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Abstract

:

A one-dimensional active broadband phased array based on microwave photonics that works in the Ku band is proposed to achieve a large instantaneous bandwidth. The phased array uses a feeding network based on microwave photonics to provide the true time delay and a wide operating bandwidth. The array is mainly composed of a broadband horn antenna, an RF transmitting/receiving module, an optical network module, and a temperature control module. The form of a horn was selected for the antenna unit, and it was fed through a waveguide to obtain a wide operating bandwidth. An optical fiber delay line that could realize the true time delay at different frequencies was adopted for the time-delay module of the optical network. To obtain a large time delay and small quantization error, a hybrid time-delay diagram utilizing electrical and optical time delays was used in the design. In addition, a temperature control module was added to the antenna system to enhance the stability of the photonic time-delay module. For verification, a prototype of the presented antenna system was designed, fabricated, and measured. The experimental results showed that the optical phased array antenna was able to scan ±20° from 12 GHz to 17 GHz, and the beam pointing did not appear to be offset over the wide operating bandwidth.
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1. Introduction


The rapid development of wireless technology has profoundly changed people’s daily lives, especially with the wide application of mobile internet. At present, fifth-generation wireless communication technology has been commercialized and is widely used, and the next generation of wireless communication is becoming a hotspot for research in industry and academia. Novel wireless communication technologies, such as massive MIMO, millimeter-wave communication, beamforming and beam-scanning technology, and full-duplex technology, are being studied in depth and are expected to become the key technologies for future wireless communication. Antennas, as key devices in wireless communication systems, have a direct impact on their performance. In a wireless communication system, an array antenna with beam-scanning abilities is usually adopted to achieve high-precision, wide-angle, and long-distance coverage, which is particularly important in the millimeter-wave band. To be able to achieve beam forming and scanning, phased arrays have been applied to the field of wireless communication. A phased array connects a phase shifter to the back end of each element of the array. By adjusting the feed phase of an element, the dynamic regulation of the beam is achieved. Compared with a fixed-beam antenna, a phased array [1,2] can have flexible beam-scanning and beam-shaping abilities, making it possible to track different targets. Phased arrays were first used in the field of military radar [3,4]. Due to their excellent beam-tracking capabilities, phased arrays are widely used in the fields of radar, sensing, and imaging [5,6]. In recent years, with the increasing demand for beam-scanning antennas, phased array antennas have also been used in wireless communication, and the operating frequency of such antennas has been extended from the microwave to the millimeter-wave band [7,8,9,10]. Various forms of phased array antennas have been proposed, such as ultra-wideband phased array antennas [11,12,13,14], metasurface antennas [15,16,17,18,19], and digital phased array antennas [20]. At the same time, different technologies have been investigated to enhance the performance of phased arrays, such as optimization algorithms [21,22,23,24], conformal technology [25], directional modulation technology [26], and wide-scanning technology [5,27,28,29,30].



In radar detection, the detection accuracy of a radar system is closely related to the bandwidth of the signal; the wider the bandwidth, the more significantly the resolution of the radar system will be improved. In wireless communication systems, according to Shannon’s formula, the channel capacity of a communication system is also related to the signal bandwidth; the wider the bandwidth, the higher the channel capacity. Therefore, for a phased array, the working bandwidth becomes an important consideration, and the broadband phased array design has very great application prospects. However, due to the dispersive characteristics of array apertures and feeding networks, a phased array can only work in a relatively narrow bandwidth, which limits its application in fields requiring wide operation bandwidths, such as in radar [31,32] and wideband communications. It is urgent to investigate an applicable phased array that can work in broadband or even ultra-broadband situations. To meet these requirements, with the help of optoelectronics technology, optically controlled phased arrays have been proposed and widely investigated. Phased arrays based on microwave photonics are an important direction of the development of radar technology.



Unlike conventional phased arrays, microwave-photonics-based phased arrays use optical techniques to achieve the phase shift or time delay required for beam scanning. In their design, an optoelectronic conversion device is used to convert microwave signals into optical-band signals and delay the signals in the optical band to achieve different phase-shift values [33,34,35]. It is possible to use optical signals propagating through optical fibers of different lengths to achieve different actual delays and then demodulate the microwave signal from the optical signal. Such fibers have stable transmission characteristics because the optical carrier frequency is high and the signal bandwidth is small relative to the optical carrier frequency. The optical signal is delayed and then converted back into a microwave signal by an optoelectronic converter to achieve the true time delay over a wide bandwidth range. This makes large instantaneous operating bandwidths possible. In addition, compared to microwave transmission lines, optical fibers have very low loss, and optical signals can propagate within fibers with very high efficiency, thus reducing signal loss and enabling the long-distance transmission of signals. At the same time, an optical signal is bound to propagate within an optical fiber, and the interference between the optical signals of different channels is low, which is conducive to the improvement of the performance of the system.



In recent decades, various optically controlled phased arrays have been reported [35,36,37,38,39,40,41,42]. In [37], the authors demonstrated an optical-fiber-based fully functional millimeter-wave array with a true time delay for the first time. The antennas were designed to operate in the range of 1–50 GHz and had an extremely wide operating bandwidth. The bandwidth of the antenna was only limited by the microwave device used. The authors demonstrated an antenna array capable of covering the entire Ka band with excellent beam-scanning characteristics. In [43], the authors proposed an optical phased array antenna with a broadband operating bandwidth. The proposed phased array used a broadband Vivaldi antenna as the unit. To achieve broadband operating characteristics, an optical phase shifter based on a vector summation approach was used, and it was capable of covering a phase adjustment range of 0–100 degrees. To meet the phase-shifting requirements of phased arrays, a second-order vector sum phase shifter was proposed to extend the phase adjustment range to 0–430 degrees. The authors conducted an in-depth comparative study of the antenna’s units, phase shifters, etc., and they fabricated and measured a prototype of the proposed antenna. The authors of [44] implemented a four-element millimeter-wave linear array based on optical beam scanning; based on this array, they achieved high-speed data transmission at 10 Gb/s using 16-QAM, and the beam-scanning angle covered ±35 degrees. In the proposed design, the authors used optical techniques to achieve signal generation, distribution, and time delay. Because of the use of the true optical time delay, the radiation pattern of the antenna had no significant beam-squint phenomena over the entire operating frequency. It should be noted that in the design, the authors used a high-power HF photodiode, so the whole system did not need a power amplifier to achieve higher-power emission, which greatly simplified the design. In [45], the authors used an optical beamformer to control a phased array, which was able to achieve seamless control of the beam over a wide range of angles. In the beamformer network, the electro-optical and optoelectronic conversion shared a common laser, which simplified the design. The beamforming network and the phased array antenna were equivalent to a two-port network, and the authors systematically analyzed the influences of the beamforming network’s characteristics on the performance of the whole system. Using CMOS-compatible optical waveguide technology, the authors of [46] experimented with a newly proposed concept. Using a 1 × 8 antenna array, they achieved beam scanning of a broadband phased array antenna with a beam-switching time of 1 ms and high consistency of the antenna’s beam direction over a wide range of operating frequencies.



In recent years, with the rapid development of integrated optics, the implementation of optical phased array antennas in beamforming networks using on-chip optical chips has become a research hotspot [47,48]. In [48], the authors designed a seven-bit true-time-delay module using a silicon-based optical platform, and the delay adjustment step was able to reach 1.42 ps. The designed true-time-delay cell contained eight thermo-optical switches and seven waveguide-based delay lines. A prototype was fabricated using silicon-on-insulator chips with a very small pinout of 7.4 mm × 1.8 mm, which was very conducive to the integration of the module. On the other hand, the design of antenna elements in microwave optical phased arrays is also a research direction that has gained much attention. An air-filled SIW remote antenna element was proposed in [49]. The designed antenna covered the 25.1–30.75 GHz band and had an isolation higher than 15 dB in that band. A maximum gain as high as 6.8 dB was obtained, and the antenna element had a beamwidth larger than 95 degrees. To expand the operating bandwidth of a phased array, a tightly coupled array technology with broadband characteristics was used as an antenna in [50]. A dipole antenna was selected as the antenna element, and the designed antenna array was able to cover the 13–60 GHz band, with a bandwidth of more than 4:1, and it was able to conduct beam scanning within an angle of 30 degrees. In addition, studies on the components and devices related to photonically phased arrays have been carried out [41,42].



In this study, the authors propose a microwave-photonics-based one-dimensional active broadband phased array antenna design that operates in the Ku band to achieve a large instantaneous bandwidth. In this design, the phased array antenna is mainly composed of a broadband horn antenna, an RF transmitting/receiving module, an optical network module, and a temperature control module. A horn antenna was selected as the antenna radiator to achieve a wide bandwidth. To reduce the transmission loss, a metal waveguide was selected for the antenna feeding network. The optical network module converted microwave signals into optical signals and performed true time delay. A magneto-optical switch and an optical delay line were used in the time-delay device for the optical band to complete the phase shifting of the signal in broadband. After being processed at the optical band, the signal was converted back into microwave signals through a photoelectric converter. To obtain a large time delay and small quantization error, a hybrid time-delay diagram utilizing electrical and optical time delays was used in the design. In addition, as the optical device was sensitive to temperature, to improve the stability of the optical network module, a temperature monitoring and adjustment module was added to ensure the consistency of its temperature, which improved the amplitude and phase consistency between the channels. An antenna prototype was designed, processed, and tested in a darkroom, and the test results showed that the designed antenna array had highly consistent beam directivity in the 12–17 GHz frequency band, and the antenna had a wide operating bandwidth.




2. Configuration and Working Mechanism


The whole phased array was composed of a passive antenna, a transmitting/receiving (T/R) module, and an optical network module, as shown in Figure 1. The T/R module consisted of a microwave amplifier that included a low-noise amplifier (LNA), power amplifier (PA), circulator, and switching mechanism, which could isolate the transmitting and receiving links, as well as an electrical time-delay module. The phase shifting of each channel was controlled by a beam controller, which is not shown in the figure. Firstly, a modular structure was adopted to divide each part according to the functional modules, and the hardware structure could also be assembled and tested independently. Finally, each part was assembled and integrated through corresponding interface relations to form the whole antenna array. The advantage of this design was that the whole antenna array was divided into many small standard modules, and each standard module was individually assembled and debugged, which reduced the complexity of the assembly and provided convenience for the testing of the physical structure of the module.



A horn antenna was chosen as the antenna element of the phased array. It received and transmitted the microwave signal from/to free space. The antennas were connected to the TR module. The TR module included a low-noise amplifier and a power amplifier; the low-noise amplifier was used to amplify the received microwave signal, and the power amplifier was responsible for amplifying the transmitted microwave signal. Taking the receiving link as an example, the microwave signal was converted into an optical signal through an electro-optical conversion module and then phase shifted through the delay line in the optical module to realize the phase difference between each unit. Multiple phase-shifted optical signals passed through the optical power divider to synthesize a single optical-band received signal, and through the photoelectric conversion module, the optical signal was converted into a microwave signal, which entered the microwave receiver for post-processing. The process in the transmitting link was similar to this, but the signal flow was different.



It is noted that in this design, we used a hybrid solution of an optical time delay plus an electronic time delay. This scheme allowed the large time delay of the optical fiber and the small electronic time delay to be taken advantage of. It was able to provide wide-angle scanning while improving the beam-pointing accuracy, which is very important in radar application scenarios.



As shown in Figure 1, each antenna was connected to an electronic time delay at the rear end, which was used to appropriately delay the reception or transmission. The signal passed through the T/R module and the power divider and then flowed into the optoelectronic/electro-optical converter module, after which it was delayed by the optical time delay. This architecture enabled two-dimensional beam scanning, but the optical delay was added after the antenna sub-array of four antennas and four T/R modules. Thus, the antenna actually performed one-dimensional beam scanning, i.e., beam scanning in the direction of the arrangement of the optical time delays.



2.1. Configuration and Mechanism of the Antenna and TR Module


The microwave antenna included the radiation structure of the antenna array, RF feed network, and RF T/R module. In order to obtain the wideband, high-gain, and wide-beam performance, the form of a horn antenna was selected, and the structure is shown in Figure 2a. The waveguide horn antenna had the advantages of a small size, light weight, compact structure, and so on. Therefore, the waveguide horn antenna was finally selected as the element for the 16 × 4 passive antenna array in this study, and its structure is shown in Figure 2a. In order to achieve antenna performance with a scanning range of θ ≥ 30° in the band range of 12–17 GHz (azimuthal scanning), the spacing of antenna elements can be calculated with the following formulas:


  d x ≤  1  1 +   sin  θ max       λ  min   ,  



(1)






  d y ≤  1  1 +   sin  θ max         λ  min   ,  



(2)




where θmax is the maximum scanning angle, λmin is the highest frequency wavelength, dx is the azimuth element spacing, and dy is the element spacing in the vertical direction. According to the formula, the azimuth spacing of antenna elements should be less than 11.7 mm. In the array layout, considering the product of the antenna’s power aperture, beam width, scanning range, and other factors, the azimuth spacing of antenna elements was determined to be 10.9 mm, thus meeting the requirement of having no grating lobes in the scanning range of the system. On this basis, a brick structure was adopted, and the array is formed with basic modules to optimize 16 array elements (each of which contained 4 pitching channels) and 64 channels in total.



Because the antenna’s instantaneous bandwidth was very wide, the feed network of all channels needed to be designed with an equal length in order to ensure that the requirements of equal amplitude and phase were fulfilled. Considering the technical difficulty, producibility, and reliability, a waveguide was finally used to form the antenna RF feed network. The structure is shown in Figure 2b. The advantage of this design was its use of the precision of the structure’s processing to ensure amplitude and phase consistency between channels so as to improve performance. The requirements for cable production are very harsh, so if a cable connection was adopted, it would be difficult to ensure productivity.



Figure 3 shows the simulated radiation pattern of the horn element, while the simulated 3D radiation patterns at different scanning angles of the antenna array are shown in Figure 4. As shown in the figure, the horn antenna had a wide beam and a low level of cross-polarization. The antenna was able to scan at the desired angle. Figure 5 shows the simulated 2D E-plane radiation pattern of the antenna at different scanning angles at 14.5 GHz. In the figure, one can see that the antenna was able to maintain a low sidelobe when scanning at 20°. It is noted that in the simulation, the feeding amplitude was set as constant.



Figure 6 shows a schematic diagram of a single TR channel. Specifically, the TR channel contained a circulator, a switch, an electrical time-delay module, an amplifier, and an attenuator for the control of the power amplifier’s amplitude. The amplifier for the receiving link contained two low-noise amplifiers (LNAs) for the amplification of small signals, while the amplifier for the transmitting link contained a power amplifier (PA) and a pre-amplifier for the PA. It is noted that an LNA is a kind of power amplifier with quite low-noise features. A drive amplifier was used to amplify a microwave signal at the primary level, after which the signal entered a power amplifier for the high-power signal output. The use of a circulator and switch ensured that the receiving and transmitting links could work simultaneously.



Usually, for true time-delay devices, optical time-delay devices have the advantages of a large time delay and low insertion loss, and they can usually meet the beam-scanning requirements of phased arrays with large angles. However, the time-delay step of optical time-delay devices is usually large, which makes it impossible to achieve high-precision beam pointing. In this design, in addition to the optical time-delay device, we added an electrical time-delay device inside the T/R component. An electronic time-delay device (NC12164C-618) from the 13th Research Institute of China Electronics Technology Corporation (CETC) was chosen as the electronic time-delay device. This device is an electronic time-delay device with six-bit quantization accuracy, a minimum delay of 1.3 ps, a maximum delay of 82 ps, and a delay step of 1.3 ps.




2.2. Configuration and Mechanism of the Optical Network Module


A diagram of the optical network module is shown in Figure 7. The whole beam-control unit consisted of seven parts, including an electro-optical modulation module, optical circulator, optical delay line module, beam splitter/combiner, photoelectric detector, and optical source. To control the temperature of the fiber, we added a temperature control module to keep it stable. This allowed the requirement of high dynamic operating temperatures to be met.



When the beam-control unit worked in transmission mode, the signal sent by the transmitter was firstly converted into an optical signal using the electro-optical modulator and then divided into several channels by the beam splitter. After that, the signal entered the optical-fiber delay line to obtain the time delay set by the wave controller and, finally, was converted into an electrical signal. When working in the receiving mode, the signal received by the antenna unit was amplified by the T/R component and converted into an optical signal using the electro-optical modulator; then, it entered the optical-fiber delay line through electro-optical conversion to obtain the time delay set by the wave controller, and one channel was synthesized by the beam combiner. After photoelectric conversion, it became a microwave signal and entered the radar receiver. In general, the optical transmitter used electro-optic modulation technology to load the microwave signal onto a light wave, and the optical receiver used a photodetector to recover the microwave signal contained in a light wave and synthesize the output. The OE–EO conversion loss was about 20 dB, and this loss reduced the efficiency of the system to a certain extent. In order to improve the efficiency of the system, we added an optical amplifier to reduce the OE–EO conversion loss.



An optical-fiber delay line was adopted in the delay module, as it was able to realize different real delays in the propagation. The modulation of radar microwave signals into light waves and the use of optical fiber to transmit radar signals have obvious advantages because the transmission loss of optical fiber is much lower than that of coaxial cables and waveguide transmission over the whole radar frequency range. Moreover, the signal loss at all frequencies is the same, which is very beneficial for the remote control of radar systems and the transmission and distribution of radar signals.



In this design, the phased array required a maximum beam scanning angle of 30 degrees. According to the antenna array principle, the maximum delay required by the phased array antenna unit can be calculated with the following equation:


  ∇ T =   ( n − 1 ) d  c  sin ( θ )  



(3)




where d denotes the antenna element spacing, which was 10.9 mm here, and θ is the maximum scanning angle of the antenna, which was set to 30 degrees in this antenna design. n is the number of antenna units, which was 16 here, and c is the speed of light in free space. The maximum delay required by the antenna was 272.5 ps.



To achieve the maximum delay and delay step requirements, the designed beamforming network needed to have a six-bit phase-shifting accuracy, and in order to achieve higher phase-shifting accuracy and lower system complexity, we chose a composite optical beamforming network, which consisted of a three-bit optical switch array and a six-bit electrical delay line to form a series-connected time-delay network. The optical delay line is shown in Figure 8. It consisted of two 2 × 2 magneto-optical switches and two 1 × 2 magneto-optical switches; the light was input into the 1 × 2 magneto-optical switches, passed through two 2 × 2 magneto-optical switches in sequence, and, finally, passed through the output of the 1 × 2 magneto-optical switches. The lengths of the two optical fibers that were output from each level of the magneto-optical switches differed by a factor of 2n.



The phase shift accuracy of the beamforming network was directly affected by the malignancy of the optical fiber due to the use of fiber as a delay device. Usually, the characteristics of a fiber change significantly at different temperatures, which, in turn, affects the phase-shift characteristics of optical signals, resulting in a large phase-shift error and a significant degradation of the scanning performance of the antenna. To improve the stability of the phased array, a temperature control module was introduced to monitor the temperature of the optical network module in real time, and it was used to accurately regulate the temperature so that the optical network module could have better temperature stability. Table 1 shows the delay time values of the optical delay network at different ambient temperatures after adopting temperature stabilization. Here, we chose four channels for testing with a temperature range of 0°–30°. The designed delay value was 65 ps. In the table, it can be seen that with temperature stabilization, the optical network module was able to achieve stable phase-shift values with an error of less than 2 ps at different ambient temperatures.





3. Simulated and Measured Results


To verify the design, a prototype of the presented antenna system was fabricated and measured, as illustrated in Figure 9. Each part was separately designed and installed; then the whole assembly was made. The external interface of the product used connectors for simple and convenient interconnection, and the internal interface used cables and welding for electrical interconnection.



When conducting measurements, to realize the low-sidelobe requirement for the array antenna, the Taylor amplitude weighting was used to design the feed amplitude. Figure 10 shows the measured radiation patterns of the presented antenna system when the array scanned at different angles along the E-plane at 12 GHz, 14.5 GHz, and 17 GHz. As can be seen in the figures, when the antenna array scanned at an angle of 0°, its sidelobe level was higher than 18 dB at all of the frequencies. When the antenna array reached a scanning angle of 30°, the sidelobe level was higher than 18 dB at 12 GHz and 12 dB at 14.5 and 17 GHz. From the results, one can see that over a wide operating bandwidth, the beam-scanning angle of the antenna was kept almost constant.



To verify the beam-scanning characteristics of the proposed microwave photonics over a wide range of bandwidths, we tested the beam characteristics of the antenna in the frequency range of 12–15 GHz, where the wave-control codebook used for the phased array was consistent. Figure 11 shows a two-dimensional orientation diagram of the antenna when the scanning angles of the antenna were 0 and 15 degrees. In the figure, it can be seen that the beam pointing of the antenna had almost no offset at different frequencies, and there were no beam-squint phenomena, which proved the instantaneous broadband characteristics of the antenna.



To emphasize the advantages of this phased array design, we compared the performance in terms of the operating frequency, bandwidth, beam-scanning angle, phase quantization, and temperature control of existing work and the work proposed here. The results of this comparison are summarized in Table 2. In the table, it can be seen that in most of the previously published literature, temperature control was not included. The beam-scanning angle and bandwidth of the antenna were basically the same as those of other antennas, while our antenna had the highest phase quantization, namely, nine bits. This high phase quantization was able to ensure beam-pointing accuracy and is quite important for large-scale antenna arrays in radar applications.




4. Conclusions


A one-dimensional active broadband phased array antenna that works in the Ku band was proposed to achieve a large instantaneous bandwidth. The antenna is mainly composed of a broadband phased array antenna and an optical network module. The optical network module and broadband phased array antenna were introduced in detail in this study. The experimental results showed that the optical phased array antenna was able to scan ±20° from 12 GHz to 17 GHz, and the beam pointing did not appear to be offset. The antenna had features that allowed it to widely scan with a large bandwidth.
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Figure 1. A schematic diagram of the microwave-photonics-based broadband phased array. 
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Figure 2. Structure of the presented antenna. (a) Antenna element. Dimensions: whorn = 10.9 mm, hhorn = 5.5 mm, lhorn = 25 mm. (b) Antenna array with the feed network. 
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Figure 3. The normalized radiation pattern of the horn antenna element. Co and Cro indicate that the polarization was the same as the antenna’s polarization (coplanar) or perpendicular to the antenna’s polarization (cross). 
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Figure 4. Simulated 3D radiation patterns of the phased array at different beam-scanning angles. The red means the maximum value and the blue means the minimum value. (a) Scanning angle: 30°. (b) Scanning angle: 0°. (c) Scanning angle: −30°. 
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Figure 5. The realized gain of the presented antenna system in simulations and measurements. 
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Figure 6. A schematic diagram of a single TR channel. 
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Figure 7. A diagram of the optical network module. 
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Figure 8. A diagram of the 3-bit optical beamforming network. 
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Figure 9. (a) A photo of the prototype of the proposed microwave-optics-based phased array. (b) The measurement setup of the antenna in a microwave chamber. 
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Figure 10. Measured antenna radiation patterns of the phased array (a) at 12 GHz, (b) 14.5 GHz, and (c) 17 GHz. 
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Figure 11. Measured antenna radiation patterns of the phased array at different frequencies: (a) 0 degrees; (b) 15 degrees. 
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Table 1. The time delay of the beamforming network at different temperature. (Unit: ps).
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	Temperature Degree
	Channel 1
	Channel 2
	Channel 3
	Channel 4





	−10°
	65
	64.4
	65.6
	66.9



	0°
	65.6
	64.4
	65
	66.3



	10°
	65
	63.8
	65.6
	66.3



	20°
	65
	64.4
	65.6
	66.3



	30°
	65
	65
	65.6
	66.9










 





Table 2. Comparison between the presented antenna and other existing phased arrays.
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	Ref.
	Operating Band (GHz)
	BW (%)
	Scanning Angle
	No. of Elements
	Antenna Type
	Temperature Control
	PQ





	[43]
	10–14
	33.3
	±30°
	16 (4 × 4)
	Vivaldi antenna
	No
	NM



	[44]
	85–91
	6.8
	±35°
	NM
	NM
	No
	4 bit



	[51]
	6–17
	95.6
	±30°
	8 (1 × 8)
	Dipole antenna
	No
	NM



	[52]
	34–38
	11.1
	±40°
	16 (4 × 4)
	Patch antenna
	No
	NM



	This work
	12–17
	34.3
	±30°
	16 (1 × 16)
	Horn antenna
	Yes
	9 bit
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