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Abstract

:

The next-generation communication base station antennas represented by phased array antennas are towards high frequency, high gain, high density, and high pointing accuracy. The influence of mechanical structure factors on communication system channel quality is obviously increasing, and the electromechanical coupling problem is becoming more prominent. To effectively guarantee the realization of 5G/6G communication in complex working environments and accelerate the commercial process of future communication systems, an electromechanical coupling channel capacity model is established in comprehensive consideration of the positional shift, attitude deflection, and temperature change of the communication base station phased array antennas. It can be used to rapidly evaluate the communication index degradation of RF devices within the heating environment. Moreover, a sensitivity model of the electric field strength and array antenna channel capacity to the random position error of each element is constructed. The influence of the random positioning error of each element on the communication indicators is analyzed and compared under different working conditions. The simulation results show that the proposed model can effectively provide a theoretical basis and guiding role for the design and manufacture of high-frequency array base station antennas.
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1. Introduction


Commercial wireless communications have evolved from simple voice systems to advanced mobile broadband multimedia systems since the 1980s [1,2,3,4,5]. If the mobile phone is considered to be the main innovative carrier in the 1G to the 4G era [6], then the development of 4G to 5G/6G has brought countless new application directions to various industries. The 5G/6G network would emerge as an important part of modern communication [7]. A large number of millimeter-wave spectra accompanied with 5G/6G key technologies, including beamforming technology [8,9], massive multiple-input multiple-output (MIMO) technology [10,11,12,13], and full-spectrum access [14,15], will present new prospects for future wireless communication.



The 5G/6G base station antenna represented by a phased array antenna is developing toward high frequency, high gain, high density, and high pointing accuracy [16]. This has emphasized the influence and constraints of mechanical structural factors on the channel quality and capacity [17] of communication systems and increased the prominence of the electromechanical coupling problem [18]. This can be a bottleneck, restricting the performance improvement of communication systems. The basic goal of 5G/6G technology is to achieve higher coverage at a lower cost. The channel capacity indicators are directly consistent with the client’s growing interest in faster and higher information rates. Therefore, it is necessary to link the problem of electromechanical-thermal coupling of the 5G/6G base station phased array antennas with the channel capacity of the communication system. Furthermore, the influence mechanism of the channel quality of the base station antenna communication system should be studied to provide a theoretical basis for improving the channel quality of 5G/6G and even the high-frequency communication system of the next generation.



In recent years, there has been an increasing amount of research on the channel capacity of communication systems and some papers have linked channel capacity with antenna indicators. Ref. [19] used probabilistic interval analysis method to calculate the infimum and supremum of the electrical performance of linear phased arrays under element amplitude and phase errors, which can be used to the tolerance analysis of the channel capacity and reliability of base station antennas efficiently. Ref. [20] reconstructed the theoretical model of channel capacity and analyzed the influence of antenna geometry, including antenna array configuration (linear, circular, and rectangular arrays), beam arrival angle, and elemental correlation on channel capacity. The results showed that the array configuration has an important impact on the channel capacity for small-size array antennas. Ref. [21] stated the influence of the vehicle antenna directivity index (beamwidth) on the vehicle communication transmission characteristics (delay, Doppler spread, and channel capacity). It was concluded that the beamwidth on the horizontal plane can affect the received power (noise ratio) of the antenna, which would later affect the channel capacity of the system. The above studies analyzed the relationship between the structural parameters and channel capacity, but did not study the influence of structural parameter variation caused by complex environments on channel capacity, which means that few people associated the electromechanical coupling problem of the antenna with the change in channel capacity for analysis. In addition, the electromechanical coupling theory of active phased array antennas has been extensively studied. In [22], the effects of the structure displacement and thermal deformation of an active phased array antenna (APAA) on electromagnetic (EM) performance were analyzed. The electromagnetic coupling model of the APAA was established and the accuracy of the model was verified. Ref. [23] established the coupling relationship between the EM performance of the antenna and the structural distortion, as well as the random errors of the APAA. In [24], an EM statistical model of the array antenna coupling structure was proposed from the perspective of electromechanical coupling. The EM performance of the antenna, which exhibited saddle-shaped distortion and random position error, was evaluated using a planar array. It can be seen that these studies mainly focused on the influence of structural deformation on the EM performance of the base station antenna. They do not link the electrical performance to important indicators of the base station antenna, such as channel capacity. That is, it does not study the coupling analysis of structure error and base station antenna electrical performance. Furthermore, as the base station antenna rapidly develops toward high frequencies, the electromechanical coupling problem of the antenna can become increasingly prominent and the constraint of antenna structure on communication quality can become clearer.



Meanwhile, unlike traditional base station antennas, 5G/6G antennas use beam forming and beam tracking technologies to “customize” the signals for end-users [25]. Only when all elements are arranged strictly in the design position can the ideal high-gain, high-directivity beam be obtained. However, owing to the structural errors generated in the manufacturing, processing, and installation of the antenna element, the actual position of the element will inevitably deviate from the ideal position, resulting in degraded system communication performance. Furthermore, because the base station array antenna usually works in the millimeter-wave band, which is advantageous for reducing the size of the antenna element and the components in the array, making it easier for the entire communication system to be active, higher requirements are proposed for the installation accuracy of the array element position. This is because even minor installation errors are likely to be of the same order as the working wavelength, which will have a significant influence on the antenna’s EM performance and channel quality. Therefore, it is necessary to quantitatively study the sensitivity of the 5G/6G communication system performance to the random position error of the antenna elements in the x, y and z directions, respectively.



Therefore, the coupling relationship between the structural factors of base station active phased array antennas and the channel capacity was studied, and the influence of factors including the element position offset, pointing deflection, and feed error caused by thermal power consumption of RF devices on the communication quality was analyzed comprehensively. Moreover, the sensitivity model of the electric field strength and channel capacity of the array antenna to the random position error of the elements is also constructed.




2. Electromechanical Coupling Modeling of Channel Capacity


2.1. Establishment of Electromechanical Coupling Model of Channel Capacity


As shown in Figure 1, a 5G/6G base station phased array antenna is arranged in an equidistant rectangular grid, with a total of M×N array elements. The spaces between the elements along the x- and y-axes are    d x    and    d y   , respectively, and the maximum beam direction is    (   θ 0  ,  ϕ 0   )   . The direction cosine of the target direction    (  θ , ϕ  )    at the receiving end can be expressed with respect to the coordinate axis as    (  c o s  α x  , c o s  α y  , c o s  α z   )   , shown in Equation (1), so the direction cosine of the maximum base station transmitting beam pointing direction can be expressed as    (   u 0  ,  v 0  ,  w 0   )  =  (  c o s  α   x 0    , c o s  α   y 0    , c o s  α   z 0     )   .


   {    u = c o s  α x  = s i n θ c o s ϕ     v = c o s  α y  = s i n θ s i n ϕ     w = c o s  α z  = c o s θ      



(1)







During the working process, the element position offset and pointing deflection can be caused by structural distortion, manufacturing, and assembly error of the elements, where the positional offset of the    (  m , n  )       (  0 ≤ m ≤ M − 1 , 0 ≤ n ≤ N − 1  )    element is assumed as    (  Δ  x  m n   , Δ  y  m n   , Δ  z  m n    )    and the pointing deflection is    (  Δ  θ  m n   , Δ  ϕ  m n    )   , as shown in Figure 1. In addition, the feeding errors of elements can be generated owing to the thermal power consumption of a large number of electronic devices in T/R modules, where the normalized amplitude error and phase error can be expressed as   Δ  A  m n    ( T )    and   Δ  φ  m n    ( T )   , respectively.



Based on the electromechanical coupling model [22], the pattern function of the 5G/6G base station phased array antenna under the influences of structural distortion, manufacturing, thermal power consumption, and assembly error of the elements is expressed as below when neglecting the mutual coupling between the array elements.


     F  B S    (  θ , ϕ  )  =     ∑  m = 0   M − 1      ∑  n = 0   N − 1     f  m n    (  θ − Δ  θ  m n   , ϕ − Δ  ϕ  m n    )     I  m n    [  1 + Δ  A  m n    ( T )   ]  ⋅        e x p  {  j  [  k  (  m  d x  u + n  d y  v  )  + Δ  Φ  m n   + Δ  φ  m n    ( T )   ]   }     



(2)




where    I  m n   =  A  m n   e x p  (  j  φ  m n    )    is the initial excitation current of the    (  m , n  )    element,    A  m n     and    φ  m n     are the amplitude and phase, respectively,   Δ  Φ  m n     is the far-field spatial phase change caused by the offset between the    (  m , n  )    element and the    (  0 , 0  )    element, as expressed in (3),    f  m n    (  θ − Δ  θ  m n   , ϕ − Δ  ϕ  m n    )    is the pattern of the element itself, as expressed in (4),   k =   2 π  / λ    is the wave propagation constant, and  λ  is the wavelength of the base station phased array antenna.


  Δ  Φ  m n   = k  [   (  Δ  x  m n   − Δ  x  0 , 0    )   (  u −  u 0   )  +  (  Δ  y  m n   − Δ  y  0 , 0    )   (  v −  v 0   )  +  (  Δ  z  m n   − Δ  z  0 , 0    )  w  ]   



(3)






   {     f  m n    (  θ , ϕ  )  = c o s ϕ f  (  θ , ϕ  )  − c o s θ s i n ϕ f  (  θ , ϕ  )      f  (  θ , ϕ  )  = s i n c  (    k W  2  s i n θ s i n ϕ  )  c o s  (    k L  2  s i n θ c o s ϕ  )       



(4)







The pointing deflection angle    (  Δ  θ  m n   , Δ  ϕ  m n    )    can be found by the following step. First, assume that the surface equation of the entire base station antennas after deformation can be expressed by   z = f  (  x , y  )   . Then, the normal vector of the tangent plane at the point of an element on the surface can be expressed by     l →   m n   = ±  (  −   ∂ z   ∂ x   , −   ∂ z   ∂ y   , 1  )   . The relationship between the direction cosine of the normal vector     l →   m n     and its angle    (  Δ  θ  m n   , Δ  ϕ  m n    )    with respect to the coordinate axis can be obtained as follows.


   {    c o s  |  Δ  θ  m n    |  =  1    1 +    (  ∂ f  (  x , y  )  / ∂ x  )   2  +    (  ∂ f  (  x , y  )  / ∂ y  )   2          c o s  |  Δ  ϕ  m n    |  =    |  ∂ f  (  x , y  )  / ∂ x  |    s i n  |  Δ  θ  m n    |    1 +    (  ∂ f  (  x , y  )  / ∂ x  )   2  +    (  ∂ f  (  x , y  )  / ∂ y  )   2           



(5)







In the communication downlink, a 5G/6G base station phased array antenna is used as the transmitting antenna. Channel noise is inevitable in the transmitting process, usually assumed to be additive white Gaussian noise (AWGN) in communication systems. AWGN is very representative and widely used as it is the most important and common noise and interference model in communication channels. The Shannon capacity formula gives the maximum achievable capacity (transmission bit rate) of a given channel in which the noise characteristics, operating bandwidth, and other indicators are known [26]. Assume that the operating bandwidth of the channel is B (Hz) and the signal-to-noise ratio at the receiving end is SNR, the maximum amount of information C (in bps) that the channel can carry is


  C = B ×   l o g  2   (  1 + S N R  )  = B ×   l o g  2   (  1 + 10 l g    P R    B  N 0     )   



(6)




where the SNR is used to evaluate the performance measurement characteristics of the communication system, representing the ratio between the signal of the channel output (meaningful information) and the background noise power, and    N 0    is the AWGN power spectral density (W/Hz). Channel environments and transmission distance are different in the analysis of actual problems, but a certain value can always be given in a specific condition. Therefore,    N 0    is often treated as a measurable constant when calculating the noise performance of a communication system.



According to the equivalent circuit principle of the receiving antenna, the receiving power of the antenna is


   P R  =      |  E  (  θ , ϕ  )   |   2   F R    2   (  θ , ϕ  )    240 π  k 2     G R   γ R    c o s  2   ( ξ )   



(7)




where   E  (  θ , ϕ  )    is the electric field strength of the incoming wave at the receiving antenna,    F R   (  θ , ϕ  )    is the normalized pattern function of the receiving antenna,    G R    is the gain of the receiving antenna,    γ R    is the matching coefficient at the receiving end, representing the matching degree between the receiving antenna and the load, and    γ R  = 1   when the receiving antenna and the load for the conjugate match,   c o s  ( ξ )    is the polarization matching factor.   ξ = 0   and   c o s  ( ξ )  = 1   when it is polarization matching.



According to Poynting vector method, the radiative power flux density of the transmitting antenna in the far field area is


  S  (  θ , ϕ  )  =  1 2  E  (  θ , ϕ  )  × H    (  θ , ϕ  )   *  =      |  E  (  θ , ϕ  )   |   2    240 π    



(8)







Meanwhile, the radiative power flux density can also be expressed as


  S  (  θ , ϕ  )  =   U  (  θ , ϕ  )     r 2    =    U M   F  T , B S  2   (  θ , ϕ  )     r 2    =    P T   G  T , B S    F  T , B S  2   (  θ , ϕ  )   γ T    4 π  r 2     



(9)




where    U M    is the radiation intensity in the maximum radiation direction of the transmitting antenna,    G  T , B S     is the gain of the transmitting antenna,    F  T , B S    (  θ , ϕ  )  =    F  B S        |   F  B S    |    max       is the normalized electric field strength pattern function of the transmitting antenna,    P T    is the input power of the feeding device at the transmitting end, and    γ T    is the efficiency of the feed system at the transmitting end.    γ T  = 1   in an ideal situation.



According to (8) and (9), it can be determined that


     |  E  (  θ , ϕ  )   |   2  =   60  P T   G  T , B S    F  T , B S  2   (  θ , ϕ  )   γ T     r 2     



(10)







Then, the received power of the array antenna can be obtained by substituting (10) into (7), as follows:


   P R  =    λ 2    16  π 3   r 2     P T   G R   F R    2   (  θ , ϕ  )   γ R   G  T , B S    F  T , B S     2   (  θ , ϕ  )   γ T    c o s  2   ( ξ )   



(11)







Finally, substituting (11) into (6), the coupling relationship between the channel capacity and the EM performance of the transmitting phased array antenna can be obtained as follows, which can be used to describe the influence mechanism of the structural and feed errors caused by the thermal power of RF devices on the communication system channel quality in 5G/6G base station phased array antennas. In addition, it is assumed that the transmitting and receiving antennas are both under an ideal matching state and that the receiving antenna works in the ideal condition; therefore, the electromechanical-thermal coupling problem of the receiving antenna is not considered.


  C = B ×   l o g  2   (  1 + 10 l g    λ 2   γ T   γ R   P T   G R   F R    2   (  θ , ϕ  )    16  π 3   r 2  B  N 0     G  T , B S    F  T , B S  2   (  θ , ϕ  )   )   



(12)








2.2. Sensitivity Model Establishment of Array Element Position


Based on the established electromechanical-thermal coupling model of the 5G/6G base station phased array antenna, the sensitivity calculation model of the electric field strength and channel capacity to the position error of the array element is obtained by separately solving the partial derivatives of the two technical indicators to the array element position. The model can be used to demonstrate the influence of the array element position error on the communication technical indicators. The random position error of the array element is very small. Thus, it has an unobvious influence on the array factor pattern, whereas the array element pattern can be considered unchanged, so the change of the array element pattern is not taken into consideration in the sensitivity calculation model. The electromechanical-thermal coupling model of the 5G/6G base station phased array antenna in Equation (2) can be simplified to


     f a   (  θ , ϕ  )    =   ∑  m = 0   M − 1      ∑  n = 0   N − 1     I  m n   ⋅     e x p  {  j k  [   (  m  d x  + Δ  x  m n   − Δ  x  0 , 0    )   (  u −  u 0   )      +       (  n  d y  + Δ  y  m n   − Δ  y  0 , 0    )   (  v −  v 0   )  +      (  Δ  z  m n   − Δ  z  0 , 0    )  w  ]   }       =   ∑  m = 0   M − 1      ∑  n = 0   N − 1     I  m n   ⋅     e x p  {  j k  [   (   x  m n  ′  − Δ  x  0 , 0    )   (  u −  u 0   )      +       (   y  m n  ′  − Δ  y  0 , 0    )   (  v −  v 0   )  +      (   z  m n  ′  − Δ  z  0 , 0    )  w  ]   }     



(13)







The partial derivatives of the array factor pattern function    f a   (  θ , ϕ  )    to the actual position    (   x  m n  ′  ,  y  m n  ′  ,  z  m n  ′   )    of the antenna element    (  m , n  )    are as follows:


      ∂  f a   (  θ , ϕ  )    ∂  x  m n  ′      =  |   I  m n    |  j k  (  u −  u 0   )  ⋅ e x p  {  j k  [   (  u −  u 0   )   (   x  m n  ′  − Δ  x  0 , 0    )  +               (  v −  v 0   )   (   y  m n  ′  − Δ  y  0 , 0    )  + w  (   z  m n  ′  − Δ  z  0 , 0    )   ]   }     



(14)






      ∂  f a   (  θ , ϕ  )    ∂  y  m n  ′      =  |   I  m n    |  j k  (  v −  v 0   )  e x p  {  j k  [   (  u −  u 0   )   (   x  m n  ′  − Δ  x  0 , 0    )  +               (  v −  v 0   )   (   y  m n  ′  − Δ  y  0 , 0    )  + w  (   z  m n  ′  − Δ  z  0 , 0    )   ]   }     



(15)






      ∂  f a   (  θ , ϕ  )    ∂  z  m n  ′    =    |   I  m n    |  j k w e x p  {  j k  [   (  u −  u 0   )  ⋅  (   x  m n  ′  − Δ  x  0 , 0    )  +               (  v −  v 0   )   (   y  m n  ′  − Δ  y  0 , 0    )  + w  (   z  m n  ′  − Δ  z  0 , 0    )   ]   }     



(16)







According to the above, the sensitivity matrix of the electric field strength of the base station antenna array factor to the    (  m , n  )    position error of the array element is


   S  m n    f a    =  [    ∂  f a   (  θ , ϕ  )    ∂  x  m n  ′    ,   ∂  f a   (  θ , ϕ  )    ∂  y  m n  ′    ,   ∂  f a   (  θ , ϕ  )    ∂  z  m n  ′     ]   



(17)







Then, by combining the sensitivity values in the  x ,  y , and  z  directions of all the antenna elements according to the array arrangement, the sensitivity matrix of the array electric field strength factor to all the element positional errors can be obtained.



Similarly, the partial derivative of the channel capacity  C  to the actual position    (   x  m n  ′  ,  y  m n  ′  ,  z  m n  ′   )    of the array element can be obtained as follows:


    ∂ C   ∂  x  m n  ′    =   20 B    [  1 + 10 l g α  f a 2   (  θ , ϕ  )   ]  l n 2  f a   (  θ , ϕ  )  l n 10   ⋅   ∂  f a   (  θ , ϕ  )    ∂  x  m n  ′     



(18)






    ∂ C   ∂  y  m n  ′    =   20 B    [  1 + 10 l g α  f a 2   (  θ , ϕ  )   ]  l n 2  f a   (  θ , ϕ  )  l n 10   ⋅   ∂  f a   (  θ , ϕ  )    ∂  y  m n  ′     



(19)






    ∂ C   ∂  z  m n  ′    =   20 B    [  1 + 10 l g α  f a 2   (  θ , ϕ  )   ]  l n 2  f a   (  θ , ϕ  )  l n 10   ⋅   ∂  f a   (  θ , ϕ  )    ∂  z  m n  ′     



(20)




where the parameter  α  is   α =    λ 2   γ T   γ R   P T   G R   F R    2   (  θ , ϕ  )   G  T , B S     16  π 3   r 2  B  N 0     .



The sensitivity matrix of the channel capacity to the position error of the    (  m , n  )    array element can be obtained as


   S     m n    C  =  [    ∂ C   ∂  x  m n  ′    ,   ∂ C   ∂  y  m n  ′    ,   ∂ C   ∂  z  m n  ′     ]   



(21)







The performance of the communication indicators is mainly related to the main-lobe area of the transmitting and receiving beams. Thus,    (  θ , ϕ  )    in the above two sensitivity matrices are selected to choose the main-lobe area of the base station antenna.





3. Simulation Analysis and Discussion


3.1. Analysis and Discussion of Electromechanical Coupling Model of Channel Capacity


A 5G/6G array antenna model of the communication base station was built with 256 array elements, where the rectangular microstrip patch antenna is used as the element, and the interval between each element is   λ / 2  . The frequency of the antenna is 28 GHz. The structural parameters of the array element are shown in Table 1, where the structural parameters of the array element have been optimized at the specified frequency 28 GHz.



The base station ambient temperature is 25 ℃. The thermal power dissipation of a RF chip on the antenna array is 40mW, and the convective heat transfer coefficient of the array antenna is 1.2 W/(m2·K). In addition, according to the working conditions of the base station, the four corners of the antenna array are fully constrained, and the thermal simulation is conducted in ANSYS. The temperature fields of the base station array antenna are shown in Figure 2.



It can be seen that the temperature of the front and back of the array antenna gradually decreases from the center to the surroundings in the temperature field distribution and is vertically and horizontally symmetrical. The overall maximum temperature is at the center of the surface of the RF device. Only linear strain exists during thermal expansion while the shear strain is zero. Hence, thermal deformation can be regarded as the node displacement caused by temperature loads. The temperature field distribution of the array is then used as the load of the structural displacement field analysis to obtain the thermal deformation. Meanwhile, the interpolation algorithm is used to add temperature data to the grid nodes meshed by ANSYS. The ANSYS simulation results of the thermal deformation of the array antenna structure are shown in Figure 3. The deformation of the entire surface is approximately symmetrical about the center, which is consistent with the distribution of the thermal deformation caused by the symmetric temperature distribution. The maximum displacement occurs in the  z -axial direction at the central area of the surface, and the maximum position offset is 3.435 mm.



By extracting the node displacement of the finite element model of the base station array antenna after deformation, the surface fitting is performed in MATLAB, and the surface fitting equation can be expressed as


    f  (  x , y  )  =   3.426 − 0.004323 x − 0.004586 y      − 0.001003  x 2   + 4   . 894 e - 06  x y − 0.001034  y 2     



(22)







According to the electromechanical-thermal coupling model of the base station phased array antenna, the EM performances of the base station antenna before and after thermal deformation are calculated using MATLAB. All of the elements have the same amplitude and phase (when the antenna works in an unscanned state). The E-plane (  ϕ = 0 °  ) and H-plane (  ϕ = 90 °  ) power pattern of the base station array antennas, before and after the thermal deformation during EM performance, are shown in Figure 4. The main EM performance parameters of the base station antenna are shown in Table 2.



It can be learned from Figure 4 and Table 2 that:




	
The gain of the base station array antenna decreases because of the thermal deformation, and the gain loss can reach 0.94 dB.



	
The uplift amount of SLL shows a trend of increasing from the far field to the near field in both E-plane (  ϕ =  0 ∘   ) and H-plane (  ϕ =   90  ∘   ), reaching a maximum of 1.36 dB.



	
The maximum direction of the base station array antenna on the E-plane and H-plane has an offset of 0.02° and 0.03°, respectively. The reason is that the thermal deformation of the array antenna is approximately symmetrical.








To further evaluate the change in the channel capacity, the SNR of the base station antenna system is set to 30 dB under the ideal working situation. The ratio of SNR (Equation (22)) before and after deformation can be obtained by combining Equation (6) and Equation (7). Meanwhile, the ratio of channel capacity (Equation (23)) before and after deformation can be obtained from Equation (6). Then, the ratio of SNR and the channel capacity before and after structural deformation and feed error are 80.52 % and 93.92 %, respectively. The channel capacity value is rounded to 3 Gbps under the ideal working situation, for the convenience of subsequent calculations. Thus, the peak rate of the channel is lost by approximately 3 × 1024 × (1 − 93.92%)=186.8 Mbps when the EM performance of the base station array antenna is degraded.


    S N  R  d e f o r m e d     S N  R  i d e a l     =    G  T , B S , d e f o r m e d    F  T , B S , d e f o r m e d  2   (  θ , ϕ  )     G  T , B S , i d e a l    F  T , B S , i d e a l  2   (  θ , ϕ  )     



(23)






     C  d e f o r m e d      C  i d e a l     =   B ·   l o g  2   (  1 + S N  R  d e f o r m e d    )    B ·   l o g  2   (  1 + S N  R  i d e a l    )     



(24)








3.2. Analysis and Discussion of Sensitivity Model of Array Element Position


The 5G/6G base station phased array antenna model mentioned above is used as an example, and the excitation amplitude obeys Taylor’s weighted distribution. The main-lobe area of the far field pattern is selected as   θ ∈  (  − 0.1396 , 0.1396  )    and   ϕ ∈  (  0 , 2 π  )   , respectively. The sensitivity numerical distribution of the array factor electric field strength and channel capacity to the random position error of the antenna elements can be obtained, as shown in Figure 5, Figure 6 and Figure 7.



It can be determined from Figure 5, Figure 6 and Figure 7 that:




	
The sensitivity of the electric field strength of the array factor and channel capacity to the random position error in the z-axis direction is much greater than the sensitivity in the x- and y-axis directions, indicating that the tolerance design of the array elements in the z-axis direction should be more strictly controlled during manufacturing and installation.



	
The random position error in the x- and y-axis directions has approximately the same effect on these two technical indicators and the influence on the sensitivity distribution is similar (rotating by almost 90°) and having a certain periodicity along the x- and y-axes, respectively.



	
From the sensitivity of the random position error in the z-axis direction, it can be seen that the sensitivity value shows a decreasing trend from the central to the edge area, indicating that the tolerance design of the central area of the array in the z-axis direction should be stricter than the edge area.



	
For the random position error in the same direction, although the sensitivity distribution of the electric field strength is similar to that of channel capacity, the magnitude of the latter is far above the former, indicating that the influence of the same random position error on the channel capacity is much greater than the influence on the array electric field strength.








In the process of beam matching between the transmitting beam of the actual base station antenna and the receiving beam of the user-end, the most optimal beam direction of the user-end is likely not the direction (0°,0°) of the transmitting beam. Therefore, it is necessary to further analyze the sensitivity of the communication performance indicators to the random position error in  x ,  y ,  z  directions under the situation where the beam is in scanning state. The base station is usually sectored into multiple parts. In the 5G era, a single macro base station usually has 6 sectors, which is superior to the traditional 3-sector honeycomb structure, for it allows the communication system to make full use of spatial multiplexing technology to provide additional system service capacity. It is assumed that the base station is a 6-sector antenna structure. The sensitivity of the array factor electric field strength to the random position error of the array element in the  x ,  y , and  z  directions in the   ϕ =  0 ∘    plane and   ϕ =   90  ∘    plane when the base station antenna pattern scans   θ ∈  (  −   30  ∘  ,   30  ∘   )    are shown in Figure 8, Figure 9, Figure 10 and Figure 11. In addition, it can be seen from Figure 5, Figure 6 and Figure 7 that the sensitivity distribution of the channel capacity and electric field strength to the random position error are similar. Therefore, only the electric field strength of the array factor is selected for analysis.



It can be learned from Figure 8, Figure 9, Figure 10 and Figure 11 that:




	
The sensitivity of the electric field strength of the array factor and channel capacity to the random position error in the z-axis direction is much greater than the sensitivity in the x- and y-axis directions, indicating that the tolerance design of the array elements in the z-axis direction should be more strictly controlled during manufacturing and installation.



	
The random position error in the x- and y-axis directions has approximately the same effect on these two technical indicators and the influence on the sensitivity distribution is similar (rotating by almost 90°) and having a certain periodicity along the x- and y-axes, respectively.



	
With an increase in the scanning angle, the sensitivity value in the z-direction does not exhibit an obvious change but still increases gradually.



	
With the increasing of the scanning angle, the sensitivity value in the z-direction does not have an obvious change, but still increases gradually.








In summary, from the simulation of the influence of thermal deformation on the electric field strength and channel capacity and the simulation of the sensitivity of these two technical indicators to the random error of elements, it can be demonstrated that:




	
The EM performance of the base station array antenna will degrade when the antenna structure undergoes thermal deformation and feed error, thereby causing a loss in the channel capacity of the communication system to a certain degree.



	
The random error of the element position has a significant influence on the performance of the 5G/6G communication system. The sensitivity of the two technical indicators of electric field strength and channel capacity are different from the random error of the element position. The channel capacity is much more sensitive to random errors.



	
When the beam is in the scanning state, as the scanning angle increases, the sensitivity of the channel capacity and the electric field strength to the random error of the element position in all three directions increases gradually.










4. Conclusions


Owing to the evolution directions of activeness, integration, and miniaturization of the base station phased array antenna system, electromechanical–thermal coupling is gradually becoming a major challenge in the process of commercializing 5G/6G communications. Therefore, this paper effectively coordinates the coupling relationship between the design of various disciplines from the viewpoint of electromechanical coupling and interdisciplinarity, taking into consideration the complex working environment of base stations. The relationship between the field coupling of the structural displacement field, temperature field, and electromagnetic field of the 5G/6G base station phased array antenna is studied, and the sensitivity distribution characteristics of the channel capacity of the antenna electric field strength against element position under different working circumstances are quantitatively evaluated. The work done in this paper could provide a theoretical basis for electromechanical coupling design and control technology to promote the commercialization and development of high-quality communication systems for the next generation.
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Figure 1. A 5G/6G base station phased array antenna. 
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Figure 2. Temperature field of base station array antenna: (a) Antenna element surface; (b) RF device surface. 
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Figure 3. Thermal deformation of base station array antenna. 
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Figure 4. Temperature field of base station array antenna: (a) Antenna element surface; (b) RF device surface. 
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Figure 5. Sensitivity distribution in the x direction: (a) electric field strength of array factor; (b) channel capacity. 
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Figure 6. Sensitivity distribution in the y direction: (a) electric field strength of array factor; (b) channel capacity. 
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Figure 7. Sensitivity distribution in the z direction: (a) electric field strength of array factor; (b) channel capacity. 
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Figure 8. Sensitivity distribution of random position error in   ϕ =  0 ∘    plane with scanning angle   θ =   15  ∘   : (a)  x  direction; (b)  y  direction; (c)  z  direction. 
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Figure 9. Sensitivity distribution of random position error in   ϕ =  0 ∘    plane with scanning angle   θ =   30  ∘   : (a)  x  direction; (b)  y  direction; (c)  z  direction. 
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Figure 10. Sensitivity distribution of random position error in   ϕ =   90  ∘    plane with scanning angle   θ =   15  ∘   : (a)  x  direction; (b)  y  direction; (c)  z  direction. 
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Figure 11. Sensitivity distribution of random position error in   ϕ =   90  ∘    plane with scanning angle   θ =   30  ∘   : (a)  x  direction; (b)  y  direction; (c)  z  direction. 






Figure 11. Sensitivity distribution of random position error in   ϕ =   90  ∘    plane with scanning angle   θ =   30  ∘   : (a)  x  direction; (b)  y  direction; (c)  z  direction.
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Table 1. Structural parameters of the array element.






Table 1. Structural parameters of the array element.





	
Antenna Structure

	
Structural Parameters

	
Variables

	
Values (mm)






	
Microstrip antenna

	
Length

	
    L d    

	
3.43




	
Width

	
    W d    

	
3.55




	
Substrate

	
Thickness

	
    h s    

	
0.20




	
Length

	
    L s  = 2  L d    

	
6.85




	
Width

	
    W s  = 2  W d    

	
7.10




	
Feeder position

	
Distance

	
    L 1    

	
0.52
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Table 2. Parameter variation of base station phased array antenna.






Table 2. Parameter variation of base station phased array antenna.





	
Electrical Performance Parameter

	
    ϕ = 0 °    

	
    ϕ = 90 °    




	
Ideal

Situation

	
After

Deformation

	
Ideal

Situation

	
After

Deformation






	
Gain loss/dB

	
0

	
−0.94

	
0

	
−0.94




	
Maximum pointing direction/°

	
0

	
0.02

	
0

	
0.03




	
The first SLL on the left/dB

	
−13.28

	
−11.92

	
−13.78

	
−12.53




	
The first SLL change on the left/dB

	
0

	
+1.36

	
0

	
+1.25




	
The first SLL on the right/dB

	
−13.28

	
−11.92

	
−13.78

	
−12.53




	
The first SLL change on the right/dB

	
0

	
+1.36

	
0

	
+1.25




	
The second SLL on the left/dB

	
−17.91

	
−17.69

	
−19.42

	
−19.24




	
The second SLL change on the left/dB

	
0

	
+0.22

	
0

	
+0.18




	
The second SLL on the right/dB

	
−17.91

	
−17.69

	
−19.42

	
−19.24




	
The second SLL change on the right/dB

	
0

	
+0.22

	
0

	
+0.18




	
The third SLL on the left/dB

	
−20.95

	
−21.06

	
−24.12

	
−24.14




	
The third SLL change on the left/dB

	
0

	
−0.11

	
0

	
−0.02




	
The third SLL on the right/dB

	
−20.95

	
−21.06

	
−24.12

	
−24.14




	
The third SLL change on the left/dB

	
0

	
−0.11

	
0

	
−0.02








(PS: “+” means increase, and “−” means decrease).
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