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Abstract—A pulsed RADAR approach is investigated to probe acoustic delay lines used as passive sensors. In order to comply with the requirements of compact, low power receiver electronics, a stroboscopic equivalent time sampling approach is demonstrated. A strategy for generating high resolution time delays while allowing for long interrogation durations (up to 5 µs) is implemented by combining an FPGA-based delay generator with commercially available programmable digital delay lines. The measurement sequence of generating interleaved combs is due to the long delay line reconfiguration duration (SPI communication) with respect to the coarse comb (FPGA based counter). The response of the sensor is recorded and processed to acquire the coarse acoustic velocity information through magnitude measurement, and an accurate physical quantity estimate is computed thanks to the phase information. We demonstrate an improved software measurement strategy which prevents the slow process associated with a stroboscopic approach and allows to reach refresh rates of up to 20 kHz when probing an acoustic tag for a physical property measurement, while keeping the hardware to a bare minimum.
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I. I NTRODUCTION



Figure 1. Top: S11 spectral response of a CTR delay line between 2.3 GHz and 2.5 GHz. Bottom: 3 µs time response with an excitation signal of 2.427 GHz and a bandwidth of 54 MHz. The 8 echoes are visible, with insertion losses of 40 dB, due to mirror efficiency, with an additional parasitic echo due to the back edge of the device at 350 ns after the excitation signal.



Acoustic delay lines are well know transducers used as passive sensors interrogated through a wireless link. The inverse piezoelectric effect converts the energy of an incoming electromagnetic pulse, trough the interdigitated transducer (IDT) connected to the antenna, to an acoustic wave propagating on a piezoelectric substrate. Mirrors patterned on this substrate reflect a fraction of this wave back and the direct piezoelectric effect converts these acoustic pulses to electromagnetic signals detected by the receiver. The interrogation unit design is given by the characteristics of the sensor response. As part of this study, we will be interested in probing a commercially available acoustic delay line provided by the Carinthian Tech Research (CTR, Villach, Austria) whose spectral and time response is displayed in Fig. 1. The delay line is probed with an excitation signal whose spectral characteristics lie in the 2.4 to 2.454 GHz range, hence complying with the industrial, scientific and medical (ISM) band regulations. The time-domain response of this line for a 54 MHz bandwidth excitation signal exhibits eight echoes between 994 ns and 2.19 µs. Two of these echoes partially overlap due to the reduced bandwidth, but are still separated by a gap exhibiting a 17 dB dynamic range.



Multiple electronic reader units have been presented in the literature, most of which are based on the Frequency Modulated Continuous Waves (FMCW) RADAR approach [1], [2] whose control of the spectrum use and radiofrequency synthesis circuit is most basic, although requiring significant computational power (periodic audio-frequency rate sampling and Fourier transform) to extract the electrical properties of the acoustic delay line acting as cooperative target. Furthermore, FMCW requires a well linearized voltage controlled oscillator or linear digital synthesis for the Fourier transform components to coherently sum throughout the frequency excursion over the transfer function of the transducer [3], [4]. Another complementary approach is the pulsed RADAR method in which the frequency band, rather than being continuously swept, is probed by a wideband pulse. Echoes in the time domain are returned by reflectors following a delay proportional to their distance. In such a configuration, the challenge no longer lies in the signal source but on the wideband receiver whose sampling rate must be high with respect to the occupied bandwidth. One well known solution, best suited in the case of RADAR in which the environment



is probed by a signal generated by the instrument and acting as a trigger signal, is the stroboscopic method as used for example in Ground Penetrating RADARs (GPR). Such an instrument has been demonstrated to be compatible with recovering the time domain response of acoustic transducers acting as passive cooperative targets [5], [6]. Before discussing the operation of the proposed reader unit, we first explain the reasons for choosing a pulsed RADAR approach rather than the classical FMCW RADAR method. Secondly, we explain the principle of equivalent time sampling and our system requirements. Details and implementation of this method are then discussed. Finally, measurements and results are reported with a discussion of the reader improved sampling rate. II. P ULSED R ADAR We assess the use of a pulsed RADAR approach in which the instantaneous power reaching the target is greatly increased with respect to a continuous emission, even though the average power consumption (depending on pulse repetition rate) is of the same order of magnitude than those found in FMCW. We assume that the emitted power must comply with ISM band regulations [7, Annex 1H] – 10 dBm emitted power in the 2.4 to 2.483 GHz ISM band – since common acoustic sensors do not occupy wide enough bandwidths to be considered as ultra-wideband devices. Both FMCW and pulsed RADAR propagation characteristics are governed by the RADAR equation which will be used to assess the maximum interrogation range of acoustic transducers acting as cooperative targets. The oneway propagation equation relates the received power Pr to the instantaneously transmitted power Pt through Pr =



Pt G2 λ2 (4πR)2



(1)



assuming that both the transceiver and the sensor are fitted with an antenna exhibiting a gain (G) equal to 1. λ is the signal wavelength and R the range between the RADAR and the sensor. Once the sensor is loaded, the reflected power Pr0 must account for the insertion loss IL of the device. We thus estimate the interrogation range R of a sensor by considering that the returned signal power S is given following r G · λ 4 Pt R= (2) 4π S · IL Hence, the range limitation is given by the Pt to S ratio and we consider Smin the minimum detectable power on the receiver defined as the minimum acceptable signal to noise ratio (S/N )min multiplied by the thermal noise injected into the low noise amplifier (LNA) kB T0 BF with kB the Boltzmann constant, T0 the antenna and LNA temperature, B the receiver bandwidth and F the amplifier noise factor.



The relationship providing an estimate of the acoustic device interrogation range as a function of the instantaneously transmitted power is:



Rmax =



G·λ 4π



r 4



Pt Smin · IL



(3)



The receiver bandwidth defines the thermal noise level on the receiver and hence the detection limit: in the case of FMCW, typical sweep rates of the frequency source spanning 50 MHz is in the 10 ms range, yielding beat frequencies when probing an acoustic delay line with echoes delayed by up to 5 µs of 50×106 ×5.10−6 /10−2 = 25 kHz. We will thus consider and FMCW recording bandwidth of 30 kHz, much lower than the pulsed RADAR receiver bandwidth of a few hundred MHz. Assuming an FMCW system continuously transmitting 10 dBm and fitted with a receiver with 30 kHz bandwidth characterized by a noise figure of 3 dB, a signal to noise ratio of 3 dB and 40 dB of insertion losses in the acoustic device, then the maximum interrogation range is about 1.5 m. Such an interrogation range is achieved by instantaneously emitting 43 dBm (20 W or 32 V in a 50 Ω load) pulses by a pulsed RADAR setup designed with a receiver bandwidth of 54 MHz. For such a device to comply with ISM regulation and emit the same average power, the 20 ns long pulses must be emitted no faster than once every 34 µs. In this context, the pulsed RADAR refresh rate can reach 29.4 kHz. A tradeoff aimed at reducing the time interval between pulse emission is achieved by lowering peak power, at the cost of reduced range. In the next part, we will assume a pulse repetition rate interval of 5 µs (with a peak power of 34 dBm providing an interrogation range of 93 cm following the previous calculation). The general pulsed-RADAR system architecture is shown in Fig. 2. A carrier frequency generated by a continuous source centered around 2450 MHz is chopped by a fast ( 
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