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Abstract—Reflective-mode step-impedance transmission line 
based sensors for dielectric characterization of solids or liquids 
have been recently proposed. In this paper, in order to further 
increase the sensitivity, the sensor is implemented in coplanar 
waveguide (CPW technology), and this constitutes the main 
novelty of this work. The sensor thus consists of a high-
impedance 90º (or low-impedance 180º) open-ended sensing line 
cascaded to a low-impedance 90º (or high-impedance 90º) line. 
The output variable is the phase of the reflection coefficient, 
which depends on the dielectric constant of the material under 
test (MUT), the input variable. Placing a MUT on top of the 
sensing line causes a variation in the effective dielectric 
constant of the line, thereby modifying the phase of such line. 
This in turn produces a multiplicative effect on the phase of the 
reflection coefficient, by virtue of the step-impedance 
discontinuity. The main advantage of the CPW-based sensor, 
over other similar sensors based on microstrip technology, is 
the stronger dependence of the phase velocity of the sensing line with the dielectric constant of the MUT, resulting in 

sensitivities as high as −45.48º in one of the designed sensors. The sensor is useful for dielectric characterization of 
solids and liquids, and for the measurement of variables related to changes in the dielectric constant of the MUT (defect 
detection, material composition, etc.). 

 
Index Terms— CPW technology, dielectric characterization, microwave sensors, phase-variation sensors, reflective-

mode sensors. 

 

 

I.  INTRODUCTION 

LANAR microwave sensors have been a subject of increasing 

investigation in recent years, especially for the 

characterization of solids or liquids. There are several reasons 

that justify such interest, among them, their low-cost, their 

compatibility with fully planar fabrication technologies 

(including also additive, i.e., printing, processes), their 

robustness against harsh conditions (at least as compared to 

optical sensors), or the possibility to combine microwave 

technologies with other technologies of interest for sensing 

(e.g., microfluidics, lab-on-a-chip, organ-on-a-chip, 3D-

printing, conformal sensors, organic sensors, etc.). 

Additionally, microwaves are very sensitive to the properties of 
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the materials to which they interact, and therefore microwave 

sensors are very interesting for material characterization. To 

conclude the list of advantageous aspects, let us mention that a 

key aspect of microwave sensors concerns the low-cost of the 

associated circuitry needed for post-processing or for 

communication purposes. 

There are many different approaches for the implementation 

of planar microwave sensors, and several classification 

schemes, based on various criteria, can be considered. For 

instance, planar microwave sensors can be categorized 

according to the range of working frequencies, to the 

application, or to the working principle, among others, the latter 

one being typically the most convenient for comparison 
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purposes (i.e., comparing sensors based on different principles 

is not easy). Thus, according to the working principle, planar 

microwave sensors can be essentially divided into frequency-

variation sensors [1]-[16], phase-variation sensors [17]-[21], 

frequency-splitting sensors [22]-[28], coupling-modulation 

sensors [29]-[39], and differential-mode sensors [17],[18],[40]-

[49]. It should be mentioned, however, that, sometimes, it is 

difficult to classify a sensor within a specific group (e.g., 

differential-mode phase-variation sensors have been reported 

[17],[18]). 

In most reported planar microwave sensors, wideband 

signals are typically required for sensing (note that this is a 

requirement in frequency-variation and frequency-splitting 

sensors). This increases the cost of the associated electronics. 

Hence, there is an increasing interest for the implementation of 

microwave sensors based on single-frequency measurements. 

In this paper we propose a phase-variation sensor operating at a 

single frequency, aimed to the measurement of the dielectric 

constant of solid materials (i.e., the so-called material under test 

–MUT). The sensor is a one-port structure operating in 

reflection (other reflective-mode sensors have been recently 

reported [21],[50],[51]), and the output variable is the phase of 

the reflection coefficient. The sensor is based on a step-

impedance transmission line, where the sensing region is 

constituted by the open-ended transmission line section, either 

a high-impedance 90º line, or a low-impedance 180º line, as it 

will be shown. Indeed, such reflective-mode step-impedance 

phase-variation sensors were already introduced in [21] by the 

authors, where implementation in microstrip technology was 

considered. In this paper, the two designed prototype sensors 

have been fabricated in coplanar waveguide (CPW) technology, 

as far as CPW transmission lines exhibit significantly stronger 

dependence of their phase on the dielectric constant of the MUT 

(the input variable). By this means, sensor sensitivity, the key 

figure of merit, can be further enhanced. This is the reason for 

choosing the CPW configuration, and constitutes the main 

novelty of the present paper. 

The paper is organized as follows: the working principle of 

the sensor, including a comparative analysis (with the 

microstrip counterpart) relative to the potential for sensitivity 

enhancement, is reported in Section II. Section III is focused on 

the design of two prototype sensors and validation at simulation 

level. Details of sensor fabrication, and experimental validation 

are carried out in Section IV, where the phase of the reflection 

coefficient corresponding to several MUTs is reported. A 

comparison with other similar sensors is carried out in Section 

V. Finally, Section VI concludes the work. 

II. WORKING PRINCIPLE AND SENSITIVITY ENHANCEMENT 

The typical topology of the proposed sensors is depicted in 

Fig. 1. The sensor consists of an open-ended sensing line, with 

electrical length 
s  at the operating frequency, f0, and 

characteristic impedance Zs, cascaded to a step-impedance 

transmission line, designated as design line [21]. By loading the 

sensing line with a MUT, the effective dielectric constant of the 

sensing line is altered, thereby producing a variation in the 

phase and characteristic impedance of the sensing line. This, in 

turn, modifies the phase of the reflection coefficient, which can 

be used as output variable for sensing the dielectric constant of 

the MUT. 

The step-impedance line is constituted by several sections 

with alternating high and low impedance. The sensitivity is 

proportional to the product of the impedance contrast of the 

different sections, provided the electrical length and 

characteristic impedance of the sensing line and transmission 

line sections of the step-impedance design line are adequately 

chosen [21]. Thus, the sensing line can be either a high-

impedance 90º line or a low-impedance 180º line. In the former 

case, the transmission line section of the step-impedance design 

line adjacent to the sensing line must be a low impedance 90º 

line, and the subsequent line sections must exhibit high and low 

impedance alternating, and their electrical length must be 90º. 

For the low-impedance 180º sensing line, the step-impedance 

design line must be constituted by 90º sections, also with 

alternating high and low impedance, but in this case, the section 

adjacent to the sensing line must exhibit high impedance. With 

the above-indicated design criteria, the sensitivity for small 

perturbations is optimized, as it was demonstrated in [21]. 

 
 
Fig. 1.  Typical topology of the proposed reflective-mode step-
impedance phase variation sensor. The design line in this illustrative 
example is a step-impedance line with N = 3 quarter-wavelength 
sections, and the sensing line is a high-impedance 90º line. 
 

The sensor sensitivity, defined as the variation of the phase 

of the reflection coefficient, , with the dielectric constant of 

the material under test, MUT, can be expressed as 
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Although a variation in MUT modifies Zs, as the last term of the 

right-hand side member in (1) indicates, the derivative d/dZs 

is null for the phase conditions that optimize the sensitivity 

(indicated above) and can be neglected [21]. The first derivative 

of the first term of the right-hand side member in (1), designated 

as Ss = d/ds, is controlled by the impedance contrasts of the 

different line sections, as mentioned before. The higher the 

number of line sections, the larger the value of Ss. The 

derivative ds/dMUT depends on the specific line type, substrate 

material and, in general, on the transverse geometry of the 

sensing line. To optimize the overall sensitivity by considering 

a small number of sections and moderate impedance contrasts 

(this reduces sensor size and eases its implementation), it is 
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convenient to enhance such term as much as possible. In [21], 

the designed sensors were fabricated in microstrip technology. 

In this paper, the designed sensors are implemented in CPW 

technology, since the phase of these lines is significantly more 

sensitive to the dielectric constant of the surrounding medium 

(i.e., the MUT). Since the main purpose of the paper is to 

demonstrate the sensitivity enhancement of CPW over 

microstrip sensing lines, the prototype sensors in this work will 

be designed by considering only a single stage step-impedance 

design line (corresponding to the schematic of Fig. 1, but 

considering N = 1). 

Let us now focus the attention on the term ds/dMUT, given 

by 
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The first term of the right-hand side member in (2) can be 

simply inferred by expressing the phase of the sensing line in 

terms of the effective dielectric constant of the line, eff, i.e., 


𝑠
=

0𝑙𝑠

𝑐
√𝑒𝑓𝑓                             (3) 

where ls is the length of the sensing line, 0 = 2f0 is the angular 

frequency, and c is the speed of light in vacuum. Concerning 

the second term, the effective dielectric constant of a CPW 

transmission line depends on its transverse geometry, substrate 

material, and dielectric constant and thickness of the MUT. 

Analytical expressions by considering air as MUT can be found 

in the available literature. Such expressions are complex, and 

further complexity results by considering a MUT different than 

air, with a finite width. Therefore, in the present analysis, for 

the sake of simplicity, we will consider that the thickness of the 

substrate and MUT are semi-infinite. In practice, this means 

that the substrate and the MUT (necessarily finite) extend 

beyond the regions of influence of the electromagnetic field 

generated by the line. Such hypothesis is plausible in CPWs 

with slot widths smaller than the substrate and MUT thickness. 

Under these simplifying assumptions, the effective dielectric 

constant of the CPW transmission line can be approximated by 

𝑒𝑓𝑓 =
𝑟+𝑀𝑈𝑇

2
                                  (4)                  

where r is the dielectric constant of the substrate. Note that (4) 

is easily inferred by considering that the CPW line capacitance 

is merely given by the parallel connection of the substrate and 

MUT capacitance (reasonable under the considered simplifying 

assumptions, and by considering a CPW metal layer of 

negligible thickness). 

Using (3) and (4), (2) is found to be 

𝑑𝑠

𝑑𝑀𝑈𝑇
=

0𝑙𝑠

2√2𝑐

1

√𝑟+𝑀𝑈𝑇
                          (5) 

As expected, the sensitivity increases with frequency and with 

the length of the sensing line [18]. It also depends on the 

dielectric constant of the substrate (a small value of r is 

convenient for sensitivity improvement). However, it does not 

depend on the transverse geometry of the line (provided the 

substrate and MUT are thick enough, as specified before). By 

comparing (5) with the corresponding expression for microstrip 

technology, reproduced below [21], 

𝑑𝑠

𝑑𝑀𝑈𝑇
=

0𝑙𝑠
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1
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                  (6) 

it can be concluded that the sensitivity is better by considering 

a CPW sensing line. In (6), F is a geometry factor that depends 

on the substrate thickness, h, and width of the microstrip 

sensing line, Ws, according to [52] 

𝐹 = (1 + 12
ℎ

𝑊𝑠
)
−1/2

                        (7) 

The previous expression is valid as far as Ws > h and t << h, 

where t is the thickness of the metallic layer. Note that F is a 

positive number smaller than 1, consequently, the weighting 

factors of r and MUT in the square root of (6) are larger than 1. 

Therefore, it is clear that, for the same value of length and 

frequency, the sensitivity of the phase of the sensing line with 

the dielectric constant of the MUT is larger in CPW 

transmission lines. It should also be mentioned that although a 

small value of r favors sensitivity (as indicated before), this 

aspect is not critical for sensitivity optimization. The 

fundamental aspect for sensitivity enhancement is to implement 

a stepped-impedance structure with high impedance contrast 

and the adequate electrical lengths of both the sensing line and 

the line section cascaded to it, as it will be later shown. 

To demonstrate the previous conclusion, we have carried 

out full-wave electromagnetic simulations by considering a 

CPW and a microstrip open-ended sensing line loaded with a 

semi-infinite MUT of varying dielectric constant. Let us 

consider in both cases that the characteristic impedance of the 

bare line is Zs = 35 Ω, and that the parameters of the substrate 

are those of the Rogers RO3010 substrate, with thickness h = 

1.27 mm and dielectric constant r = 10.2. Losses are excluded 

in these simulations for coherence with the previous analysis. 

Nevertheless, this is justified since low-loss microwave 

substrates (for example, the Rogers RO3010 family), typically 

used in microwave sensors, exhibit very small loss tangents. 

With these substrate parameters, and characteristic impedance, 

the width of the microstrip line is Ws = 2.12 mm, whereas the 

line and slot widths for the CPW transmission line are Ws = 2.26 

mm and Ss = 0.27 mm, respectively. The resulting geometrical 

parameters satisfy the aforementioned simplifying assumptions 

(for that purpose, the characteristic impedance of the lines has 

been deliberately set to a small value). Concerning the length of 

the lines, it has been set to the necessary value to implement 

180º sensing lines, as this electrical length maximizes the 

sensitivity for low-impedance sensing lines, as reported in [21] 

(note that the simulated structures do not include the step-

impedance design line, since in this simulation analysis we are 

merely interested on the effects of MUT variation on the phase 

of the sensing line). Thus, for the CPW and microstrip line such 

lengths are ls = 32.25 mm and ls = 26.17 mm, respectively (the 

considered operating frequency is f0 = 2 GHz). 

Figure 2 depicts the dependence of the phase of the lines 

with the dielectric constant of the MUT for both lines. This 

phase has been indirectly inferred from the phase of the 

simulated reflection coefficient by considering a reference 

impedance identical to the characteristic impedance of the line 

loaded with the MUT (the impedance of the line has been 

inferred by using the CST Microwave Studio commercial 
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software). Under these conditions, the phase of the reflection 

coefficient, the simulated parameter, is twice the phase of the 

line [21]. Note that the variation is stronger for the CPW 

transmission line, as predicted by the analysis. Therefore, it can 

be concluded that the overall sensitivity, magnified by the 

presence of the step-impedance design line, will be better by 

implementing the sensor in CPW technology. We have 

represented in the same figure the sensitivities, inferred by 

simply deriving the simulated data points. Such sensitivities are 

in good agreement with the analytical curves given by (5) and 

(6), also represented. Such good agreement with the simulated 

data points out the validity of the analysis and the considered 

approximations. 

 
 
Fig. 2.  Dependence of the phase of the open-ended 180º and 35 Ω 
CPW and microstrip (MLIN) sensing lines with the dielectric constant of 
the semi-infinite MUT. The sensitivities are also included. The curves 
with triangular symbols correspond to the analytical (5) and (6). The 
electromagnetic simulations have been carried out by means of the CST 
Microwave Studio commercial software. 

III. SENSOR DESIGN AND SIMULATIONS 

In this section, two prototype reflective-mode phase-

variation sensors based on a step-impedance configuration and 

implemented in CPW technology are designed. In one sensor 

(designated as sensor A), the sensing line is an open-ended 180º 

line with low characteristic impedance, i.e., Zs = 35 Ω. The 

operating frequency is set to f0 = 2 GHz. In this work, where the 

main aim is to demonstrate the potential for sensitivity 

enhancement by considering a CPW structure, the step-

impedance design line consists of a single 90º line section. For 

sensitivity optimization, such line section must exhibit high 

characteristic impedance, following the indications of the 

previous section (and reported in [21]). Particularly, the 

impedance of such line section is set to Z1 = 70 Ω. By 

considering the implementation on the Rogers RO3010 

substrate with thickness h = 1.27 mm and dielectric constant r 

= 10.2, the resulting topology of the sensor is the one shown in 

Fig. 3(a), where the relevant dimensions are indicated (note that 

the sensor is completed with a 50Ω access line). 

For sensor B, the electrical length and characteristic 

impedance of the open-ended sensing line are set to 90º and Zs 

= 70 Ω, respectively (i.e., a high impedance line, as required for 

such phase). Therefore, in this case, the (single section) 90º 

design line must exhibit a low impedance value (specifically, Z1 

= 35 Ω). By considering identical substrate and operating 

frequency as those for sensor A, the layout of sensor B is the 

one depicted in Fig. 3(b). 

 
 
Fig. 3.  Layout of the designed reflective-mode CPW phase-variation 
sensors. (a) Sensor A; (b) sensor B. For sensor A, dimensions are: Ws 
= 2.26 mm, Ss = 0.27 mm, ls = 32.25 mm (180o), W1 = 0.72 mm, S1 = 
1.04 mm, l1 = 16.32 mm (90o), W0 = 1.38 mm, S0 = 0.71 mm, l0 = 32.95 
mm (180o); for sensor B, the dimensions of the sensing line are those 
for the design line in sensor A, whereas the dimensions of the design 
line are those for the sensing line in sensor A, with the exception of the 
length l1 = 16.56 mm (90o) and ls = 15.46 mm. The sensing regions are 
indicated by dashed rectangles. 

 

Before fabrication, we have inferred the phase of the 

reflection coefficient for sensors A and B, by considering the 

sensing lines loaded with semi-infinite (in the vertical direction) 

MUTs of varying dielectric constant (Fig. 4). In this case, the 

electromagnetic simulation has been carried out by means of 

the CST Microwave Studio commercial simulator, since the 

dimensions of the samples are finite in both horizontal 

directions. 

 
 

Fig. 4.  Simulated phase of the reflection coefficient for sensors A and B 
by considering MUTs with different dielectric constant, and sensitivity. 
 

In the limit of small perturbations (low value of the MUT, or 

MUT →1), the sensitivity is calculated according to (1), using 

(5) and Ss = d/ds given by [21] 
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for sensor B. Note that (8) and (9) contribute significantly to 
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sensitivity enhancement. The reason is that for (8), 

corresponding to sensor A, the impedances satisfy Z1 > Z0 > Zs, 

whereas for sensor B the impedances have been chosen 

according to Z1 < Z0 < Zs (thereby providing significant values 

for (8) and (9)). With the considered values of the impedances 

(given before) and Z0 = 50 Ω (reference impedance of the ports), 

evaluation of (8) and (9) provides Ss = −5.60 for sensor A and 

Ss = −5.71 for sensor B, respectively. On the other hand, 

evaluation of (5) in the limit of small perturbations gives 

ds/dMUT = 8.18º and ds/dMUT = 3.92º for sensors A and B, 

respectively. Consequently, the total sensitivity for small 

perturbations (1) is found to be S = −45.81º and S = −22.38º for 

sensors A and B, respectively. The sensitivities inferred from 

the simulated data of Fig. 4 are also depicted in that figure. It 

can be appreciated, that the sensitivity is a maximum for small 

perturbations and it coincides with the analytical results to a 

very good approximation (the values of the simulations are S = 

−45.48º and S = −23.19º for sensors A and B, respectively).  

It should be emphasized that (8) and (9) are valid for sensing 

line electrical lengths of 180º and 90º, respectively. Since for 

the considered sensors, the corresponding sensing lines satisfy 

this phase requirement when they are uncovered, the sensitivity 

values calculated through (1) and (8) or (9), are valid in the limit 

when MUT →1. Nevertheless, sensitivity can be optimized for 

other values of MUT (the reference dielectric constant) by 

simply recalculating the length of the sensing line so that its 

phase is either 180º or 90º when it is covered by the material 

with the reference dielectric constant. 

IV. EXPERIMENTAL VALIDATION 

For experimental validation, the CPW sensors designed in 

the previous section have been fabricated by means of a LPKF 

H100 drilling machine. Moreover, for comparison purposes, we 

have also fabricated a step-impedance phase-variation sensor 

implemented in microstrip technology, using identical 

substrate. In particular, the microstrip based sensor is composed 

of an open-ended 90º sensing line with characteristic impedance 

Zs = 70 Ω, cascaded to a design line with  = 90º and Z1 = 35 

Ω, that is, equivalent to the CPW sensor B. The photographs of 

the three fabricated sensors are depicted in Fig. 5 (the 

dimensions of the microstrip-based sensor are given in the 

caption). 

 

Fig. 5.  Photograph of the fabricated sensors. (a) CPW sensor A; (b) 
CPW sensor B; (c) microstrip sensor. For the microstrip sensor, 
dimensions are: Ws = 0.46 mm, ls = 14.36 mm (90o), W1 = 2.12 mm, l1 = 
12.69 mm (90o), W0 = 1.00 mm, l0 = 27.30 mm (180o). 
 

The three sensors have been loaded with identical MUT 

samples, consisting of different uncladded microwave 

substrates with similar thickness (i.e., around 3 mm, 

corresponding to two pieces of slabs stacked up together) and 

well-known dielectric constant. With such MUT thickness, the 

semi-infinite MUT approximation (particularly (5) and (6)) is 

reasonably valid. Therefore, the maximum sensitivity (the one 

for small perturbations) can be predicted by the theory to a good 

approximation for these particular MUT thicknesses. 

Nevertheless, an effective comparison between the different 

sensors can be made regardless of the validity of the semi-

infinite MUT approximation, as far as identical MUTs are used 

in all cases. Indeed, the main conclusions relative to the 

enhanced sensitivity by using a CPW structure, rather than a 

step-impedance microstrip line, are valid regardless of the 

thickness of the MUT. 

Figure 6 depicts the measured phase of the reflection 

coefficient for the different MUTs (indicated in the caption), 

relative to the phase of the bare sensor. As it can be seen, the 

phase of the reflection coefficient experiences a stronger 

variation with the dielectric constant for the CPW sensor based 

on the 180º sensing line (sensor A), in accordance with the 

simulations of Section III (based on a semi-infinite MUT). Note 

that the sensitivity is superior to the one of sensor B. The main 

reason is the longer sensing line considered in sensor A, as 

compared to sensor B (roughly twice). The microstrip based 

sensor, equivalent to sensor B, exhibits smaller sensitivity than 

the CPW counterpart, thereby confirming the enhanced 

sensitivity achievable by implementing the sensors in CPW 

technology. Figure 6 also includes the simulated phase of Fig. 

4 for sensors A and B, in reference to the phase of the bare 

sensor, as well as the simulated phase of the microstrip sensor. 

The agreement is reasonably good, thereby pointing out the 

validity of the semi-infinite MUT approximation. The higher 

discrepancy that appears for the PLA slab is attributed to the 

fact that such sample has been 3D-printed, and probably the 

dielectric constant of such material, as inferred from 

independent measurements using a resonant cavity, has been 
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overestimated. 

 
Fig. 6.  Measured phase of the reflection coefficient relative to the phase 

of the bare sensor, i.e.,  =  − ,air, as a function of the dielectric 
constant of the MUT sample. The considered MUTs are: air (ɛMUT = 1), 
PLA (ɛMUT = 3), Rogers 4003C (ɛMUT = 3.5), FR4 (ɛMUT = 4.5), and Rogers 
3010 (ɛMUT = 10.2). 
 

It is remarkable that these sensors exhibit very competitive 

sensitivity by virtue of the step-impedance discontinuity, as 

discussed in [21]. This sensitivity is further enhanced by 

implementing the sensors in CPW technology, as far as these 

lines exhibit a stronger variation of the phase velocity (and 

hence electrical length) with the dielectric constant of the MUT. 

This is an important aspect to maximize the term ds/dMUT of 

the right-hand side member in (1), thereby optimizing the 

overall sensor sensitivity without the need to excessively 

enhance the first term, i.e., Ss. According to (8) and (9), such 

term increases with the impedance contrast, and it can be further 

enhanced by cascading additional 90º line sections with 

alternate high and low impedance [21]. Thus, with CPW 

structures, high sensitivity can be obtained by relaxing the 

requirements of high impedance contrasts and an excessive 

number of line sections for the step-impedance design line. This 

has direct impact on sensor size and sensor implementation 

(i.e., excessive high or low line impedances may not be 

implementable). 

Besides the maximum sensitivity (−45.48º and −23.19º for 

sensors A and B, respectively), other important sensor 

parameters are the output dynamic range, related to the average 

sensitivity, and sensor resolution. By considering an input 

dynamic range for the dielectric constant of [1-10.2], the output 

dynamic ranges for sensors A and B are found to be 165º and, 

105º, respectively). By considering that phase variations of 5º 

can be discriminated (a very conservative value), the dielectric 

constant resolution in the limit of small perturbations is 0.11 for 

sensor A and 0.21 for sensor B. 

The reported sensors are especially suited in applications 

where high sensitivity to small variations of dielectric constant 

are required. This includes analysis of material composition, 

liquid mixtures, solute concentration measurements, and defect 

detection, among others. In all these cases, changes in material 

composition, solute concentration, or the presence of defects in 

the MUT can be inferred from the variation experienced by the 

dielectric constant (or effective dielectric constant) of the MUT. 

To illustrate the potential of the proposed sensors to detect tiny 

defects in samples, we have drilled holes in a specific substrate 

(Rogers RO3010 with 1.27 mm thickness of Fig. 6). The holes 

are arranged in sparse square grids, and several samples, with 

different hole densities, have been prepared (the pictures are 

depicted in Fig. 7). We have measured the phase of the 

reflection coefficient for the different samples, in reference to 

the one of the sample without holes, by using sensor A. 

However, the design has been slightly modified in order to 

obtain a 180º sensing line when it is loaded with the reference 

substrate (i.e., without holes). This optimizes the sensitivity, as 

far as the presence of holes in the MUT generates small 

perturbations in the vicinity of the nominal value of the phase 

of the sensing line (180º for sensor A), as required for 

sensitivity optimization. The new geometrical variables for the 

sensing line are found to be ls = 24.00 mm, Ws = 2.26 mm, and 

Ss = 0.27 mm. The results, depicted in Fig. 8, demonstrate the 

potential of the sensor to discern and detect the presence of 

defects, even for the MUT sample with the smaller density of 

holes. 

 
 

Fig. 7.  Photographs of the MUT samples with drilled hole arrays. 

 
 
Fig. 8.  Measured phase of the reflection coefficient for sensor A (slightly 
modified as mentioned in the text) for different MUT samples with drilled 
holes, relative to the phase of the sensor loaded with the MUT without 
holes (reference sample of Rogers RO3010 without holes). 

V. COMPARISON TO OTHER SIMILAR SENSORS 

As mentioned before, the main advantage of the proposed 

CPW based sensors over the microstrip counterparts is the fact 

that the sensitivity can be improved due to the higher 

dependence of the phase (or electrical length) of the sensing line 
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with the dielectric constant of the MUT (this is explained 

because the electric field lines generated in the sensing line 

penetrate more into the MUT under consideration for the CPW 

based sensor). Nevertheless, the reported maximum 

sensitivities in [21] are superior (528.7º) due to the different 

considered conditions (i.e., number of step-impedance stages, 

dielectric constant of the sensor substrate, considered 

impedance contrasts, etc.). The phase-variation CPW and 

microstrip based sensors reported in this paper and those 

reported in [21] operate in reflection mode. Other phase-

variation sensors operating in transmission have been recently 

reported [17],[18]. In [18], the sensitivity is very high (415.6º), 

but at the expense of a relatively high operating frequency (6 

GHz) and dimensions of the sensing area (105.6 cm2). In [17], 

the dimensions of the sensitive part of the sensor are smaller, 

but the operating frequency is 10 GHz for a sensitivity (54.85º) 

comparable to the one of sensor A of this paper. 

It should be also mentioned that in other transmission-mode 

phase-variation sensors reported in the literature, the phase 

information is converted to magnitude information, thereby 

making the comparison difficult. Nevertheless, let us highlight 

the good sensitivity achieved in the sensors reported in [40] and 

[48], i.e., 600 dB and 25.3 dB, respectively, by virtue of the 

controllable dispersion of the considered sensing lines, 

implemented by means of a composite right/left handed line in 

[40], and by means of an electro-inductive wave transmission 

line in [48]. However, the dimensions of the sensitive region of 

these sensors are, in general, large as compared to the 

dimensions of the sensors reported in this paper (note that the 

sensing region is either a 90º or a 180º sensing line). Moreover, 

in the sensors reported in [40],[48], once the sensing line is 

designed, further increasing the sensitivity necessarily requires 

elongating such line. By contrast, in the sensors of this paper, 

sensitivity enhancement can be carried out by merely adding 

step-impedance stages, keeping the dimensions of the sensing 

line unaltered. Let us also mention that in [49], a phase-

variation transmission-mode differential sensor with good 

sensitivity (17.6 dB) was reported. In such sensor the phase 

information was transformed to magnitude information by 

means of a pair of rat-race hybrid couplers. This increases the 

overall size of the sensors, as also occurs in the implementation 

of [40].  

In summary, the combination of performance and dimensions 

of the sensors reported in this paper is very competitive. 

Moreover, sensor design and implementation is extremely easy, 

as far as these sensors consist of a simple open-ended step-

impedance transmission line configuration. Finally, the 

proposed sensors are also useful for measuring variables related 

to the dielectric constant, for example defect detection, as 

discussed before, and characterization of the solute content in 

liquid solutions, as far as the solute content determines the 

dielectric constant of the liquid mixture (in this case, fluidic 

channels in the sensing structure should be introduced 

[45],[46],[51],[53],[54]). 

VI. CONCLUSIONS 

 

In conclusion, it has been demonstrated in this paper that the 

sensitivity of reflective-mode phase-variation sensors based on 

step-impedance transmission lines can be optimized by 

implementing the sensor in CPW technology. Analytical 

expressions providing the sensitivity have been obtained and 

validated by full-wave electromagnetic simulation. Finally, the 

potential of the CPW sensors for sensitivity improvement as 

compared to their microstrip counterparts has been verified 

experimentally by measuring the phase of the reflection 

coefficient in both CPW and microstrip-based sensors loaded 

with different MUT samples. The ability of the sensors to detect 

the presence of tiny defects in MUT samples (emulated in this 

work by drilling holes in a commercial microwave substrate), 

has been also demonstrated. These sensors are fully planar, do 

not include vias or defected ground structures, operate at a 

single frequency, and work in reflective mode. All these 

characteristics, plus the highly achievable sensitivity, are key 

aspects for the future application of the reported structures in 

real scenarios. 
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