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	 Quartz-crystal microbalance (QCM)-based gas sensors are well known for their lightweight 
structure, simple operation, high sensitivity, and limit of detection (LOD). The use of a QCM 
sensor array further enhances selectivity and enables the quantification of gas mixtures. 
However, the performance of QCM sensors in practical system is strongly influenced by the 
characteristics of measurement system, used for capturing their output frequency signals. A 
vector network analyzer (VNA) and a frequency counter (FC) are two common examples of 
such measurement systems, each offering distinct advantages and limitations. In this study, the 
performance of these two measurement systems is systematically investigated and compared for 
trace-level gas detection using QCM sensors. Herein, four different volatile organic compounds 
(VOCs) including isobutyric acid (IBA), trans-2-hexenal (T2H), 1-butanol (1-B), and butyl 
isobutyrate (BIB) were selected as analyte gases, whereas for comparison, four-channel 
measurement systems based on both VNA and FC were developed. These four-channel 
measurement systems were used to capture real-time signals from an array of four QCM gas 
sensors, which were coated with polyethylene glycol 1000 (PEG), 1,2,3-tris (2-cyanothoxyl 
propane) (TCEP), thermol-1 (THML), and polyphenyl ether (five rings) (PPE). The concentration 
of each analyte gas was varied to determine sensitivity and LOD for both measurement systems. 
A significant difference in LOD was observed for IBA with a PPE sensor. LOD was found to be 
4 ppm (estimated from the relative concentration) for VNA and 30 ppm for FC. Although both 
measurement systems performed excellently in detecting very low concentrations of analyte gas, 
VNA offered a much lower LOD than FC owing to the fundamentally higher instrument 
resolution of VNA than of FC. Hence, we make an overall comparison between the FC- and 
VNA-based measurement systems for QCM gas sensing application, and the results can be 
considered as a key reference point for further research in this field. 
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1.	 Introduction

	 Over the years, the quartz crystal microbalance (QCM) has been highly recognized for 
sensing applications. This is primarily due to its light weight structure and mass-based sensing 
mechanism enabling simple and portable operation, easy handling, reliable performance and 
high sensitivity.(1,2) The resonance frequency that serves as the sensor signal in a QCM oscillator 
changes significantly even in response to the minute mass variation caused by the binding of 
external molecules on the QCM surface.(3) Owing to this high sensitivity to mass changes, 
QCMs have been extensively studied for use in gas sensing applications.(4) Generally, the QCM 
surface is coated or functionalized with a specific binder to selectively detect gas molecules.(5,6)  
A variety of sensors are available. We used a QCM sensor since various sensors can be realized 
just by changing the sensing film.(7) Hence, an array of QCM sensors with different coatings 
exhibits different response patterns from sample to sample that can be used to quantify a gas 
mixture. In our previous study, we reported gas mixture quantification with an array of QCM 
gas sensors.(8,9)

	 However, the effective performance of a QCM-based gas sensor in practical systems largely 
depends on the measurement system employed to capture its frequency signal.(10–12) Parameters 
such as the limit of detection (LOD), response, and recovery time are largely affected by the 
integrated measurement system. Although frequency counters (FCs) are often used in QCM 
measurement, vector network analyzers (VNAs) are also available.(10,13–14) Although VNAs 
were originally bulky and expensive, we can nowadays use inexpensive small VNAs. Moreover, 
VNA can collect information on resonance–resistance change as well as harmonics information 
even in real time, which enhances the sensing information from QCM. Normally, the LOD of 
VNA is low if appropriate signal processing is implemented.(15) However, little is known about 
LOD improvement compared with a simple FC measurement. Thus, we measured QCM 
responses by both the FC and VNA methods under the same conditions and investigated the 
impact of different measurement systems on the performance of QCM-based gas sensors. 
	 To date, QCM gas sensors with FCs have been used in most studies. In our previous studies, 
we developed and reported both the multichannel FC- and multichannel VNA-based 
measurement systems for acquiring signals from an array of QCM gas sensors.(16,17) However, 
those studies were mainly focused on the sensor’s application in gas mixture quantification, not 
on the performance of the measurement system used.(18)

	 Therefore, in the present work, emphasis is placed on the measurement systems used for a 
QCM-based gas sensor array. In this study, our previously designed and developed four-channel 
FC and four-channel VNA were used separately with an array of the same four QCM-based gas 
sensors. The objective is to compare the performance characteristics of these two measurement 
systems. The four different volatile organic compounds (VOCs) reported in the previous study(9) 

were selected as analyte gases. Various concentrations of these analytes were introduced into the 
QCM sensor array, and the resulting frequency shift was measured using both FC and VNA. 
Each QCM sensor in the array was functionalized with a different coating layer to facilitate the 
selective binding of the analyte gases; consequently, each sensor produced a unique response. 
The real-time signal from each sensor was acquired by FC and VNA in a four-channel 
configuration. Thus, for each analyte gas, signals from four different sensors were recorded 
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using both FC and VNA, and the captured signals were subsequently used to compare the 
performance characteristics of these two measurement systems. 
	 Although VNA provides much information, the signal-to-noise ratio is not always good when 
we use only the standard method to track the frequency with a conductance peak. Since the 
whole information of the QCM frequency characteristic is used in our method, the noise can be 
markedly reduced as was reported in the previous work,(15) where QCM in the liquid phase was 
used. In the current work, we applied that method to the gas sensing and confirm its effect by 
comparing it with FC under the same measurement conditions.

2.	 Experiment

2.1	 Materials

	 The four VOCs used as test gases are isobutyric acid (IBA), trans-2-hexenal (T2H), 1-butanol 
(1-B), and butyl isobutyrate (BIB) from TCI chemicals. They are ingredients of the apple 
flavor.(9)

 
2.2	 Sensor array fabrication

	 The sensor array reported in this study consists of four QCM sensors (SEIKO EG & G AT-
cut), each fundamental resonance frequency of which was approximately 9 MHz. Each QCM 
sensor was fabricated by coating its surface with one of the following sensing layers: 
polyethylene glycol 1000 (PEG), 1,2,3-tris (2-cyanothoxyl propane) (TCEP), thermol-1 (THML), 
and polyphenyl ether (five rings) (PPE). These sensing materials are commonly used as 
stationary phase materials in gas chromatography (GC). Dip coating was used to deposit the 
sensing film on the QCM surface.(8) The four QCM sensors were set in a sensor cell with the 
proper gas flow arrangement. O-ring sealants were used in the sensor cell to avoid leakage.(17)

2.3	 Gas flow setup

	 The test gases were introduced to the sensor array using an odor blender system. One test gas 
was introduced at a time. The odor blender system consists of an air–gas mixing and delivery 
unit (Fig. 1) in which a solenoid valve regulates the concentration of each gas by adjusting the 
gas mixture ratio.(19) The flow rate at the QCM sensor array was 202 mL/min. 

2.4	 Measurement system 

	 Both the FC- and VNA-based measurement systems used in this study were developed in-
house. The FC-based measurement system comprised an oscillator circuit (NJU6322L, New 
Japan Radio Inc.) and an FC, such as a binary modulus counter, built on a field-programmable 
gate array (FPGA, Altera Cyclone 5 SE 5CSEMA5F31C6N) board. Four-channel FC-based 
measurement systems were subsequently realized by integrating four identical FC-based 
measurement systems in parallel on the same FPGA. The outputs of this multichannel 
measurement system were recorded on a computer using an in-house-built MATLAB platform. 	
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	 The four-channel VNA system was realized using four commercial VNAs (DG8SAQVNWAv3) 
connected in parallel with the sensor array. Each VNA measures the frequency characteristic of 
QCM conductance and was fitted into a QCM equivalent circuit model to determine the value of 
each component in the equivalent circuit. Moreover, a Savitzky–Golay filter was used to 
improve S/N ratio without signal distortion. A MATLAB code was used to record the resonance 
frequency values in real time. FC and VNA have been compared in blood viscosity measurement 
but not in a gas measurement system.(20)  

3.	 Results and Discussion 

	 The performance characteristics of both the four-channel FC- and VNA-based measurement 
systems were evaluated using the real-time signals acquired from the sensor array. Figure 2 
illustrates the responses of four sensors to IBA, while Figs. S1, S2, and S3 show the 
corresponding real-time responses to T2H, 1-B, and BIB, respectively. The concentration [%] of 
each analyte gas reported in this work is relative to full-scale concentration. (19) The 
concentration was varied by simply controlling the volume of gas entering the sensor cells by 
switching the solenoid valves.  To compare the performance between VNA and FC, the LOD 
values were estimated for both systems where LOD was defined as the minimum concentration 
of analyte gas for which a statistically significant response was achieved. Statistical t-tests were 
performed to determine the significance, and five independent measurements were taken for 
performing the t-test. The confidence level was 0.05. The values are listed in Table 1. To compare 
the sensitivity of the sensors to each analyte gas, sensor responses are plotted against the 
concentration in Figs. 2(d), S1(d), S2(d), and S3(d). 
	 Figures 2(a)–2(c) show the real-time responses of all four sensors (PEG, TCEP, thermol, and 
PPE) to IBA across various concentrations. It can be clearly observed in Figs. 2(b) and 2(c) that 
the minimum frequency shift detected by the FC-based measurement system is 1 Hz, whereas it 
is much lower with the VNA-based measurement system, indicating that the instrument 
resolution offered by the VNA-based measurement system is higher than that offered by the FC-
based measurement system. As can be seen in Figs. 2(a) and 2(b), at higher concentrations (> 
10%), both the FC- and VNA-based measurement systems exhibit almost comparable responses 

Fig. 1.	 (Color online) Schematic illustration of experimental setup.
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for all four sensors. However, at lower concentrations (<10%), the FC-based measurement system 
slowly starts losing signals from the sensors and could only detect the signal from the PEG-
coated sensor. On the other hand, the VNA-based measurement system was well able to capture 
signals from all the sensors for concentrations > 2% [Fig. 2(c)]. Hence, the LOD of the PEG-
coated sensor was found to be 6 and 2% with the FC- and VNA-based measurement systems, 
respectively. The LOD values of all four sensors for IBA in the FC- and VNA-based measurement 
systems are listed in Table 1. It can be observed that for all four sensors, the LOD values were 
found to be much lower for the VNA-based measurement system than for the FC-based 
measurement system. This can be attributed to the fundamental difference in instrument 
resolution between these two measurement systems. However, from the plot of sensor response 
versus concentration in Fig. 2(d), similar trends are observed for both the FC- and VNA-based 
measurement systems. In both cases, the PEG-coated sensor was found to be the most prominent 
with the highest sensitivity. The similar sensitivity values of approximately 0.4 Hz per unit of 

Fig. 2.	 (Color online) Real-time responses of all four sensors (data for PEG, TCEP, Thermol, and PPE sensors are 
shown in black, red, green and blue, respectively) in the (a) high, (b) medium, and (c) low concentration ranges of 
IBA as analyte gas when detected with FC- and VNA-based measurement systems. (d) Sensor response versus IBA 
concentration for both FC- and VNA-based measurement systems.  The value at each peak indicates concentration 
[%] relative to the full scale 100.7 ppm.
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analyte concentration estimated with both the FC- and VNA-based measurement systems may 
indicate that the sensitivity of the QCM gas sensor is a fundamental property and therefore is not 
affected by the measurement system used.   
	 Figures S1, S2, and S3 in the supplemental materials show the real-time responses of the 
QCM sensor array to the analyte gases T2H, 1-B, and BIB, respectively. The sensors with the 
highest sensitivity can be identified for these gases from the response versus concentration plots 
in Figs. S1(d), S2(d), and S3(d). The LOD values for each test gas were identified directly from 
the real-time curves and are listed in Table 1. It is important to note that irrespective of analyte 
gases and sensors, the LOD values observed with the VNA-based measurement system were 
lower than those observed with the FC-based measurement system. Simple methods of 
measuring the frequency with maximum conductance have large noise even when VNA is 
used.(15) Thus, the curve fitting to the QCM equivalent circuit together with the use of the 
Savitzky–Golary filter contributes to the small noise when using the VNA-based measurement 
system. However, almost identical trends are observed in sensor responses [Figs. 2(d), S1(d), 
S2(d), and S3(d)] in the high-analyte-concentration range for both the FC- and VNA-based 
measurement systems, indicating that some of the fundamental characteristics of the QCM 
sensors do not depend on the measurement system used.  

4.	 Conclusions

	 In the current study, we analyzed the performance of multichannel FC- and VNA-based 
measurement systems for QCM gas sensors. Four different VOCs were used as analyte gases, 
and for each analyte gas, a significant difference was observed among the LOD values obtained 
using the FC- and VNA-based measurement systems, indicating the fundamental resolution 
difference between these measurement instruments often used for acquiring QCM sensor 
signals.  For the best performing sensors, the LOD values were obtained at relative concentrations 

Table 1
Estimated LOD values for each analyte gas and sensor.

Analyte gas Sensor 
LOD (%)

FC VNA

IBA

PEG 4 2
TCEP 8 2

Thermol 30 4
PPE 30 4

T2H

PEG 15 6
TCEP 50 4

Thermol 50 10
PPE 25 4

1-B

PEG 10 2
TCEP 20 2

Thermol 70 6
PPE 50 4

BIB

PEG 70 6
TCEP 5 4

Thermol 25 4
PPE 10 4
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of 4, 15, 10, and 5% for IBA, T2H, 1B, and BIB, respectively, with FC-based measurement, 
whereas the LOD values with VNA measurement were found at relative concentrations of 2, 6, 
2, and 4%, respectively, for same IBA, T2H, 1B, and BIB. Therefore, a clear difference was 
observed between the respective LOD values obtained with the FC- and VNA-based 
measurement systems. 
  Although the use of a small VNA becomes cheaper, it is still more expensive than FC 
measurement. However, it provides both frequency shifts and resistance changes of fundamental 
and harmonics. That information contributes to the accuracy improvement of the mixture 
quantification. In the future, it is necessary to evaluate the long-term stability we have not 
checked yet.
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Supporting Materials

Fig. S1.	 (Color online) Real-time responses of all four sensors (PEG, TCEP, Thermol, and PPE sensors in black, 
red, green and blue, respectively) in (a) high, (b) medium, and (c) low concentration ranges of T2H as analyte gas 
when captured with FC and VNA-based measurement systems. (d) Sensor response versus T2H concentration plots 
for both FC- and VNA-based measurement systems. The value at each peak indicates concentration (%) relative to 
the full scale 109.8 ppm.
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Fig. S2.	 (Color online) Real-time responses of all four sensors (PEG, TCEP, Thermol, and PPE sensors in black, 
red, green and blue, respectively) in (a) high, (b) medium, and (c) low concentration ranges of 1-B as analyte gas 
when captured with FC- and VNA-based measurement systems. (d) Sensor response versus 1-B concentration plots 
for both FC- and VNA-based measurement systems.  The value at each peak indicates concentration (%) relative to 
the full scale 229.3 ppm.
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Fig. S3.	 (Color online) Real-time responses of all four sensors (PEG, TCEP, Thermol, and PPE sensors in black, 
red, green, and blue, respectively) in (a) high, (b) medium, and (c) low concentration ranges of BIB as analyte gas 
when captured with FC- and VNA-based measurement systems. (d) Sensor response versus BIB concentration plots 
for both FC- and VNA-based measurement systems.  The value at each peak indicates concentration (%) relative to 
the full scale 45.5 ppm.


