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A Microwave Displacement Sensor Based on SIW Double Reentrant
Cavity with Ring Gaps
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Abstract—1In this study, a double reentrant cavity sensor (DRECS) loaded with ring gaps is proposed
to characterize the displacement that the metal plate is inserted into the DRECS. The conventional
substrate-parasitic-capacitance of DRECS in the substrate integrated waveguide (SIW) configuration,
which has no contribution to the sensitivity, is successfully eliminated by using a symmetric double
reentrant cavity. The ring gaps are introduced in SIW DRECS to effectively suppress the fringe
electric field around the post and enlarge the range of displacement measurements. Additionally,
a displacement model, which is characterized by the quantitative relationship between the resonant
frequency of DRECS and insertion depth inside DRECS, is theoretically established with the help
of the electric field distribution and the equivalent circuit of the DRECS. A prototype of the designed
sensor is fabricated and measured. The sensor work at 1.5-3.1 GHz and the measured results are in good
agreement with the simulated ones from the displacement model. The measurement results indicate
that the sensor has a displacement test range of 27 mm and @Q-factor of over 150, and can achieve high
sensitivity of 58 MHz/mm.

1. INTRODUCTION

In recent years, due to the important role of displacement sensors in liquid level detection, bridge gap
detection, elevator position control system, robot control, and other industrial modernization fields [1],
various types of displacement sensors have emerged. The microwave sensors are also widely studied
for displacement sensing because of their compact structure, high sensitivity, and easy integration.
Microwave sensors due to these advantages are used in many fields, such as identification of edible oil
species [2], detecting and classifying transition metals [3], pest detection [4], and angular displacement
measurement [5]. Various microwave resonators, including SRRs [6,7], defected ground structure
(DGS) [8], complementary split-ring resonator (CSRR) [9], and resonant cavity [10], are used in the
design of displacement sensors. For example, in the work [6], the symmetry property of SRRs is used
for displacement measurement. When the SSRs are moved, the symmetry of the sensor is broken, and
a corresponding change in the transmission response occurs. Nonetheless, due to the short distance
between the two slots of the coplanar waveguide, the measurement distance of the sensor is only
0.6 mm. The work [11] tries to adjust SRRs to diamond-shaped tapered SRRs, and only increases
the measurement range to 1.2mm. Additionally, by inserting a metal plate into a cavity, the authors
proposed a displacement sensor based on a feeding structure with a rectangular open loop and a double-
layer coupled SRR [1]. But the electric field decreases sharply when the double-layer structure is more
than a certain distance from the feeding structure, resulting in the limitation of its distance dynamic
range as well.

SIW technology benefits from its compact structure and simple fabrication, and has been used in
various designs [12-14]. For instance, in the work [14] the authors replace one electrical wall of the STW
structure with open quarter guided wavelength stubs. The resonant frequency is shifted by changing
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the length of the stubs. Nevertheless, the length of the stubs is limited by the wavelength and cannot
be higher than a quarter of the wavelength, which limits the measurement range to 15 mm. Recently,
reentrant cavity sensor (RECS), which has the advantage of a highly concentrated electric field and
high @Q-factor, has been widely studied [15-17]. In the work [17], a differential RECS is proposed to
measure micro-displacement, but the displacement range is only 0.4 mm. The conventional reentrant
cavity also has the disadvantages of large size and high manufacturing cost, which can be solved by
using SIW technology to miniaturize and planarize the cavity while maintaining the high Q-factor and
electric field distribution characteristics of RECS [18]. However, there are few studies on the application
of SIW RECS in microwave displacement sensors.

In this paper, a modified SIW DRECS for displacement sensing is proposed. The structure takes
advantage of the concentrated electric field induced by the reentrant resonant cavity, and then utilizes
ring gaps to obtain a higher measurement range than these reported works mentioned above, up to
27mm while ensuring a high sensitivity. At the same time, it maintains the advantage of the high
Q-factor of the sensor, ensuring a high resolution of the sensor. In addition, by analyzing the electric
field distribution and equivalent circuit, the sensor establishes a displacement model that describes
the relationship between displacement and resonant frequency of DRECS. The sensor achieves the
design goal through experimental verification, providing a usable technological solution for displacement
measurement in the industry.

2. DESIGN OF DISPLACEMENT SENSOR

2.1. Structure of Microwave Sensor

A displacement sensor formed by double reentrant cavity loading two ring gaps to suppress the fringe
electric field around the capacitive post is proposed and shown in Fig. 1. The sensor is named ring
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Figure 1. The geometry of the RG-DRECS: (a) exploded view, (b) Sub 1 bottom metal layer, (c)
cross-sectional view, (d) full view.
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gap loaded double reentrant cavity sensor (RG-DRECS). As illustrated in Figs. 1(a) and (c), the RG-
DRECS consists of four dielectric substrates with an equal thickness of 2 mm, and the dielectric substrate
is F4ABM with a relative dielectric constant of 2.65 and loss tangent of 0.001. Both the top and bottom
surfaces of each substrate are covered with a 35 um metal layer. A metallized vias array is embedded
in the substrate to connect the top and bottom copper films of the substrate and implement the metal
cavity wall and two capacitive posts. In order to insert the movable metal patch into the cavity to perturb
the electromagnetic resonant characteristics of the sensor, Sub 2 and Sub 3 are partially hollowed out
from the top to the bottom metal layer. As displayed in Fig. 1(b), a ring gap is etched on the bottom
and top metal layers of Sub 1 and Sub 4, respectively. Table 1 summarizes the geometric parameters
of the RG-DRECS.

Table 1. Geometric parameters of the RG-DRECS.

Parameter Description Value (mm)
L, Cavity length 42
T Substrate height 2
Ly Groove length 49.85
Wy Groove width 21
G drift gap 4.14
L, The inner length of the ring gap 27
W, The inner width of the ring gap 19
Wy Spacing of ring gap 0.5
S Width of the CPW feedline and CPW slots 2.31
Sp Via spacing of capacitive post 7.5
Sy Via spacing of cavity wall 1.25
D, Diameter of via of capacitive post 2
D, Diameter of the metallized via 0.8

The structure of the sensor is considered using a reentrant cavity with a highly concentrated electric
field between the capacitive post and the top lid of the cavity. When a moving metal patch is inserted in
this gap region of RG-DRECS, small displacements can produce relatively large variations in resonant
frequency. Therefore, a groove for metal patch moving is designed that passes through this gap region.
In general, greater sensitivity of the RG-DRECS can be achieved by increasing the longer depth of the
groove to enhance the perturbation to the gap region, but there is inevitably a non-removable dielectric
layer between the top of the groove and the bottom metal layer of the cavity. As shown in Fig. 2(a),
e and g are the permittivity of substrate and permittivity of free space. The gap capacitance C,, is
modified to capacitance C,; and Cj in series by the remaining dielectric layer and the groove. Cj,; is the
distributed capacitance determined by the thickness and permittivity of the remaining dielectric layer,
and Cj is limited by the depth of the groove. The movable metal patch does not affect the capacitance
Csup, resulting in the sensor that does not take full advantage of the concentrated electric field of the
structure to generate the maximum frequency shift. The DRECS displayed in Fig. 1(c) is used to
solve this problem, by which the remaining substrate layer with its resulting additional capacitance is
removed, and all the gap capacitance is wholly utilized to improve the sensing sensitivity.

As shown in Figs. 2(b) and (c), the electric intensity field distribution of the AS-DRECS at its
resonant frequency is built and compared with the conventional DRECS. It is worth noting that,
without changing the size of the metal post, adding a ring gap composed of a rectangle metal plate
and an annular slot makes the range of highly concentrated electric field available for measurement
become larger, and the fringe electric field around the RG-DRECS metal post is effectively suppressed
by the ring gaps, forming a ring capacitance. The expansion of the concentrated electric field range
can increase the measurable displacement range of the sensor, and [19] has theoretically verified that
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Figure 2. (a) Cross-sectional view of the single RECS, (b) the electric field distribution of the DRECS
in the Cross-section, (c) the electric field distribution of the RG-DRECS in the Cross-section.
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Figure 3. Transmission responses of RG-DRECS and DRECS before and after grooving.

the fringe capacitance determined by the fringe electric field weakens the sensitivity. The use of ring
gaps also reduces the electric loss by partly grooving the substrate. Fig. 3 compares the change in the
transmission responses of the sensors before and after grooving. The resonant frequency of the DRECS
is reduced by 84 MHz after grooving, while the resonant frequency for the RG-DRECS is reduced by
only 7MHz after grooving.

2.2. Displacement Measurement Model of RG-DRECS

Figure 4(a) shows the lumped-element equivalent circuit model of the RG-DRECS, which is used to
discuss a quantitative relationship between displacement distance and the resonant frequency of the
RG-DRECS. C, is the gap capacitance formed between the two metal posts; C1 and Cy2 represent the
ring capacitances formed by the ring gaps of the upper and lower reentrant cavities; L1 and Lo represent
the equivalent inductances of the upper and lower reentrant cavities respectively; and R is the equivalent
resistance, which contains the total loss information of the RG-DRECS. An ideal transformer is used to
represent the coupling of the RG-DRECS to the external feed line, and n is the transformation ratio.
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Figure 4. (a) Equivalent lumped element circuit model of the RG-RECS, (b) the circuit and FDTD
simulation result of transmission response of the RG-DRECS.

In a highly loaded cavity (G< A4, Aq is resonant wavelength), the electric field in the RG-DRECS
gap region is close to being uniform [20], thus C), can be calculated using parallel-plate capacitance
theory as Eq. (1):

5()WTLT
Cp=——— 1
o 1)

The DRECS can be regarded as two single reentrant cavities cascaded back to back in series, so the
series-parallel relationship between the equivalent inductance and the gap capacitance with the unloaded
DRECS in the circuit can be determined. For a cylindrical reentrant cavity, the equivalent inductance
can be obtained by coaxial transmission line theory, but for the rectangular reentrant cavity of this
design, the calculation needs some modification [21]. A is a factor with a value of 0.95, used to minimize
the error when parameters are calculated using coaxial line transmission theory, and pg represents the
permeability of free space. The formula is as Eqgs. (2)—(3):

Ri = A\JL2/7, Re=A\IZ/% 2)

pol . Ro poT" . Ro
L1 = o In Rl, L2 = o In R1 (3)
The ring capacitance is formed by the ring gap, which is in analogy with the standard ring gap in [22].
A correction factor B needs to be used. The equivalent capacitance obtained from the rectangular ring
gap of this work is obtained as Eq. (4). ,1 and £,9 represent the dielectric constant of the substrates
above and below the metal layer where the ring gap is located with values of 1 and 2.65, respectively.
The resonance frequency of the RG-DRECS is finally obtained as Eq. (5):

Cr = 2Bf:O (Wr + LS) (57“1 + 87"2) (4)
1
fr N QW\/(LILQ/ (Ll + LZ)) (Crlcr2/ (Crl + Cr2)> + Cp) (5)
1 1 1
ol ar 0

To maintain electromagnetic energy in the cavity, the RG-DRECS is connected to some external circuits
called feeding or coupling, which causes an offset from its desired frequency and unload quality factor
Qo- The offset has a correspondence with loaded quality factor (0 and external circuitry quality factor
@ g, as shown in Eq. (6). Through the definition formula of each quality factor and the S-parameter
transmission matrix, and the values of S2; and ()7 obtained using Finite Difference Time Domain
(FDTD) simulation, the values of R and n can be obtained [23,24]. In order to acquire the simulated
transmission response of the RG-DRECS by the equivalent circuit model, the specific parameters of the
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Table 2. Value of equivalent lumped element circuit components.

Component | Cp, (pF) | Cp1 (pF) | Cr2 (pF) | L1 (nH) | Ly (nH) | R (k) n
Value 1.097 4.428 4.428 0.3618 0.3618 | 7.5007 | 0.0619

RG-DRECS are brought into the formula in Table 1. It is worth noting that the correction factor B of
Eq. (4) can be optimized and modified by Keysight ADS circuit simulation to obtain a specific value of
1.49. The specific values of all circuit components are displayed in Table 2.

The reliability of the constructed equivalent circuit model can be demonstrated by the good
agreement between the FDTD simulation and circuit model simulation, as shown in Fig. 4(b),
which shows that the proposed equivalent lumped element circuit model can be used to investigate
the relationship between the displacement and resonant frequency of the RG-DRECS to attain the
displacement measurement model in the following sections.

The movement of the movable metal patch in the RG-DRECS will perturb the electric field in the
gap region. In the gap region, the electric field distribution varies along with the movement of the
movable metal patch, resulting in resonant frequency shifts. This variation can be used to measure the
value of the displacement of the movable metal patch, which can range from 0 to 27mm. From the
established equivalent lumped element circuit model and the electric field distribution of the moving
metal path into the cavity shown in Fig. 5(a), it can be analyzed that the displacement of the movable
metal patch changes the gap capacitance C, and divides the gap region of the resonant cavity into two
parts, the electric field distribution in both parts is relatively uniform. According to the parallel plate
capacitance theory, C, can be equivalently replaced by two capacitances C'; and Cs, and the relationship
between C and C3 and displacement z is shown in Egs. (7)—(8):

€0Wraj‘

C) = a_n (7)
Cy = W (8)

where h is the height of the movable metal patch. In order to make full use of the gap region and to
ensure the reliability of Egs. (7)—(8), the width of the metal patch needs to be no less than the width
of the inner width of the ring gap W,.. In addition, for a more intuitive analysis, as shown in Fig. 5(b),
the existing equivalent circuit model is simplified and adjusted. C. is an equivalent capacitor of two
ring capacitances; L is the equivalent inductance of the RG-DRECS; and C), has been correspondingly

modified accordingly to capacitance C7 and Cj.
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Figure 5. After adding the movable metal patch, (a) electric field distribution, (b) equivalent circuit
model.

(@

On the basis of the equivalent circuit model in Fig. 5(b), the relationship between the displacement
x of the movable metal patch and resonant frequency f, of the RG-DRECS is investigated. Using
Egs. (7)—(8) and (5), we can obtain displacement measurement model:

f’/‘: =

Eowrl‘ EoWr (Lr — ."L‘)
27T\/L <Cr+(G—h + e

(9)
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3. FABRICATION, MEASUREMENT AND DISCUSSION

3.1. Sensor Fabrication and Measurement Setup

To experimentally verify the accuracy of the displacement measuring mode for the RG-DRECS, the
prototype of the RG-DRECS is fabricated by standard print circuit board (PCB) technology. The
sensor consists of four substrates, and Fig. 6(a) shows the top and bottom views of each substrate
of the fabricated sensor prototype, and Fig. 6(b) shows the prototype of the sensor and the overall
experimental setup composed of a vector network analyzer (E5071C, Agilent, Beijing, China) and a
displacement measurement platform. All measurements of resonant parameters such as transmission
response and @Q-factor are performed by the vector network analyzer (VNA), which is connected to the
sensor through a pair of coaxial cables. The metal patch is fixed to a spiral micrometer that can move
one-dimensional movement manually, with a measurement range of 0-27mm and testing accuracy of
100 pm.

Movable spiral micrometer

' (b)

Figure 6. Photographs of (a) the top and bottom views of each layer of the RG-DRECS, (b)
displacement measurement setup.

To ensure the accuracy of the experiment, the VINA is calibrated before the measurement using
standard calibration kit 85052D to eliminate some systematic errors. The spiral micrometer is fixed on
a smooth wooden board, and the sensor prototype is held in place by clamps to the flatter displacement
system. When the measurement is started, the relative displacement of the metal patch and RG-DRECS
prototype can be generated by the accurate one-dimensional movement of the spiral micrometer, and the
transmission responses at different displacements are recorded by the VNA to obtain the relationship
between the actual displacement and resonant frequency of the RG-DRECS.

3.2. Results and Discussions

It can be seen that the thickness of the metal path affects the relationship between the displacement
x and resonant frequency f, from Eq. (9), and Fig. 7 depicts the measured transmission responses
S91 of the RG-DRECS at different displacements when the thickness of the metal patch is 3.64 mm.
From Fig. 7(a), we can notice that when the displacement gradually increases from 0 mm to 27 mm, the
resonant frequency drops from 3.1 GHz to 1.5 GHz, and this situation is consistent with the displacement
mechanism analyzed above. Fig. 7(b) shows the measured transmission responses Sa; of the sensor for
displacements in the range from z = Oum to x = 1000 um in steps of 200 um, which demonstrates a
relatively high resolution.

The correspondence between resonant frequency and the displacement of metal patches with
different thicknesses is illustrated in Fig. 8(a) (measured results are the average value of four
measurements). It can be shown from Fig. 8(a) that the displacement model established by Eq. (9) is
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Figure 7. Different displacements correspond to the measured transmission responses when the
thickness of the metal patch is 3.64 mm, (a) 0-27 mm, (b) 0-1 mm.
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Figure 8. (a) The correspondence between resonant frequency and the displacement of metal patches
with different thicknesses, (b) resonant frequency of the fabricated sensor at different displacement x
values when the thickness of the metal patch is 3.64 mm, (c) correspondence between displacement and
resonant frequency at different thicknesses obtained by modified displacement model.
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approximate to the variation trend of the measured results, but there is a certain deviation, which may
be caused by the fact that the metal patch cannot fit closely to the bottom of the groove [1], and the
metal patch reflects the electromagnetic energy to the external environment. To make the model more
accurate, Eq. (9) needs to be revised. By using two sets of measured data with metal patch thicknesses
of 2mm and 3.64 mm and curve fitting, the modified displacement model is established:

Ir= !

27 (47 + h 4 0.96) \/L (s (S0 Vel

(10)

Fig. 8(a) shows that the modified displacement model has a good approximation with the measured
results for different thicknesses of metal patches, which proves the reliability of the model. In addition,
to experimentally verify the resolution of the RG-DRECS, a micro-displacement test with a step size of
100 um is conducted at different intervals within the test range of the sensor, and the results are shown
in Fig. 8(b), which shows that the sensor has a high resolution.
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The average sensitivity of the displacement sensor can be deduced from the following formula:

Afr
S:|A];’| (11)

where Af, is the difference between the maximum and minimum resonant frequencies in the
displacement range, and Ax is the difference between the maximum and minimum displacements in the
displacement range. The maximum displacement range Ax of the sensor is 27 mm, which is the inner
length of the ring gap L,. In addition, Eq. (10) indicates the correspondence between the displacement
of the metal patch and the resonant frequency, and the thickness h of the metal patch is one of the
important parameters. Setting h in Eq. (10) as a variable parameter, as shown in Fig. 8(c), in the case
of the maximum displacement range Az is L,. The larger the h is, the larger the resonant frequency
shift |Af,| is, and the higher the sensitivity S of the sensor is. Meanwhile, from the measured results,
reducing the thickness of the metal patch can improve the linearity of the displacement correspondence,
which is shown in Fig. 8(a).

According to Fig. 8, the sensor provides a high measurement range while ensuring a high sensitivity,
and thanks to the characteristics of the structure, the sensor has a high Q-factor, which guarantees the
resolution of the sensor [25]. In addition, although the dynamic displacement range of all tests is 0—
27 mm, it can be analyzed from the above measured results that other characteristics of the RG-DRECS
are affected by the thickness of the metal patch. In practical applications, different thicknesses of the
metal patch can be selected according to the requirements of sensitivity, linearity, and @)-factor to achieve
the desired sensor performance. Table 3 provides a comparison between the designed sensor and other
recently reported displacement sensors, including dynamic, sensitivity, and Q-factor. As seen in Table 3,
2mm and 3.64 mm represent different metal patch thicknesses, respectively. The sensor proposed here
has a great dynamic displacement measurement range, a high Q)-factor, and good sensitivity.

Table 3. Comparison of the proposed sensor with the previous 1-D displacement sensors.

Ref. Frequency, Size, Dynamic, Sensitivity O-factor Sensor

GHz mm mm type

1] 0.3-0.7 40 x 40 9 0.03 GHz/mm 9 SRRs

8] 3-5 42.8 x 26.1 3 0.41 GHz/mm 34 DGS

[11] 1-2 30.3 x 15.3 1.2 21dB/mm 19 SRR

[14] 2.4-2.9 80 x 50 15 0.026 GHz/mm 65 SIW
[26] 1.6-4.2 75x 75 5 0.5 GHz/mm 226 | DSRR
This 2mm* 2.6-3.1 42 x 42 27 0.019 GHz/mm 210 DREC
work | 3.64 mm* 1.5-3.1 42 x 42 27 0.058 GHz/mm 155 DREC

* 2mm and 3.64 mm represent the performance of the sensor with metal patch thickness of 2mm and
3.64 mm, respectively.

4. CONCLUSION

In this paper, a microwave displacement sensor based on an adjusted SIW reentrant cavity is
demonstrated numerically and experimentally, which consists of a double reentrant cavity and ring gaps.
The purpose of the double reentrant cavity is to improve the sensitivity, and the ring gaps suppress the
fringe electric field and expand the concentrated electric field region used to test the displacement. Then,
the equivalent circuit model is theoretically established to reveal the relationship between displacement
and capacitance variation, and a displacement measurement model of displacement and resonance
frequency is obtained. This model can better explain the relationship between displacement and
resonant frequency, unlike the physical-meaningless mathematical fitted one. Verified by experiment,
the sensor operates in the frequency range of 1.5-3.1 GHz, provides a dynamic range of 27 mm, has
a high @-factor and good sensitivity, and the measurement results are in good agreement with the



44

Ma, Chen, and Huang

displacement measurement model, which is favorable for the application of this sensor to many high-
precision industrial measurement sites.
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