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 Abstract—This paper presents a highly sensitive proximity sensor with micrometer-scale resolution. The working 
principle is the change in the capacitance of a movable step-impedance resonator (SIR), in relative (vertical) motion 
with respect to the static part, a pair of matched lines terminated with a patch capacitance and sharing the same axis. 
If the patches of the lines are aligned with the SIR patches, the resulting structure is a two-port device loaded with a 
series connected resonator with variable capacitance (caused by the SIR vertical motion). The output signal of the 
reported proximity sensor is the phase of the transmission coefficient at the operating frequency. Such frequency can 
(canonically) be the resonance frequency of the SIR when the substrate where such element is etched is in contact 
with the static part, but the device can be tuned to different operating frequencies, opening the possibility to further 
enhance the sensitivity. Thus, this transmission-mode phase-variation sensor is a single-frequency device (this 
simplifies the electronics required for sensor feeding and processing in situations where a vector network analyzer 
cannot be used). An exhaustive sensitivity analysis for sensor operation at the resonance frequency of the SIR is 
carried out in the paper. According to such an analysis, it is concluded that for sensitivity (and resolution) optimization, 
the SIR must be designed with a long narrow strip and small metal patches. Nevertheless, from a simulation-based 
analysis, it is shown that the sensitivity can be dramatically boosted up by device operation at the frequency where 

the phase of the transmission coefficient is 180º, provided the static part substrate is adequately chosen. Three 
prototype proximity sensors are presented and experimentally validated to demonstrate all these aspects. The 

achieved maximum sensitivity, resolution, and dynamic range in one of such prototypes are 4485º/mm, 5 m, and 0.1 
mm, respectively. 

Index Terms— Capacitive sensor, displacement sensor, microstrip technology, microwave sensor, phase-variation 
sensor, proximity sensor, step-impedance resonator (SIR), transmission-mode sensor.  

 

 

I.  INTRODUCTION 

ROXIMITY sensors are devices that can detect the presence 

or approach of nearby objects [1]. Certain proximity sensors 

use the eddy currents that are generated in metallic sensing 

objects by electromagnetic induction [2], [3]. Detecting 

changes in an electrical capacitance caused by an approaching 

sensing object is another working principle used in proximity 

sensors [4]-[7]. There are also systems that use magnetic 

induction to detect proximity [8], [9]. Additional technologies 

for proximity sensing include ultrasounds [10]-[12], laser 

systems [13]-[15] and infrared systems [16], [17].  

In this paper, we propose a contactless capacitive-type 

proximity sensor able to detect the presence and determine the 

relative position of the moving object with micrometer-scale 

resolution, provided it is located at distances below 1 mm from 

the sensing (static) element. The position of the moving object, 

a thin dielectric slab with a step-impedance resonator (SIR) 

etched on one of its faces, is determined by means of 

microwaves. Specifically, the sensor (static part) is a planar 

two-port structure fed by a harmonic (single frequency) 
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microwave signal, and the output variable is the phase of the 

transmission coefficient at that frequency. Such phase varies 

when the movable SIR displaces vertically, due to the change 

in the capacitance of the series-connected resonator formed by 

the SIR and the static element. 

Planar microwave technology has been profusely used in 

motion sensors, including low range displacement sensors [18]-

[31] and moderate/high dynamic range displacement and 

velocity sensors [32]-[49]. Among the latter type of sensors, 

electromagnetic encoders (either linear or angular) [34]-[49] 

have been demonstrated to be good competitors to the well-

known optical encoders [50]-[52], magnetic encoders [53], 

[54], and Hall-effect sensors [55]-[60]. Namely, as compared to 

their optical counterparts, electromagnetic (or microwave) 

encoders are robust against pollution and dirtiness, encountered 

in many industrial systems. On the other hand, electromagnetic 

encoders do not use magnets or inductive coils, thereby 

representing a low-cost solution as compared to magnetic 

encoders and Hall-effect sensors. Other advantages of planar 

microwave sensors include small size and low profile, easy 
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implementation in a wide variety of substrates (rigid, flexible, 

polymeric, organic, textiles, etc.) by means of subtractive (e.g., 

photoetching or milling) or additive (e.g., printing) processes, 

possibility of integration of the sensor electronics (necessary for 

feeding and post-processing in a real scenario) in the sensor 

substrate, and their inherent wireless connectivity (as far as 

microwave radiation is involved) [61]. It is also remarkable the 

use of dielectric resonators for motion sensing [62]-[65]. 

It has been recently demonstrated that planar microwave 

sensors that utilize the phase of the reflection coefficient as the 

output variable exhibit unprecedented sensitivities, provided 

they are adequately designed [29], [30], [66]-[74]. Most of 

these devices are permittivity sensors [66]-[74]. However, some 

of them have been used as proximity sensors [71], [74], by 

virtue of the changes in the effective permittivity that results by 

separating a dielectric slab from the sensitive element (typically 

a planar resonator, either distributed or semi-lumped). The 

reported sensitivities in such proximity sensors are very 

competitive. However, in a recent paper [75], sensitivities of 

thousands of degrees per mm have been achieved in a 

reflective-mode phase-variation proximity sensor by using a 

variable capacitance (specifically, the capacitance of a SIR 

resonator etched in a movable substrate in relative motion to the 

static part, an open-ended coplanar waveguide −CPW).  

In this paper, we report a single-frequency phase-variation 

proximity sensor also based on a movable SIR resonator, but 

operating in transmission, and with the static part implemented 

in microstrip technology. The paper is organized as follows. 

Section II presents the proposed proximity sensor, the working 

principle (in detail), and the circuit model. The model is 

validated in such section from parameter extraction. Section III 

is devoted to the sensitivity analysis for sensor operation at the 

SIR resonance frequency, where an analytical expression 

providing an estimation of the sensitivity in the limit of small 

vertical displacements of the movable SIR is obtained. The 

validation of the previous analysis and sensor functionality are 

reported in Section IV from full wave electromagnetic 

simulation and experiments. It is also shown in this section that 

by considering alternative frequencies of operation, the 

sensitivity can be further boosted up. In section V, a 

comparative analysis with other microwave proximity sensors 

is carried out. Finally, section VI concludes the work.  

II. THE PROPOSED PROXIMITY SENSOR, WORKING 

PRINCIPLE, AND EQUIVALENT CIRCUIT MODEL 

The proposed proximity sensor consists of two parts. The 

static part is a two-port structure that can be viewed as a pair of 

transmission lines terminated with a capacitive patch, 

oppositely oriented and sharing the same axis (see Fig. 1). The 

movable part is a low-loss thin dielectric slab with an SIR 

etched on it (see also Fig. 1). The size of the SIR patches is 

slightly smaller than the size of the patches terminating the 

lines. Thus, when the axis of the SIR is aligned with the axis of 

the lines, and the SIR patches are on top the line patches, a 

series resonator, generated by the capacitance between the 

patches and by the narrow (inductive) strip of the SIR, appears. 

The capacitance of such resonator depends on the vertical 

distance between the SIR and line patches. Thus, it is expected 

that the transmission coefficient of the resulting two-port 

structure depends on the proximity between the dielectric slab 

of the SIR and the substrate of the static part. In particular, a 

variation in the resonance frequency, close to the frequency of 

maximum transmission is expected. Such resonance frequency 

can be used as output variable for sensing, as in many reported 

frequency-variation sensors (see [61], chapter 2). However, in 

this paper we opt, as a first option, for considering as output 

variable the phase of the transmission coefficient at the 

resonance frequency when the SIR substrate rests on top of the 

static part (reference – REF− position). This is the most 

canonical frequency of operation. Nevertheless, we will discuss 

later the possibility of considering different frequencies of 

operation (with an eye towards sensitivity optimization). 

 
(a) 

 
(b) 

 
(c) 

Fig. 1. Top view of the static part (a), top view of the movable element 

(SIR) lying on top of the static part (b), and cross-sectional view of the 

proposed sensor (c) for an arbitrary vertical distance, g, between the SIR 

substrate and the static part. For validation of the model, the considered 

dimensions (in mm) for sensor A (first prototype) are: a = 50, b = 60, W 

= 1.19, b´ = 5, l = 10, w = 0.4, a´ = 2.6, a´´ = 3.1, hMS = 0.508, hSIR = 0.81, 

and t = 0.035. All these dimensions are the same for the other (two) 

designed and fabricated sensors, except hMS and hSIR, and hence W, 

which needs to be modified to implement 50-Ω microstrip access lines 

in all cases. Note that a´´ is the width of the SIR substrate, identical to 

the width of the microstrip patch termination. 
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Note that a window in the ground plane of the static part has 

been etched. Such window has a length identical to the length 

of the narrow strip of the SIR (or distance between patches), 

and it has the mere purpose of minimizing the variation of the 

SIR inductance with the vertical distance. There is not an a 

priori reason that justifies keeping a constant inductance, but 

the sensitivity analysis to be carried out in Section III is 

simplified by considering that the unique variable element with 

the vertical distance is the SIR capacitance.  

Let us clarify that the proposed proximity sensor is 

conceived to measure vertical displacement with proper 

alignment between the static part and the movable part (the 

SIR), i.e., as shown in Fig. 1(b). Namely, during vertical motion 

of the SIR, the axis of the SIR and the axis of the access lines 

are perfectly aligned. 

The circuit model of the proposed proximity sensor is 

depicted in Fig. 2. In this model, L is the SIR inductance, related 

to the length and width of the narrow strip, and considered 

constant, as justified in the previous paragraph, and Cp is the 

capacitance of the patches terminating the lines of the static 

element to ground, also considered constant (i.e., not dependent 

on the vertical distance, g, between the SIR substrate and the 

static part). Finally, C is the overall capacitance of the SIR, 

composed of the series connection of the capacitances between 

the SIR patches and the line patches (such capacitances are 

designated as Cs, and, therefore, C = Cs/2). The capacitance C 

depends on the vertical distance g, and it can be expressed as C 

= CREF + C, where CREF is the SIR capacitance when the SIR 

substrate rests on top of the static part (REF position, or g = 0 

mm) and C is the variation of the capacitance when an 

arbitrary distance is considered (note that C is negative). 

 

Fig. 2. Equivalent circuit model of the proposed sensor. Losses are 

neglected in the model, as far as low loss microwave substrates for the 

static element and SIR are considered. 

To validate the proposed circuit model of the sensor, a 

parameter extraction procedure is needed. Since the model 

depends on three reactive elements, L, C and Cp, three 

conditions are required. One of such conditions is the angular 

resonance frequency of the SIR, given by: 

0 =
1

√𝐿𝐶
                                            (1) 

Such frequency can be identified from the intersection of the 

reflection coefficient with the unit conductance circle in the 

Smith chart (the presence of the access lines is neglected). 

Reading the susceptance value at that frequency (second 

condition), the capacitance Cp is directly inferred. Finally, the 

third condition can be, e.g., the slope of the phase of the 

transmission coefficient at resonance. Therefore, it is necessary 

to obtain the phase of the transmission coefficient. The 

transmission coefficient is given by [76] 

𝑆21 =
2

𝐴 +
𝐵
𝑍0

+ 𝑍0𝐶 + 𝐷
                              (2) 

where A, B, C, and D are the element values of the transmission 

ABCD matrix, A, and Z0 is the reference impedance of the ports 

(Z0 = 50  in this work). Such matrix is the product of the 

transmission matrices of the three cascaded two-port networks, 

i.e., the two shunt-connected capacitances Cp, and the series LC 

resonator in between [76]: 

𝐀 = (
𝐴 𝐵
𝐶 𝐷

) = (
1 0
𝑌 1

) (
1 𝑍
0 1

) (
1 0
𝑌 1

) =                   

= (
1 + 𝑌𝑍 𝑍

2𝑌 + 𝑍𝑌2 1 + 𝑌𝑍
)                             (3) 

with 

𝑌 = 𝑗𝐶𝑝                                                 (4a) 

𝑍 = 𝑗𝐿 (1 −
0

2

2
)                               (4b) 

 being the angular frequency. 

Introducing (4) in (3), and the matrix elements in (2), the 

transmission coefficient is found to be: 

𝑆21 =
2

2 − 2𝐿𝐶𝑝2 (1 −
0

2

2) + 𝑗 {2𝑍0𝐶𝑝 + (1 −
0

2

2) (
𝐿
𝑍0

− 𝑍03𝐶𝑝
2𝐿)}

(5) 

The phase of the transmission coefficient, T, is thus: 


𝑇

= −arctan {
2𝑍0𝐶𝑝 + (1 −

0
2

2) (
𝐿
𝑍0

− 𝑍03𝐶𝑝
2𝐿)

2 − 2𝐿𝐶𝑝2 (1 −
0

2

2)

} (6) 

and the phase slope is: 

𝑑
𝑇

𝑑
= −

1

1 + (
𝑁𝑎

𝐷𝑎
)

2 
𝐷𝑎𝑁𝑎

′ − 𝑁𝑎𝐷𝑎
′

𝐷𝑎
2

                    (7) 

where Na and Da are the numerator and the denominator, 

respectively, of the argument of the arctan in (6), and Na’ and 

Da’ are their derivatives with the angular frequency, given by: 

𝑁𝑎
′ =

𝐿

𝑍0

(1 +
0

2

2
) + 2𝑍0𝐶𝑝 − 𝑍0𝐶𝑝

2𝐿(32 − 0
2)    (8a) 

𝐷𝑎
′ = −4𝐿𝐶𝑝                                                                    (8b) 

Finally, evaluation of the phase slope at resonance gives: 

𝑑
𝑇

𝑑
|
0

= −

𝐿
𝑍0

+ 𝑍0𝐶𝑝 + 𝑍0𝐶𝑝
2𝐿0

2

1 + 𝑍0
20

2𝐶𝑝
2

                    (9) 

Note that expression (9) does not depend on C. 

Consequently, once Cp is known [see the paragraph above 

expression (2)], L can be isolated from (9), provided the phase 

slope at resonance is inferred from electromagnetic simulation. 

Finally, C is obtained from (1). 

The previous parameter extraction method was applied to 

the structure of Fig 1, with dimensions indicated in the caption. 

The considered substrate for the static part is the Rogers 4003C 
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with dielectric constant r = 3.55, thickness hMS = 0.508 mm, 

and loss tangent tan = 0.0022. For the SIR, the considered 

substrate is the Rogers 4003C with dielectric constant SIR = 

3.55, thickness hSIR = 0.81 mm, and loss tangent tanSIR = 

0.0022. Nevertheless, losses are neglected in the simulation, in 

coherence with the circuit model. Such lossless approximation 

is reasonable as far as the substrates of the SIR and static 

element are made of low-loss materials. In Fig. 3 the magnitude 

and the phase response of the transmission coefficient, as well 

as the reflection coefficient in the Smith chart, are depicted. 

Indeed, Fig. 3 depicts the responses of the sensor for various 

vertical distances, g, up to 1 mm. For all the considered values 

of g, we have extracted the reactive parameters (see Table I). 

According to the table, Cp does not significantly vary with g, as 

expected. The inductance L varies smoothly (less than 23%) for 

separations below (roughly) 0.2 mm, and then the change is 

more significant (nevertheless, the sensitivity analysis in 

Section III is focused on obtaining the sensitivity in the limit of 

small separations, where L is roughly constant, in coherence 

with the hypotheses of that analysis). Concerning the 

capacitance C, it experiences a significant variation, especially 

for small values of g. The agreement between the 

electromagnetic simulations and the circuit simulations with 

extracted parameters is reasonably good for all the values of g. 

Discrepancies in the magnitude response of Fig. 3(a) are in part 

attributed to the fact that losses in the circuit model have been 

ignored. The electromagnetic simulations do not include ohmic 

and dielectric losses, but certain losses due to radiation are 

unavoidable in practice (this has been corroborated from 

electromagnetic simulations, not shown). The results of Fig. 3 

validate the model and the parameter extraction procedure. 

TABLE I 

EXTRACTED REACTIVE PARAMETERS OF THE CIRCUIT MODEL 

g (mm) Cp (pF) L (nH) C (pF) 

0.00 1.572 11.20 0.315 
0.01 1.550 11.14 0.307 

0.05 1.528 11.88 0.258 

0.10 1.527 12.26 0.226 
0.20 1.527 13.76  0.171 

0.40 1.480 15.31 0.125 

0.60 1.450 17.66 0.096 
0.80 1.440 19.95 0.077 

1.00 1.350 22.90 0.064 

Let us clarify that in the responses shown in Fig. 3, the 

effects of the access lines have been ignored (by de-

embedding). Naturally, in the fabricated sensor, to be discussed 

later, not only access lines but also connectors are needed, but 

the sensor operates at a single frequency, and hence such lines 

and connectors add a constant phase shift that can be ignored. 

 

(a) 

 

(b) 

 

(c) 

Fig. 3. Magnitude (a) and phase (b) of the transmission coefficient as 

inferred from circuit model (CM) simulation with extracted parameters 

and electromagnetic (EM) simulation, and representation of the 

reflection coefficient in the Smith chart as inferred from EM simulation 

(c), corresponding to different values of g (indicated). Dimensions are 

indicated in the caption of Fig. 1 and correspond to the reference sensor, 

designated as sensor A. The electromagnetic simulations have been 

carried out by means of the Ansys HFSS commercial software. 
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III. SENSITIVITY ANALYSIS 

The sensitivity is defined as the variation of the phase of the 

transmission coefficient at the operating frequency with the 

vertical distance, g. Since g has only an appreciable effect on C, 

at least in the limit of small separations, the sensitivity can be 

approximated as 
𝑑

𝑇

𝑑𝑔
=

𝑑
𝑇

𝑑𝐶

𝑑𝐶

𝑑𝑔
=

𝑑
𝑇

𝑑𝐶

𝑑𝐶

𝑑𝑔
                     (10) 

provided C = CREF + C and CREF, the capacitance in the REF 

position (g = 0 mm), is a constant. In order to obtain the first 

derivative in the right -hand side member of (10), let us evaluate 

the phase of the transmission coefficient for an arbitrary 

distance g, or arbitrary capacitance C, at the (canonical) 

operating angular frequency, i.e., the resonance frequency of 

the SIR, given by (1), for the REF position, i.e., 

0,REF =
1

√𝐿𝐶REF

                                (11) 

For that purpose, we have to rewrite expression (6) with  

replaced with 0,REF, and 0 expressed as: 

0 =
1

√𝐿𝐶
=

1

√𝐿(𝐶REF + 𝐶)
=

0,REF

√1 +
𝐶

𝐶REF

         (12) 

The following result is obtained: 


𝑇(0,REF) =                                                        

= −arctan {
2𝑍00,REF𝐶𝑝 + (

𝐶
𝐶REF + 𝐶

) (
0,REF𝐿

𝑍0
− 𝑍00,REF

3 𝐶𝑝
2𝐿)

2 − 2𝐿𝐶𝑝0,REF
2 (

𝐶
𝐶REF + 𝐶

)
}     (13) 

The derivative of (13) with 𝐶 is: 

𝑑
𝑇

(0,REF)

𝑑𝐶
= −

1

1 + (
𝑁𝐴

𝐷𝐴
)

2 
𝐷𝐴𝑁𝐴

′ − 𝑁𝐴𝐷𝐴
′

𝐷𝐴
2           (14) 

where NA and DA are the numerator and the denominator, 

respectively, of the argument of the arctan in (13), and NA’ and 

DA’ are their derivatives with 𝐶, given by: 

𝑁𝐴
′ = (

0,REF𝐿

𝑍0

− 𝑍00,REF
3 𝐶𝑝

2𝐿)
𝐶REF

(𝐶REF + 𝐶)2
      (15a) 

𝐷𝐴
′ = −2𝐿𝐶𝑝0,REF

2
𝐶REF

(𝐶REF + 𝐶)2
                             (15b) 

Since the considered proximity sensor is intended to detect 

very small vertical displacements, the interest is the sensitivity 

in the limit when g = 0 mm, or 𝐶 = 0 pF. In such limit, (14) 

gives (after some algebra): 

𝑑
𝑇

(0,REF)

𝑑𝐶
|
𝐶=0

= −
0,REF𝐿

2𝑍0𝐶REF

= −
1

2𝑍0𝐶REF
2 

0,REF

   (16) 

Interestingly, (16) does not depend on Cp. Hence, an identical 

result is obtained in a hypothetical structure where the patch 

capacitance to ground can be neglected, i.e., merely described 

by a series connected LC resonator. 

The last derivative in the right-hand side member of (10) can 

be analytically calculated by considering valid the parallel-plate 

capacitor formula. This approximation is reasonable as far as 

the vertical distance between the SIR patches and the 

terminating patches of the lines (g + hSIR) is much smaller than 

the side length of the SIR patches. Nevertheless, by considering 

such an approximation, an estimation, rather than an accurate 

prediction of the sensitivity, is obtained, as it will be later 

discussed. Let Ap be the area of one of the SIR patches. The 

capacitance C can be expressed as [76]: 

𝐶 =
𝐶𝑠

2
=

𝐴𝑝0

2


𝑟,SIR

ℎSIR


1
𝑔

𝑟,SIR

ℎSIR
+

1
𝑔

=  
𝐴𝑝0

2


𝑟,SIR

𝑔
𝑟,SIR

+ ℎSIR

    (17) 

where 0 is the permittivity of vacuum, and 𝑟,SIR and ℎSIR are the 

dielectric constant and thickness, respectively, of the SIR 

substrate. Deriving (17) with g, we obtain: 

𝑑𝐶

𝑑𝑔
=

𝑑𝐶

𝑑𝑔
= −

𝐴𝑝0

2


𝑟,SIR
2

(𝑔
𝑟,SIR

+ ℎSIR)2
= −

𝑟,SIR𝐶

𝑔
𝑟,SIR

+ ℎSIR

 (18) 

and the previous result in the limit of small separations (g = 0 mm) 

simplifies to 

𝑑𝐶

𝑑𝑔
|
𝐶=0,𝑔=0

= −
𝑟,SIR𝐶REF

ℎSIR

= −
2𝐶REF

2

𝐴𝑝
0

               (19) 

Introducing (16) and (19) in (10), the sensitivity in the limit 

of small separations between the SIR substrate and the static 

part (g = 0 mm) is found to be: 

𝑑
𝑇

(0,REF)

𝑑𝑔
|
𝐶=0,𝑔=0

=
1

𝐴𝑝
0

𝑍00,REF

                   (20) 

According to (20), to boost the sensitivity, it is necessary to deal 

with small SIR patches (Ap small). Decreasing the frequency of 

operation, 0,REF, also benefits the sensitivity. Since the 

reduction of the area of the patches decreases the SIR 

capacitance, it is necessary to consider narrow and long SIR 

strips in order to achieve a relatively high SIR inductance, L, 

able to drive the operating frequency to relatively low values. 

Thus, for sensitivity optimization, SIRs exhibiting a narrow and 

elongated central strip and small patches are convenient. Note 

that the previous sensitivity analysis explicitly considers that 

the sensing element is an SIR resonator in expression (17), 

where the parallel plate capacitor formula has been used. Thus, 

this analysis would be of application to other sensing resonators 

where the capacitance can be approximated by such a formula. 

It is interesting to mention that expression (20) differs from 

the corresponding expression of the CPW reflective-mode SIR-

based proximity sensor reported in [75] (operating at the 

resonance frequency of the SIR) by a factor of 4. Even though 

the sensor proposed in this paper operates in transmission and 

is implemented in microstrip technology, the dependence of the 

sensitivity on Ap,0, 𝑍0, and 0,REF is identical (i.e., inversely 

proportional). Although the sensitivity in the limit of small 

vertical displacements is 4 times larger in the proximity sensor 

of [75], the (4 times) smaller sensitivity of the proposed 

transmission-mode phase-variation sensor can be compensated 

by reducing A, 0,REF, or both parameters simultaneously. In 
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other words, the achievable sensor performance, measured in 

terms of the maximum sensitivity, is comparable in both 

sensors. Moreover, the frequency of operation of the sensor can 

be set to different values, providing (in certain cases) 

significantly improved sensitivities, as will be discussed later. 

Particularly, we can consider operation at the frequency where 

the phase of the reflection coefficient is T = −90º, when the 

movable SIR substrate is in contact with the line, given by 

𝑝,REF = √0,REF
2 +

1

𝐿𝐶𝑝

                               (21) 

as deduced by forcing the denominator of (6) to be null. Another 

option is to set the frequency of operation to the value where 

the phase experiences a jump, i.e., T = 180º. Such angular 

frequency, designated as z,REF, is the one that nulls the 

numerator of (6). It can be analytically deduced, but the 

resulting expression is complex and hence is not given. 

Moreover, such jump frequency can be easily identified from 

the phase response.  

The sensitivity analysis for sensor operation at either p,REF 

or z,REF is by far more complex than for sensor operation at 

0,REF. Therefore, we have not included such analysis in the 

paper (nevertheless, the sensitivity for sensor operation at such 

frequencies can be inferred by electromagnetic simulation). 

IV. SENSOR VALIDATION 

For sensor validation, we have considered the static element 

and SIR substrate and dimensions used for the parameter 

extraction and model validation of Section II. The dependence 

of the phase of the transmission coefficient at 𝑓0,REF =

0,REF/2 = 2.68 GHz with the vertical distance, g, as inferred 

from electromagnetic simulation using the Ansys High 

Frequency Structure Simulator (HFSS) commercial software, is 

depicted in Fig. 4. In such simulations, we have considered 

steps in the vertical distance, g, of 2 m for separations below 

10 m. Then, we have obtained the phases for g = 50 m, 100 

m, 200 m, 400 m, 600 m, 800 m, and 1000 m. 

Next, we have obtained the same phase dependence 

experimentally. For that purpose, we have used the Agilent 

N5221A vector network analyzer, and we have obtained the 

phase of the transmission coefficient for specific vertical 

distances, g, separated 5 m when the vertical displacements 

are below 500 m, and more distant (i.e., 10 m) for 

displacements above 500 m. Vertical motion of the SIR above 

the static part has been achieved by means of the Thorlabs 

MVS010/M displacement system available in our laboratory. 

Fig. 5 depicts a picture of the experimental setup, as well as the 

fabricated static part and SIR. The experimental datapoints are 

also depicted in Fig. 4 to ease the comparison with the simulated 

data. Four independent experiments have been carried out at 

different instants of time for each vertical distance to guarantee 

that the device exhibits good repeatability. The experimental 

curves are almost undistinguishable, and the agreement between 

the experimental datapoints and the simulations is reasonably 

good. Indeed, rather than the four experimental responses, in Fig. 

4 we have represented the mean value of the four independent 

measurements corresponding to each vertical displacement, as well 

as the error bars, given by the standard deviation. However, the 

standard deviation is very small, and it cannot be appreciated in the 

scale of the figure. The mean value and error bars after four 

measurements are also provided for other experimental campaigns, 

to be discussed later.  

 
Fig. 4. Dependence of the phase of the transmission coefficient at 𝑓0,REF 

as a function of g for the proposed proximity sensor, designated as 

sensor A, inferred from electromagnetic simulation and experimentally. 

The sensitivity in the limit when g = 0 m, as inferred from the derivative 

of the simulated and measured datapoints, is included. 

 Concerning the sensitivity in the limit of small vertical 

displacements, the values that result from the experimental data, 

the simulations, and the prediction of the theory [expression (20)] 

are SExp = 352º/mm, SSim = 356º/mm, and STh = 590º/mm, 

respectively. The reason for the overestimation of the theoretical 

sensitivity is the fact that the parallel plate capacitor formula 

provides a capacitance value, C, below the one extracted from the 

method reported before. Moreover, there is another source of 

discrepancy, i.e., the parasitic capacitance between the SIR patches 

and the ground plane, which has been ignored in the model. This 

assumption is acceptable according to the reasonable agreement 

between the circuit and electromagnetic simulations in Fig. 3, and 

necessary to avoid an excessively complex sensitivity analysis, but 

prevents from obtaining a more accurate prediction of the 

sensitivity. Thus, considering the above approximations, 

expression (20) provides an estimation, rather than an accurate 

prediction of the sensitivity in the limit of small perturbations. 

Sensor resolution is 5 m, a competitive value that points out that 

the proposed sensor is useful for detecting small displacements, or 

proximity, at the micrometer scale.  

We have also obtained the phase response of the sensor for 

operation at 𝑓𝑝,REF = 𝑝,REF/2 = 2.96 GHz and 𝑓𝑧,REF =

𝑧,REF/2 = 3.51 GHz. The results are depicted in Fig. 6. The 

sensitivities in the limit when g → 0 m inferred from 

simulation and measurement are SSim = 602º/mm and SExp = 

626º/mm, respectively, for operation at 𝑓𝑝,REF, and SSim = 

157º/mm and SExp = 255º/mm, respectively, for operation at 

𝑓𝑧,REF. Nevertheless, the overall agreement for operation at 

these frequencies, according to Fig. 6, is good. 
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Besides sensor A, we have fabricated two additional 

sensors, in order to obtain improved sensitivities. The device 

designated as sensor B is identical to sensor A, the unique 

difference being the thickness of the SIR substrate (hSIR = 

0.2 mm). Figure 7 depicts the phase dependence with g, for 

operation at the three considered frequencies, indicated in Table 

II, where the main relevant characteristics of the sensors are 

summarized. Note that, as compared to sensor A, sensor B is 

expected to exhibit an SIR capacitance (in the limit when g → 

0 m) approximately 4 times higher (according to the parallel 

plate capacitor formula such capacitance is inversely 

proportional to the SIR substrate thickness). Therefore, the 

resonance frequency should be roughly 2 times smaller [see 

expression (1)], and the sensitivity for sensor operation at that 

frequency should be 2 times higher [see expression (20)], as 

corroborated from the values depicted in the table, i.e., SSim = 

679º/mm and STh = 1014º/mm for operation at 𝑓0,REF. The 

sensitivity of sensor B, inferred from the measured datapoints 

is SExp = 498º/mm, SExp = 663º/mm, and SExp = 125º/mm, for 

operation at 𝑓0,REF, 𝑓𝑝,REF, and 𝑓𝑧,REF, respectively, in relative 

good agreement with the sensitivities inferred from the 

simulated datapoints (see Table II). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Photograph of the (a) front side of the static part, (b) back side of 

the static part, (c) movable part, and (d) experimental setup. 

TABLE II 

SENSITIVITIES AND OPERATING FREQUENCIES FOR DIFFERENT 

PROXIMITY SENSORS AS INFERRED FROM SIMULATION 

SENSOR 
hSIR 

(m) 

hMS 

(m) 
r  

f0,REF 

SSim/STh 

fp,REF 

SSim 

fz,REF 

SSim 

A 810 508 3.55 
2.683 GHz 

356º/590º/mm 

2.961 GHz 

602º/mm 

3.513 GHz 

157º/mm 

B 200 508 3.55 
1.560 GHz 

679º/1014º/mm 

2.139 GHz 

790º/mm 

3.257 GHz 

115º/mm 

C 810 254 10.2  
2.628 GHz 

54º/603º/mm 

2.741 GHz 

106º/mm 

2.945 GHz 

5637º/mm 

 

 
(a) 

 
(b) 

Fig. 6. Dependence of the phase of the transmission coefficient at 𝑓𝑝,REF 

(a) and at 𝑓𝑧,REF (b) as a function of g for the proximity sensor A inferred 

from electromagnetic simulation and experimentally. The indicated 

sensitivities in simulation and measurement correspond to g = 0 m. 

The sensitivities for sensors A and B in the limit of small 

separations (g → 0 m) and operation at 𝑓0,REF and 𝑓𝑝,REF are 

good, but smaller than the sensitivity reported in [75]. It has been 

found that by increasing the capacitance Cp, the phase slope at the 

frequency where the phase of the transmission coefficient is T = 

180º dramatically increases. To boost up Cp by maintaining 

unaltered the area of the microstrip and SIR patches, increasing 

the dielectric constant of the static element substrate and/or 

reducing its thickness are possible solutions. Thus, we have 

carried out electromagnetic simulations of a new sensor (sensor 
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C), identical to sensor A, except for the static element substrate, 

which is now the Rogers RO3010 with dielectric constant r = 

10.2, thickness hMS = 0.254 mm, and loss tangent tan = 0.0022. 

The dependence of the phase of the transmission coefficient 

with g, for the three considered frequencies, is depicted in Fig. 

8. The figure includes also the measured data (the photograph 

is not provided since the geometry is identical of that of Sensor 

A). The resulting sensitivities (for g → 0 m) are SSim = 54º/mm 

and SExp = 71º/mm for operation at 𝑓0,REF, SSim = 106º/mm and 

SExp = 72º/mm for operation at 𝑓𝑝,REF, and SSim = 5637º/mm and 

SExp = 4485º/mm for operation at 𝑓𝑧,REF.  

Note that, for sensor C and operation at 𝑓0,REF, the 

sensitivity inferred from the simulated and experimental 

datapoints is significantly below the prediction by theory, as 

indicated in Table II (STh = 603º/mm). This high discrepancy is 

attributed to the fact that by reducing the thickness of the static 

element substrate and by increasing its dielectric constant, the 

parasitic capacitance between the metal patches of the SIR and 

the ground plane, not considered in the model (as indicated 

before), can be significant. Nevertheless, the most relevant 

aspect of this new sensor C is the high sensitivity achieved at 

𝑓𝑧,REF (consequence of the high phase slope at that frequency), 

pointing out the potential of the proposed structure for the 

implementation of ultra-highly sensitive proximity sensors.  

Let us emphasize that for sensors A and B the effects of the 

parasitic capacitance are expected to be less severe, as 

compared to sensor C. Hence, the source of discrepancy 

between the predictions of the theory and the simulated (or 

measured) sensitivity in the limit of small displacements for 

sensors A and B operating at f0,REF can be mainly attributed to 

inaccuracies related to the adoption of the parallel plate 

capacitor formula [see expression (17), that leads to expression 

(19), and, finally, to expression (20), the one that provides the 

theoretical sensitivity in the limit of small displacements, STh]. 

Thus, we have inferred the sensitivity in the limit of small 

displacements for sensors A and B by means of an alternative 

procedure. Particularly, we have calculated the derivative (19) 

from the extracted capacitances C(g = 0 m) = CREF 

(corresponding to the REF position) and C(g = 10 m), and by 

dividing the difference by the increment in the separation g, i.e., 

10 m. The result is then multiplied by (16), providing the 

sensitivity in the limit of small displacements, according to 

expression (10). Using such an approach, the prediction is 

improved. Specifically, for sensor A, we have obtained a 

sensitivity of STh = 274º/mm, closer to the sensitivity inferred from 

simulation, SSim = 356º/mm, and from experiment, SExp = 352º/mm. 

For sensor B, the theoretical sensitivity in the limit of small 

displacements, as inferred from the described approach, is STh = 

465º/mm, whereas the simulated and experimental sensitivities in 

that limit are SSim = 679º/mm, and SExp = 498º/mm, respectively. 

These predictions for sensors A and B operating at f0,REF  are better 

than those that appear in Table II (as STh). Nevertheless, the 

accurate prediction of the sensitivity is very difficult since the 

considered circuit model provides a reasonable (but not a precise) 

description of the sensor (including the above cited parasitic 

capacitance, losses, etc., in the circuit model precludes from 

carrying out a treatable sensitivity analysis like the one reported in 

Section III).    

 

 
(a) 

 
(b) 

 
(c) 

Fig. 7. Dependence of the phase of the transmission coefficient at 𝑓0,REF 

(a), at 𝑓𝑝,REF (b), and at 𝑓𝑧,REF (c) as a function of g for the proximity 

sensor B inferred from electromagnetic simulation and experimentally. 

The indicated sensitivities in simulation and measurement correspond 

to g = 0 m. 
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(a) 

 
(b) 

 
(c) 

Fig. 8. Dependence of the phase of the transmission coefficient at 𝑓0,REF 

(a), at 𝑓𝑝,REF (b), and at 𝑓𝑧,REF (c) as a function of g for the proximity 

sensor C inferred from electromagnetic simulation and experimentally. 

The indicated sensitivities in simulation and measurement correspond 

to g = 0 m. 

A common feature of the previous sensors, regardless of 

their specific operating frequency, is the fact that sensitivity 

optimization in the limit of small air gaps between the static part 

and the movable element, the main target in this paper, is 

achieved at the expense of linearity degradation. Thus, the 

proposed sensors are of special interest in applications requiring 

the measurement of proximity in the micrometer scale. Note 

that the achieved resolution is 5 m, the limit dictated by our 

vertical displacement system. Nevertheless, taking into account 

the achieved sensitivity in the limit when g → 0 m for sensor 

C operating at 𝑓𝑧,REF (4485º/mm), it is reasonable to consider 

that distances smaller than 5 m can be resolved (for example, 

by considering that the system is able to discriminate phase 

differences of 5º, the resulting resolution would be roughly 1 

m).  

To end this section, let us mention that regression curves to 

analytically link the phase with the vertical distance can be 

obtained. By this means, from the measured phase, the vertical 

distance can be obtained. Nevertheless, this aspect is out of the 

scope of the paper, mainly devoted to the design of highly 

sensitive sensors able to discriminate small distances 

(micrometer scale) with phase measurements, and to provide 

design guidelines and strategies to achieve such purpose. Note 

also that from the anti-image (horizontal axis) of the measured 

phase in the responses shown in Figs. 4, 6, 7 and 8, the vertical 

distance, g, can be inferred (nevertheless, for sensor C, see Fig. 

8, the frequency of operation should be 𝑓𝑧,REF, since at 𝑓0,REF 

and 𝑓𝑝,REF the sensitivities in the limit of small displacements 

are low and the phase responses do not exhibit good 

monotonicity). 

V. COMPARATIVE ANALYSIS 

Table III includes various microwave proximity sensors 

reported in the literature (among the fabricated sensors in this 

work, only sensor C, the one exhibiting the highest sensitivity, 

is included in the table). Table III reports the maximum 

sensitivity, resolution, and input dynamic range, the most 

relevant performance indicator parameters. Note that the 

sensitivity units are not the same in all sensors. The reason is 

that some of the sensors in the table are based on frequency 

variation (with the sensitivity given in MHz/mm), other sensors 

are based on magnitude variation (the sensitivity units being 

dB/mm), and, finally, other sensors utilize the phase of either 

the transmission coefficient (as in this work) or the reflection 

coefficient as the output variable (and hence the sensitivity is 

given in º/mm).  

In view of Table III, it can be concluded that the proposed 

sensor C is competitive in terms of sensitivity and resolution. 

Let us clarify that the maximum sensitivity for sensor C 

operating at 𝑓𝑧,REF (the one reported in the table) coincides with 

the sensitivity in the limit of small displacements, but this is not 

necessarily true in all the reported sensing structures and 

operation frequencies [for example, for sensor B operating at 

𝑓𝑧,REF, the maximum sensitivity is found to be in the vicinity of 

200 m, see Fig. 7(c)]. Obviously, the dynamic range is not as 

good as that of other sensors, because sensitivity and dynamic 

range are performance indicators that follow opposite trends 

(optimizing one of them is at the expense of degrading the 
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other). Nevertheless, we should clarify that the dynamic range 

is different for the sensors A, B and C reported in this paper, 

and it depends also on the frequency of operation (the indicators 

depicted in Table III for sensor C correspond to the frequency 

of operation that maximizes the sensitivity, i.e., 𝑓𝑧,REF). 

TABLE III 

COMPARISON OF VARIOUS MICROWAVE LINEAR 

DISPLACEMENT/PROXIMITY SENSORS 

Ref. 
Maximum 

sensitivity 

Resolution 

(mm) 

Dynamic range 

(mm) 

[18] 110 MHz/mm 0.03 4.0 

[21] 80 MHz/mm < 1  3.0 
[22] 95 dB/mm < 0.05  0.6 

[23] 83 dB/mm < 0.05  0.6 

[25] 25 dB/mm < 0.2  1.0 
[26] 26 dB/mm < 0.1  0.7 

[29] 313˚/mm 0.016 5.0 

[32] 8.0˚/mm 0.61 44 

[71] 70º/mm 0.5 6.0 

[74] 2291º/mm 0.05 < 1.0 

[33] 52 MHz/mm 0.5 7.0 
[75] 3722º/mm 0.01 < 1.0 

[77] 2684º/mm 0.01 < 0.1 
Sensor C 4485º/mm 0.005  0.1 

Note that the sensitivity and resolution are comparable to 

those exhibited by the sensor presented in [75], based also on a 

vertically movable SIR, but operating in reflection and based 

on a CPW configuration. Both sensors exhibit very high 

sensitivity because their working principle for measuring 

proximity is based on the changes generated in a broadside 

capacitance by vertical motion. Such motion-related 

capacitance changes are more significant than those that result 

by vertically moving a dielectric slab on top of a sensing 

resonator, the strategy used in [71], [74], [77]. Nevertheless, the 

sensitivities achieved by moving a dielectric slab in the sensors 

reported in [74], [77] are remarkable. In [74], such high 

sensitivity (2291º/mm) was achieved by introducing losses in 

the device (a method that significantly boosts the sensitivity in 

reflective-mode phase-variation sensors [73], [74], [78]). In 

[77], the strategy to boost up the sensitivity was to cascade three 

impedance inverters to the sensing resonator (an open-ended 

quarter-wavelength resonator). Such sensitivity optimization 

strategy has also revealed to be very effective [66], but at the 

expense of adding microwave circuitry to the sensing element 

(i.e., the inverters). By contrast, the sensors of this work are 

very simple, as far as they merely consist of the movable SIR 

and the pair of microstrip patches (the sensor in [74] is also very 

simple, but it includes a resistive element, either a surface 

mount device −smd− resistor or a junction field effect transistor 

−JFET− operating as a variable conductance).  

One advantage of the sensors reported in this work over the 

sensor in [75] is backside isolation, achieved by implementing 

such sensors in microstrip technology. Note that the window 

etched in the ground plane (which prevents from perfect 

backside isolation) has been etched in order to preserve the 

value of the inductance L as the SIR moves vertically, since this 

reduces the complexity of the sensitivity analysis for sensor 

operation at 𝑓0,REF. Nevertheless, such a window can be ignored 

if good isolation is needed (although in such case the analysis 

of Section III is not valid).  

By operating in transmission, the necessary electronics for 

sensor operation in real environment (where vector network 

analyzers should be avoided) is simpler (note that the feeding 

harmonic signal and the signal containing the relevant 

information are present at different ports in a transmission-

mode sensor). Such readout electronics consist essentially in a 

phase detector, a microcontroller, and a voltage-controlled 

oscillator (VCO), the latter necessary to generate the harmonic 

signal required by the sensing element, i.e., the two-port 

structure depicted in Fig. 5. 

 Other capacitive proximity sensors have been proposed [4]-

[7], but such sensors are not based on microwave technology 

for retrieving the input variable (such capacitive sensors are 

mainly based on impedance measurements). Eddy-current 

displacement sensors [2], [3] are also competitive, but such 

sensors can only be applied to conductive moving targets. Other 

technologies for measuring proximity include Fiber Bragg 

gratings (FBGs) [79]-[82] and microelectromechanical systems 

(MEMS) [83]-[86]. In general, the performance of FBG- and 

MEMS-based proximity sensors, as well as the one of the 

capacitive proximity sensors based on impedance 

measurements, is good, but such sensors are relatively complex, 

as compared to the sensors proposed in this work (simple and 

cost-effective). Other motion sensors based on kirigami 

structures have also been proposed [87]-[91]. Applications of 

the proposed sensors in scenarios requiring 

proximity/displacement measurements at the micrometer scale 

can be envisaged (e.g., robotics, ultra-precision machining, 

automotive and aerospace industry, civil engineering, vibration 

detection, etc.).  

VI. CONCLUSIONS 

In conclusion, a new strategy for the implementation of 

proximity sensors using microwave technology has been 

proposed. These sensors are two-port transmission-mode 

devices implemented in microstrip technology that use the 

phase of the transmission coefficient at a specific (operating) 

frequency as output variable. The proposed devices are 

capacitive sensors, as far as the transduction mechanism is the 

change in the capacitance of a step impedance resonator (SIR), 

caused by vertical displacement of it with respect to the static 

part, a pair of lines terminated with metal patches and sharing 

the same axis. Nevertheless, proximity is measured through 

microwaves, from the phase of the transmission coefficient at 

the operating frequency, highly sensitive to vertical 

displacements. The circuit model of the sensor has been 

proposed and validated by comparing the electromagnetic 

responses for different vertical displacements with the circuit 

responses, inferred from the extracted parameters (a parameter 

extraction method has also been proposed). From such circuit 

model, we have reported a sensitivity analysis able to estimate 

the sensitivity (in the limit of small displacements of the 

moving target) for sensor operation at the resonance frequency 

of the SIR. Nevertheless, it has been shown that it is possible to 
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optimize the sensitivity by tuning the frequency of operation to 

different frequencies. In particular, it has been found that by 

considering a narrow and high-dielectric constant microstrip 

substrate and setting the frequency of operation to the frequency 

where the phase of the transmission coefficient is 180º, the 

sensitivity can be dramatically boosted up. To demonstrate this, 

we have designed and experimentally validated a prototype 

device proximity sensor (designated as sensor C) exhibiting a 

maximum sensitivity (in the limit of small displacements) as 

high as 4485º/mm (a result inferred from the measured data). 

This sensor exhibits a resolution as good as 5 m, which 

indicates that the sensor is useful for applications requiring 

micron-level displacement measurements (e.g., ultra-precision 

machining, robotics, automotive and aerospace industry, etc.).   
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