Development of a K-band FMCW phased array radar sensor with low complexity receiver based on antenna switching
Abstract: A K-band
 frequency-modulated continuous wave phased array radar sensor with low-complexity receiver based on antenna switching is developed. The radar sensor comprises a single transmitter, a single transmitting antenna, four receiving antennas, a single-pole four-throw switch, and a single receiving channel. The receiving antennas are switched to the single receiving channel periodically. The performance of the developed radar sensor is evaluated experimentally on the basis of the angle and range information obtained by using a beamforming method.
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1. Introduction
Recent advances in radar sensors have been associated with the use of phased arrays [1]. In conventional multiple-channel phased array radar sensors, an independent receiver is needed for each antenna element and, therefore, the hardware cost and power consumption of these sensors are considerably high [2]. In the design of phased array radar sensor, it is important to design a simple structure in which the number of receivers is less than the number of antennas [3]. A phased array radar sensor based on antenna switching is a promising substitute for the multiple-channel phased array radar sensor because of its lower cost and simpler front-end circuitry. Recently, theoretical studies have been performed on frequency-modulated continuous wave (FMCW) phased array radar sensors with antenna switching [4, 5]. Particularly in [5], a beamforming algorithm has been proposed for obtaining the angle and range information using such antenna-switching-type radar sensor. In this article, we first develop a K-band FMCW phased array radar sensor with low-complexity receiver based on antenna switching and then experimentally evaluate the performance of the developed radar sensor using the beamforming method proposed in [5].
2. System description

A block diagram of the developed K-band FMCW phased array radar sensor with low-complexity receiver based on antenna switching is shown in Figure 1.
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Figure 1 Block diagram of the K-band FMCW phased array radar sensor with low-complexity receiver based on antenna switching.

The radar sensor, designed for short-range applications, consists of a single transmitter, a single transmitting antenna, four receiving antennas, a single-pole four-throw (SP4T) switch, a single receiving channel, two analog-to-digital (A/D) converters, a digital-to-analog (D/A) converter, and a digital signal processor (DSP). The antennas are integrated with radio frequency (RF) and intermediate frequency (IF) circuits on Teflon substrate for reduced interconnection loss and compact size. The receiving antennas – antenna 1 to antenna 4 – are switched to the single receiving channel one by one. FMCW signals are transmitted by the transmitter. Beat signals acquired through the receiving antennas are used for the estimation of the target parameters. A photograph of the developed radar sensor is shown in Figure 2.
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Figure 2 Photograph of the K-band FMCW phased array radar sensor with low-complexity receiver based on antenna switching (whole size: 100 mm 
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 102 mm).

2.1 Transmitter
The transmitter contains an FMCW source, a rat-race coupler, and a high-power amplifier (HPA). A HP 83630A synthesized sweeper is used as the FMCW source. An RF signal is the input to the HPA and the local oscillator path via the rat-race coupler. The HPA is used to amplify the RF signal that is attenuated.

2.2 Antennas
A four-element linear array of receiving antennas with a half-wavelength interelement spacing is used. Each antenna element in this array is a single patch antenna. Another single patch antenna of the same type is used as the transmitting antenna.

2.3 Switch
The SP4T switch is implemented using three single-pole double-throw switches and is controlled by transistor-transistor logic switching signals from the DSP.

2.4 Receiver

The receiver consists of a low-noise amplifier, an inphase/quadrature (I/Q) mixer, three amplifiers, a band-pass filter, and an automatic gain control (AGC) amplifier. The I/Q mixer includes two single-balanced mixers, two power dividers, and a 
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 phase delay line at 24.125 GHz. An RF signal is down-converted to an IF signal (beat signal) by the I/Q mixer. The beat signals are amplified to be contained within the input dynamic range of the AGC amplifier and are band-pass filtered to pass only desired frequencies. The beat signals from the AGC amplifier are input to the A/D converters.
3. Experimental setup

A test bed is set up to experimentally evaluate the system performance. A two-channel digital oscilloscope is used instead of A/D converters to sample beat I and Q signals. A personal computer (PC) is also used instead of a real-time DSP system for signal processing. The sampled data are transferred to the PC through a general purpose interface bus card. A synthesized sweeper is controlled by the PC, which determines the initial transmission time of each FMCW signal. The experiment is performed in an anechoic chamber. A trihedral corner reflector, which has three surfaces that are on orthogonal planes, is used as a radar target.
4. Experimental evaluation

We use 100 snapshots, a bandwidth of 200 MHz, a pulse period of 10 ms, an RF center frequency of 24.125 GHz, and a sampling frequency of 10 kHz. Two targets are located at an angle of 
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 and a range of 6.5 m for Target 1 and an angle of 
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 and a range of 5.5 m for Target 2 relative to the radar sensor, respectively.

Figure 3 shows the measured power for angle versus range.
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Figure 3 Measured power for angle versus range: two targets are located at 
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 relative to the radar sensor.

Beamforming is carried out using the least-squares beamformer developed in [5]. In Table 1, we list the 3-dB resolution and accuracy of the angle and range, respectively, for the measured and simulated powers for Target 1.
Table 1 Comparison of the resolution and accuracy performance for the measurement and simulation
	
	Measurement
	Simulation

	3-dB resolution
	Angle 
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	26.76
	26.19

	
	Range (m)
	0.71
	0.68

	Accuracy (estimation error)
	Angle 
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	0.25
	0.07

	
	Range (m)
	0.06
	0.01


The simulated power is the ideal power simulated without additive noise. Compared to the simulated power, a slightly lower resolution and a lower accuracy are observed for the measured power. There are many reasons for this performance degradation: mutual coupling between antenna elements, a nonideal measurement environment, and amplitude/phase differences between the I output and the Q output. However, this degradation is not very large and its confirms that in practice, the developed radar sensor shows good performance in terms of the resolution and estimation accuracy.
5.Conclusions

We have developed a K-band FMCW phased array radar sensor with low-complexity receiver based on antenna switching and have experimentally evaluated the performance of the developed radar sensor using a beamforming method. It is observed that the experimental results agree well with the simulation results and indicate that the developed radar sensor shows good performance in terms of the estimation accuracy and resolution.
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