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--------------------------------------------------------ABSTRACT----------------------------------------------------------------  

High-frequency signal reflection characteristics of aqueous NaCl and alcohol solutions were investigated using 

digital wireless signals of QPSK, 16-QAM, and 64-QAM modulation formats. A vector-signal-generator sent the 

signals through an SMA probe to aqueous solutions, and a vector-signal-analyzer analyzed the reflected signals 

through a beam splitter. The concentration of the NaCl solution varied from 0.001 to 3 mol/L, the alcohol 

concentration ranged from 5 to 99.5%, and the reflected S-parameter (S11) was measured from 1 to 4500 MHz 

using a vector-network analyzer. A specific carrier frequency of 3300 MHz was determined due to the minimum 

value of |S11|. Error vector magnitude (EVM), constellation, and signal power (Pwr) of reflected signals were 

measured. The aqueous NaCl solution has a considerable Pwr value due to the rotation and vibration of the polar 

molecule H2O and cluster, even at high solute concentrations. In contrast, the aqueous alcohol solution shows a 

maximum value of EVM and then decreases due to the decrease in H2O amount at high alcohol concentrations. 

The EVM values depend on the magnitude of |S11| and Pwr due to the impedance change caused by the 

concentration of the polarized molecule H2O, since the aqueous solutions are considered a passive equivalent 

circuit. 
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I. INTRODUCTION  
Electrical impedance spectroscopy (EIS) has been used to measure the impedance and synthesize the 

electrical equivalent circuits of biomaterials and chemical materials, such as food [1], plants [2-4], NaCl solutions 

[5, 6], and alcohols [7, 8]. Generally, the EIS method uses a low-frequency signal due to impedance mismatch in 

the high-frequency range for the I-V measurement system. We have used an S-parameter measurement that allows 

high-frequency measurements to evaluate the impedance and properties of aqueous solutions [9], alcohols [10], 

plants [11], cell walls [12], and cell vacuoles [13], and to synthesize these equivalent circuits. The S-parameter 

measurement methods use sinusoidal and square-wave modulated signals. 

Digital wireless signals have been used in wireless fidelity (Wi-Fi) and cellular communications in recent 

years. Digital wireless signals use quadrature amplitude modulation (QAM) and orthogonal frequency division 

multiplexing (OFDM) to modulate digital baseband signals at high speed and high density [14]. Digital wireless 

signals are suitable for high-speed and long-distance communications because they reduce multipath interference 

and correct the communication error rates. Analysis of the electrical properties of materials using digital wireless 

signals can yield new insights into the materials. Analysis of the reflection characteristics between digital wireless 

signals and materials is also essential to ensure the quality of digital wireless communications. 

In this study, aqueous NaCl and alcohol (ethanol) solutions were chosen as representative examples of 

materials that reflect digital wireless signals. The aqueous NaCl solutions contain Na+ and Cl− ions and polar water 

molecules, H2O, and thus are highly similar to the composition and properties of biological and chemical materials. 

The alcohol solutions contain low-conductivity alcohols and polar water molecules, H2O, and are very similar to 

the composition and properties of foods and drinking water. This study has first used multi-level QAM-OFDM 

digital wireless signals to investigate the relationship between aqueous solution concentration, S-parameters, 

reflected signal power, and error vector magnitude (EVM). 
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II. EVM MEASUREMENTS FOR AQUEOUS SOLUTIONS USING DIGITAL WIRELESS 

SIGNAL  
The signal reflection characteristics of high-frequency wireless signals in aqueous solutions were 

evaluated using a measurement system shown in Fig. 1. A vector network analyzer (VNA) [15] was used to 

measure the reflection coefficient (S11) of the scattering parameter (S-parameter) in the 1 MHz to 4500 MHz 

frequency range. The EVM value was measured using a setup of a vector signal generator (VSG) [16] and analyzer 

(VSA) [17]. S-parameter measurements using the VNA and EVM measurements using the VSG-VSA were 

performed separately. The material under test (MUT) was an aqueous solution in a glass container (approximately 

15 ml). A high-frequency signal transmitted from the instrument is input into the aqueous solution through a 

subminiature type-A (SMA) probe inserted into the aqueous solution. The VNA and VSA receive signals reflected 

from the solution. The digital wireless signal transmitted from VSG and reflected by the aqueous solution is 

transmitted to VSA through a signal splitter. The SMA probe consists of a central signal pin (gold-plated copper, 

4 mm in length and 0.8 mm in diameter) surrounded by polytetrafluoroethylene (PTFE) and four ground pins (4 

mm apart from the signal pin). A pseudo-random bit sequence (PRBS) baseband digital signal was modulated 

with QAM in four formats (BPSK, QPSK, 16-QAM, and 64-QAM), and each symbol was modulated by inverse 

fast Fourier transform (IFFT) to 256-OFDM subcarriers in a modulation bandwidth of 10 MHz. The digital 

wireless signal generated by the VSG was transmitted to the MUT and reflected and sent through a beam splitter 

to the VSA, where the received power (Pwr), EVM, spectrum, and symbol error were analyzed. 

 Although we investigated the relation between Pwr and S11, in a usual transmission system, the Pwr and 

EVM are substantially related to the transmission coefficient, S21, since S11 is very low. Hence, in this experiment, 

we changed the S11 to S21in the measurement setup to investigate the relation between EVM, S11, and Pwr. 

Figure 2 shows the measured reflection coefficient |S11 | of the VNA for the solvent with no added solute 

(pure water). The impedance of pure water is closest to the characteristic impedance of the measurement system, 

50 Ω, at 3300 MHz. Therefore, we investigated the reflection characteristics of digital wireless signals at 3300 

MHz. The reflection coefficient S11 of the S parameter is the ratio of the reflected voltage Vr to the incident voltage 

Vi, expressed as S11 (dB) = 20log (Vr /Vi ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: A vector network analyzer (VNA) measures S-parameters S11 by measuring reflected signals from 

aqueous solutions. Vector signal generator (VSG) and vector signal analyzer (VSA) measure error vector 

magnitude (EVM) and received power (Pwr) of digital wireless signals reflected from aqueous solutions 

and split by a beam splitter. A multipin SMA probe was used to measure the incidence and reflection of the 

RF signals in an aqueous solution.  

 
Figure 2: S-parameter reflection coefficient, S11, was measured with MUT of pure water by vector 

network analyzer (VNA). 
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III. EVM MEASUREMENTS PRINCIPLE 

EVM is a numerical value representing the average of the magnitude of the vector difference between 

the ideal symbol coordinates (Ii, Qi) and the measured symbol coordinates (Im, Qm) in in-phase and quadrature-

phase IQ coordinates, as shown in Fig. 3. The ratio of the root mean square (rms) of the sum of the ideal symbol 

coordinates (In,i, Qn,i) of symbol n to the rms of the sum of the differences between the ideal symbol coordinates 

(In,i, Qn,i) and the measured symbol coordinates (In,m, Qn,m) is expressed by Eq. (1). 

 

𝐸𝑉𝑀𝑛,𝑟𝑚𝑠 =
√∑ [(𝐼𝑛,𝑚 − 𝐼𝑛,𝑖)

2 + (𝑄𝑛,𝑚 − 𝑄𝑛,𝑖)
2]

𝑛/2
−𝑛/2

√∑ [𝐼𝑛,𝑖
2 + 𝑄𝑛,𝑖

2]
𝑛/2
−𝑛/2

 

                                         (1) 

 

 

Hence, the EVM of symbol n is expressed by Eq. (2). 

 

𝐸𝑉𝑀 = 20 log10 𝐸𝑉𝑀𝑛,𝑟𝑚𝑠                                                                               (2) 
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                                                                                                                                (3) 

 

 

 

Figure 3: Ideal symbol coordinates (Ii, Qi) and measurement symbol coordinates (Im, Qm) are 

represented in I (in-phase) and Q (quadrature-phase) coordinates. The difference between the two points 

is the Error Vector 
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Figure 4: The constellation of symbols was analyzed by VSA for reflected signals from aqueous 

solutions of different NaCl concentrations using digital wireless signals of four modulation formats 

(BPSK, QPSK, 16-QAM, 64-QAM). 

The digital wireless signal we used consists of four modulation formats: BPSK, QPSK, 16-QAM, and 

64-QAM, with 2, 4, 16, and 64 symbols, respectively. Each symbol consists of PRBS baseband signals of 1, 2, 4, 

and 6 bits, respectively, and is mapped to IQ coordinates. Therefore, the number of symbols for each modulation 

format is represented by 2n (n = 1, 2, 4, 6). The received Pwr at VSA is proportional to the sum of the ideal 

symbols as represented by Eq. (3). The digital wireless signals we used were modulated by four different formats: 

BPSK, QPSK, 16-QAM, and 64-QAM. The main data modulation formats were QPSK, 16-QAM, and 64-QAM, 

each with a symbol length of 10.  Pwr and EVM of each modulation format were almost the same. Therefore, the 

values of Pwr and EVM in this report were measured using symbols with the 64-QAM modulation format [18]. 

 

IV. EVM MEASUREMENTS FOR AQUARIUS NACL SOLUTIONS USING DIGITAL 

WIRELESS SIGNALS 

Using digital wireless signals, we measured the EVM reflection characteristics of different NaCl molar 

concentrations. Figure 4 shows the measured values of EVM and Pwr, and the constellation of each symbol. In 

Fig. 4, the circle shown for each symbol is the target circle, and if the demodulated data of the symbol is within 

this circle, the EVM is less than -30 dB. When the concentration of the NaCl solution was as low as 0.001 mol/L, 

the EVM was -39.5 dB; when the NaCl concentration was as high as 3 mol/L, the EVM was -45.3 dB, about 6 dB 

less. The values of EVM and Pwr of the reflected signal from the NaCl solution measured at 3300 MHz are shown 

in Fig. 5 when the NaCl concentration in the solution was varied from 0.0001 mol/L to 3 mol/L. The EVM value 

decreased with NaCl concentration, and the Pwr value increased with NaCl concentration. The result is consistent 

with the theory that EVM is inversely proportional to Pwr and SNR, as represented in Eq. (1). The S11 value is 

increased with the NaCl concentration, as shown in Fig. 6, and Pwr values showed almost the same characteristics. 

We investigated the cause of the increase in S11 with NaCl concentration: S11 was measured in the frequency range 

from 1 to 4500 MHz as the NaCl concentration was varied from 0.0001 mol/L to 3 mol/L. The measured 

S11(complex number) was plotted on the admittance grid of a Smith chart, as shown in Fig. 7, using a Cadence 

AWR Design Environment software [19]. The origin S (0, 0) of the Smith chart is determined by Z0 = 50 Ω and 

Y0 = 0.02 S. The distance between the origin and the S11 point at 3300 MHz on the curve for each NaCl 

concentration represents the reflection coefficient |S11|. The dashed circle of equal radius represents the value of 

S11 as a polar coordinate, and the value of S11 at 3300 MHz increases with the NaCl concentration. The impedance 

(admittance) of the aqueous solution at 3300 MHz differs from 50 Ω (0.002 S) as the NaCl concentration increases. 

This impedance difference increases S11 and Pwr. The frequency 3300 MHz is related to the rotation and vibration 

frequency of the polar molecule H2O and cluster. In addition, the SMA probe configuration determines the specific 

value of the resonant frequency of 3300 MHz since the polar molecular H2O and cluster have a wide range of 

resonant frequencies [20]. Therefore, the NaCl ion does not play a substantial role in the change in S11. 
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Figure 5: Reflected signals from aqueous solutions in the NaCl concentration range 0.001 mol/L to 3 

mol/L were measured by the vector signal analyzer (VSA) for error vector magnitude (EVM) and 

received power (Pwr).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Reflection coefficient, S11, was measured at 3300 MHz using the VNA.  Pwr was measured 

using the VSA for the reflected digital wireless signals from aqueous solutions in the NaCl concentration 

range of 0.001 mol/L to 3 mol/L. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: S-parameter S11 measurements result using high-frequency signals in the range of 1 MHz to 4500 

MHz reflected from aqueous solutions in the NaCl concentration range of 0.001 mol/L to 3 mol/L, plotted 

on the admittance grid of a Smith chart. The intersections of the equal radius circles (|S11|) of S11 at 3300 

MHz frequency are indicated by stars. The dashed circle of equal radius represents the value of |S11| as a 

polar coordinate. 
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V. EVM MEASUREMENTS FOR ALCOHOL SOLUTIONS BY REFLECTED DIGITAL 

WIRELESS SIGNALS 

EVM reflection characteristics were evaluated for aqueous solutions with different alcohol (ethanol) 

concentrations. Figure 8 shows the EVM values and the constellation of each symbol. For a low alcohol 

concentration of 5%, the EVM was -41 dB, and for a high concentration of 50%, the EVM was -45 dB, about 4 

dB lower.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: The constellation of symbols was analyzed by VSA for reflected signals from aqueous 

solutions of different alcohol concentrations using digital wireless signals of four modulation formats 

(BPSK, QPSK, 16-QAM, 64-QAM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: EVM and Pwr were measured by VSA with reflected digital signals from aqueous solutions in 

the alcohol concentration range of 5 to 99.5%. 
 

The values of EVM and Pwr were measured with alcohol solutions at a frequency of 3300 MHz. The 

alcohol concentration was varied from 5 to 99.5%, as shown in Fig. 9. In the alcohol concentration range of 5 - 

50%, the EVM decreased and Pwr increased with the concentration. However, when the concentration was 

increased to 50 - 95%, the EVM value increased, and Pwr decreased with the concentration.  
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Figure 10: Reflection coefficient, S11, was measured with VNA at 3300 MHz, and Pwr was measured with 

VSA using reflected digital wireless signals from aqueous solutions, in the alcohol concentration range 0 to 

99.5%. 

The S11 value increased with the concentration in the 0 - 50% range and decreased in the 50 - 95% range, 

as shown in Fig.10. The Pwr value and the reflection coefficient |S11| showed almost the same characteristics. We 

investigated the cause of the change in the S11 with alcohol (ethanol) concentration. The S11 was measured in the 

frequency range from 1 to 4500 MHz as the alcohol concentration was varied from 0 to 95%. The measured 

S11value was plotted on the admittance grid of a Smith chart, as shown in Fig. 11. The distance between the S11 

point at 3300 MHz and the Smith chart origin for each concentration represents the reflection coefficient |S11|. The 

dashed circle of equal radius represents the value of |S11| as a polar coordinate. In the alcohol concentration range 

from 0 to 50 %, the S11 value increased with increasing concentration. The impedance (admittance) difference at 

3300 MHz increased with concentration.  

In the concentration range of 50 - 95%, the opposite trajectory was observed, with a decrease in S11. The 

S11 value of isopropanol (IPA) was also examined for a reference, and the trajectory was similar to that of high 

alcohol concentrations. The relationship between EVM, Pwr, S11, and solute concentration in the low alcohol 

concentration range of 5 - 50% showed similar changes to those in the low NaCl concentration range of 0.001 - 3 

mol/L. The contribution of the polar molecule H2O is enormous in the low-content solutions. The admittance 

decreases for high alcohol concentrations from 50 to 99.5%, and the admittance also decreases for high NaCl 

concentrations of several mol/L or higher. This phenomenon is related to the rotation and vibration of the polar 

molecule H2O and its cluster. 

In the case of high NaCl concentration, the amount of solvent H2O does not change. Hence, ionized 

atoms of Na+ and Cl− and hydrated ions are frictional factors for H2O and cluster oscillation and rotation, but the 

admittance by H2O is relatively large. On the other hand, the amount of H2O decreases significantly in the high 

concentration of aqueous alcohol solution. In the case of an alcohol concentration of 99.5% and IPA, the role of 

the vibration and rotation due to polarized molecules H2O and cluster are significantly reduced. The polarity 

parameters P′ of IPA, ethanol, and H2O are 3.9, 4.3, and 10.2, respectively [21]. The difference in S11 between 

IPA, ethanol, and H2O is due to these P′ values. The P′ value of H2O is significantly higher than that of the other 

molecules. The reflection characteristics of digital wireless signals from aqueous solutions highly depend on the 

amount of polarized molecular H2O and clusters. 

  In this article, we discuss the relationship between EVM and Pwr, because the S11 value is a dominant factor in 

determining the EVM. However, we measured a significant difference in quadrature error between low and high 

EVM, as shown in Fig. 4. Since the equivalent circuit of the aqueous is a passive circuit, it is not easy to analyze 

the quadrature error using the passive circuit. The relation between EVM and quadra error will be analyzed and 

published elsewhere using a polar molecule motion equation.       
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Figure 11:  S-parameter, S11, measurements using high-frequency signals in the range of 1 to 4500 MHz 

reflected from aqueous solutions in the alcohol concentration range of 0 to 99.5%, plotted on the admittance 

grid of a Smith chart. The intersections of the equal radius circles of |S11| at 3300 MHz frequency are 

indicated by stars. The dashed circle of equal radius represents the value of S11 as a polar coordinate. The 

measurement result of isopropanol IPA is plotted for reference. 

VI. CONCLUSION  
S-parameters, EVM, and Pwr of aqueous NaCl and alcohol (ethanol) solutions were measured using a 

network analyzer VNA and a digital wireless signal transmitter/receiver (VSG - VSA). The NaCl concentration 

varied from 0.001 mol/L to 3 mol/L, and the alcohol concentration ranged from 3 to 95.5%. The resonance 

frequency of 3300 MHz was used as the carrier frequency of the digital wireless signal. The resonant frequency 

is believed to be determined by the rotation and vibration of the polar water molecule H2O and the cluster, as well 

as the structure of the SMA probe. The digital wireless signal was modulated by four different formats of 

quadrature phase amplitude modulation (BPSK, QPSK, 16-QAM, 64-QAM) of the PRBS baseband signal. Each 

symbol is mapped to IQ coordinates and modulated with 256 OFDM subcarriers, and after D/A conversion, the 

signal is transmitted from the VSG. The SMA probe injected the digital radio signal into the aqueous solution. 

The signal reflected from the aqueous solution was transmitted to VSA through a beam splitter. Pwr and EVM 

were measured at the VSA. 

As the concentration of NaCl and alcohol molecules in the solution increases, the impedance (admittance) 

of the solution at 3300 MHz differs from the reference impedance of 50 Ω (0.02 S), and the reflection coefficient 

S11 increases, resulting in an increase in Pwr and a decrease in EVM. The aqueous solution is considered an 

equivalent electrical passive circuit element, and an increase in the reflection coefficient |S11| does not increase 

the error vector, so the EVM value decreases. 

Since S11 of the aqueous solution depends on the resonance caused by the rotation and vibration of the 

polar water molecule H2O and cluster, S11 and Pwr become smaller as the concentration of H2O increases. The 

reflection characteristics of digital wireless signals from aqueous solutions highly depend on the amount of 

polarized molecular H2O. The EVM value increases the symbol-clock error in the wireless signal transmission 

system. This study also clarified the relationship between the reflection of digital wireless signals, chemical 

materials, and biomaterials containing ionic molecules, and beverages and foods containing alcohol molecules. 

As the concentration of NaCl and alcohol molecules in the solution increases, the impedance (admittance) 

of the solution at 3300 MHz differs from the reference impedance of 50 Ω (0.02 S), and S11 increases, resulting 

in an increase in Pwr and a decrease in EVM. The aqueous solution is considered an equivalent electrical passive 

circuit element, and an increase in the reflection coefficient |S11| does not increase the error vector, so the EVM 

value decreases. 

Since the S11 of the aqueous solution depends on the resonance caused by the rotation and vibration of 

the polar water molecule H2O and cluster, S11 and Pwr become smaller as the concentration of H2O increases. The 

reflection characteristics of digital wireless signals from aqueous solutions highly depend on the amount of 

polarized molecular H2O. The EVM value increases the symbol-clock error in the wireless signal transmission 

system. This study also clarified the relationship between the reflection of digital wireless signals, chemical 

materials, and biomaterials containing ionic molecules, and beverages and foods containing alcohol molecules. 
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