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ABSTRACT: This paper presents a medical ethanol concentration sensor based on the principles of liquid-coupling loss, which enables
rapid and accurate measurement and classification of medical ethanol concentrations. The sensor system consists of integrated circuits for
liquid-coupling loss, amplitude detection, signal processing, and visualization. It utilizes variations in RF signal amplitude to determine
the concentration. Theoretical analysis, grounded in Bruggeman model, quantitatively correlates the dielectric constant of medical ethanol
with its concentration, thereby establishing a robust theoretical foundation for the sensor design. Experimental validation demonstrates
the sensor’s ability to precisely differentiate among medical ethanol concentrations of 95%, 75%, and 50% at test frequencies of 1 GHz,
2 GHz, and 3 GHz. The agreement between empirical data and theoretical predictions confirms the sensor’s efficacy and reliability. Key
advantages include user-friendly operation, cost efficiency, and intuitively presented results, rendering the sensor highly suitable for broad

medical applications.

1. INTRODUCTION

thanol is a widely used medical supply that plays a piv-
Eotal role in healthcare facilities across the globe. As med-
ical technology advances, varying concentrations of medical
ethanol have distinct applications in clinical settings. For
instance, 25% to 50% ethanol solutions are commonly em-
ployed for physical cooling, allowing feverish patients to ben-
efit from a cooling effect through ethanol wipes. Meanwhile,
75% ethanol, recognized for its potent disinfection properties,
is extensively utilized for wound treatment to mitigate infection
risks. Additionally, 95% ethanol is frequently used for clean-
ing ultraviolet lamps and other medical equipment within hos-
pitals [1]. However, ethanol’s volatility introduces challenges
in its storage and management. Improper storage conditions
can lead to concentration reductions due to evaporation, while
inadequate management or unclear labeling can result in con-
fusion among different ethanol types. These issues may lead to
medical staff inadvertently using or mishandling the incorrect
type of ethanol, posing a significant threat to patient safety [2].
Consequently, the regular maintenance and inspection of liquid
medical supplies, such as medical ethanol, are imperative.
Current methods for detecting medical ethanol concentration
can be broadly classified into laboratory-based analytical tech-
niques and portable sensor approaches, each with specific lim-
itations that hinder clinical adoption:

1) Laboratory-based methods:
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Gas chromatography (GC): While achieving < 1% measure-
ment error [3,4], this method requires expensive instrumenta-
tion (systems costing > 10k) [5], complex operational pro-
tocols, and time-consuming analysis, making it unsuitable for
real-time detection.

Infrared spectroscopy: Provides non-contact, high-precision
measurements by analyzing ethanol’s infrared absorption char-
acteristics. However, its implementation is constrained by high
equipment costs and the need for specialized operator exper-
tise [5].

Refractive index measurement: Determines concentration
through refractive index variations, offering simplicity and
rapid response. Nevertheless, its accuracy is highly suscepti-
ble to temperature fluctuations and ambient light interference,
particularly ineffective for high-concentration ethanol.

Density measurement: Relies on the density-concentration
relationship for higher precision but necessitates precision bal-
ances and intricate procedures, limiting rapid deployment in
clinical environments.

Conductivity measurement: Leverages solution conductiv-
ity correlations with concentration. Despite simple equipment
requirements, measurement stability is compromised by ionic
impurities in solutions [6].

Optical rotation: Measures ethanol solution optical rotation
with high precision but is restricted to specific ethanol types,
severely limiting general applicability.

2) Portable sensor approaches:
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Electrochemical sensors: Enable real-time monitoring
through redox reactions but suffer from electrode drift, ex-
hibiting 15% accuracy degradation after 100 measurement
cycles [7, 8].

Optical sensors: Utilize light interaction principles for rapid
detection but demonstrate significant performance variations
(>30% signal drift) under ambient light fluctuations [9-11].

While these methods provide diverse options for ethanol
concentration detection, they collectively face critical chal-
lenges: laboratory techniques (GC, infrared spectroscopy, etc.)
are hindered by high costs and operational complexity, whereas
portable sensors (electrochemical/optical types) struggle with
long-term stability and environmental robustness. Thus, devel-
oping a medical ethanol concentration detection method that is
user-friendly, cost-effective, and provides highly visualized re-
sults is of practical importance.

This paper presents a non-contact microwave sensor that
addresses these challenges through the following key inno-
vations: First, it simplifies the detection process, eliminat-
ing the need for complex procedures, and making it accessi-
ble to general medical personnel. Second, it provides real-
time visualization of detection results, offering an intuitive and
easy-to-understand output that facilitates rapid assessment of
whether the ethanol concentration meets standards and if the
ethanol type is correctly identified. Third, it is cost-effective
and reusable, making it suitable for mass production and broad
application. Additionally, the sensor demonstrates strong re-
sistance to environmental interference, ensuring stable perfor-
mance in complex medical environments. The sensor oper-
ates on the liquid-coupling loss principle, determining ethanol
concentration by assessing the attenuation characteristics of
specific-frequency signals in ethanol solutions. Compared
to existing methods, this non-contact approach offers signif-
icant advantages in terms of simplicity, intuitiveness, cost-
effectiveness, and robustness.

2. DESIGN SCHEME FOR SENSOR SYSTEM

The sensor system introduced in this paper is designed to mea-
sure the compliance of medical ethanol concentration and dif-
ferentiate among various concentrations. During operation,
when an ethanol sample is introduced into the designated sens-
ing region of the sensor, the resultant variation in the ampli-
tude of the microwave signal is directly translated into a vi-
sual output, indicated by the number of illuminated LEDs in an
array. This streamlined process, which requires no additional
operator intervention, qualifies the design as a non-contact mi-
crowave sensor. Comprising a liquid-coupling loss circuit, a
detection circuit, a signal processing circuit, and a visualization
circuit (as depicted in Fig. 1), the system operates on the princi-
ple of the correlation between the dielectric constant of medical
ethanol and its concentration. When being applied to the radio
frequency (RF) microstrip coupler, different concentrations of
medical ethanol cause varying degrees of change in the RF sig-
nal amplitude. Measuring these changes allows the sensor to
assess concentration compliance and differentiate among vari-
ous levels.
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FIGURE 1. Sensor circuit system diagram.

2.1. Liquid-Coupling Loss Circuit

Liquid-coupling loss circuit is central to the sensor, transform-
ing differences in medical ethanol’s dielectric constant into
variations in the coupling port’s output signal amplitude. The
ethanol’s dielectric constant, when being applied to the RF mi-
crostrip coupler, modifies the RF signal’s propagation charac-
teristics, leading to changes in the coupling port’s output am-
plitude. This change is directly linked to the ethanol’s concen-
tration, establishing a foundation for subsequent detection and
processing.

2.2. Detection Circuit

The detection circuit converts the coupling port’s output signal
amplitude changes into voltage variations. Utilizing a detection
circuit enables the conversion of RF signal amplitude changes
into DC voltage changes, facilitating quantifiable measurement
of these changes. This voltage output becomes the input signal
for the subsequent signal processing stage.

2.3. Signal Processing Circuit

Signal processing circuit amplifies and compares the voltage
signals from the detection circuit. A proportional amplifier first
enhances voltage differences to boost measurement sensitivity
and accuracy. Multiple comparators then contrast these ampli-
fied signals with a set of gradient reference voltages, producing
high- or low-level signals that indicate compliance and concen-
tration differentiation.

To achieve simultaneous compliance measurement and dif-
ferentiation, the sensor system includes detection and signal
processing circuits for both the through and coupling ports of
the liquid-coupling loss circuit. For through-port detection, the
comparator’s reference voltage is set based on detected voltages
from tested medical ethanol samples of varying concentrations.
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A high-level signal is output if the tested ethanol meets the con-
centration standard; otherwise, a low-level signal is emitted.
For coupling-port detection, gradient reference voltages are
established by analyzing the impact of different ethanol con-
centrations on coupling degree, with signal processing mirror-
ing that of the through port. The outputs of both detection and
processing circuits connect to an AND gate circuit, driving the
visualization circuit. This visualization circuit, featuring mul-
tiple positioned LEDs, intuitively displays whether the medical
ethanol’s concentration meets standards and specifies the con-
centration range through selective LED illumination.

2.4. Visualization Circuit

The visualization circuit, composed of multiple positioned
LEDs, displays measurement results based on signals from the
signal processing circuit. Specific LED illumination clearly in-
dicates whether the medical ethanol’s concentration is compli-
ant and within a particular range, enhancing measurement intu-
itiveness and readability for medical personnel.

The integrated operation of these circuits enables rapid, ac-
curate measurement of medical ethanol concentration with in-
tuitive feedback. Designed for simplicity, cost-effectiveness,
ease of operation, and strong environmental interference resis-
tance, the sensor is well-suited for medical applications.

3. THEORETICAL RELATIONSHIPS BETWEEN
ETHANOL CONCENTRATION AND DIELECTRIC
CONSTANT

Medical ethanol, a mixture of ethanol and water, has its rela-
tive permittivity calculated through various methods, with com-
mon approaches including fractional calculation method and
Bruggeman model method [12—-15]. Bruggeman model is par-
ticularly noted for providing more accurate results when ad-
dressing interactions between different substances.

This model introduces a generalized Maxwell-Garnett co-
efficient to account for the effects of the number density and
shape of each phase. It thereby establishes a relationship be-
tween concentration-dependent permittivity and the material’s
composition and structure. For medical ethanol, a binary mix-
ture, the relative permittivity can be calculated using Eq. (1)
from the Bruggeman model:

f1

€1 — €min

fo

€2 — Emin

=0

(M

Here, enin denotes the effective permittivity of the mixture, and
f1 and f5 denote the volume fractions of the two liquid compo-
nents, while £; and €5 represent their respective relative permit-
tivities. The varying proportions of ethanol and water in medi-
cal ethanol of different concentrations lead to differences in its

TABLE 1. Dielectric constant of ethanol at different concentrations.

No. Ethanol Concentration Dielectric Constant
1 50% 52.5
2 75% 38.75
3 95% 27.75
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permittivity. Utilizing Eq. (1), the permittivity values for medi-
cal ethanol at various concentrations can be computed, with the
results presented in Table 1.

4. THE CIRCUIT DESIGN

4.1. Liquid-Couple Loss Circuit

The design of the liquid-coupling loss circuit within the sen-
sor circuit system is depicted in Fig. 2. This circuit utilizes
a broadband coupler capable of transmitting signals across a
1 GHz to 5 GHz frequency range. Regions ABCD are desig-
nated for ethanol drop detection. RF signal is introduced via
the input port, with the first detection and signal processing cir-
cuit linked to the coupler’s output port, while the second cir-
cuit monitors the coupling port’s output amplitude. Both signal
pathways track variations in signal amplitude.
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FIGURE 2. Liquid-coupling loss circuit mode.

Simulations using 3D software confirm that introducing
ethanol to any of the ABCD regions induces comparable
amplitude responses at both the coupled and through ports.
Specifically, in region B, simulations conducted with 3D soft-
ware reveal that introducing ethanol of varying concentrations
into the shaded area alters the coupling port’s output amplitude,
as illustrated in Fig. 3.
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FIGURE 3. S-parameter simulation data for different ethanol concen-
trations dropped into area B.

4.2. Detection Circuit

Similar to the diode detection method [16], this design employs
a logarithmic detection circuit centered around the HMC1094
chip [17]. This circuit transforms differences in the dielectric
constants of ethanol at various concentrations into correspond-
ing variations in the detection circuit’s output signal amplitudes,

WWwWw.jpier.org



PIER C

Zhang, Zhang, and Tang

+3.3V

HMC109%4

25 )
ca }—{ Det-out

L

FIGURE 4.

Detection circuit.

Vb6

‘ Signal Processing Circuit

+3.3V

AgeH

A€EH
——

b

=5 =g
ledzi“;j :: - — = |
= _

FIGURE 5. Signal processing circuit and visualization circuit design.

which are subsequently converted into voltage differences by
the logarithmic detection circuit. Amplitude detection circuits,
with HMC1094 chip as the core component, are implemented at
both the through and coupling ports of the RF microstrip cou-
pler, with both logarithmic detection circuits being identical.
The principle of a single detection circuit is depicted in Fig. 4.

4.3. Signal Processing and Visualization Circuit

Signal processing circuit consists of a set of proportional am-
plifier circuits and a set of comparator circuits, as illustrated
in Fig. 5. The proportional amplifier amplifies output voltage
values from the detection circuit, which have varying ampli-
tudes, thereby enhancing the voltage differences. The ampli-
fied voltage then serves as the input to the comparator circuit.
When both the output port and coupled port comparator cir-
cuits output high-level signals, these signals are fed into an
AND gate circuit, which subsequently outputs a high-level sig-
nal. This high-level output illuminates the corresponding LED.
Four LED channels are implemented, with distinct positions
and quantities of illuminated LEDs indicating varying signal
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losses through the detection circuit, thereby reflecting different
ethanol concentrations (Table 2).

TABLE 2. Relationship between LED illumination and signal level.

[luminated Input Ethanol
LEDs Frequency Concentration
LEDI1 1 (GHz) (Primary) 50%

LEDI1-LED2 2 (GHz) and 3 (GHz) 75%
LEDI-LED3 (Re-test) 95%
LEDI1-LED4 / Others

The signal visualization design prioritizes low power con-
sumption and high reliability, eschewing traditional MCU-
driven screen displays. Instead, it employs an LED array where
varying positions and quantities of illuminated LEDs represent
signal differences through the detection circuit. Each LED con-
sumes only 0.06 W, simplifying the circuit design while ensur-
ing low failure rates and high reliability.
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FIGURE 6. Non-inverting proportional amplifier circuit.
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FIGURE 7. Comparator circuit.

TABLE 3. Test results.

. Coupled Port Output Port Simulated Measured
Ethanol Test Signal . . LED LED
Reference Reference Coupling Coupling
Category (GHz/dBm) Number Results
Voltage (V) Voltage (V) (dB) (dB)
1.0/4+-2 2.419 3.1 21.63 23.83 1-3 correct
95% 2.0/42 2.386 3.1 19.57 21.77 1-3 correct
3.0/+2 2.37 3.097 18.93 21.03 1-3 correct
1.0/+2 2.5 3.068 18.80 19.58 1-2 correct
75% 2.0/4+2 2.486 3.067 17.30 18.76 12 correct
3.0/4+2 2.466 3.065 15.81 16.93 1-2 correct
1.0/+2 2.602 3.036 16.71 17.95 1 correct
50% 2.0/4+2 2.583 3.035 14.72 15.98 1 correct
3.0/+2 2.567 3.032 12.35 13.59 1 correct

In the design, judgment accuracy is increased by continu-
ously optimizing the difference setting between the input de-
tection voltage and reference voltage of the subsequent com-
parison and drive circuit. There are already numerous design
cases and parameter setting methods for in-phase proportional
amplification circuits and comparator circuits [ 18-20], so they
will not be elaborated here. The principles and chip models
used are shown in Fig. 6 and Fig. 7.

Ry

Ay =14+ == 2
+ @

Figure 6 depicts the non-inverting operational amplifier,
whose gain is given by Eq. (2), where A,, is the overall gain, and
1+ R/ R, is the in-phase proportional gain. Fig. 7 illustrates
the voltage comparator, in which V; denotes the reference-

+3.3V Detector
Circuit

+3.3V Proportional
Amplifier Circuit

+3.3V Comparator
Circuit

FIGURE 8. Power processing circuit.

voltage set-point that can be adjusted by varying the resistor
ratio Ry : R, thereby altering the comparator reference volt-
age [21,22].

4.4. Power Processing Circuit

The digital power supply output voltage is regulated via a low-
noise linear voltage regulator chip, as Fig. 8 shows, ADM7171,
to achieve secondary voltage regulation. The regulated +3.3 V
is isolated using a ferrite bead to power the detector, propor-
tional amplifier circuit, and comparator circuit. Capacitive fil-
tering is implemented at the power supply input terminals of
each digital circuit.

FIGURE 9. Sensor prototype.
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TABLE 4. Comparison with previous related works.

Ref. Sensing Mechanism Reusability  Visual Readable Limitations
Microfluidic chi 1 led
[23] ferofiuidic chainie” coupe YES NO Consumables, bench-top equipment
to a band-pass filter
Requires VNA; hanical fragility;
[24]  Step-impedance resonator (SIR) NO NO equires ) - mee al.uf:a ragtiys
no instant decision
Complex fabrication; oxidati
[25] CSRR-loaded microstrip NO NO ompiex fabrication; oxidation
reduces repeatability; PC needed
Here Liquid c01'1p1ing; logarithmic YES YES Classifies only three me.dical levels
detection; LED array (50%, 75%, 95%); no continuous readout
5. EXPERIMENTAL RESULTS AND ANALYSIS ACKNOWLEDGEMENT

The fabricated prototype is shown in Fig. 9. For testing, a Ro-
hde & Schwarz (R&S) SMA100B signal generator was used,
which has an output frequency range of 8 kHz to 31.8 GHz, suf-
ficient to cover the required test frequencies (1 GHz to 3 GHz).
Test frequencies of 1 GHz, 2 GHz, and 3 GHz were selected,
with the signal power set to +2dBm. Voltage measurements
were performed using a high-precision multimeter. The sen-
sor’s response characteristics were recorded by adjusting the
output frequency and power of the signal generator.

The results align with theoretical predictions, confirming the
sensor’s ability to accurately distinguish different concentra-
tions of medical ethanol. The measurement results are intu-
itively displayed via the on/off status of the LED lights, meeting
the design requirements. Typical input and output results of the
sensor are summarized in Table 3. Table 4 shows comparison
of the proposed work with previous related works, from which
it can be seen that our new design has certain advantages.

6. CONCLUSIONS

This paper presents a medical ethanol concentration detection
sensor based on the liquid-coupling loss principle, which aims
to enable rapid and accurate measurement and classification of
medical ethanol concentration. Through theoretical analysis,
a quantitative relationship between the concentration of medi-
cal ethanol and its dielectric constant was established using the
Bruggeman model. This relationship, which arises from the dif-
ferent dielectric properties of ethanol and water, provides the
theoretical foundation for detecting concentration changes via
amplitude variations in RF signals. A sensor system integrating
a liquid-coupling loss circuit, detection circuit, signal process-
ing circuit, and visualization circuit was developed. The liquid-
coupling loss circuit converts differences in the dielectric con-
stant of ethanol into RF signal amplitude changes, which are
then measured and amplified by high-precision logarithmic de-
tection and signal processing circuits. The ethanol concentra-
tion is intuitively displayed using lit and unlit LED lights. Ex-
perimental results demonstrate that the sensor can accurately
distinguish concentrations of 95%, 75%, and 50% medical
ethanol at test frequencies of 1 GHz, 2 GHz, and 3 GHz, con-
firming the effectiveness and reliability of the sensor design.
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