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Abstract

:

This paper presents a novel high-power rotary waveguide phase shifter based on circular polarizers specifically engineered for high-power microwave (HPM) applications. The phase shifter is capable of performing a precise 360° linear phase shift through rotation and consists of three parts: a linearly polarized to left-handed circularly polarized (LP-LHCP) mode converter, a left-handed to right-handed circularly polarized (LH-RHCP) mode converter, and a linearly polarized to right-handed circularly polarized (LP-RHCP) mode converter. This paper analyzes the phase-shifting principle, optimizes the three parts of the X-band rotary waveguide phase shifter, and conducts simulation studies on the entire phase shifter, which is made of aluminum. The results show that the reflection is less than −20 dB and the insertion loss is below 0.3 dB within 9.5 GHz to 10.2 GHz. The phase shift is equal to twice the rotation angle within this frequency range. Specifically, the phase shifter can achieve a linear phase shift of 360° when rotated from 0° to 180°, with a maximum deviation of less than 1.2°. Moreover, the power-handling capacity of the phase shifter in vacuum exceeds 242 MW. In the meantime, a prototype of a phase shifter was manufactured, and the experimental results are in good agreement with the simulation results.
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1. Introduction


A high-power microwave (HPM) phase shifter is a crucial component in HPM coherent synthesis systems and HPM array antennas [1,2,3]. Its performance directly impacts the technical indicators of the system. Therefore, it is significant to research phase shifters with a low insertion loss, high phase-shifting accuracy, wide operating bandwidth, and high-power capacity.



According to the implementation method, microwave phase shifters can be divided into non-mechanical and mechanical types. The most representative non-mechanical phase shifters include ferrite [4,5,6], PIN diodes [7,8], and dielectric-loaded phase shifters [9,10]. Due to limitations in the working mechanism and the breakdown threshold of dielectric materials, the power-handling capacity of non-mechanical phase shifters is generally lower than megawatt levels, making them unsuitable for HPM applications. Mechanical phase shifters can be divided into push–pull and rotary waveguide types according to the adjustment method. Currently, push–pull waveguide phase shifters, such as the waveguide broad-wall adjustable phase shifter [11], the T-shaped rectangular waveguide phase shifter [12], and the phase shifter based on a dual circular polarizer [13], are commonly used in HPM areas to achieve microwave phase adjustment. The waveguide broad-wall adjustable phase shifter is designed to modify the width dimension of the waveguide, thereby altering the propagation constant and achieving a phase shift. However, the non-linear relationship between the phase and the displacement distance poses a challenge for achieving high-precision phase adjustment. Both the T-shaped rectangular waveguide phase shifter and the phase shifter based on a dual circular polarizer are capable of achieving linear phase adjustment. The T-shaped rectangular waveguide phase shifter utilizes waveguide folding technology to directly alter the length of the microwave transmission path, thereby achieving the desired phase. On the other hand, the phase shifter based on a dual circular polarizer achieves a phase adjustment by sliding the short-circuit metal plug and modifying the transmission path of the circularly polarized (CP) wave. These two phase shifters have made significant advancements in solving high-precision phase adjustments. However, it is worth noting that the push–pull structure employed in these phase shifters generally exhibits two drawbacks: first, they require space for the short circuit slider to move in the waveguide, which makes the HPM system difficult to maintain a high vacuum level and increases the complexity of the HPM vacuum system; second, the sliding of the short circuit slider along the inner wall of the waveguide can cause wear and reduce the service life of the phase shifter.



Considering the limitations of push–pull phase shifters discussed above, researchers in the HPM field are increasingly turning to rotary phase shifters due to their more compact structure and longer lifespan. The waveguide rotating contact surface of a rotary waveguide phase shifter is less prone to wear, making it more durable. There are mainly three types of rotary waveguide phase shifters in the literature: the pressure elliptical waveguide phase shifter [14], the waveguide gap bridge rotary adjustable phase shifter [15], and the TEM-mode phase shifter [16]. The pressure elliptical waveguide phase shifter has a wide working frequency band, but its phase shift has a nonlinear relationship with the rotation angle, resulting in lower phase-shifting accuracy. The waveguide gap bridge rotary adjustable phase shifter consists of a waveguide gap bridge, two circular polarizers, and two inverters, making its structure more complex. To achieve linear phase adjustment, this phase shifter requires the simultaneous rotation of two inverters at the same angle, making its adjustment process more complicated. The L-band TEM-mode rotary waveguide phase shifter comprised two identical TEM-mode to coaxial CP TE11 mode converters. Each converter consists of two coaxial circular waveguides, two metal cones, and four 90°–90° bent rectangular waveguides. To achieve the conversion of the coaxial CP TE11 mode, the lengths of the four rectangular waveguides must be carefully designed so that the lengths of the adjacent waveguides differ by one-fourth of the operating wavelength. As a result, this phase shifter has a relatively narrow operating bandwidth. Furthermore, due to its complex structure and high machining precision requirements, it is challenging to apply this phase shifter in high-frequency ranges.



A high-power rotary waveguide phase shifter based on circular polarizers is presented. As illustrated in Figure 1, the structure of the phase shifter comprises a linearly polarized to left-handed circularly polarized (LP-LHCP) mode converter, a left-handed to right-handed circularly polarized (LH-RHCP) mode converter, and a linearly polarized to right-handed circularly polarized (LP-RHCP) mode converter. The entire phase shifter exhibits mirror symmetry. By rotating the LH-RHCP mode converter, a 360° linear phase shift can be achieved, with the phase shift being twice the rotation angle. Through the simulation analysis and experimental testing of the X-band rotary waveguide phase shifter, it has been demonstrated that the proposed phase shifter possesses advantages such as a high phase-shifting accuracy, low insertion loss, and wide operating bandwidth.



This paper is organized as follows. Section 2 elaborates on the phase-shifting principle of the proposed phase shifter in detail. Section 3 presents the optimization results for the three parts of the X-band rotary waveguide phase shifter. Section 4 conducts a simulation analysis of the entire phase shifter. Section 5 presents the developed prototype of the phase shifter and its experimental results. Moreover, the proposed phase shifter is compared with previous related studies, and the future improvements are discussed in Section 6. Finally, a conclusion is made in Section 7.




2. Phase-Shifting Principle


The LH-RHCP mode converter serves as a crucial component for phase adjustment in the presented high-power rotary waveguide phase shifter. It comprised two mirror-symmetric circular polarizers, which can convert the input LHCP TE11 mode to LP TE11 mode and then to RHCP TE11 mode. The circular polarizer is composed of a circular waveguide and a pair of rectangular grooves protruding from both sides of the waveguide, as shown in Figure 1. To elucidate the principle underlying the conversion between LP and CP TE11 mode by the circular polarizer, two orthogonal coordinate systems, x-y and ex-ey, are established as depicted in Figure 2. In this context, ex is parallel to the direction of the rectangular grooves of the circular polarizer, while ey is perpendicular to that direction.



In order to satisfy the requirement of the CP electric fields having equal amplitudes and a phase difference of 90°, the direction of the input electric field Ei must be oriented at an angle of 45° (resulting in an LHCP wave) or −45° (resulting in an RHCP wave) with the rectangular grooves. When the input electric field Ei is oriented at 45° with the rectangular grooves, it can be decomposed into two orthogonal electric field components along the ex and ey directions, respectively, as shown in Equation (1). Due to the different cavity structures in the ex and ey directions, their electric field propagation constants (βx and βy) and transmission efficiencies (τx and τy) are also distinct. For the TE11 mode in the ey direction, the electric field is primarily concentrated in the middle of the circular waveguide, with a relatively low field strength at the rectangular grooves on both sides. Consequently, the discontinuity caused by the rectangular grooves has minimal impact on the transmission efficiency of electromagnetic waves in that direction, i.e., τy ≈ 1. The transmission efficiency τx of electromagnetic waves in the ex direction is mainly related to the thickness w and height h of the rectangular cavity. Therefore, by selecting the appropriate parameters, a high transmission efficiency can be achieved, i.e., τx ≈ 1. Since the electric field propagation constant βy perpendicular to the direction of the rectangular grooves is greater than the electric field propagation constant βx along the direction of the rectangular grooves, adjusting the length d of the rectangular grooves accordingly can result in a 90° phase difference between the electric fields in both directions, thereby forming an LHCP wave, as shown in Equation (2).


   E i  =    2   2   E 0  (  e x  +  e y  )  e  − i δ    e  − i ω t   ,  



(1)






     E 0    =    2   2   E 0  (  τ x   e  i  β x  d    e x  +  τ y   e  i  β y  d    e y  )  e  − i δ    e  − i ω t           ≈    2   2   E 0  (  e x  +  e  i (  β y  −  β x  ) d    e y  )  e  i (  β x  d − δ )    e  − i ω t   ,     



(2)




where δ is the initial phase, and ω is the angular frequency.



The circular polarizer can also be regarded as a four-port waveguide device, where ports 1 and 2 correspond to the degenerate TE11x mode (TE11 mode polarized along the x-axis) and TE11y mode (TE11 mode polarized along the y-axis) of the input port, respectively, while ports 3 and 4 correspond to the degenerate TE11x mode and TE11y mode of the output port, respectively. The generalized scattering matrix of the circular polarizer can be expressed as


   S ′  =  1 2   [     0   0    1 + i     1 − i      0   0    1 − i     1 + i       1 + i     1 − i    0   0      1 − i     1 + i    0   0     ]  ,  



(3)







To illustrate the characteristics of the circular polarizer, for the TE11x mode and TE11y mode wave incident, respectively, at the input port with a normalized amplitude and an equal phase of 0°, corresponding to input vectors a1 = [1,0,0,0]T and a2 = [0,1,0,0]T, the output vectors are b1 = S′·a1 =    2   / 2       0 , 0 ,  ∠  45 ° ,  ∠  − 45 °      T     and b2=S′·a2 =    2   / 2       0 , 0 ,  ∠  − 45 ° ,  ∠  45 °      T    , respectively. Namely, when the input port electric field is the TE11x mode, the circular polarizer can output an LHCP wave. Conversely, when the input port electric field is the TE11y mode, the circular polarizer can output an RHCP wave.


  S =  [     0   0   0   1     0   0   1   0     0   1   0   0     1   0   0   0     ]  ,  



(4)







When an LHCP wave with a normalized amplitude and an initial phase of 0° is injected into the LH-RHCP mode converter, corresponding to the input vector a =    2   / 2       1 , i , 0 , 0      T    , the output vector is b = S·a =    2   / 2       0 , 0 , i , 1      T    , the conversion from LHCP to RHCP TE11 mode is achieved. Similarly, when an RHCP wave is input, the LHCP wave can be output.



The LH-RHCP mode converter rotates by an angle θ, and the ex-ey coordinate system also rotates accordingly. The rotated coordinate system is defined as e1-e2, as illustrated in Figure 3.



The relationship between the ex-ey coordinate system and the e1-e2 coordinate system is given by


   {       e x  = cos θ  e 1  + sin θ  e 2         e y  = − sin θ  e 1  + cos θ  e 2        ⇒  [       e x         e y       ]  =  [      cos θ     sin θ       − sin θ     cos θ      ]   [       e 1         e 2       ]  =  T  12    [       e 1         e 2       ] ,   



(5)






   {       e 1  = cos θ  e x  − sin θ  e y         e 2  = sin θ  e x  + cos θ  e y        ⇒  [       e 1         e 2       ]  =  [      cos θ     − sin θ       sin θ     cos θ      ]   [       e x         e y       ]  =  T  x y    [       e x         e y       ] ,   



(6)




where T12 and Txy are the coordinate transformation matrices.



For the LH-RHCP mode converter input, an LHCP wave with a normalized amplitude and an initial phase of 0°, the input port electric field can be expressed as


   E i  =    2   2  (  e x  + i  e y  ) =    2   2   [     1   i     ]   [       e x         e y       ] ,   



(7)







Substituting Equation (5) into (7), which can be deduced as


   E i  =    2   2   [     1   i     ]   T  12    [       e 1         e 2       ]  =    2   2   [       e  − i θ       i  e  − i θ        ]   [       e 1         e 2       ] ,   



(8)







In the e1-e2 coordinate system, the total input electric field vector is further written as


   E i  =  2  / 2    [   e  − i θ   , i  e  − i θ   , 0 , 0  ]   T  ,  



(9)







By combining Equations (4) and (9), the total output electric field vector of the e1-e2 coordinate system can be obtained.


   E 0  =  E i  ⋅ S =  2  / 2    [  0 , 0 , i  e  − i θ   ,  e  − i θ    ]   T  ,  



(10)







The expression for the output port electric field can be described as


   E 0  =    2   2   [      i  e  − i θ        e  − i θ        ]   [       e 1         e 2       ] ,   



(11)







Moreover, the output port electric field of the ex-ey coordinate system can be rewritten as follows by substituting Equation (6) into (11).


   E 0  =    2   2   [      i  e  − i θ        e  − i θ        ]   T  x y    [       e x         e y       ]  =    2   2   [      i  e  − i ⋅ 2 θ        e  − i ⋅ 2 θ        ]   [       e x         e y       ]  =    2   2   e  − i ⋅ 2 θ   ⋅ ( i  e x  +  e y  ) ,  



(12)







By comparing Equations (7) and (10), it can be observed that when the LH-RHCP mode converter rotates by an angle of θ, the input LHCP wave can be converted to the RHCP wave output, and the microwave phase undergoes a change of 2θ. Therefore, the phase shift Δφ and the angle of rotation Δθ satisfy the following formula.


  Δ φ = 2 Δ θ ,  



(13)








3. Structure and Design


Figure 1 illustrates the structure of the high-power rotating waveguide phase shifter. It consists of three parts: an LP-LHCP mode converter, an LH-RHCP mode converter, and an LP-RHCP mode converter. These three parts are coaxially distributed along the center axis of the phase shifter. The LP-LHCP mode converter and the LP-RHCP mode converter are fixed, while the LH-RHCP mode converter can rotate around the central axis. The whole phase shifter has mirror symmetry along the center plane of the phase shifter. To ensure high transmission efficiency, the structures of the three components were meticulously optimized using the finite element method (FEM) of the Computer Simulation Technology Microwave Studio (CST-MS) to design a phase shifter with a center frequency of 9.8 GHz.



3.1. LP-LHCP Mode Converter


The LP-LHCP mode converter is composed of a rectangular waveguide, a rectangular-to-circular transition waveguide, and a rectangular groove circular polarizer, as depicted in Figure 4. To facilitate the connection with other waveguide components in the HPM systems, the rectangular waveguide employs a standard WR90 waveguide. The rectangular-to-circular transition waveguide serves to transform the input rectangular waveguide’s TE10 mode into the LP TE11 mode in the circular waveguide. The rectangular grooves of the circular polarizer are oriented at 45° with respect to the electric field of the input LP TE11 mode, which enables the conversion of the circular waveguide’s LP TE11 mode to the CP TE11 mode. A metal cylinder with a length of t0 and a thickness of e0 is attached to the outer side of the circular waveguide flange on the right side of the LP-LHCP mode converter. The dimensions of the cylinder are identical to those of the slots on the circular waveguide flanges on both sides of the LH-RHCP mode converter. When the LP-LHCP mode converter is connected to the LH-RHCP mode converter, the metal cylinder can be precisely aligned with the grooves to provide robust mechanical support.



It should be noted that in the LP-LHCP mode converter, when the diameter of the circular waveguide is too small, the microwave signal will be cut off. While the diameter of the circular waveguide is too large, the rectangular grooves and other discontinuous structures in the circular polarizer will excite higher-order modes, such as TM01 mode and TE21 mode, which will greatly influence its transmission efficiency. Therefore, in order to ensure that the circular waveguide can only transmit TE11 modes, the range of its diameter r0 is as follows.


     c 0    3.41 f   <  r 0  <    c 0    2.61 f   ,  



(14)




where c0 represents the speed of light in free space and f represents the microwave frequency.



Consequently, for a center frequency of 9.8 GHz, the optimal range of the circular waveguide’s diameter r0 can be calculated using Equation (14) to be approximately between 8.98 mm and 11.73 mm.



By carefully optimizing the length of the rectangular-to-circular waveguide transition and the dimensions of the rectangular grooves, the reflection of the LP-LHCP mode converter can be reduced. The specific dimensions of each optimized parameter are shown in Table 1.



Simulated results of the magnitude and phase difference of S parameters are shown in Figure 5. It can be seen that the reflection of the converter is less than −25 dB within the frequency range of 9.4–10.2 GHz. In addition, the amplitudes of the two orthogonal TE11 modes at the output port are almost equal, and the phase difference is about 90°, which satisfies the condition for forming an LHCP wave.


  η =    (   S  21   T  E  11 x      )   2  +    (   S  21   T  E  11 y      )   2  ,  



(15)






  A R = cot  {   1 2  arcsin  [    2  S  21   T  E  11 x      S  21   T  E  11 y     sin  |   φ x  −  φ x   |       (   S  21   T  E  11 x      )   2  +    (   S  21   T  E  11 y      )   2     ]   } ,   



(16)







The axial ratio (AR) and conversion efficiency of the LP-LHCP mode converter are calculated based on Equations (15) and (16) [17], and the results are shown in Figure 6. The converter has a conversion efficiency greater than 99.7% and an axial ratio less than 0.2 dB within the aforementioned frequency range.




3.2. LH-RHCP Mode Converter


The LH-RHCP mode converter consists of two mirror-symmetric rectangular groove circular polarizers, as shown in Figure 7. The distance t2 between the two rectangular groove circular polarizers should be long enough to ensure that the high-order modes excited by the discontinuous structure of the rectangular groove can be fully cut off. The circular waveguide flanges on both sides of the converter each have a cylindrical slot, which has the same size as the outer metal cylinder of the circular waveguide flange of the LP-LHCP/LP-RHCP mode converter. After optimization, the specific dimensions of each parameter of the LH-RHCP mode converter are shown in Table 2.



When an LHCP wave is injected into the LH-RHCP mode converter, the magnitude and phase difference of S parameters are simulated and displayed in Figure 8. It is observed that the reflection of the LH-RHCP mode converter is less than −25 dB within the frequency range of 9.1–10.2 GHz. Moreover, the amplitudes of the two orthogonal TE11 modes at the output port are nearly identical, and the phase difference is approximately −90°. Consequently, the LH-RHCP mode converter can effectively convert the input LHCP wave into an output RHCP wave. The axial ratio and conversion efficiency of the converter are calculated and presented in Figure 9. It is obvious that the conversion efficiency is greater than 99.7% and the axial ratio is less than 0.1 dB within the frequency range of 9.2–10.2 GHz.




3.3. LP-RHCP Mode Converter


Since the LHCP and RHCP mode converters are mirror-symmetric on the center plane of the phase shifter, the transmission characteristics of the RHCP mode converter are basically the same as those of the LHCP mode converter. It should be noted that the rectangular grooves of the circular polarizer are oriented at −45° with the electric field of the output LP TE11 mode, as shown in Figure 10. The RHCP mode converter can convert the RHCP wave generated by the LH-RHCP mode converter into a rectangular waveguide TE10 mode output.





4. Simulation of the Rotary Waveguide Phase Shifter


After carefully designing the three sections of the phase shifter, the rotary waveguide phase shifter is assembled as illustrated in Figure 1. Taking into account the practical processing conditions, the material of the converter is specified as aluminum with a surface roughness of 1.6 μm. Figure 11 and Figure 12 depict the simulation results of the reflection coefficient and transmission efficiency at varying rotation angles, respectively. Notably, the reflection of the phase shifter is less than −20 dB, and the transmission efficiency exceeds 95% (>−0.3 dB) within the frequency range of 9.5–10.2 GHz, indicating that the working frequency band of the phase shifter spans greater than 700 MHz. Furthermore, Figure 13 shows the output phase of the phase shifter at varying rotation angles. It can be seen that the phase shifter exhibits an approximately 360° linear phase shift within the aforementioned frequency range as it rotates from 0° to 180°.



Additional research has been conducted on the deviation of the electrical phase shift and the twice mechanical angle at varying rotation angles, and the calculation formula for the phase-shifting deviation is calculated as follows:


  error  =  φ −  φ 0  − 2 Δ θ  



(17)




where φ0 represents the initial phase of the phase shifter when the LH-RHCP mode converter is not rotated, while φ represents the output phase of the phase shifter when the LH-RHCP mode converter is rotated by Δθ.



Figure 14 illustrates the phase-shifting deviation of the phase shifter at different rotation angles. It can be seen that in the frequency range of 9.5–10.2 GHz, the maximum phase-shifting deviation is less than 1.2° during the rotation process from 0° to 180°.



The electric field distribution of the phase shifter is shown in Figure 15. It clearly displays the mode conversion process of the phase shifter. With an input microwave power of 0.5 W, the maximum surface field strength of the phase shifter is 3179 V/m. In HPM applications, phase shifters and other microwave transmission components typically operate under a high-level vacuum condition. Under vacuum conditions, the RF breakdown field strength is approximately 1 MV/cm [18,19]. For assurance, assuming the breakdown field strength is 0.7 MV/cm, the phase shifter has a power-handling capacity larger than 242 MW. Furthermore, the maximum surface field strength of the phase shifter occurs at the intersection of the rectangular groove and the circular waveguide. Hence, implementing a chamfered transition in the intersection further enhances the power-handling capacity of the phase shifter.




5. Experimental Results


To validate the aforementioned phase-shifting principle and design method, a prototype of a phase shifter with a center frequency of 9.8 GHz was manufactured, and its transmission characteristics were tested using an Agilent vector network analyzer (VNA), as shown in Figure 16. Figure 17 presents the measured results of the transmission characteristics of the phase shifter at varying rotation angles. The measured data demonstrate remarkable agreement with the simulation results. Within the frequency range of 9.5–10.2 GHz, the reflectance remains below −20 dB throughout the entire rotation process, while the insertion loss is almost always below 0.3 dB. This indicates that the phase shifter exhibits good stability and transmission efficiency. Finally, Figure 18 illustrates the measured phase characteristics at varying rotation angles. Figure 18 and Figure 13 show the trend of phase variation with rotation angle, but it is worth noting that they show opposite trends. This is due to the different rotation directions of the phase shifter. The measured phase characteristics indicate that the phase shifter is capable of achieving a linear phase adjustment of 360° when rotated by 180° within the frequency range of 9.5–10.2 GHz.




6. Discussion


It is noteworthy that the circular polarizer employed in the phase shifter is realized by incorporating a pair of tilted rectangular grooves in the circular waveguide, which yields a working bandwidth exceeding 700 MHz. For a further extension of the working bandwidth, multiple pairs of tilted 45° rectangular grooves can be employed in the circular polarizer. Simulation results have verified that using two pairs of rectangular grooves is sufficient to achieve a working bandwidth of 1 GHz. However, it is important to consider that the length of the phase shifter will also increase accordingly. Therefore, the choice of the number of rectangular grooves should be made based on the actual requirements.



Table 3 shows the performance comparison of several different phase shifters, which demonstrates that the phase shifter designed in this paper has a wider relative bandwidth and a good transmission performance. Although the phase shifter exhibits obvious advantages in operating bandwidth and transmission efficiency, its physical dimensions are relatively large, measuring about 276 mm (9.0λ, λ is the wavelength of free space). As a result, the phase shifter is restricted to low-frequency HPM applications. In order to meet the requirements of low-frequency applications, the next phase of development involves further optimizing the structure of the phase shifter. This entails conducting research and designing a wideband LHCP/RHCP mode converter without a rectangular-to-circular transition part, as well as developing a more compact wideband circular polarizer structure.




7. Conclusions


This paper presents a high-power rotary waveguide phase shifter based on circular polarizers that is suitable for HPM applications. The phase shifter can achieve a 360° high-precision linear phase shift by rotation, and the phase shift is twice the rotation angle. Through optimized design and simulation of the X-band phase shifter made of aluminum, the results show that the reflection of the phase shifter is less than −20 dB and the insertion loss is below 0.3 dB within the frequency range of 9.5–10.2 GHz. Meanwhile, the maximum phase-shifting deviation is less than 1.2°, and the expected power-handling capacity is up to 242 MW. To validate the phase-shifting principle and design method, a prototype of a phase shifter was manufactured and measured; the experimental results are in good agreement with the simulation results. Accordingly, the phase shifter has broad application prospects in HPM coherent synthesis systems with its advantages of high phase-shifting accuracy, high transmission efficiency, and a simple phase adjustment method.
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Abbreviations used in this paper.



	HPM
	High-power microwave



	LP
	Linearly polarized



	CP
	Circularly polarized



	LHCP
	Left-handed circularly polarized



	RHCP
	Right-handed circularly polarized



	LP-LHCP
	Linearly polarized to left-handed circularly polarized



	LH-RHCP
	Left-handed to right-handed circularly polarized



	LP-RHCP
	Linearly polarized to right-handed circularly polarized



	AR
	axial ratio
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Figure 1. Structure of the novel high-power rotary waveguide phase shifter. 
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Figure 2. Schematic diagram of the structure of the circular polarizer. 
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Figure 3. ex-ey and e1-e2 coordinate system. 
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Figure 4. Schematic diagram of the structure of the LP-LHCP mode converter. 
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Figure 5. Magnitude and phase difference of S parameters for the LP-LHCP mode converter. 
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Figure 6. Conversion efficiency and axial ratio of the LP-LHCP mode converter. 
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Figure 7. Schematic diagram of the structure of the LH-RHCP mode converter. 
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Figure 8. Magnitude and phase difference of S parameters for the LH-RHCP mode converter. 
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Figure 9. Conversion efficiency and axial ratio of the LH-RHCP mode converter. 
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Figure 10. Schematic diagram of the structure of the LP-RHCP mode converter. 






Figure 10. Schematic diagram of the structure of the LP-RHCP mode converter.



[image: Electronics 12 02963 g010]







[image: Electronics 12 02963 g011 550] 





Figure 11. Conversion efficiency of the phase shifter. 
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Figure 12. Transmission efficiency of the phase shifter. 
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Figure 13. Output phase of the phase shifter at varying rotation angles. 
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Figure 14. Phase-shifting deviation of the phase shifter at varying rotation angles. 
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Figure 15. Electric field distribution of the phase shifter. 
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Figure 16. Photographs of the phase shifter prototype and the measurement setup: (a) phase shifter prototype; (b) measurement setup. 






Figure 16. Photographs of the phase shifter prototype and the measurement setup: (a) phase shifter prototype; (b) measurement setup.



[image: Electronics 12 02963 g016]







[image: Electronics 12 02963 g017 550] 





Figure 17. Transmission characteristics of the phase shifter at varying rotation angles. 
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Figure 18. Phase characteristics of the phase shifter at varying rotation angles. 
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Table 1. Specific dimensions of the LP-LHCP mode converter (Unit in mm).






Table 1. Specific dimensions of the LP-LHCP mode converter (Unit in mm).











	Parameters
	Value
	Parameters
	Value





	l0
	23
	h1
	8.1



	r0
	10.8
	t0
	5



	d1
	32.7
	e0
	2



	w1
	3.55
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Table 2. Specific dimensions of the LH-RHCP mode converter (unit in mm).
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	Parameters
	Value
	Parameters
	Value





	d2
	32.7
	t2
	20.6



	w2
	3.7
	t0
	5



	h2
	8.2
	e0
	2
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Table 3. Comparison of several different phase shifters.
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	Reference
	Phase Modulation Types
	Frequency (GHz)
	Bandwidth (%)
	Insertion Loss (dB)
	Phase Shift (°)





	[13]

2015
	push–pull
	9.325
	0.43
	0.15
	360



	[2]

2020
	push–pull
	9.5
	-
	0.3
	360



	[15]

2020
	rotary
	8.4
	2.4
	0.81
	360



	[16]

2016
	rotary
	1.79
	-
	0.06
	360



	[20]

2019
	rotary
	1.57
	0.96
	0.55
	360



	This work
	rotary
	9.8
	7.14
	0.3
	360
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file30.png
LP(TE)

LRCP(TEn)

LP(TEn) .

LP(TEn)

RRCP(TE1) .
LP(TEx)

LP(TEuwo)

V/m
3179
3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000

800

600

400

200

0






media/file18.png
(dp) oney [eIxy

10.3

10.1

9.9

9.7
Frequency (GHz)

Conversion efficiency
Axial Ratio
|
93 9.5

9.1

_ _ _
< ol <
N 00 o0

97.0 L

_ _
o o
N o~
o) o)

100.0 [

N (@) N

(94) AOUIDIIJS UOISIDAUO))





media/file35.jpg
Phase (°)

~——95GHz —%—9.6GHz —4—9.7GHz
|- —+—-9.8GHz ——9.9GHz —*—10.0GHz
—*—10.1GHz —*—10.2GHz

0 20 40 60 8 100 120 140

Rotate angle (°)

160

180





media/file21.jpg
Sy (dB)

00 —+—30° —4—60° —%—90°
1207 e 1500 = 1802

1 1 1
95 97 9.9 10.1
Frequency (GHz)

103





media/file26.png
Phase (°)

200

100

-100 -
=200 _
-300 _
-400 -

S0 L1
0 20 40 60 80 100 120 140 160 180

—e—95GHz '—®—9.6GHz —*—9.7GHz
—v—98GHz '—¢—99GHz —¢—10.0GHz
——10.1GHz ——10.2GHz

| ] | l | | | ]

Rotate angle (°)





media/file27.jpg
Phase shifting deviation (°)
o
G

o 95GHz © 9.6GHz & 97GHz v 98GHz
[ 99GHz © 10GHz * 110.1GHz © 10.2GHz

i s e v g ——————————— 128

0 20 40 60 80 100 120 140 160 180

Rotate angle (°)





media/file3.jpg





media/file22.png
511 (dB)

cr

—e—()°

—&—3(0° —4&—60° —v—90°

g e WU R e e

ihil \h

f

s
fa(

I

|

| L |

il

9.5

9.7 9.9
Frequency (GHz)

10.1

10.3





media/file19.jpg





media/file7.jpg





media/file28.png
2.0

o 95GHz © 96GHz 4/ 97GHz v 9.8GHz
°_ 15[ 99GHz © 10GHz * 10.1IGHz © 10.2GHz
= :

o i o
- s T e > it et 12
o) -

s 1.0: 3 B

< | 8

i \'Z
e 0.5 g g o k8
k= - o
= K o g # % g 8 g g

I o g vV 9 A
R ¢ g % g
,_CGG _05— ﬁ 8 \v
ol

_10: 1 ] 1 ] L | L | L | L | L | L ]

0 20 40 60 80 100 120 140 160 180
Rotate angle (°)





media/file10.png
S parameters (dB)

O i 180
_5 :— TEn- = 150
[ TS T Y5y .

i \ TE,,, -
—10 | Sa1 1120
- == = rPhase difference :

|

DO

9.7 9.9
Frequency (GHz)

10.1

10.3

0
10.5

Phase difference (°)





media/file33.jpg
Sy, (dB)

—0—95GHz —o—9.6 GHz ——9.7GHz —v—9.8GHz
—0—9.9GHz —0—10.0GHz —#+—10.1GHz —0—10.2GHz

—e—9.5GHz —#—9.6GHz —4+—9.7GHz —v—9.8GHz
—+—9.9GHz —e— 10.0GHz —*—10.1GHz ——102GHz

0.0

0.5

25

20 40 60 80 100 120 140 160
Rotate angle (°)

180

S, (dB)





media/file32.png





media/file14.png





media/file11.jpg
100.0 20

995 Conversion efficiency

Axial Ratio

99.0 1.0

Conversion efficency (%)
3
&

L L
21 93 9.5 9.7 99 101 103 105

Frequency (GHz)

Axial Ratio (dB)





media/file6.png





media/file36.png
Phase (°)

700

600

500

400
300

200

100

-100

- ——95GHz —®—9.6GHz —*~—9.7GHz
— —v—098GHz —¢—99GHz —®—10.0GHz
- —#x—10.1GHz —»— 10.2GHz

Rotate angle (°)

0 20 40 60 80 100 120 140 160 180






media/file15.jpg
S parameters (dB)

e,
el oI

gl gl

Phase difference

-120

-150

-180

93 25 52 9.9 10.1
Frequency (GHz)

103

10.5

Phase difference (°)





nav.xhtml


  electronics-12-02963


  
    		
      electronics-12-02963
    


  




  





media/file16.png
S parameters (dB)

OWM

_10 - ® SI-IEHX +St{$‘lly - _30
= TEllx 11y
—v—-S5,, —‘—ng : o
. i Phase difference
-90
-120
-150
—60 l : | : | \ | \ | L I L -180
9.1 9.3 9.5 9.7 9.9 10.1 10.3 10.5

Frequency (GHz)

Phase difference (°)





media/file2.png
LH-RHCP mode converter

\

LP-LHCP mode converter

\

\

LP-RHCP mode converter

Input Port





media/file20.png





media/file23.jpg
1.00

om0 —o—30° ——60° —9—90°
—o—120°, —o—150° —#—180°

o

o

2
T

096 £

0.94

0.92 -

Transmission efficiency (%)

0.90 L L L i
9.3 9.5 9.7 9.9 10.1 103

Frequency (GHz)






media/file5.jpg





media/file24.png
1.00

—0—(° —o—30° —&—60° —F—90°
—0—120° —o—150° —#*—180°

0.92

Transmission efficiency (%)

0.90 — -
9.3 9.5 9.7 9.9 10.1 10.3

Frequency (GHz)






media/file29.jpg
LP(TEw) LP(TEw) V2

i
RRCP(TE) .
LrE)

250}
2500
2100
200,
200
1600
1200,
100,
-
-
-

LRCP(TE:)

LP(TEn) ‘II.

LP(TE:





media/file1.jpg
LP-LHCP mode converter

LH-RHCP mode converter

\

LP-RHCP mode converter

-Output Port





media/file31.jpg





media/file25.jpg
Phase (°)

200

100

-100

200

=300

-400

=500

—-—9,5GHz | —%—9.6GHz —*~—9.7GHz
Zhv—=98GHz [==¢-—=19.9GHz ~=*=10.0GHz
—*—10.1GHz —*—10.2GHz

L L L i

i

60 80 100 120
Rotate angle (°)

140

160

180





media/file12.png
Conversion efficency (%)

100.0

99.5

99.0 |
98.5

98.0 L

Conversion efficiency
Axial Ratio

115
1.0

o5

Frequency (GHz)

2.0

- - - - - - 10,0
91 93 95 97 99 101 103 105

Axial Ratio (dB)





media/file9.jpg
180

S parameters (dB)
|

e T,
Su "5y
ot Ty
S

= = = = Phase difference

150

120

90

60

30

93 9.5 87 99

10.1
Frequency (GHz)

Phase difference (°)





media/file0.png





media/file8.png
L I _
| |
| |
: _
_ _
: |
_ |
; |

—y | ,
om._ _. \ , __
S | \
..ﬂw..___ | ,, ___
2

%

,






media/file34.png
51 (dB)

w* -
VR o
’. =

5 —0—95GHz —=—9.6 GHz —&—9.7GHz —v—9.8GHz
| —0—9.9GHz —0— 10.0GHz —#—10.1GHz —0— 10.2GHz .

A ARA AT AAAL
& YK\l R A
AN e A AT =

[ —*—9.5GHz —%—9.6GHz —4—=97GHz —v—+9.8GHz ]
- —¢—99GHz —*— 10.0GHz —*—10.1GHz —&—10.2GHz -

Rotate angle (°)

0.0

- . 1925
0 20 40 60 80 100 120 140 160 18

0

5, (dB)





media/file17.jpg
Conversion efficency (%)

100.0 0.6
4 Conversion efficiency
b Axial Ratio &
99.0 |- 04
98.5 | 03
98.0 0.2
9IS |- 0.1
97.0 * : L 0.0
o1 93 95 97 99 100 103 105

Frequency (GHz)

Axial Ratio (dB)





