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Abstract

:

Active phased array antennas (APAAs) can suffer from the effects of harsh thermal environments, which are caused by the large quantity of power generated by densely packed T/R modules and external thermal impacts. The situation may be worse in the case of limited room and severe thermal loads, due to heat radiation and a low temperature sink. The temperature field of the antenna can be changed. Since large numbers of temperature-sensitive electronic components exist in T/R modules, excitation current output can be significantly affected and the electromagnetic performance of APAAs can be seriously degraded. However, due to a lack of quantitative analysis, it is difficult to directly estimate the effect of temperature on the electromagnetic performance of APAAs. Therefore, this study investigated the electromagnetic performance of APAAs as affected by two key factors—the uniformly distributed temperature field and the temperature gradient field—based on different antenna shapes and sizes, to provide theoretical guidance for their thermal design.
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1. Introduction


Active phased array antennas (APAAs) are widely applied in radar systems for airplane-based warning, satellite-based imaging, ship-based fire control, and ground-based air defense [1,2,3]. The development of technology has led to many antenna innovations. Zang et al. proposed an interesting concept of nonreciprocal phased-array antennas [4], Taravati et al. presented a unique full-duplex nonreciprocal-beam-steering transmissive phase-gradient metasurface [5], and Karimian et al. proposed an effective nonreciprocal-beam phased-array antenna constituting phase-gradient path radiators [6] that exhibit different radiation patterns in transmission and reception. Due to the increasing demand for radars, the requirements for APAAs have become more stringent. However, APAAs suffer from the effects of harsh thermal environments caused by the large amount of power generated by densely packed T/R (Transmitter/Receiver) modules and external thermal impacts, including solar radiation and low temperature sinks. Temperature variation can cause thermal deformation and temperature drift in the large number of electronic components in T/R modules [7,8]; the latter is more serious because array antennas usually have good stiffness. Excitation current errors can be generated, possibly resulting in serious degradation of the electromagnetic performance of the antenna. Research has focused on thermal design of array antennas based only on temperature field analysis [9,10,11]. Cooling and temperature control systems based on cold water equipment and a mini-channel cold plate were established and actualized to control the local temperature and temperature gradient in active components of the antenna [12]. However, it is difficult to guarantee the electromagnetic performance of array antennas according to these thermal design parameters. Because APAAs need to fulfill the requirements of both thermal and electromagnetic performance, any unreasonable allocation of thermal design indicators may lead to redesign, reproduction, and retesting of the antenna components, sub-systems, and even the entire system, thus prolonging the development cycle and increasing the development cost. In addition, new materials and devices have been gradually applied, such as high-temperature superconducting (HTS) filters [13,14,15], for realizing high sensitivity and reducing the noise temperature. Application of these devices can solve some thermal problems but their scope of application is limited. Furthermore, the delay line SAW (Surface Acoustic Wave) temperature sensor, which is a kind of wireless passive temperature sensor, has been proposed to sense the temperature [16]. Meanwhile, a boosted-beam control panel with active component calibration for temperature variation has also been applied [17]. Both of the above studies were focused on temperature indicators. In addition, transistor- and varactor-based components have been studied for use in array antennas [18,19]. Wali, R. added varactor-based Schiffman phase shifters to the power divider of a four-element phased array, but the temperature effect was not examined in the paper. Furthermore, analysis has been undertaken of the impact of temperature on the circuits in T/R modules [20]. Temir et al. noted that different degrees of heat dissipation and non-uniform cooling mechanisms result in temperature differences for the channels, which may alter the performance of the feeding networks and thus cause uncharacterized phase/amplitude errors [21]; however, this study only provides the curve of the phase and amplitude error with the variation of temperature. Medina et al. conducted stability tests consisting of measures of the S21 performance of a calibrated array at different temperatures [22], but no further study of the electromagnetic performance of the array antennas was conducted. Due to the development of phased array antennas toward high precision, high integration, and high frequency, the relationship between the temperature field and the electromagnetic performance of array antennas has become closer, and the unclear impact of temperature on the electromagnetic performance has become the bottleneck of developing high performance of APAAs.



Therefore, the relationship between temperature and the electromagnetic performance of APAAs was analyzed in the current study. Because the main thermal loads include the high power from T/R modules and external thermal conditions for ground-, ship-, airplane-, and satellite-based antennas, the effects of two typical key factors—the uniformly distributed temperature field and temperature gradient field—based on different shapes and sizes of array antennas are discussed, to provide theoretical guidance for the thermal design of APAAs.




2. Temperature and Electromagnetic Performance Coupling Model for APAA


As shown in Figure 1, we can assume that   M × N   elements are arranged in a rectangular grid with the intervals of    d x    and    d y   , respectively. The direction of the far-field target P relative to the coordinate system xOy is expressed as the direction cosine   ( cos  α x  , cos  α y  , cos  α z  )  , which is   ( sin θ cos ϕ , sin θ sin ϕ , cos θ )   [23,24].



As shown in Figure 2, T/R modules, as the core components, control the excitation current of the elements for APAAs. The circuits of T/R modules include many temperature-sensitive electronic components, such as resistors, capacitors, inductors and transistors, whose performance can be changed by both high and low temperature. This can lead to performance changes of key devices in the transmitting and receiving branches, such as the high-power amplifier, filter, low-noise amplifier, and attenuator, thereby resulting in errors in the amplitude and phase of the excitation current.



Because the excitation amplitude of element is usually controlled by the attenuator in units of dB, the theoretical amplitude is characterized by a ratio. Therefore, suppose the excitation amplitude change ratio and phase error of element   ( m , n )   are   Δ  A  m n   ( T )   and   Δ  φ  m n   ( T )  , respectively. With the effect of temperature variation, the excitation amplitude and phase are changed as:


   {     A  m n  ′  =  A  m n    [  1 + Δ  A  m n    ( T )   ]       φ  m n  ′  =  φ  m n   + Δ  φ  m n    ( T )       



(1)




where    A  m n     and    φ  m n     are the initial excitation amplitude and phase, respectively.



Introducing the changed excitation current in the initial antenna performance [23], the temperature and electromagnetic performance coupling model for APAA can be obtained as below, which is noted as the total radiated electric field of the array antenna:


    E  (  θ , ϕ , T  )  =     ∑  m = 0   M − 1      ∑  n = 0   N − 1     f  m n    (  θ , ϕ  )   A  m n        [  1 + Δ  A  m n    ( T )   ]  exp j  [   φ  m n   + Δ  φ  m n    ( T )   ]  ⋅      exp j k  (  m  d x  sin θ cos ϕ + n  d y  sin θ sin ϕ  )     



(2)




where    f  m n    (  θ , ϕ  )    is the pattern of element    (  m , n  )   ,   k = 2 π / λ   is the propagation constant, and  λ  is the wavelength.



Experimental tests of the excitation current errors of T/R modules are commonly used in engineering [25]. Based on the experimental test results and analysis of a typical type of T/R module, the excitation current error output of the T/R module with the effect of temperature can be obtained. The lowest and highest temperature are extended to   − 80   °C and   100   °C, respectively. The normalized amplitude error is:


  1 + Δ  A  m n    ( T )  =  {        1.27     T + 40  5    − 0.124     − 80 ≤ T < − 40       0.002 T + 0.959     − 40 ≤ T < 20       0.99     20 ≤ T < 30       − 0.00179 T + 1.0536     30 ≤ T < 86         0.5     T − 86  6    − 0.15     86 ≤   T ≤ 100        



(3)







Meanwhile, the relationship of the excitation phase error (unit: degree) with temperature in a certain temperature range is expressed as below:


  Δ  φ  m n    ( T )  =  {      - 0.00016  T 2   - 0   . 03408 T + 3   . 09      − 80 ≤ T < − 30       0.0008  T 2  − 0.025 T + 2.5     − 30 ≤ T < 0       − 1 / 130 T + 2.5     0 ≤ T < 26       2.3     26 ≤ T < 50       0.03 T + 0.8     50 ≤ T < 70       2.9       70 ≤ T ≤ 100        



(4)








3. Verification of the Coupling Model


The coupling model in Equation (2) was verified on an X-band APAA with 24 × 32 elements arranged in equal interval of 0.65 λ , as shown in Figure 3. The model consisted of the back frame, actuators, array panel, and horn elements. The initial excitation currents of the elements were Taylor’s weighted distribution in the excitation amplitude and equal distribution in the excitation phase.



The temperature of all of the T/R modules mounted on the back frame was controlled by a liquid cooling device, as shown in Figure 4a. The electromagnetic performance of the array antenna was measured under different uniform temperature field distributions, as shown in Figure 4b. Furthermore, the excitation current errors in Equations (3) and (4) were taken from the T/R modules in this antenna model.



The temperature field distribution at 35 °C is taken for illustration; the measured and model-based calculated antenna patterns are shown in Figure 5.



It can be seen from Figure 5 that the measured and model-based calculated antenna patterns show good consistency in both the main and the first side lobe with a maximum error of 0.19 dB. Meanwhile, the patterns conform in the trends of the side lobes in the whole observation area. Thus, the presented temperature and electromagnetic coupling model is effective for analyzing the effect of temperature on the electromagnetic performance of APAAs.




4. Analysis and Discussion of Effect of Temperature on Electromagnetic Performance of APAA


The appropriate ranges of working temperature and temperature gradient are the two core indicators for the thermal design of array antennas. The effect of thermal immersion at different temperatures and various scales of temperature gradient are discussed as below. Because mutual coupling is not considered, analysis of the effect of temperature on the electromagnetic performance of APAAs considers the array factor without discussion of the element pattern in the following sections.



4.1. Analysis of the Effect of Varying the Uniformly Distributed Temperature Field


Because a harsh space environment can result in both high and low temperatures for the antennas, temperatures ranging from −80 °C to 100 °C are taken to analyze the effect of a uniformly distributed temperature field. Take an APAA with 128 × 768 elements with spacing in both x and y directions of 0.5 λ  and a working frequency of 5.4 GHz for illustration. The excitation current is in equal amplitude and phase. The electromagnetic performance at 25 °C (room temperature) is taken as the reference, where the gain is 99.85 dB; the first sidelobe levels of E and H planes are −15.82 dB and −15.90 dB, respectively; the beamwidths are 0.8° and 0.1°, respectively; and the main beam direction is (0°, 0°). When the temperature changes from −80 °C to 100 °C, the electromagnetic performance of the antenna can be calculated by the proposed method at different temperatures, and the results are shown in Figure 6.



Figure 6 shows that the electromagnetic performance is degraded mainly on the gain. Therefore, the relationship of gain-loss and temperature is analyzed as below.



(1) The gain is reduced with an increasing working temperature.



(2) In the range of −80~−40 °C, the maximum gain-loss is 2.31 dB when the temperature increases 1 °C, and the gain-loss increases 31.33 dB when the normalized amplitude error changes from 0.876 to 0.023; in the range of −40~25 °C, the gain-loss varies by 0.02 dB for every 1 °C increase, and the gain-loss increases 1.15 dB as the normalized amplitude error changes from 0.990 to 0.876; within the range of 25~85 °C, when the normalized amplitude error changes from 0.901 to 0.990, the gain-loss increases 0.9 dB and varies by −0.015 dB for every 1 °C increase; and within the range of 85~100 °C, the gain-loss increases 25.41 dB when the normalized amplitude error is in the range of 0.048 to 0.901, and the maximum gain-loss is −3.55 dB for an increase of 1 °C.



In the range of −80~25 °C, the gain-loss increases with decreasing temperature, and in the range of 25~100 °C, it increases with increasing temperature. When the temperature is below −40 °C and above 85 °C, the gain-loss changes dramatically. The gain-loss is −32.48 dB at −80 °C and −26.30 dB at 100 °C, and the electromagnetic performance of the antenna is more degraded by the low temperature. In addition, the gain-loss increases with increasing amplitude error. The detailed parameters are listed in Table 1.



(3) At −7 °C and 61 °C, the gain-loss is 0.5 dB, which is the requirement of gain-loss in engineering. The corresponding normalized amplitude errors are both 0.945. Thus, −7 °C and 61 °C represent the temperature critical values, and 0.945 represents the normalized magnitude error critical value to satisfy the electromagnetic performance.



(4) The relationship of the gain-loss and the temperature is analyzed as shown in Figure 7.



It can be seen in Figure 7 that the variation trend of the gain-loss resembles a quadratic function curve. Therefore, a quadratic function is used to express the relationship of the gain-loss with temperature as shown below, and can be used to directly and rapidly calculate the gain-loss at the corresponding working temperature for APAAs:


  Δ G  ( T )  = − 0.33  e  − 0.06 T   − 9.41 ×   10   − 6    e  0.15 ⋅    



(5)








4.2. Analysis of the Effect of Different Temperature Gradient Fields


Because both symmetric and asymmetric temperature fields with different gradients can be produced due to high power and complex external thermal loads, two kinds of typical temperature gradient fields, namely the symmetric and asymmetric temperature fields, are taken to analyze the effect of temperature gradient distributions on electromagnetic performance of APAAs, as shown in Figure 8.



First, the impact of the symmetric temperature field with the highest temperature in the middle and the lowest at the perimeter of a square-shaped antenna is analyzed. An APAA with   40 × 40   elements with spacing in x and y directions of   0.5 λ   and a frequency of 9.375 GHz is taken. Assume that the excitation current is in equal amplitude and phase. The electromagnetic performance is analyzed under different temperature gradients and array sizes, as shown in Figure 9.



Figure 9 shows that:



(1) The larger the temperature gradient, the more the gain reduces for all of the array antenna sizes. For the specific   40 × 40   array antenna, when the temperature gradients are 5 °C, 10 °C, and 15 °C, the corresponding temperature critical values are 64 °C, 67 °C, and 70 °C, respectively. The corresponding ranges of the normalized amplitude errors are 0.930~0.939, 0.916~0.934 and 0.901~0.928, and the corresponding phase errors ranges are 2.72°~2.87°, 2.81°~2.9°, and 2.9°, respectively. The detailed parameters are listed in Table 2.



In addition, in order to clearly shown the distributions of the amplitude and phase variations, the temperature gradient of 15 °C with the highest temperature of 70 °C is selected, and the corresponding normalized amplitude error and phase error are shown in Figure 10. It can be seen that both the amplitude and phase distributions are also in the form of center symmetry.



(2) The quantitative relation of the gain-loss with the temperature gradient    R T    and the lowest temperature    T m    is determined as below from Figure 9a, which can be used to quickly evaluate the electromagnetic performance of APAAs under the effect of temperature gradient distribution.


    Δ G  (   R T  ,  T m   )  =   − 1.2  e  − 7    T m 5  − 5.76  e  − 7    T m 4   R T  + 3.36  e  − 5    T m 4  + 1.16  e  − 4    T m 3   R T  − 0.004  T m 3  −      0.008  T m 2   R T  + 0.19  T m 2  + 0.26  T m   R T  − 4.56  T m  − 2.79  R T  + 42.94    



(6)







(3) The gain-loss, rise of the first sidelobe level, and broadening of the 3 dB beamwidth increase with the increasing array size under the same gradient and specific lowest temperature.



(4) For the array antenna with   40 × 40   elements and lowest temperature of 40 °C, when the temperature gradients are 5 °C, 10 °C, and 15 °C, the corresponding ranges of the normalized amplitude errors are 0.973~0.982, 0.964~0.982, and 0.955~0.982, respectively, and the corresponding phase errors are all 2.3°, which leads to increases of the first SLL (Sidelobe Level) of −0.19 dB, −0.22 dB, and −0.27 dB, respectively. In addition, when the lowest temperature is 80 °C, the corresponding ranges of the normalized amplitude errors are 0.901~0.910, 0.479~0.910, and 0.204~0.910, respectively, and the corresponding phase errors are all 2.9°, which leads to beamwidth broadening of −0.06°, 0.12°, and −0.25°, respectively.



Then, the effect of an asymmetric temperature field with the lowest and highest temperature located separately on each side of the array along a row for a rectangular-shaped APAA with   128 × 768   elements is analyzed under different temperature gradients and array sizes, with the results shown in Figure 11.



Figure 11 shows that:



(1) When the lowest temperature is in the range of −80~25 °C, the gain-loss increases with decreasing gradient, and in the range of 25~100 °C, the gain-loss rises with increasing gradient.



(2) When the temperature gradients are 5 °C, 10 °C, and 15 °C, the corresponding temperature critical values are −9.5 °C and 64 °C, −12 °C and 66.5 °C, and −15 °C and 70 °C, respectively. In terms of the gradient of 5 °C, the corresponding normalized amplitude errors are 0.939~0.949 and 0.930~0.939, respectively, and the phase errors are 2.629°~2.809° and 2.72~2.87, respectively. When the gradient is 10 °C, the corresponding normalized amplitude errors are 0.934~0.954 and 0.917~0.934, respectively, and the phase errors are 2.553°~2.915°and 2.795°~3.095°, respectively. For the gradient of 15 °C, the corresponding normalized amplitude errors are 0.928~0.999 and 0.901~0.928, respectively, and the phase errors are 2.5°~3.055° and 2.9°, respectively. The detailed parameters are listed in Table 3.



In addition, the temperature gradient of 10 °C with the lowest temperature of 66.5 °C is selected, and the corresponding normalized amplitude error and phase error distributions are shown in Figure 12. It can be seen that both the amplitude and phase distributions are in the form with the lowest and highest values located separately on each side of the array along the row.



(3) The relationship between the gain-loss and the temperature gradient is shown below, and can be used to directly evaluate the electromagnetic performance of the antenna under the effect of different temperature gradient fields:


    Δ G  (   R T  ,  T m   )  =   − 4.1  e  − 7    T m 4  − 1.3  e  − 6    T m 3   R T  + 3.3  e  − 5    T m 3  + 3.8  e  − 5    T m 2   R T  +      1.1  e  − 4    T m 2  + 2.1  e  − 3    T m   R T  − 0.02  T m  − 3.0  e  − 3    R T  − 0.40    



(7)







(4) The gain-loss changes in a small range for different length–width ratios of the array antenna under the same temperature gradient and lowest temperature. The boresight error and broadening of 3 dB beamwidth are larger for the array antenna with fewer elements and larger gradients under the same length–width ratio.



(5) For the array antenna with   128 × 768   elements and the temperature gradient of 15 °C, when the lowest temperatures are −25 °C, and 45 °C, the corresponding ranges of the normalized amplitude errors are 0.906~0.937, and 0.946~0.973, respectively, and the phase errors are 2.83°~3.625° and 2.3°, respectively, which lead to boresight errors of −0.06°, 0.12°, and −0.25°, respectively, and the corresponding beamwidth broadening of −0.06°, 0.12°, and −0.25°, respectively.



In summary, it can be shown that: (1) When the lowest temperature is above 70 °C or below −40 °C, the electromagnetic performance of APAAs can be more seriously degraded by both the uniform temperature distribution field and temperature gradient distribution field. (2) For different array shapes and sizes, the larger the temperature gradient when the lowest temperature is above 25 °C or the smaller the gradient when the lowest temperature is below 25 °C, the greater the gain losses. (3) The gain-loss increases with increasing amplitude error for the uniformly distributed temperature field. In terms of the temperature gradient field, the distribution of the amplitude and phase error are closely related to the distributions of the temperature fields. (4) The excitation current error corresponds to the type of T/R module used and the above analysis can provide thermal design guidance for this kind of module in regard to the electromagnetic performance of APAAs.





5. Conclusions


A coupled model of the temperature and electromagnetic performance of APAAs is proposed and verified on an X-band antenna experimental model. A large number of quantitative effects of the typical uniformly distributed temperature field and the temperature gradient field on the electromagnetic performance of APAAs is realized, with different array shapes and sizes. The results can be used to provide theoretical guidance for thermal design aimed directly at the electromagnetic performance of APAAs.
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Figure 1. Arrangement of active phased antenna array. 
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Figure 2. Diagram of antenna array structure. 
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Figure 3. (a) Composition diagram of X-band active phased array antennas (APAA); (b) active phased array antenna model. 
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Figure 4. (a) APAA and liquid cooling device; (b) electromagnetic performance measurement system. 
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Figure 5. (a) Measured and calculated E-plane pattern; (b) measured and calculated H-plane pattern. 
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Figure 6. Array antenna with different temperature: (a) E-plane pattern; (b) H-plane pattern. 
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Figure 7. Gain-loss variation with temperature. 
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Figure 8. (a) Symmetric temperature distribution; (b) asymmetric temperature distribution. 
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Figure 9. (a) Gain-loss versus the temperature gradient; (b) gain-loss versus the antenna size; (c) first sidelobe level rise; (d) broadening of 3 dB beamwidth. 
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Figure 10. (a) Magnitude error; (b) phase error under effect of symmetric temperature distribution. 
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Figure 11. (a) Gain-loss versus the temperature gradient; (b) gain-loss versus the array size; (c) boresight error with temperature; (d) broadening of 3 dB beamwidth with temperature. 
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Figure 12. (a) Amplitude error; (b) phase error under effect of asymmetric temperature distribution. 
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Table 1. Gain-loss under the effect of uniform temperature field.
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Temperature Variation (°C)

	
Normalized Amplitude Error

	
Gain-loss Increase (dB)




	
Corresponding Variation

	
For Every 1 °C Increase






	
−80~−40

	
0.023~0.876

	
−31.33

	
−2.31 (maximum)




	
−40~25

	
0.876~0.990

	
−1.15

	
−0.02




	
25~85

	
0.901~0.990

	
0.9

	
0.015




	
85~100

	
0.048~0.901

	
25.41

	
3.55 (maximum)
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Table 2. Gain-loss under the effect of symmetric temperature distribution.
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Temperature (°C)

	
Excitation Current Error

	
Gain-loss Variation (dB)




	
Gradient

	
Lowest Range

	
Normalized Amplitude Error

	
Phase

Error (°)

	
Variation Range

	
For Gradient Increase by 1 °C






	
0~5

	
25~80

	
0.901~0.990

	
2.308~2.90

	
0.009~0.837

	
0.01




	
80~85

	
0.479~0.901

	
2.90

	
0.837~2.983

	
1.05 (maximum)




	
5~10

	
25~77

	
0.740~0.990

	
2.3~2.9

	
0.008~1.098

	
0.01




	
77~85

	
0.204~0.926

	
2.90

	
1.098~5.738

	
1.21 (maximum)




	
10~15

	
25~72

	
0.741~0.926

	
2.3~2.9

	
0.039~1.562

	
0.01




	
72~85

	
0.048~0.907

	
2.90

	
1.562~8.535

	
1.34 (maximum)











[image: Table] 





Table 3. Gain-loss under the effect of asymmetric temperature distribution.
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Temperature (°C)

	
Excitation Current Error

	
Gain-Loss Variation (dB)




	
Gradient

	
Lowest Range

	
Normalized Amplitude Error

	
Phase

Error (°)

	
Variation Range

	
for Gradient Increase by 1 °C






	
0~5

	
−80~−40

	
0.023~0.907

	
4.089~4.805

	
1.101~27.350

	
−1.52 (maximum)




	
−40~25

	
0.876~0.99

	
2.3~4.200

	
0.003~1.101

	
−0.01




	
25~70

	
0.919~0.99

	
2.308~2.9

	
0.003~0.856

	
0.01




	
70~85

	
0.479~0.928

	
2.9

	
0.856~3.096

	
0.91 (maximum)




	
5~10

	
−80~−40

	
0.064~0.897

	
3.970~4.757

	
1.051~23.68

	
−1.15 (maximum)




	
−40~25

	
0.886~0.991

	
2.3~4.089

	
0.005~1.051

	
−0.01




	
25~70

	
0.910~0.990

	
2.32~2.9

	
0.005~1.318

	
0.01




	
70~85

	
0.204~0.937

	
2.75~2.9

	
1.318~5.766

	
1.07 (maximum)




	
10~15

	
−80~−40

	
0.114~0.907

	
3.843~4.701

	
0.999~20.710

	
−0.95 (maximum)




	
−40~25

	
0.897~0.982

	
2.3~3.97

	
0.016~0.999

	
−0.01




	
25~70

	
0.901~0.991

	
2.3~2.9

	
0.016~1.528

	
0.01




	
70~85

	
0.048~0.901

	
2.9

	
1.528~8.324

	
1.19 (maximum)
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