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Abstract

:

By increasing the impedance of the microstrip of the combine port, a new Gysel power combiner/divider (PCD) with enhanced average power-handling capability (APHC) was proposed. This article shows the simulated results of the traditional Gysel PCD and the proposed Gysel PCD at the center frequency of 2.4 GHz and 10 GHz. For verification, one example of the proposed Gysel PCD operating at 2.4 GHz was designed, fabricated, and measured. One traditional Gysel PCD operating at 2.4 GHz was also fabricated to compare the APHC of the proposed Gysel PCD and the traditional Gysel PCD, by means of measuring the temperature variation of the microstrip line at the same power. The measurement result suggests the APHC of the proposed Gysel PCD is nearly twice that of the traditional Gysel PCD.
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1. Introduction


The power combiner/divider is an essential passive component in modern radar and microwave communication systems. The Gysel PCD is a popular structure for its simplicity in structure, low insertion loss, and good isolation [1,2]. The current research mainly focuses on improving the isolation or bandwidth of the Gysel PCD [3,4,5], and there is less research on the improvement of the power-handling capability of the Gysel PCD. The maximum average power-handling capability of the microstrip Gysel PCD can be determined by the heating in the materials of microstrip lines (related to the ohmic and dielectric losses). The APHC of microstrip lines was first studied by Gupta, K.C. [6,7]. Later on, different works dealt with APHC for microstrip coupled lines [8,9], coupled-line filters [10,11], filters [12,13], multilayer microstrip lines [14], and thin-film microstrip lines [15,16,17], and there is no research on the APHC of the Gysel PCD from the point of view of the power-handling capacity of the microstrip line. As far as the authors know, the current research on improving the APHC of the Gysel PCD is mainly by increasing the power capacity of the isolation resistors or the number of the isolation resistors [18,19,20], and no research that dealt with the power-handling capacity of the microstrip has been reported.



This article reports a microstrip Gysel PCD with a high impedance of the combine port and high APHC. The simulated results prove that the proposed Gysel PCD has good power distribution and isolation functions for 2.4 GHz and 10 GHz. Thermal characterization measurement results of the traditional and the proposed Gysel PCD at 2.4 GHz implemented on the microstrip are provided validating the proposed method.




2. Design Theory and Circuit Structure


The generated heat in the microstrip produces a gradient of temperature per unit of power ΔT0 (°C/W) between the strip and the ground plane limiting the maximum APHC. The ΔT0 can be calculated as [5]


  Δ  T 0  = Δ  T c  + Δ  T d  =   2 h (  α c  +  α d  )   K ×  W e       



(1)




where ΔTc and ΔTd are the temperature gradients generated in the microstrip due to conductor and dielectric losses, K is the thermal conductivity of the substrate, αc and αd are the conductor and dielectric attenuation constants (in Np/m), and αc and αd are relevant to the thickness t of the strip and the thickness h of the substrate. We is the thermal effective microstrip width based on a parallel plate waveguide model and can be calculated as [7]


  Δ  W e  =   120 π h   Z ×    ε r       



(2)







Z and εr are the impedance and effective dielectric constant of the microstrip. Combing (1) and (2), (3) can be derived as


  Δ  T 0  = Δ  T c  + Δ  T d  =   (  α c  +  α d  ) ×    ε r    × Z   60 π K    



(3)







Once ΔT0 is known, the APHC is obtained as


   P  max   =    T  max   −  T  a m b     Δ  T 0    =   60 π (  T  max   −  T  a m b   ) K   Z × (  α c  +  α d  ) ×    ε r       



(4)







Tmax is the maximum temperature which can be defined as the temperature at which the circuit changes its electrical or mechanical performance. Tamb is set as a given constant temperature which is generally the ambient temperature. K, αc, αd, and εr are constants when the conductor and dielectric are the same, while h and t are fixed. Therefore, the ΔT0 is proportional to Z, and Pmax is inversely proportional to Z.



Figure 1 shows the traditional microstrip Gysel PCD connected with Z0 = 50 Ω character impedance and two load resistors RL = 50 Ω connecting to the ground plane. The traditional microstrip Gysel PCD is made up of seven lines, and the electrical length θ0 of these lines is 90° at the center frequency.



For the traditional microstrip Gysel PCD, the impedance of the microstrip of divide ports and the combine port is equal, and therefore, the power of the combine port will reach its APHC while the power of divide ports will only reach half of the APHC. The APHC of the combine port will limit the APHC of the traditional microstrip Gysel PCD, and therefore, the APHC of the microstrip Gysel PCD can be improved by increasing the impedance of the microstrip of the combine port.



Figure 2a shows the proposed microstrip Gysel PCD connected with two load resistors RL. As previously analyzed, the APHC of the microstrip is inversely proportional to Z, and the power passing through the combine port is always twice that of divide ports; therefore, it would be reasonable to set Z1 to Z0/2. If Z1 is greater than Z0/2, the APHC of the combine port will limit the APHC of the proposed Gysel PCD; if Z1 is lower than Z0/2, the APHC of divide ports will limit the APHC of the proposed Gysel PCD. The typical even–odd mode method was used to obtain the explicit closed-form equations, which determine the parameters (Z2, Z3, Z4, and RL, and the symbol of admittance is Y = 1/Z, G = 1/R).



Figure 2b shows the equivalent circuit of the proposed Gysel PCD under the even-mode excitation. The center vertical plane is equivalent to a virtual magnetic wall. The impedance of port 1 is doubled. The admittances relation can be formulated and expressed by (5)–(7):


   Y  e v e n   =  Y  e v e n  '  +  Y  e v e n   "    



(5)






   Y  e v e n  '  =  Y 2       Y 1   2     Y 0  + j  Y 1  tan θ    Y 1  + j  Y 0  tan θ   + j  Y 2  tan θ    Y 2  + j    Y 1   2     Y 0  + j  Y 1  tan θ    Y 1  + j  Y 0  tan θ   tan θ    



(6)






   Y  e v e n   "   =  Y 3     G L  + j  Y 4  tan θ + j  Y 3  tan θ    Y 3  + j (  G L  + j  Y 4  tan θ ) tan θ    



(7)







At the center frequency (θ = 90°), to achieve good impedance matching, Yeven is equal to Y0. According to (5)–(7), we can obtain


   Y  e v e n   =   2  Y 2 2   Y 0     Y 1 2    =  Y 0   



(8)






   Z 2  =  2  ×  Z 1  = 25  2  Ω  



(9)







Figure 2c shows the equivalent circuit of the proposed Gysel PCD under the odd-mode excitation. In this case, port 1 can simply form a short circuit since the center vertical plane is equivalent to a virtual electric wall. The odd-mode admittance at port 2 can be expressed by (10)–(12):


   Y  o d d   =  Y  o d d  '  +  Y  o d d   "    



(10)






   Y  o d d  '  = − j  Y 2  cot θ  



(11)






   Y  o d d   "   =  Y 3     G L  − j  Y 4  tan θ + j  Y 3  tan θ    Y 3  + j (  G L  − j  Y 4  tan θ ) tan θ    



(12)







To achieve a perfect match and isolation between port 1 and port 2 at the center frequency, Yodd is equal to Y0. Then, we obtain the results as


   Y  o d d   =    Y 3 2    2  G L    =  Y 0   



(13)






   Z 3  = 50 Ω  



(14)







Note that Z3 does not influence the impedance matching at the center frequency. For a wider frequency band, we choose a lower value of Z3 = 35 Ω.



As discussed above, divide ports and the combine port of the proposed Gysel PCD will be matched at the center frequency.




3. Implementation and Measurement


3.1. Prototypes for Traditional Gysel PCD and Proposed Gysel PCD


To verify the proposed design theory, this study used the Advanced Design System to simulate the performance of the traditional Gysel PCD and the proposed Gysel PCD at the center frequency of 2.4 GHz and 10 GHz. To validate the proposed method, a traditional Gysel PCD and a proposed Gysel PCD at 2.4 GHz were fabricated. The circuits were designed and implemented on a Rogers5880 substrate with a relative dielectric constant of 2.2 and a thickness of 0.508 mm, and the thickness of the metal layer was 17.5 μm. The manufacturer of the substrate is Rogers Corporation from Chandler, Arizona, USA. Chip resistors and bent microstrip lines were used to decrease the size of the fabricated circuits. The parameter values of the proposed PCD were Z1 = 25 Ω, Z2 = 35.35 Ω, Z3 = 50 Ω, Z4 = 35 Ω, and RL = 50 Ω. Figure 3a,b shows the layouts of the fabricated traditional Gysel PCD and fabricated proposed Gysel PCD, respectively. The fabricated traditional Gysel PCD had a length of 64 mm and a width of 34 mm, and the fabricated proposed Gysel PCD had a length of 64 mm and a width of 41 mm. The measurement was carried out on a network analyzer.



Figure 4a,b show the simulated S-parameters of the proposed Gysel PCD at the center frequency of 2.4 GHz and 10 GHz, respectively. S21 represents the isolation between divide ports, S31 represents the insertion loss between one divide port and the combine port, S33 represents the return loss of the combine port, and S11 represents the return loss of one divide port. The measured isolation is better than 15 dB from 2.31 to 2.65 GHz, and the measured return loss is better than 20 dB from 2.31 GHz to 2.47 GHz. The measured insertion loss S31 is 3.21 dB. The simulation results show that the proposed Gysel PCD has good isolation and insertion loss at the center frequency of both 2.4 GHz and 10 GHz. Figure 4c shows the measured S-parameters of the fabricated proposed Gysel PCD. The measured isolation S21 is better than 15 dB from 2.11 to 2.67 GHz, and the measured return loss S33 is better than 20 dB from 2.31 GHz to 2.47 GHz. The measured insertion loss S21 at the center frequency is less than 3.21 dB.



Figure 5 shows the measured S-parameters of the traditional Gysel PCD and the proposed Gysel PCD. S31 represents the insertion loss between one divide port and the combine port, and S33 represents the return loss of the combine port. The insertion loss S31 of the traditional Gysel PCD and the proposed Gysel PCD is nearly the same at the center frequency.




3.2. Thermal Characterization Measurement Experimental Results and Analysis


To verify the proposed design, a thermal characterization measurement setup was arranged to measure the thermal profile of the device with an infrared camera for the traditional Gysel PCD and the proposed Gysel PCD. Figure 6a shows the measurement setup for thermal characterization of the device under test (DUT). Figure 6b shows the photograph of one of the DUTs. The DUT is suspended above the table so that all its layers are subject to natural convection. Since the infrared camera measures thermal radiation rather than direct temperature, it is necessary to cover the DUT surface with black tape to obtain accurate results. The function of the black tape is to increase the emissivity of the DUT and minimize the influence of the environment.



In this measurement setup, a continuous signal was applied to the circuit at 2.4 GHz (center frequency). The input power was set to 10 W, 20 W, 30 W, 40 W, and 50 W, respectively. At the moment when the signal generator was switched on, the thermal profile of the DUT was recorded. The ambient temperature was maintained at 26 °C during the experiment.



Figure 7 shows the thermal profiles of the traditional Gysel PCD and the proposed Gysel PCD when the input power of 50 W is just switched on. The maximum hot spot can be identified on the microstrip of the combine port as predicted. For the traditional Gysel PCD, the temperature variation (temperature difference between the maximum temperature of the microstrip of the circuit and the ambient temperature) caused by the input power is ΔTT = 23.2 °C. For the proposed Gysel PCD, the temperature variation caused by the input power is ΔTP = 10.1 °C.



Figure 8 shows the temperature variation ΔTT and the temperature variation ΔTP at different input powers. The measurements show that when the input power is the same, ΔTT is at least twice as high as ΔTP. Since the Tmax of the fabricated traditional Gysel PCD and the fabricated proposed Gysel PCD are the same, combined with (4), it can be found that the APHC of the proposed Gysel PCD is at least twice that of the traditional Gysel PCD.





4. Conclusions


A proposed Gysel PCD with high APHC was designed, fabricated, and measured. One traditional PCD was also fabricated to compare the APHC of the proposed PCD and the traditional PCD. The temperature variation of the traditional Gysel PCD is at least twice that of the proposed Gysel PCD at the same input power, which suggests that the APHC of the fabricated proposed Gysel PCD is nearly twice that of the traditional Gysel PCD. This approach can also be applied to a Gysel PCD consisting of multiple layers of microstrip lines.
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Figure 1. Traditional microstrip Gysel PCD. 
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Figure 2. The proposed microstrip Gysel PCD and the even/odd mode circuit of the proposed microstrip Gysel PCD. (a) The proposed microstrip Gysel PCD. (b) The even-mode circuit. (c) The odd-mode circuit. 
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Figure 3. The fabricated traditional Gysel PCD and the fabricated proposed Gysel PCD. (a) The fabricated traditional Gysel PCD. (b) The fabricated proposed Gysel PCD. 
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Figure 4. (a) The simulated S-parameters of the fabricated proposed Gysel PCD at the center frequency of 2.4 GHz. (b) The simulated S-parameters of the fabricated proposed Gysel PCD at the center frequency of 10 GHz. (c) The measured S-parameters of the fabricated proposed Gysel PCD at the center frequency of 2.4 GHz. 
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Figure 5. Measured S-parameters of the traditional Gysel PCD and the proposed Gysel PCD. 
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Figure 6. Measurement setup for the thermal characterization of the device under test and photograph of one of the measuring devices. (a) Measurement setup for the thermal characterization of the device under test. (b) Photograph of one of the measuring devices. 
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Figure 7. The thermal profiles of the traditional Gysel PCD and the proposed Gysel PCD when the input power of 50 W is just switched on. (a) The thermal profiles of the traditional Gysel PCD. (b) The thermal profiles of the proposed Gysel PCD. 
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Figure 8. The ΔTT and the ΔTP at different input powers. 
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