled using   Z X   and R. It is found that keeping   Z X   and R at higher values increases the overall bandwidth of the PD. Furthermore, the variation in   Z X   and R controls the isolation bandwidth up to a great extent. It has been seen that the higher   Z X   leads to the increased outband isolation bandwidth, whereas a higher R improves the inband bandwidth. It is worthwhile to note that in cases of limited flexibility,   Z X   should be prioritized over R for the higher operational bandwidth.





4. Fabrication and Experiment


The proposed ITPD is a good solution for the frequency-dependent impedance environments for single- or dual-band operations. To experimentally evaluate the performance of the proposed design, two different prototypes were fabricated on the microstrip technology. The first prototype demonstrates the single-band operation, which is designed at a high frequency of 5.8 GHz (WLAN), and the arbitrary output port impedance is 155.9-j27  Ω . The source impedance is fixed to the conventional 50  Ω . The calculated design parameters for this design are mentioned in case 6 of Table 1. The prototype is fabricated on RO5880 substrate with a substrate thickness of 1.57 mm, a relative permittivity (  ϵ r  ) of 2.2, and a dissipation factor (  tan δ  ) of 0.0009. The substrate has laminates of 35  μ m thick copper on both the sides. The fabricated prototype is soldered with 50  Ω  isolation resistor (part no. CRCW060350R0FKEA), and is depicted in Figure 12. The dimensions of the single-band ITPD, without the encircled impedance transformers, are 38.6 mm × 17.6 mm. However, an L-type impedance transformer is added at the output ports to transform the complex impedance to 50  Ω  for the compatible measurement environment. Some optimizations in the design environment are performed using the industry standard electronic design automation (EDA) tool, i.e., Keysight ADS, to compensate for the anomaly associated with the resistor gap, junction discontinuities, bends, etc.



The measurement results of the prototype are depicted in Figure 13, Figure 14 and Figure 15. The calculated results are also plotted for reference in Figure 16. Apparently, the measurement results (suffixed with M) and the EM-simulated results (suffixed with EM) are in good agreement. The input port matching and the isolation, as depicted in Figure 13, are better than   − 26   dB at the design frequency. The matching at the output ports (  S 22   and   S 33  ) is depicted in Figure 14, and the insertion losses (  S 21   and   S 31  ) and the phase difference between the two output ports are depicted in Figure 15, respectively. The 3 dB fractional bandwidth (FBW) is measured to be 65.5% for the slight amplitude imbalance of 0.5 dB. For the measured bandwidth, the phase imbalance is also very good and is within the tolerance of ±0.5   ∘  . The amplitude imbalance is the magnitude difference between the output power at the output ports, whereas the phase imbalance is the deviation from the 0   ∘   phase difference between the output power at the output ports.



Subsequently, to demonstrate the effectiveness of the proposed ITPD at two arbitrary frequencies, another prototype working at 1 GHz and 2.6 GHz, and again with FDCL port impedances of   54.14 + j 8.6 @   1 GHz and   70.7 + j 5.3 @   2.6 GHz, is developed. In this case, the impedance transformation is demonstrated in the input port too, and it is fixed at 30  Ω . The calculated design parameters for this design are mentioned in Case 1 of Table 1. The prototype, shown in Figure 17, is fabricated on RO4003 substrate with a substrate thickness of 1.52 mm, a relative permittivity (  ϵ r  ) of 3.38, and a dissipation factor (  tan δ  ) of 0.0027. The substrate has laminates of 35  μ m thick copper on both the sides. Here, the soldered resistor is a commercially available 100  Ω  (part no. CRCW0603100RFKTA). Necessary optimizations are performed in the design environment to compensate for the anomaly associated with the resistor, resistor gap, junction discontinuities, bends, etc. Here, the FDCL impedances at the output ports (P2 and P3) are synthesized by a combination of a microstrip line of width 2.54 mm and length of 15.47 mm and a 50  Ω  SMA connector; however, the source impedance is transformed to 50  Ω  using two-section transmission lines [42]. The developed prototype has an overall size of 65.7 mm × 61.5 mm, which includes the dimensions of the synthesized ports at the output ports and the impedance transformer at the source port. The measurement results of this dual-band prototype are depicted in Figure 18, Figure 19 and Figure 20. The calculated results are also plotted for reference in Figure 21. The phase difference in Figure 20 at 2.6 GHz is measured to be 2.53   ∘  , which can be attributed to the soldering and fabrication losses. Ignoring this anomaly, the 3 dB fractional bandwidth (FBW) is noticeable, which is measured to be greater than 60% at both the design frequencies for the slight amplitude and phase imbalance of 0.5 dB and ±0.5   ∘  , respectively.



In addition, the proposed ITPD is compared in terms of the number of bands, possible impedance transformations, fractional bandwidth, and the sizes with the recently reported PDs in Table 2. It was found that the impedance-transforming power dividers with inherent frequency-dependent complex impedance transformation are very limited in the literature. Either the power dividers provide frequency-dependent complex impedance transformation at a single frequency only, or only real impedance transformations at two arbitrary design frequencies. In comparison, the proposed power divider provides the real, complex, and frequency-dependent complex impedance transformation for single- and dual-band operations. Moreover, the proposed ITPD does not use any reactive element in the isolation circuit, irrespective of load impedances being real, complex, or FDCL. The size of these ITPDs is also of much importance for the compact size requirements. Though the size of the single-band design is on the slightly higher side, this is due to fewer efforts on the suitable optimizations to achieve the compact design. However, additional efforts are made to keep the design favorably compact in the dual-band prototype, which is also apparent in the comparison table. It is also found that the proposed ITPD has superior amplitude and phase imbalance performance over most published state-of-the-art designs, such as [13,17,21,40]. Clearly, as demonstrated in Table 1 and Table 2, the achievable r and k with the proposed ITPD is superior among the earlier published ITPDs, whether operating at single- or dual-band, which also demonstrates the high microstrip compatibility of the proposed design.




5. Conclusions


A thorough study and investigation of a generalized ITPD for single- and dual-band operations has been reported in this paper. The unique part of the investigation includes a detailed discussion on the versatility of impedances at the ports for a wide range of arbitrary r and k. The design procedure of the reported ITPD exhibits independent design parameters that make the design scheme very flexible for the inherent impedance transformation. To demonstrate the effectiveness of the proposed ITPD, several case studies have been provided with varying r and k at different design conditions. Based on the proposed design procedure, two different prototypes have also been fabricated, each for a single-band and dual-band operation. The superior features of both prototypes demonstrate a significant contribution to the domain of advanced ITPD configurations.
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Figure 1. Proposed impedance-transforming single- and dual-band power divider circuit for real, complex, and FDCL port impedances. 
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Figure 2. Odd-mode equivalent circuit for single-band operations. 
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Figure 3. Even-mode equivalent circuit for single-band operations. 
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Figure 4. Design flowchart for the single-band ITPD. 
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Figure 5. Odd-mode equivalent circuit for dual-band operations. 
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Figure 6. Even-mode equivalent circuit for dual-band operations. 
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Figure 7. Design flowchart for the dual-band ITPD. 
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Figure 8. Design parameters for different frequency ratios for    Z L  = 50   and    Z S  = 50  . 
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Figure 9. Design parameters for impedance ratios for    Z L  = 54.135  +    j 8.595 @  f 1  ; 70.656 + j 5.269 @  f 2    and   r = 2   for   5  Ω ≤  Z S  ≤ 425  Ω  . 
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Figure 10. Design parameters for different impedance ratios for    Z L  = 50   and   r = 2   for    Z S  ≥  Z L   . 
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Figure 11. Design parameters for different impedance ratios for    Z L  = 50   and   r = 2   for    Z S  ≤  Z L   . 
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Figure 12. Prototype of single-band ITPD with impedance transformers at the output ports (encircled). P1/2/3 designates port 1/2/3 here. m = 8.17 mm, n = 7.74 mm, o = 12.47 mm, p = 4.73 mm, q = 8.17 mm, r = 3.9 mm, s = 4.37 mm, t = 5.2 mm, u = 3.5 mm. 
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Figure 13. The EM simulation (EM) vs. measurement results (M) for   S 11   and   S 23   of the fabricated prototype for the single-band operation. 
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Figure 14. The EM simulation (EM) vs. measurement results (M) for   S 22   and   S 33   of the fabricated prototype for the single-band operation. 
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Figure 15. The EM simulation (EM) vs. measurement results (M) for   S 21  ,   S 31  , and phase difference between the output ports of the fabricated prototype for the single-band operation. 
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Figure 16. Calculated results of Case 6 for the single-band operation. 
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Figure 17. Prototype of the dual-band PD with impedance transformers at all the ports (encircled). a = 11 mm, b = 16.4 mm, c = 7.13 mm, d = 15.4 mm, e = 8.7 mm, f = 4.8 mm, g = 2.4 mm, h = 2.3 mm, i = 40.28 mm, j = 7.6 mm, k = 21.28 mm. 
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Figure 18. The EM simulation (EM) vs. measurement results (M) for   S 11   and   S 23   of the fabricated prototype for the dual-band operation. 
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Figure 19. The EM simulation (EM) vs. measurement results (M) for   S 22   and   S 33   of the fabricated prototype for the dual-band operation. 
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Figure 20. The EM simulation (EM) vs. measurement results (M) for   S 21  ,   S 31  , and phase difference between the output ports of the fabricated prototype for the dual-band operation. 
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Figure 21. Calculated results of Case 1 for the dual-band operation. 
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Table 1. Calculated values of the design parameters of the proposed ITPD [* based on the real part of the impedances at the ports,    #   single-band design case].
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	Case
	r

(   f 1    = 1 GHz)
	k * @

    f 1  ,  f 2    
	Load

    Z L   ( Ω )    
	   Z S   ,

   ( Ω )   
	    Z 1   ( Ω )    ,

    θ 1    ( ∘  )    
	    Z 2   ( Ω )    ,

    θ 2    ( ∘  )    
	    Z 3   ( Ω )    ,

    θ 3    ( ∘  )    
	    Z 4   ( Ω )    ,

    θ 4    ( ∘  )    
	    Z X   ( Ω )    ,

    θ X    ( ∘  )    
	    R ( Ω )    





	1
	2.6
	0.55

0.42
	54.14 + j8.6 @  f 1  

70.7 + j5.3 @  f 2  
	30
	62.34,

50
	33.22,

50
	49.29,

50
	60,

70
	108.37,

50
	93



	2
	3
	20, 8
	20 + j8 @  f 1  

50 + j5 @  f 2  
	400
	94.4,

45
	65.2,

45
	28.9,

45
	30.2,

63
	60.1,

45
	71



	3
	4.5
	5, 2
	20 + j8 @  f 1  

50 + j5 @  f 2  
	100
	45.73,

32.73
	31.93,

32.73
	20.96,

32.73
	30.17,

45.76
	105.51,

32.73
	86



	4
	5
	2, 2
	50 @  f 1  

50 @  f 2  
	100
	30,

30
	42.34,

30
	22.4,

30
	77,

30
	110.9,

30
	120



	5
	2
	10, 10
	50 @  f 1  

50 @  f 2  
	500
	138.8,

60
	39.5,

60
	21.9,

60
	41,

60
	23.2,

60
	32



	6
	NA    #  
	3.12
	155.9 − j27 @  f 1  

155.9 − j27 @  f 2  
	50
	63.6,

69.5
	32.6,

73.3
	58.1,

65.5
	68.7,

13.6
	38.5,

60
	50
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Table 2. Qualitative comparison with state-of-the-art impedance transforming power dividers [R: resistor,    #   15 dB bandwidth,     # #    20 dB bandwidth, * calculated/estimated from provided data].
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	Refs
	No. of

Bands
	Impedance

Transformation
	Operating

Frequencies

(GHz)
	   S 11    (dB)

at    f 1   ,    f 2   
	   S 21    (dB)

at    f 1   ,    f 2   
	   S 31    (dB)

at    f 1   ,    f 2   
	FBW (%)

at    f 1   ,    f 2   
	Size

(   λ g 2   )





	[13]
	single
	-
	1.5
	−26 *
	−3.27
	−3.28
	26.8    #  
	0.023



	[43]
	dual
	-
	1.0, 2.0
	<−20
	−3.7 *
	−3.7 *
	84.5
	0.26



	[44]
	dual
	-
	2.4, 3.5
	<−20
	−3.94
	−3.77
	2.9    #  , 8.6    #  
	0.095



	[45]
	dual
	-
	2.4, 3.5
	<−20
	−3.94
	−3.77
	10     # #   , 5.5     # #   
	0.122



	[20]
	dual
	-
	1, 3.5
	−20.0, −20.3
	−3.28, −3.35
	−3.25, −3.37
	50    #  , 15    #  
	0.023



	[21]
	dual
	-
	0.7, 2.6
	<−15
	−3.42, −4.96
	−3.43, −1.94
	24.3, 8.1
	0.34



	[18]
	single
	real
	1
	−31
	−3.28
	−3.42
	8
	0.088



	[17]
	single
	complex
	2.0
	−29
	−3.77
	-3.38
	36
	0.35



	[6]
	single
	complex
	2
	−17.5
	−3.25
	−3.25 *
	16.8
	0.25 *



	[24]
	dual
	real
	1, 6.4
	<−30
	−3.45, −4.37
	−3.45, −4.37
	53, 7.3
	0.087 *



	[40]
	dual
	real
	1, 5
	−29, −21
	−3.6, −3.9
	−3.4, −4.1
	11, 12
	0.175



	[37]
	dual
	real, complex,

and FDCL
	1, 2.6
	−31.8, −27.9
	−3.2, −3.6
	−3.2, −3.6
	16 and 13.1
	0.106



	[This work]
	single
	real, complex, and FDCL
	5.8
	−26.1
	−3.6
	−3.6
	65.5
	0.40



	[This work]
	dual
	real, complex, and FDCL
	1, 2.6
	−28.9, −27.8
	−3.15, −3.7
	−3.27, −3.65
	18.2, 17.3
	0.096
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