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Surface Acoustic Waves (SAW) sensors are known to be an excellent choice for the measurement of a small concentration of analytes in gas mixtures. The use of this type of sensor has been limited until now in the industrial environment due to the sensitivity of its response to temperature variations. To overcome this problem, thermal stabilization of equipment is normally used. We propose here a simple procedure of compensation of thermal drift in SAW sensors, allowing the measurements to be performed in temperature intervals of up to 20 degrees without any thermal stabilization of the sensitive element of a sensor. By monitoring the temperature of the key points of the sensor and applying the proposed polynomial compensation, it is possible to reduce the influence of thermal instabilities of the ambient temperature to the response more than four times. The method is illustrated by a temperature compensated SAW humidity sensor with a graphene oxide nanofilm as water molecules’ sensitive element. The results show enhanced performance of the sensor over a large temperature interval.
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INTRODUCTION
Surface Acoustic Wave (SAW) nanosensors for various types of gases with sensitive elements made of nanofilms, such as graphene oxide (Balashov et al., 2013; Xuan et al., 2015), carbon nanotubes decorated with nanoparticles (Sivaramakrishnan et al., 2008), or nanorods of zinc oxide (Wen et al., 2011), present excellent sensitivity and a short response time. The sensitive elements in such sensors are the thin films with thickness on the order of nanometers that guarantee the short response and recovery times of the device. The high sensitivity of these devices makes them ideal candidates for monitoring low levels of impurities in various types of gaseous mixtures in industrial environments. Their sensitivity, which can reach the level of ppb of the analyte, can be explained by the fact that SAW elements are actually high-frequency acoustic resonators or delay lines. Being incorporated into the feedback of a wide band amplifier, they turn a circuit into an RF oscillator with the surface of the SAW element (delay line or resonator) covered with a sensitive nanofilm. As is well known, SAW velocity V is a function of film density, which, in the case of a sensor, changes if a sensitive film captures some molecules of an analyte. SAW velocity directly affects oscillator frequency, turning it into a gravimetric sensor. Details of functioning of these sensors are discussed elsewhere (Parker and Montress, 1988; Schmitt et al., 2001; Wen et al., 2006).
The drawback of typical highly sensitive SAW sensor architecture is its high sensitivity to external factors such as temperature variations, components tolerance, and ambient pressure. Although a typical SAW sensor has a reference channel (Mujahid and Dickert, 2017; Zhang et al., 2017) to cancel out the influence of these factors, the cancellation does not resolve the problem completely (He et al., 2009). A typical example of the practical situation is the influence of temperature on the sensor response. Due to its influence, the use of SAW sensors usually requires precise temperature stabilization as the only way to maintain reasonable accuracy (Wang et al., 2015). Without the use of the thermostabilized chamber, the repetitive measurements of the sensor response for the same concentration of the analyte often present the slow drift of the signal (Wang et al., 2020), which can be attributed to the temperature change. Thermostabilization is not always an acceptable solution, especially when a sensor works in the industrial environment, being subjected to all temperature changes of the technological process.
Here, we present the algorithm for digital compensation of the temperature contribution to a SAW sensor response, which opens the possibility to use these devices in various environments when temperatures change during the process of measurements. The proposed method is illustrated by the analysis of the SAW nanosensor with graphene oxide sensitive films designed for humidity monitoring.
TEMPERATURE COMPENSATION ALGORITHM
The typical SAW nanosensor consists of two channels, each of which is a SAW delay-line stabilized oscillator (Parker and Montress, 1988) (Figure 1). The oscillation frequency of each channel is stabilized by a correspondent delay line (1,2) and, in the first approximation, is determined by the phase increment Δφ, which occurs during propagation of the SAW on the surface of the crystal (Wen et al., 2006). Oscillation frequency F is determined by a standard condition (Schmitt et al., 2001):
[image: image]
where L–is the effective length of the delay line and i is the channel number. Details of the theory of this type of sensor can be found elsewhere (Parker and Montress, 1988; Schmitt et al., 2001; Wen et al., 2006). Note that, due to the adsorption of analyte molecules in the measurement channel, V1 change causes the change of the oscillation frequency.
[image: Figure 1]FIGURE 1 | Simplified electric circuit of the SAW sensor. A–wideband RF amplifier; M–RF mixer; 1–delay line with the sensitive film deposited on its surface; ΔF–resulting signal; 2delay line without nanofilm; F1–frequency of oscillation of the measurement channel, which depends on the analyte density; F2–frequency of oscillation of the reference channel. Capacitances and inductances are the elements of impedance matching circuits.
Differential frequency ΔF = F1−F2 is used as a response of the sensor (Figure 1). Considering that, normally, both channels are made identical, in the first approximation the temperature change produces equal changes of frequencies in each channel, making ΔF insensitive to it. However, this simple approach gives reasonable results only in a few degrees temperature interval. For a larger interval, this simple Eq. 1 is not valid and the frequency generation condition should be written in a more detailed form:
[image: image]
where T–is the ambient temperature. The term φi corresponds to the temperature dependent part of the phase contribution of all electronic components and a piezoelectric crystal. Note that normally the electronic components, PCB and quartz crystals, have different operational temperatures not equal to the ambient temperature due to different thermal properties and thermal convection from different parts of the sensor. This is reflected by adding into (2) the additional term ΔTi which is specific for each channel. Using Eq. 2 for the experimentally measurable sensor response, we come to:
[image: image]
The first term of the last equation inEq. 3 corresponds to the ideal response of the sensor, which we finally want to extract. This term does not depend on temperature and, thus, will give a constant contribution to ΔF if temperature is the only varying factor. The additional term ψ, which contains contributions of all factors but mass loading, should be evaluated separately and subtracted from ΔF to have the desirable sensor response. Note that, in practice, temperature shifts ΔTi depends on T because they are determined by heat exchange with ambient temperature in the case of the sensor being in thermal equilibrium. Thus, ψ is a complex function of the ambient temperature, which can be determined only experimentally.
There are two different contributions to the term ψ. The first one is determined by the temperature coefficient of delay in the piezoelectric SAW delay line and, partially, by mounting process (die bonding, residual mechanical stress, etc.). The differential architecture of the sensor with the additional reference channel is supposed to cancel this type of drift, caused by the difference in the propagation of acoustic signal in each channel. To improve the drift cancellation, two channels can be placed in the same crystal and special geometry of the SAW elements can be used (Lim et al., 2011; Xu et al., 2015). The electronic part of such setups normally consists of thermostable high precision equipment, such as a network analyzer, which means that it has practically absolute thermostability of electronics and the resulting temperature drift of an acoustic nature should be considered as the maximum possible stability of the proposed sensor architecture.
The second type of contribution to ψ, which is much less studied, starts to play a dominant role if cheap and simple electronics, like those shown in Figure 1, are used. In such devices, temperature dependence of the phase of the feedback signal starts to depend strongly on the temperature characteristics of amplifiers and all passive elements, which work in slightly different temperature regimes due to different currents that pass through them. The importance of such a contribution can be illustrated by a simple experiment, when in the device, like that shown in Figure 1, the matching circuit is changed simultaneously in both channels. This change of the matching circuit causes not only the change in absolute value of differential frequency but also in the turn-over point and general shape of the frequency drift curve. Experiments show that for oscillators in the range of 160–200 MHz this change can have the value of several kHz in ten degree intervals, which is much higher than the contribution of the first type. In the present paper we propose the method of practical evaluation of the sum of both contributions.
To evaluate ψ experimentally the following procedure was applied:

(1) The sensor is assembled with both channels stabilized with equal delay lines without a sensitive film. It means that for this case [image: image] and [image: image] in Eq. 3.
(2) The response of such a device is measured in the temperature interval of interest and the obtained result is interpolated by a suitable polynomial Pn(T) (n–is the polynomial order).
(3) The delay line in the measurement channel is removed and substituted with the delay line of the same type but covered with a sensitive nanofilm.
(4) The sensor starts to measure ΔF, which corresponds to the change of the concentration of the analyte, and the previously obtained polynomial is subtracted from the obtained result. The resultant value is accepted as the sensor response.
This approach is based on the fact that, when two equivalent delay lines without sensitive film are used, the desirable response should be equal to zero. Thus, the first step corresponds to the case when V1 = V2 and L1 = L2, which means that the response, obtained in step 2, is [image: image]. This function does not depend on the presence of the sensitive nanofilm and completely characterizes the thermal behavior of the electronic part of the sensor. The use of the proposed algorithm is based on the assumption that the presence of the sensitive nanofilm produces only small changes in Eq. 3. It is true for nanofilms because their thickness is much less than the characteristic wavelength of the SAW.
Note, that, according to the procedure described above, after approximation [image: image] the desired response of the sensor is:
[image: image]
The use of Eq. 4 requires the simultaneous measurement of the temperature and frequency response of the sensor.
EXPERIMENTAL
In order to test the proposed algorithm, a special chamber with adjustable pressure and humidity was used (Figure 2). The chamber 1) can be filled with the gas to be analyzed in a controllable way. The PCB with the SAW sensor 4) was directly attached to the chamber to ensure good thermal contact with it. SAW delay lines of both channels 5) and the temperature sensor 6) were placed inside the chamber. The temperature sensor was mounted near to SAW elements. All electronic components were mounted on the opposite side of the PCB. The total energy consumption of the sensor, determined mainly by the consumption of RF amplifiers, was about 80 mW. The PCB with ARDUINO controller 3) for frequency and temperature measurements (temperature step is equal to 0.3 degree) and all necessary electronic components were placed near to the SAW sensor, which generated additional heat flow. A special locking system 2) was designed to allow for rapid changes of the humidity level by introducing into the chamber humidity standards in the form of saturated solutions of different salts (Balashov et al., 2015). The entire system mimics the functioning of a typical industrial sensor in the environment where the necessity to maintain the conditions of the industrial process leads to temperature and pressure gradients, which cannot be eliminated.
[image: Figure 2]FIGURE 2 | (A)- System for SAW sensors testing in the controlled atmosphere and its block diagram (B). 1–gas chamber; 2–locking system; 3–ARDUINO; 4–PCB of the SAW sensor; 5–SAW delay lines; 6–temperature sensor. Homemade lever setup used for tests of sensor performance. 1–polyvinylchloride (PVC) base, 2–PTFE axis, 3–Al beam, 4 –PTFE indenter, 5–moving PTFE load, 6–sensor, 7–connection to a stepper motor.
During all tests, the device was put into a climatic chamber and the temperature was recorded together with the frequency response of the SAW sensor in real-time. All tests were done in the interval of ambient temperature from 10 to 40oC. Measurements of temperature of the two sensor channels with an infrared thermometer gave the values of ΔT1 = 10oC, ΔT2 = 8oC at the points of fixation of crystals, which remained constant for the entire interval of ambient temperature. It means that the function [image: image] can be considered as the function of a single temperature measured in the specific point. These differences between channels can be explained by the fact that, due to the dispersion of parameters of capacitances and inductances, slightly different currents, which circulate over the PCB, heat its parts differently. The delay line with the deposited sensitive film has 3-dB higher insertion loss than the line of the reference channel, which also contributes to differences in the temperature of channels.
Measurements of the temperature response of the sensor with equal delay lines (step 1 of the procedure described in the previous section) were done for the case of air with very low humidity (air in the chamber was desiccated by a silica gel). Time dependences of ΔF and PCB temperature for this case are shown in Figure 3A. The clear correlation of curves confirms that the chosen point of temperature measurement is adequate to monitor changes in ΔF. Note that the PCB temperature is 10°degrees higher (ΔT1 = 10oC) than the ambient one. Experimentally measured ΔF for this case is equal to [image: image] (see 3)) and its approximation by polynomial:
[image: image]
with A0 = 67,065, A1 = 495.48, A2 = 2.2427, and A3 = −0.1457 are shown in Figure 3B. The residual frequency instability (the difference between ΔF and [image: image]) is shown in Figure 4, and it is relatively small. Theoretically, it should be equal to zero (remember that this is the result of measurements for the sensor with two equivalent SAW delay lines and without the sensitive film), but due to different short-term instabilities, it has relatively small peak-to-peak oscillations of 650 Hz.
[image: Figure 3]FIGURE 3 | (A)- Time dependence of experimentally measured ΔF (black curve) and PCB temperature (green curve). (B)–Temperature dependence of ΔF. The black curve is the approximation by polynomial.
[image: Figure 4]FIGURE 4 | Time dependence of the residual frequency instability (black curve) for the case of two SAW delay lines without GO film.
Note that the use of the proposed polynomial approximation reduced the 8 kHz frequency drift (Figure 3A) of the sensor response to a much lower value (Figure 4). This frequency drift in the device without a deposited sensitive film characterizes the asymmetry in the electronic parts of feedback loops in channels, as was discussed above. Figure 3 with the peak-to-peak oscillation in the range of 650 Hz characterizes the stability of the frequency reference point and corresponds to the precision of the sensor in a wide temperature range after applying the proposed method of compensation. Cyclic repetition of the heating and cooling procedures and extraction of the polynomial (3) from the obtained results always give slightly different curves, but the peak-to-peak value of the resultant curve always stays in the range of 500–700 Hz, which is a significant improvement. Considering that two channels oscillate at a frequency of around 260 MHz, relative stability is equal to 2.5 × 10−6.
RESULTS AND DISCUSSION
At the next step, the sensitive film of graphene oxide (GO) was deposited on the surface of one of the channels. GO is known to be a highly hydrophilic substance, thus the delay line with such a film turns into a sensitive element of the SAW sensor. The sensitivity of such a film was evaluated to be approximately 300Hz/RH% (Balashov et al., 2015). Two types of experiments were performed to test the sensor:
(1) The chamber was desiccated by the silica gel and put into the climatic chamber. After the equilibrium inside the chamber was reached, the temperature was gradually increased and the sensor response was measured and treated by the proposed algorithm.
(2) The chamber was desiccated and the saturated NaCl solution was inserted into the chamber, producing 75% relative humidity inside. The relation between the volumes of introduced salt and the chamber was around 0.01, which resulted in a very slow process of the saturation of the chamber with the water molecules. This situation corresponds to the process of long-time monitoring of the sensor parameters. The resulting measurements were treated by the proposed algorithm.
The results of measurements of ΔF for the first case are shown in Figure 5. Initially the ambient temperature was kept constant but, after ∼1,000 s, it started to rise linearly (green curve). The sensor frequency drift (black curve), which corresponds to this frequency shift, is approximately 1.3 kHz. After applying the compensation algorithm, it is reduced to approximately 450 Hz. Analysis of the behavior of the sensor during the change of temperature (Figure 5) shows that the proposed algorithms remove the parasitic contribution of the electronic part of the sensor to the response and allows one to use it in 10°degree temperature intervals without any thermal stabilization. The remaining change of the sensor response in the curve with the compensation algorithm applied can be attributed to real increase of the partial pressure of the water molecules due to heating of the silica gel.
[image: Figure 5]FIGURE 5 | Results of the evaluation of temperature stability of the SAW humidity sensor. Black curve–experimentally measured response ΔF of the sensor with GO film for the case of very low humidity (air was desiccated with silica gel). Red curve–the same experimental results with [image: image] extracted. Additional constant equal to 79 kHz was added to this curve to facilitate the comparison of two frequency curves on the same figure. Green curve–time dependence of the temperature of the PCB. The point 1 is the point, where thermal equilibrium of the system was reached. The point 2 is the point, where the temperature in the climatic chamber started to grow.
The results of measurements for the second case are shown in Figure 6. The monitoring of the process of a slow analyte density change with final saturation corresponds to the typical situation, which takes place in industry, where the process is assumed to be stable and continuous over time. The sensor in this case is used to monitor the process parameters. Figure 6, which corresponds to results of the second type of the test, shows the process, where the saturation should occur approximately after 40,000 s, thus after this time the response of the sensor is supposed to become constant. In contrast to this expectation, it presents a slow drift with an amplitude of approximately 1.0 kHz (black curve in Figure 6). Although small inevitable changes in temperature (green curve in Figure 6) over the long period of time might be acceptable by conditions of the process, they produce 1.0 kHz deviation in the sensor response. After applying the proposed algorithm to the experimental curve, the result (red curve in Figure 6) corresponds to a typical saturation curve of adsorption of gas molecules to the sensitive film surface and clearly shows the saturation. Drift of the frequency, which starts from approximately 40,000 s (black curve), repeats the shape of the temperature curve and can be clearly attributed to the parasitic effect of the electronic part of the sensor. It was completely eliminated by the proposed algorithm (red curve). Note that ripples on the compensated red curve in Figure 6 are caused by the digital temperature sensor temperature step and could be removed if resolution is increased.
[image: Figure 6]FIGURE 6 | Monitoring of the process of the saturation of the chamber with the water vapor. Approximately after 10,000 s the supersaturated salt of NaCl was inserted into the chamber. Experimental data (black curve) present distortions caused by temperature drift (green curve), which are compensated, using proposed approach (red curve). The steps on the final compensated curved are caused by the discrete values of temperature measured by the digital temperature sensor.
During the search of parameters responsible for the drift of the SAW filter response, it became clear that PCB temperature plays the most important role in it. Measurements with the IR thermometer showed that the hottest place on the PCB is the RF amplifier. It is placed near to SAW delay lines to ensure the smallest RF loop and generation stability. The SAW delay lines are the second hottest places on the PCB. It is the air convection and heat transfer in the metal parts that ensure thermal equilibrium between PCB and ambient temperature, which means that there exists a time delay between PCB temperature and ambient temperature change. Taking this into account, IC thermistor MCP9701 A (see Figure 2B) was placed on the backside of the PCB below matched RF amplifier MGVA-62+. The SAW delay line of the first channel (Figure 1) was mounted near to it (Figure 2B). Temperature measured at this point appeared to be directly connected to the differential frequency of oscillation (Figure 3A) and, thus, it was taken as the main parameter for the temperature compensation procedure.
The proposed procedure of temperature compensation assumes that if two equivalent SAW delay lines are used, then the nonzero value of ΔF is determined solely by differences in electronic components and some aspects of mounting of crystal on PCB, which are normally out of control but are stable over time. Figure 3B shows the temperature dependence of this value and its approximation by the polynomial. It works as a calibration curve for a given sensor. The real response of the sensor with the sensitive film is assumed to be this curve plus a contribution of mass loading, which is characteristic of the ideal sensor to be extracted. The precision of the calibration curve can be estimated by analyzing Figure 4. Averaging of the curve shown in Figure 4 gives discrepancies no higher than +/-100 Hz, which is enough for precise estimation of the analyte concentration.
CONCLUSION
The proposed algorithm of compensation of thermal shift of SAW sensors response allows one to use this type of sensor in conditions of changing temperature without the use of thermostabilization of the sensitive element. This is especially important when it is necessary to measure small changes of the analyte concentration, when temperature change gives a comparable or bigger contribution to the sensor response. The proposed approach opens the possibility to use SAW sensors in an industrial environment without applying thermostabilization equipment.
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