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Abstract— A one-port reflective-mode microwave submersible 

sensor based on an open-ended step-impedance microstrip line 

configuration, operating at a single frequency, useful for the 

dielectric characterization of liquids and for the measurement of 

liquid composition in binary mixtures, is proposed in this paper. 

The sensor constitutes two parts, namely, the microwave module, 

including the sensitive region, and a 3D-printed case (made of 

polylactic acid –PLA), necessary for sealing, thereby preventing 

from any liquid leakage to the non-sensing regions of the 

microwave module. To enhance the sensitivity, the open-ended line 

section of the microwave module, i.e., the sensing region in contact 

with the liquid under test (LUT), is a quarter-wavelength 

microstrip line with high impedance. Thus, the phase of the 

reflection coefficient is the output variable, highly dependent on 

the input variable –dielectric constant of the LUT placed directly 

above the sensing region. In order to validate the sensing structure, 

a prototype device has been designed and fabricated. The average 

sensitivity to variations in the concentration of ethanol in solutions 

of deionized (DI) water is 1.22º/%, and sensor resolution is 2%. 

The fabricated sensor is resistant to liquid leakage, and therefore 

it can be completely submersed for measuring purposes, acting as 

an effective measuring probe. 

 
Index Terms—absorption; dielectric characterization of 

liquids; microwave sensors; microstrip technology; permittivity 

measurement; phase-variation sensor; reflective-mode sensor; 

submersible sensor. 

I. INTRODUCTION 

ecently, microwave sensors have attracted lot of 

attentions for applications such as dielectric 

characterization of materials including both solids and 

liquids, since they are very sensitive to the dielectric properties 

of the interacted materials [1]. Indeed, microwave sensors can 

be beneficial for the measurement of any physical, chemical, or 

biological variable related to (or with influence on) the 

permittivity. Examples include humidity sensors [2],[3], 

temperature sensors [4],[5], motion sensors [6]-[10], gas 

sensors [11],[12], biosensors [13]-[15], defect detectors 
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[16],[17], etc. Microwave sensors are also of interest for 

acquiring material composition in homogenous substances 

since the relative concentration of different elements influences 

the complex permittivity of the composite. Particularly, 

microwave sensors have been employed to obtain the relative 

concentration of solute in binary [18]-[20] and ternary [21],[22] 

liquid mixtures.  

For liquid characterization, most reported microwave sensors 

are based on microfluidic technology [13],[14],[18]-[20],[23]-

[26], typically combined with planar sensing structures, e.g., 

implemented in microstrip or coplanar waveguide (CPW) 

technology. Typically, although not exclusively, in such 

sensors the fluidic channel is located on top of a sensing planar 

resonant element, such as a complementary split ring resonator 

(CSRR) [19], or a split ring resonator (SRR) [20],[23]. In 

microfluidic sensors, small amounts of liquids are needed, but 

the design and fabrication of such sensors is complicated. 

Moreover, careful and rigorous measurements should be carried 

out with microfluidic sensors, to prevent from the appearance 

of bubbles in the channel. 

An alternative strategy for liquid sensing is the use of small 

containers (liquid pools or holders) [27],[28] which can be 

implemented, e.g., through 3D printing, and placed above the 

sensitive region of the sensor. In this case, small amounts of 

LUT typically suffice for measuring purposes, as well, and 

device fabrication is simple, as compared to microfluidics. 

Finally, there are liquid sensors that act as a probe, as far as 

they can be submersed in the LUT. The most clear and well-

known example is the so-called coaxial probe [29]-[35], 

commercially available [36]. The dielectric properties of the 

LUT can be obtained through coaxial probes with reasonably 

good accuracy. But the main disadvantage of the coaxial probe 

approach is related to the complex numerical techniques used 

to get the complex permittivity of the LUT from the measured 

reflection coefficient [typically collected through a vector 
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network analyzer (VNA)], see [1] and references therein. Other 

submersible liquid sensors implemented in planar technology, 

operating either in transmission-mode [37],[38] or in reflection-

mode [39],[40], have been recently reported. The transmission-

mode sensors of [37] exploit the resonance frequency variation 

generated in a SRR due to the influence of the LUT. In the 

submersible sensors based on reflective-mode presented in 

[40], the sensing principle is also frequency variation, but the 

output variable in this case is the return loss. 

One limitation of frequency-variation sensors, as those 

reported in [27],[28],[37],[40],[41]-[50], concerns the need to 

excite the sensor by a wideband sweeping interrogation signal, 

at least covering the output dynamic range. To alleviate such 

limitation, we propose a single-frequency sensor in this paper. 

There are mainly two kinds of single-frequency sensors, i.e., 

coupling modulation sensors [6],[7],[9],[51]-[56], mostly 

utilized to the measurement of motion variables, and phase-

variation sensors [57]-[68], of special interest for permittivity 

characterization, and for the determination of related variables, 

e.g., liquid composition, the interest in this work. Thus, we 

present a reflective-mode microwave sensor based on phase 

variation that operates at a single frequency in this paper. The 

sensor is utilized for the determination of the composition of 

binary liquid composites, particularly mixtures of ethanol in DI 

water. The sensor topology is optimized to achieve the highest 

possible sensitivity (with reduced dimensions) in the range of 

the permittivity of DI water, provided the interest is the 

characterization of small concentrations of ethanol in DI water. 

It will be illustrated that the sensor is equipped with a 3D-

printed polylactic acid (PLA) case to avoid liquid leakage to the 

non-sensitive regions of the sensor, thereby providing good 

sealing. Such sealing is necessary since the appearance of liquid 

outside the sensing region of the device might generate false 

readings. 

The paper is structured as follows. The sensor concept, 

design, and fabrication process are presented in Section II. 

Section III is devoted to sensor validation, by considering 

simulations and measurements. The competitive advantages of 

the proposed sensor and comparison with other submersible 

sensors is the subject of Section IV. In Section V, high 

impedance contrast between the sensing line and the so-called 

design line for sensitivity enhancement is further theoretically 

explained, with a detailed elaboration on the analogy between 

the 90º open-ended sensing line and a series resonator. 

Emphasis is also put on the analysis of the effects of LUT 

losses, which turn out to be helpful for boosting up the 

sensitivity in the limit of small perturbations of the reference 

LUT. Finally, the main concluding remarks are highlighted in 

Section VI. 

II. SENSOR CONCEPT, DESIGN, AND FABRICATION 

The proposed sensor constitutes two main parts, i.e., a 

microwave module and a sealing case (mechanical module). 

The microwave part is based on a step-impedance transmission 

line configuration first reported in [60], and such module is 

implemented in microstrip technology in this work. As it was 

presented in [60], highly sensitive one-port reflective-mode 

phase-variation sensors can be achieved by cascading a set of 

quarter-wavelength transmission line sections with high/low 

impedance to a sensing element (the one that should be in 

contact with the LUT) consisting of a planar resonator. Such 

sensing resonator can be a distributed resonator [60]-[62] or a 

semi-lumped (i.e., planar, and electrically small) resonator [67]-

[68]. In this paper, the sensor is implemented by considering the 

former option, that is, a distributed resonator, particularly an 

open-ended quarter-wavelength resonator with high-

impedance. In order to boost up the sensitivity, the quality 

factor of the resonator should be high. For this main reason, the 

characteristic impedance of the open-ended quarter-wavelength 

transmission line sensing resonator should be set to a high value 

(as compared to the reference impedance of the port, typically 

Z0 = 50 Ω). 

Figure 1 depicts a sketch (layout) of the sensor configuration 

(microwave module), where the sensor consists of the open-

ended (quarter-wavelength) transmission line sensing resonator 

and a single quarter-wavelength line section (designated as 

design line) cascaded to it, plus the access line (which should 

be matched to the port, and consequently exhibiting a 

characteristic impedance of Z0 = 50 Ω). Note that the design line 

should exhibit a low characteristic impedance, Z. This 

impedance contrast is necessary to enhance the sensitivity in the 

limit of small perturbations, i.e., for small changes in the 

permittivity of the LUT close to the reference (REF) value (DI 

water in our case), as indicated in [60]. The sensitivity in that 

limit is given by [60] 

𝑆 = −
𝑍𝑠𝑍0(1 − 𝐹)

2𝑍2eff

𝑠
= −

𝑍𝑠̅̅ ̅

𝑍̅2
(1 − 𝐹)

2eff

𝑠
            (1) 

where Zs is the characteristic impedance of the sensing line and 

eff is the effective dielectric constant of the sensing line when 

it is loaded with the REF liquid (DI water), i.e., 

eff = 
𝑟 + REF

2
 +

𝑟 − REF

2
𝐹                       (2) 

r being the substrate dielectric constant, REF the dielectric 

constant of the REF liquid, and F a geometry factor that 

depends on the width of the microstrip line, ws, and thickness 

of the substrate, h, according to 

𝐹 = (1 + 12
ℎ

𝑤𝑠
)
−1/2

                         (3a) 

provided ws > h. If ws < h, the geometry factor is 

𝐹 = (1 + 12
ℎ

𝑤𝑠
)
−1/2

+ 0.04 (1 −
𝑤𝑠
ℎ
)
2

           (3b) 

In (1), s = 90º is the electrical length of the sensing line loaded 

with REF liquid at the operating frequency. Note also that the 

normalized impedance values 𝑍𝑠̅̅ ̅ = 𝑍𝑠/𝑍0 and 𝑍̅ = 𝑍/𝑍0 have 

been used in (1). The validity of (3) requires that t << h, as 

usually satisfied, where t is the thickness of the metallic layer. 

Note also that expression (2) is valid provided the LUT is thick 



3 

> REPLACE THIS LINE WITH YOUR MANUSCRIPT ID NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

enough to guarantee that the electric-field lines generated by the 

sensing line are completely circumscribed within the LUT, a 

reasonable approximation in a submersible sensor.  

 

(a) 

 

(b) 

Fig. 1. Layout of the one-port reflective-mode phase-variation sensor based on 

a step-impedance microstrip line configuration consisting of an open-ended 

high-impedance quarter-wavelength sensing line cascaded to a low-impedance 
quarter-wavelength design line (a), and the schematic circuit (excluding the 

access line) (b). Dimensions (in mm) are: ws = 0.2, ls = 24.15, w = 7.5, l = 38.06, 

w0 = 3.36, l0 = 15. Note that these line dimensions, providing the impedances 
and electrical lengths indicated in the text, are under the condition that a narrow 

PET film (with thickness of 0.06 mm), used to avoid substrate absorption, 

covers the design line and sensing line sections. 

In order to avoid that the non-sensitive parts of the microwave 

module (i.e., the design line) are in contact with the LUT when 

the sensor is submersed, a sealing case (mechanical part) is 

necessary. It should be windowed, so that the sensitive region 

can be in contact with the LUT. The proposed solution uses two 

covers made of polylactic acid (PLA) by means of 3D printing. 

In the bottom cover, the shape of the substrate that supports the 

microwave module is molded, so that it can be adapted to the 

bottom cover. The upper cover has a uniform thickness, but it 

contains a window around the sensitive region. The sketch of 

the covers is shown in Fig. 2. According to these comments, it 

is clear that the design line is coated with PLA, but not the 

sensing line, covered with the LUT when the sensor is 

submersed. Actually, a film of PET coats the whole microwave 

module, except the access line, preventing from the problem of 

substrate absorption. The presence of this PET film degrades 

the sensitivity, as it will be later shown. Nevertheless, this loss 

of sensitivity can be compensated by cascading further 

high/low quarter-wavelength transmission line sections to the 

sensor if it was necessary. The different parts of the sensor are 

then assembled with silicone rubber compound, and liquid 

leakage to the non-sensitive parts of the microwave module is 

thus prevented. 

 

                         (a)                                                                    (b) 

Fig. 2. Sketch of the case. Top cover (a) and bottom cover (b). 

As mentioned previously, the design line and the sensing line 

are both coated with PET. In order to obtain an optimized 

sensitivity, the electrical length of the design line should be  = 

90º when it is covered with PET film (with dielectric constant 

of 3, and thickness of 0.06 mm) and PLA (with estimated 

dielectric constant of 2.8, and thickness of 8 mm to guarantee 

that the electromagnetic field lines do not cross the PLA/air 

interface). The electrical length of the sensing line should also 

be s = 90º, as indicated, when it is coated with PET film and 

submersed in the REF liquid, DI water in this work, with 

dielectric constant of 80.86 at the operating frequency, set to f0 

= 1 GHz. Both electrical lengths must be satisfied at f0. Note 

that the value of f0 has been chosen as a tradeoff, i.e., at this 

frequency, sensor dimensions are reasonably small, whilst the 

measuring set-up is relatively simple (a moderately low 

frequency and low-cost vector network analyzer suffice). The 

dimensions of the different line sections when coated with the 

PET film, are included in the caption of Fig. 1. 

Concerning the line impedances, the characteristic impedance 

of the PLA-coated quarter-wavelength (design) line is Z = 27.06 

Ω, whereas the characteristic impedance of the sensing line has 

been set to Zs = 75.11 Ω (with the presence of REF liquid and 

PET film). Figure 3 depicts the perspective view and 

photograph of the whole fabricated sensor, as well as the 

microwave module. The microwave part has been fabricated on 

the Rogers RO4003C substrate, with dielectric constant r = 

3.55, loss tangent tan = 0.0022, and thickness h = 1.524 mm, 

through a drilling machine (LPKF H100). The case has been 

fabricated using the 3D printer Ultimaker 3 extended model. 

To end this section, let us mention that it has been verified by 

electromagnetic simulation (not shown) that the fringe fields in 

the quarter-wavelength sensing line do not extend beyond the 

window corresponding to the PLA case and are therefore 

circumscribed within the liquid under test (provided the sensor 

is submersed in it). Therefore, these fringe fields do not affect 

the accuracy of the sensor. 

 

 

(a) 
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(b) 

 

(c) 

Fig. 3. Perspective view (a) and photograph (b) of the fabricated submersible 

sensor, and top-view photograph of the microwave module (c). The perspective 

view indicates the PET film in orange, the PLA top cover in grey, and the 

sensing region in red dash lines. Dimensions are indicated in the caption of Fig. 

1. 

III. VALIDATION 

For sensor validation, the fabricated sensor has been submersed 

into a glass beaker filled with DI water mixed with different 

proportions of ethanol, as shown in Fig. 4. Before experimental 

validation, the phase of the reflection coefficient of the 

proposed bare sensor (i.e., without any LUT loaded in the 

sensing region), and for the sensor covered with DI water (with 

dielectric constant 80.86 at 1 GHz), has been inferred by full-

wave simulation, using the CST Microwave Studio commercial 

software. Figure 5(a) depicts these simulated phase responses. 

Such figure also contains the measured phase responses, 

obtained by VNA Keysight N5221A. One-port calibration of the 

VNA Keysight 5221A has been performed using a Keysight 

N7554A electronic calibration module. Power of the source of 

the VNA was set as default (0 dBm). Port extension has been 

done using open-short-load stubs to make the reference plane 

of the measurements at the input port. For the measured 

response with DI water, the fabricated sensor has been 

submersed to the glass beaker full of DI water. An excellent 

agreement between the electromagnetic simulations and 

measurements can be appreciated in Fig. 5(a). We have also 

performed measurements for different mixtures of pure ethanol 

and DI water. The corresponding phase responses are illustrated 

in Fig. 5(b). It can be appreciated that the phase at the operating 

frequency goes through a significant change as the percentage 

of ethanol in the mixtures varies. 

 

Fig. 4. Measurement setup. 

 

(a) 

 

(b) 

Fig. 5. Measured and simulated phase response of the proposed sensor when it 

is unloaded (bare sensor) and loaded with the REF liquid –pure DI water (a), 

and simulated and measured phase responses in the frequency region around 

the operating frequency, corresponding to the fabricated sensor submersed in 

LUTs of different proportions of ethanol in DI water (b). In the simulated 

responses in the CST Microwave Studio commercial software, the dispersive 

Debye model of DI water is used, while for the different mixtures, the dielectric 
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parameters (including losses) are obtained from the average of Weiner model. 

Note that in all the phase responses (simulated and measured), the effects of the 

access line are included. The measurements have been carried out at ambient 

temperature (23ºC). 

The electromagnetic simulations for various mixtures of 

ethanol and DI water have also been performed by setting the 

dielectric constant of the LUT to different values between the 

dielectric constant of pure ethanol (27.86 at 1 GHz) and that of 

pure DI water (80.86 at 1 GHz). In order to estimate the 

agreement between the simulated results and the measured 

ones, and calculate the sensitivity, the dielectric constant for 

various considered ethanol concentrations has been obtained. 

For that purpose, we have used the Keysight ADS co-simulation 

to tune the dielectric constant of the mixture until the phase 

response matches the measured one. To be more specific, let us 

consider, for example, that the fabricated sensor is submersed 

in a mixture consisting of 95% DI water and 5% of ethanol, and 

that the phase response is obtained (measured) with the VNA. 

Then, in Keysight ADS co-simulation, we tune the dielectric 

constant of the mixture until the phase response from the ADS 

simulator matches the measured phase. A dielectric constant 

value, 77.5, is obtained for the LUT from this procedure, which 

corresponds to the permittivity of the considered mixture (5% 

of ethanol in DI water). Using the same procedure, the dielectric 

constant for other concentrations of ethanol in DI water has also 

been obtained. Figure 6(a) demonstrates that the dielectric 

constants of the different LUTs (corresponding to different 

concentration of ethanol in DI water), inferred by the indicated 

procedure, are circumscribed within the Weiner model limits 

[69], and has good agreement with the average dielectric 

constant of mixtures estimated from Weiner model [depicted in 

blue curve in Fig. 6(a)]. Thus, the way for retrieving the 

dielectric constant of the LUT is validated. Figure 6(b) 

illustrates the variation of the measured and simulated (using 

CST Microwave Studio commercial software and setting the 

dielectric constant of mixtures as the values obtained in the 

previous procedure) phase of the reflection coefficient at the 

operating frequency, f0, as a function of the dielectric constant 

of different mixtures of ethanol and DI water. As it can be 

appreciated, there is good agreement between measured and 

simulated phase variations. 

 

(a) 

 

(b) 

Fig. 6. Dielectric constant as a function of the percentage of ethanol in DI water, 

and indication of the upper/lower and averaged values as dictated by the Weiner 

model (a). Variation of the phase of the reflection coefficient at f0 with the 

dielectric constant of the mixture, inferred from measurement and CST 

Microwave Studio commercial software, and the sensitivity (b). Note that for 

the phase variation and sensitivity in CST simulation, the dielectric constant of 

mixtures is from Fig. 6(a) of measured results, and the loss tangent of mixtures 

is from the average loss tangent of Weiner model. The measurements have been 

carried out at ambient temperature (23ºC). 

The sensitivity of the sensor is also included in Fig. 6(b), as 

inferred by numerically obtaining the derivative of the phase 

with the dielectric constant of the LUT, LUT, for both the 

measured and simulated data points. The small discrepancies 

are attributed to the fact that small differences between the 

measured and simulated values of the phase generate non 

negligible (though small) discrepancies in the derivative. The 

differences between the simulated and measured phases are 

caused by several reasons, including the possible presence of 

bubbles, fabrication-related tolerances, and the encapsulation of 

the top and the bottom PLA covers (with some silicone rubber 

compound applied to the design line region). Potential causes 

of error in the measured phase may be originated by the coaxial 

cable, temperature variations, unproper positioning of the 

submersible sensor, or even thermal drifts in the VNA. 

Nevertheless, it should be mentioned, as it can be appreciated 

in Fig. 6(b), that the output variable, the phase of the reflection 

coefficient, is referred to the phase when the sensor is 

submersed in the reference liquid (pure DI water in this work). 

This helps in improving the accuracy. Also, it should be 

mentioned that the temperature has been set to roughly 23ºC to 

minimize the impact of it in the measurements. 

The sensitivity in the limit of small perturbations (i.e., around 

the dielectric constant of the REF LUT, i.e., DI water) is very 

similar for measurement and simulation. It should be mentioned 

that these sensitivity values, shown in Fig. 6(b), do not match 

with the theoretical prediction, provided by expression (1), 

since the use of the PET film for prevention of substrate 

absorption in the sensing region makes the equation invalid. 

Namely, despite the fact that the PET film has a thickness of 

0.06 mm, many field lines are concentrated in such film, and 

the sensitivity is not correctly given by expression (1), in which 

it has been assumed that a semi-infinite LUT (without any 

protective film) covers the sensing region. The main reason 

why expression (1) is not valid when a PET film is coated 
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between the sensing line and the LUT is as follows. The 

sensitivity can be expressed as 

𝑆 =
𝑑



𝑑𝜀LUT
=
𝑑



𝑑
𝑠

𝑑
𝑠

𝑑𝜀eff

𝑑𝜀eff
𝑑𝜀LUT

                          (4) 

since the contribution related to the effects of a variation of LUT 

on  through the variation of the characteristic impedance of 

the sensing line are null when the electrical length of the line is 

90º, as demonstrated in [60]. The terms 𝑑

/𝑑

𝑠
 and 𝑑

𝑠
/𝑑𝜀eff 

in (4) do not depend on the characteristics of the LUT, contrary 

to the last term, which cannot be inferred from expression (2) if 

the PET film is present. Thus, by assuming an unknown 

analytical dependence of eff on LUT, the sensitivity in the limit 

of small perturbations can be expressed as 

𝑆 = −
𝑍𝑠𝑍0𝑠
𝑍2eff

𝑑𝜀eff
𝑑𝜀LUT

                                 (5) 

and the sensitivity when the PET film is present can be 

calculated, provided the characteristic impedances, the 

effective permittivity, and the derivative of effective 

permittivity with the dielectric constant of LUT are known. We 

have thus calculated the effective permittivity, the characteristic 

impedance, as well as the derivative of the effective permittivity 

with the dielectric constant of the LUT through the ANSYS 

HFSS commercial software. Such software directly provides 

the variation of the characteristic impedance and effective 

dielectric constant of the sensing line as a function of LUT, and, 

from the latter, the derivative 𝑑𝜀eff/𝑑𝜀LUT can be easily 

obtained. Thus, Zs, eff, and 𝑑𝜀eff/𝑑𝜀LUT for LUT = REF can be 

evaluated. Introducing in (5) these values, we have been able to 

calculate the sensitivity in the limit of small perturbations, and 

the sensitivity has been obtained to be Sth = −1.09o. This 

theoretical sensitivity coincides with the values deduced from 

the simulated and measured results, indicated in Fig. 6(b), to a 

good estimation. Nevertheless, by including the effects of 

losses in the sensitivity analysis (to be discussed in Section V), 

the predicted sensitivity in the limit of small perturbations is 

somehow closer to the simulated (by including losses) and 

measured value, as it will be latter shown. 

As compared with the sensitivities achieved in other reflective 

mode phase-variation sensors [60],[67],[68], the achieved 

sensitivity in the designed and fabricated sensor is moderated 

due to two main reasons. On one hand, the REF material is DI 

water with very high dielectric constant. Such high dielectric 

constant of the REF material reduces the sensitivity in the limit 

of small perturbations, since it determines the effective 

dielectric constant (also high) that appears in the denominator 

of (5). On the other hand, the use of the PET film significantly 

degrades the sensitivity, since many field lines generated by the 

sensing line are contained in such film. Nevertheless, the 

sensitivity can be improved, if necessary, by cascading further 

quarter-wavelength design line sections. For comparison 

purposes, Table I illustrates the relevant parameters of the 

proposed sensor and the sensitivity in the limit of small 

perturbations, by considering four cases, particularly, the sensor 

coated with PET film, unloaded and loaded with DI water, and 

the sensor not coated with PET film, also unloaded and loaded 

DI water. This table corroborates that the sensitivity in the limit 

of small perturbations dramatically decreases when the REF 

sample is DI water. The effects of the PET film are also 

significant, especially when the REF material is DI water, since 

the relative variation of the sensitivity is much higher in that 

case (from −5.53º to −1.09º). Note that the sensitivities when 

the REF is air are much higher (−167.0º without PET film, and 

−118.4º with PET film).  

TABLE I: RELEVANT SENSOR PARAMETERS AND SENSITIVITY IN 

THE LIMIT OF SMALL PERTURBATIONS FOR THE CASES 

INDICATED IN THE TEXT 

Case Zs (Ω) eff deff/dLUT ls (mm) Sensitivity (o) 

Air/No PET 150.29 2.39 0.47 48.48 −167.0 from (1) 

Air/PET 143.63 2.62 0.35 46.34 −118.4 from (5) 

Wat./No PET 48.25 23.22 0.16 15.56 −5.53 from (1) 

Wat./PET 75.11 9.58 0.02 24.15 −1.09 from (5) 

Note that ls is a quarter wavelength at the operating frequency. 

As mentioned, the sensitivity in the proposed sensor can be 

increased by simply adding extra line sections with quarter 

wavelength. However, an increase in the sensitivity has the 

penalty of a degradation in the sensor linearity. The linearity in 

the proposed sensor is good, as Fig. 6(b) reveals, whilst the 

sensor can identify 2% ethanol concentration in DI water. This 

resolution is reasonable, but it could be increased by increasing 

the sensitivity by means of the indicated procedure. In summary, 

the reported submersible sensor has a reasonable sensitivity, 

resolution, and linearity combination, linearity being the sensor 

indicator with better performance. However, it is possible to 

optimize the sensitivity and resolution by sacrificing the 

linearity. 

IV. COMPETITIVE ADVANTAGES, PROS, AND CONS 

The proposed sensor can be used to characterize binary 

mixtures of liquids. For that purpose, it suffices to simply 

submersing the sensitive region into the LUT, similar to a 

measuring probe. To the best of authors’ knowledge, the 

reported sensor is the first submersible sensor based on phase 

variation and operated in reflection at a single frequency. The 

achieved sensitivity is certainly moderate, but the main reason 

is the high dielectric constant of the REF liquid (DI water), as 

mentioned, not an improper sensor design. Other reported 

reflective-mode phase-variation sensors exhibit superior 

sensitivity [60],[67],[68], but in those sensors, the REF sample 

is either air, or a low dielectric constant material. In other 

words, the sensitivity of the phase-variation sensors reported in 

[60],[67],[68] would be comparable to the one of the sensors of 

Fig. 3, provided the considered REF material was DI water (or, 

alternatively, the sensitivity of the present sensor would be 

much higher by considering air as REF, as demonstrated in the 

previous section, see Table I). 

A faithful comparison between a certain set of sensors 

necessarily should consider sensing devices dedicated to the 

measurement and characterization of the same type of materials 
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(high dielectric constant liquids in our case) and based on 

similar approaches and technologies. However, there are not 

reflective-mode phase-variation submersible liquid sensors in 

the available literature. Thus, a quantitative comparison of the 

sensor proposed in this paper with other reported submersible 

sensors is not representative, even by considering submersible 

sensors implemented in planar microwave technology, as those 

of refs. [37]-[40]. Nevertheless, a qualitative comparative 

analysis is possible.  

The device reported in [37] is a transmission-mode 

submersible sensor consisting in a transmission line loaded with 

a pair of SRRs. That sensor was devoted to the characterization 

of oils (with a relatively small dielectric constant), and the 

sensing principle was frequency variation, obtained by the 

notch by changing the LUT where the sensor was submersed. 

The device presented in [38] is also a transmission-mode sensor 

based on a compact split ring resonator excited by two 

integrated monopole antennas, and the working principle of that 

sensor is also the variation of the notch frequency generated by 

changes in the dielectric constant of the LUT. The considered 

samples in [38] were acetone and different types of alcohols, in 

all cases with dielectric constants below 40. The sensitivities of 

these sensors are reasonably good. Specifically, in [37], a 

relative frequency shift of 22.04% for a variation of the 

dielectric constant of the LUT in the range between 2.45 and 

22.52 was reported, whereas the relative frequency variation in 

[38] for a dielectric constant span from 20 to 40 was 23.52%. 

In the sensor of Fig. 3, the average sensitivity for dielectric 

constants varying in the range between 80.86 (pure DI water) 

and 51 (40% ethanol in DI water) is −1.6º (giving 1.22º/% in 

percentage of ethanol), sufficient to resolve variations of 

ethanol concentration of the order of 2%. Two advantages of 

the sensor of Fig. 3 over those of refs. [37], [38] are: (i) 

operation in reflective-mode, which requires one connector and 

reduces the length of the access line, as compared to the lengths 

of the access lines in the transmission-mode sensors of [37], 

[38]); (ii) operation at a single frequency, important to reduce 

the cost of the related electronics in operational environment 

(since a harmonic oscillator suffices to excite the sensor). 

The submersible sensors reported in [39], [40] operate also in 

reflection mode, though their working principle is frequency 

variation, and, therefore, a sweeping interrogation signal 

covering the output dynamic range is required for sensing (in 

contrast to the sensor presented in this work). In these resonant 

sensors, the frequency of the notch in the reflection coefficient 

depends on the dielectric properties of the LUT and is thus the 

main output variable. The relative frequency shifts 

demonstrated in [39] and [40] are 36% (for dielectric constants 

changing in the range 25-55) and 1.3% (for dielectric constants 

changing in the range 7.60-7.54), respectively. These 

sensitivities, as well as those of the sensors reported in 

[37],[38], given in the preceding paragraph, are reasonably 

good (note that a comparison with the sensitivity of our sensor 

is meaningless since the output variables are different). 

However, it is not possible to enhance the sensitivity of the 

submersible sensors of [37-40] by adding microwave circuitry. 

By contrast, in the submersible sensors presented in this work, 

sensitivity can be boosted up, as mentioned, by adding 

additional quarter-wavelength line sections with high/low 

impedance. This is a unique and pertinent aspect of these 

reflective-mode phase-variation sensors. 

Let us also mention that a novel aspect of the proposed sensor 

is the use of a sealing case, implemented by a 3D printer. Only 

the sensitive region is left to be in direct contact with the LUT. 

The case ensures that the design line section is not affected by 

the LUT, a necessary condition to avoid any phase perturbation 

caused by liquid leakage. The frequency-variation sensors 

proposed in [37]-[40] are more tolerant to the appearance of 

liquid outside the sensitive region (area occupied by the sensing 

resonators), since this does not significantly affect the notch 

frequency (of either the transmission or reflection coefficient). 

Nevertheless, in some of these sensors, the notch magnitude is 

also used as an additional output variable, and, in this case, the 

presence of LUT in the access line might vary the results, 

generating false readings. This aspect can be alleviated by 

carefully positioning the submersible sensor in the same 

location within the liquid under study, or, alternatively, by 

means of a sealing, case, the procedure considered in this work. 

V. DISCUSSION 

Let us next elaborate on the ultimate reason explaining the 

need to implement the reported sensor with high impedance 

contrast between the sensing line and the design line, to enhance 

the sensitivity in the limit of small perturbations of the dielectric 

constant in the vicinity of the reference (REF) dielectric 

constant. The key aspect to achieve a high sensitivity in such 

limit is to achieve a high slope in the phase response of the 

reflection coefficient at the operating frequency. When the 

dielectric constant of the material under test (LUT in our case) 

varies, caused by a change in the relative concentration of 

ethanol, such variation either shifts up or down the phase 

response. Therefore, the excursion experienced by the phase of 

the reflection coefficient at the operating frequency increases 

with the phase slope, as illustrated in Fig. 7. 

 

Fig. 7. Illustration of the phase excursion at a single frequency experienced by 

the reflective-mode phase-variation sensor in Fig. 1 when a change in the 

dielectric constant of the LUT occurs. Two cases are shown, i.e., with low and 

with high phase slope. Note that the change in the dielectric constant 

corresponds to 10% variation of the dielectric constant of the REF LUT. 

It is well known that the slope in the phase of the reflection 

coefficient of a resonant element increases with the quality 

factor (Q-factor) [70]. For that main reason, a high 

characteristic impedance for the 90º open-ended sensing line 

(with a behavior similar to the one of a series resonator) is 
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required to boost up the sensitivity (corresponding to a high-Q 

resonator). To demonstrate that the 90º design line should 

exhibit a low characteristic impedance, let us infer the phase of 

the reflection coefficient. For that purpose, we must first 

express the impedance seen from the input port (excluding the 

access line) as a function of the electrical parameters of the 

structure [see Fig. 1(b)], i.e., 

𝑍in =
𝑍2

𝑍in,s
                                         (6) 

where it has been assumed that the 90º line behaves as an ideal 

impedance inverter (reasonable for frequencies in the vicinity 

of the operating frequency, the interest in this work). In (6), 

𝑍in,s is the impedance seen from the transverse plane between 

the design line and the sensing line, see Fig. 1(b), namely [70]: 

𝑍in,s = −𝑗𝑍𝑠 cot 𝑠                                   (7) 

where the effects of losses are excluded. The reflection 

coefficient is thus 

 =
𝑍𝑖𝑛 − 𝑍0
𝑍𝑖𝑛 + 𝑍0

                                     (8) 

Introducing (6) in (8), the following result is obtained: 

 =

𝑍2

𝑍0
+ 𝑗𝑍𝑠 cot 𝑠

𝑍2

𝑍0
− 𝑗𝑍𝑠 cot 𝑠

                                (9) 

The phase of the reflection coefficient is 



= 2arctan(

𝑍0𝑍𝑠 cot 𝑠
𝑍2

)                            (10) 

and the derivative with the angular frequency is found to be 

𝑑


𝑑
=
𝑑



𝑑
𝑠

𝑑
𝑠

𝑑
= −

2

1 + (
𝑍0𝑍𝑠 cot 𝑠

𝑍2
)
2

𝑍0𝑍𝑠

𝑍2
1

(sin 
𝑠
)
2

𝑙𝑠
𝑣𝑝
 (11) 

vp being the phase velocity of the sensing line. Evaluation of 

(11) at the resonance frequency (the operational frequency), 

where s = 90º gives: 

𝑑


𝑑
|
0

= −
2𝑍0𝑍𝑠

𝑍2
𝑙𝑠
𝑣𝑝
                            (12) 

and it is apparent that the magnitude of the phase slope 

increases by increasing Zs and by decreasing Z. Note that the 

first term in the right-hand side member of (12) (involving the 

line impedances) exhibits the same dependence than the 

sensitivity in the limit of small perturbations, given by (5). 

Thus, it is clear, according to (12), that sensitivity enhancement 

requires a high phase slope (achieved through impedance 

contrast between the design line and the sensing line), an aspect 

not discussed in [60]. 

Another interesting aspect concerns the analogy between the 

considered 90º open-ended sensing line (resonator) and a series 

resonator. Indeed, both structures exhibit a similar behavior in 

the vicinity of resonance, provided the reactive elements of the 

resonator are properly mapped to the characteristic impedance 

of the sensing line. Let us next discuss this aspect by calculating 

the phase slope at resonance of the structure of Fig. 1 but 

replacing the 90º open-ended line with a series LC resonator. In 

this case, the impedance of the resonator is simply: 

𝑍in,s = 𝑗 (𝐿 −
1

𝐶
)                             (13) 

and the reflection coefficient is 

 =

𝑍2

𝑍0
− 𝑗 (𝐿 −

1
𝐶
)

𝑍2

𝑍0
+ 𝑗 (𝐿 −

1
𝐶
)
                            (14) 

The phase of the reflection coefficient is thus: 



= 2arctan {−

𝑍0
𝑍2
(𝐿−

1

𝐶
)}                         (15) 

Deriving with the angular frequency gives: 

𝑑


𝑑
= −

2

1 + {
𝑍0
𝑍2
(𝐿 −

1
𝐶
)}
2 
𝑍0

𝑍2
(𝐿 +

1

𝐶2
) (16) 

and evaluation at resonance provides: 
𝑑



𝑑
|
0=1/√𝐿𝐶

= −4𝐿
𝑍0

𝑍2
                           (17) 

Note that (12) and (17) are identical provided: 

𝑍𝑠
𝑙𝑠
𝑣𝑝
= 2𝐿                                      (18) 

or 

𝑍𝑠0
𝑙𝑠
𝑣𝑝
= 20𝐿                                  (19) 

Since at resonance the electrical length of the line is 90º, the 

previous expression can be written as 

𝑍𝑠
𝜋

2
= 20𝐿                                  (20) 

and, finally, 

𝑍𝑠 =
4

𝜋
√
𝐿

𝐶
                                   (21) 

which is the above-cited mapping, necessary to obtain an 

identical behavior between both sensing elements, the 90º open-

ended sensing line and the series LC sensing resonator.  

Based on the previous equivalence, let us next analyze the 

effects of LUT losses (this is justified since liquids, especially 

mixtures of DI water and ethanol, are lossy samples [71]-[73]). 

Considering losses in the equivalent series LC resonator of the 

90º open-ended sensing line is as simple as including a series 

resistance, R, in the model. Thus, the reflection coefficient (14) 

should be expressed as  

 =

𝑍2

𝑍0
− 𝑅 − 𝑗 (𝐿 −

1
𝐶
)

𝑍2

𝑍0
+ 𝑅 + 𝑗 (𝐿 −

1
𝐶
)
                        (22) 
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and the phase of the reflection coefficient is thus 



= arctan

{
 

 

−
𝐿−

1
𝐶

𝑍2

𝑍0
− 𝑅

}
 

 

− arctan

{
 

 𝐿−
1
𝐶

𝑍2

𝑍0
+ 𝑅

}
 

 

       (23) 

The derivative of the phase of the reflection coefficient with the 

angular frequency evaluated at the resonance frequency is 

found to be 

𝑑


𝑑
|
0=1/√𝐿𝐶

= −4𝐿
𝑍0

𝑍2


1

1 − 𝑅2
𝑍0
2

𝑍4

                 (24) 

which means that losses might help to boost up the magnitude 

of the phase slope, and consequently the sensitivity in the limit 

of small perturbations. Typically, the term 𝑅2𝑍0
2/𝑍4 < 1, and 

the sign of the phase slope (negative) is preserved (this can be 

appreciated in Fig. 5). Expression (24) provides a qualitative 

explanation of the slight discrepancy between the theoretical 

sensitivity (−1.09º), calculated previously by excluding the 

effects of losses, and the one inferred by simulation (−1.16º) or 

experimentally (−1.18º), where losses are included and boost up 

the sensitivity.  

Let us next try to link L and R in (24) with the electrical 

elements describing the sensing line, i.e., Zs and the attenuation 

constant, . Concerning L, expression (18) provides such link. 

Regarding R, let us first express the impedance of the open-

ended sensing line by including losses. Such impedance is [70] 

𝑍𝑖𝑛,𝑠 = 𝑍𝑠 coth 𝑙𝑠                                  (25) 

where  =  + j is the complex propagation constant of the 

sensing line ( is the phase constant, so that s = ls). 

Expression (25) can be rewritten as 

𝑍𝑖𝑛,𝑠 = 𝑍𝑠
sinh 2𝑙𝑠 − 𝑗 sin 2𝑠
cosh 2𝑙𝑠 − cos 2𝑠

                      (26) 

and it is apparent that at resonance (where s = 90º), the 

impedance 𝑍𝑖𝑛,𝑠, purely resistive and identifiable with R, is 

𝑍𝑖𝑛,𝑠|𝑠 = /2
= 𝑍𝑠

sinh 2𝑙𝑠
cosh 2𝑙𝑠 + 1

= 𝑍𝑠
sinh𝑙𝑠
cosh𝑙𝑠

= 𝑅    (27) 

Hence, (24) can be rewritten as 

𝑑


𝑑
|
0=1/√𝐿𝐶

= −2(𝑍𝑠
𝑙𝑠
𝑣𝑝
)
𝑍0

𝑍2


1

1 − (tanh𝑙𝑠)
2 𝑍𝑠

2𝑍0
2

𝑍4

  (28) 

It is obvious that if we exclude the term 𝑙𝑠/𝑣𝑝  in (28), the 

resulting derivative is 𝑑

/𝑑

𝑠
|
𝑠 = /2

. Therefore, the 

sensitivity (5) by including the effects of losses is 

𝑆 = −
𝑍𝑠𝑍0
𝑍2


1

1 − (tanh𝑙𝑠)
2 𝑍𝑠

2𝑍0
2

𝑍4


𝑠

eff

𝑑𝜀eff
𝑑𝜀LUT

         (29) 

since  

𝑑
𝑠

𝑑𝜀eff
=

𝑑

𝑑𝜀eff
(


𝑐
𝑙𝑠√eff) =


𝑠

2eff
                  (30) 

c being the speed of light in vacuum. Note that if losses are 

absent, (29) coincides with (5), as expected. 

Estimation of the attenuation constant, or, more specifically, 
𝑙𝑠, can be done from electromagnetic simulation of the sensing 

line (i.e., by excluding the design line) coated with the REF 

liquid (pure DI water). At resonance, where the input 

impedance 𝑍𝑖𝑛,𝑠  is purely real and given by R, the reflection 

coefficient is located in the horizontal axis in the Smith chart, 

from where we can infer the value of R. Then, using (27), 𝑙𝑠 
can be retrieved. The value that has been obtained is 𝑙𝑠  = 

0.023 Np. Introducing this value in (29), the theoretical 

sensitivity in the limit of small perturbations by including losses 

is found to be Sth = −1.11, closer to the experimental value given 

in Fig. 6. Nevertheless, the accurate determination of the 

sensitivity from the measured data is complicated, and this 

explains that, even by including the effects of losses in the 

analysis, the theoretical prediction slightly deviates from the 

measured sensitivity. 

VI. CONCLUSIONS 

In conclusion, a novel one-port reflective-mode phase-

variation submersible sensor based on planar technology has 

been presented. The sensor is comprised of a step-impedance 

microstrip line configuration, i.e., a sensing line (an open-ended 

quarter-wavelength microstrip line with high impedance) 

cascaded to a design line (a quarter-wavelength microstrip line 

with low impedance ). This constitutes the microwave module. 

Moreover, in order to protect the non-sensitive region of the 

sensor against liquid leakage, a 3D-printed case (mechanical 

module) has been fabricated and assembled to the sensor 

substrate. The output variable of the sensor (the phase of the 

reflection coefficient) exhibits moderately good sensitivity with 

the dielectric constant of the LUT, mixtures of ethanol and DI 

water in this paper, and very good linearity in the input dynamic 

range. The achieved resolution is 2%. As compared to other 

submersible sensors, where the output variable is the notch 

frequency in either the reflection or transmission coefficient, 

the proposed device works at a single frequency. Moreover, the 

achieved sensitivity with the concentration of ethanol in DI 

water (1.22º/%) and resolution can be boosted up, if necessary, 

by simply adding extra quarter-wavelength design lines with 

alternating high/low characteristic impedance. 
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