European Journal of R o

EJEAS | Engineering and Applied Sciences

ISSN: 2651-3412 (Print) & 2667-8454 (Online)
Journal homepage: http://dergipark.gov.tr/EJEAS
Published by Corlu Faculty of Engineering, Tekirdag Namik Kemal University

European J. Eng. App. Sci. 8(1), 24-30, 2025

Research Article

Compact Microstrip-Coupled Ring Resonator for Angular
Displacement Detection

Nazli Merve Tezel'* ©', Merve Efe'* I, Sena Esen Bayer Keskin>“* {©, Nurhan Turker Tokan'¢

'Department of Electronics and Communication Engineering, Faculty of Electrical and Electronics Engineering,
Yildiz Technical University, Istanbul, Tiirkiye, 34220
2Department of Electrical Electronics Engineering, Faculty of Engineering, Kirklareli University, Kirklareli, Tiirkiye, 39100
*merve.tezel@std.yildiz.edu.tr, "merve.efel @std.yildiz.edu.tr, ‘senakeskin@klu.edu.tr , “nturker@yildiz.edu.tr

Abstract: In this work, a planar microwave angular displacement sensor featuring concentric and precisely aligned stator and rotor
components for accurate angular position measurement is presented. The sensor operates using a dual-band architecture incorporating
two concentric loop resonators to enhance angular sensing performance. The structure is realized on two FR-4 printed circuit boards
(PCBs), each measuring 40 mm x 40 mm with a thickness of 1.6 mm. The PCBs are arranged such that the conductive layers containing
the microstrip patterns face each other, ensuring strong electromagnetic coupling and precise concentric alignment. The rotor consists
of a split-ring resonator patterned on the underside of the upper PCB and is placed concentrically within a circular aperture on the top
layer. The stator comprises all regions outside the circular apertures on both PCBs. The lower PCB includes a straight microstrip feed
line magnetically coupled to a closed-loop primary resonator. The split-ring resonator on the rotor is positioned directly above the
primary resonator, facilitating strong mutual coupling. Simulation results indicate resonances at 2.17 GHz and 3.57 GHz, demonstrating
dynamic angular sensing capability over a 0° to 90° rotation range. Full-wave electromagnetic simulations reveal absolute angular
sensitivities of 0.83 MHz/° and 0.40 MHz/° at the respective resonant frequencies. The findings indicate that the proposed sensor
design holds significant potential for industrial applications requiring precise angular displacement measurements.

Keywords: Microwave sensor, Angular displacement sensor, Split ring resonator, Resonant frequency.

Acisal Sapma Kontrolii icin Mikroserit iletim Hatti Kuplajh Halka Rezonatér Tasarimi

0z. Bu calismada, dogru agisal konum 6lgiimii saglayan, es merkezli olarak hizalanmis stator ve rotor bilesenlerine sahip diizlemsel
bir mikrodalga agisal yer degistirme sensorii sunulmaktadir. Sensdr, iki es merkezli halka rezonatdr iceren ¢ift bantli bir mimariyle
calisarak acisal algilama performansimi artirmaktadir. Yapi, her biri 40 mm x 40 mm boyutlarinda ve 1.6 mm kalinliginda iki FR-4
baskili devre kart1 (PCB) iizerine gergeklestirilmistir. PCB’ler, lizerlerindeki iletken desenleri igeren katmanlar (yani mikroserit
yapilarin bulundugu yiizeyler) birbirine bakacak sekilde konumlandirilarak, giiclii elektromanyetik etkilesim ile dogru es merkezli
hizalama saglanmaktadir. Rotor, {ist PCB’nin alt yiizeyine desenlenmis bir yarikli halka rezonatérden olusmakta olup, iist katmandaki
dairesel bogluga es merkezli bigcimde yerlestirilmektedir. Stator ise her iki PCB’nin dairesel agiklik disindaki bolgelerinden olusmakta;
alt PCB ilizerinde yer alan dogrusal mikroserit iletim hatti, kapali halka bigimindeki bir birincil rezonatér ile manyetik olarak
baglanmaktadir. Rotor tizerindeki yarikli halka rezonator, bu birincil rezonatériin tam tizerinde konumlanarak giilii karsilikli etkilesim
saglamaktadir. Simiilasyon sonuglari, sensoriin 2.17 GHz ile 3.57 GHz frekanslarinda rezonans yaptigint ve 0° ile 90° arasinda dinamik
bir acisal algilama gergeklestirebildigini gostermektedir. Tam dalga elektromanyetik benzetim sonuglari, bu rezonanslarda sirasiyla
0.83 MHz/° ve 0.40 MHz/° mutlak agisal hassasiyet sundugunu ortaya koymaktadir. Elde edilen bulgular, 6nerilen sensér yapisinin,
hassas agisal yer degistirme 6l¢timii gerektiren endiistriyel ortamlar i¢in yiiksek potansiyele sahip oldugunu gostermektedir.

Anahtar kelimeler: Mikrodalga sensor, A¢isal yer degistirme sensdrii, Yarik halka rezonatér, Rezonans frekanst
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1. Introduction

Microwave sensors are widely utilized in present-day research
due to their ease of fabrication and design, cost-effectiveness,
and their ability to provide solutions for a variety of industrial
applications. These sensors are designed based on different
principles to measure various physical qualities and quantities.
Microwave sensors can be employed for determining the
angular position or distance of an object relative to the sensor
[1], for precise humidity measurements [2], material
characterization [3], detection of structural defects in materials
[4], as well as temperature [5] and pressure [6] measurements.
They are also used in biomedical applications for investigating
structural changes in tissues [7], and in scenarios where
physical contact is not possible or desirable. Depending on the
application, microwave sensors exhibit significant diversity.
Some notable types include complementary split ring
resonator (CSRR)-based sensors [8], microstrip line split ring
resonator (SRR)-based sensors [9], metamaterial-based
sensors [10], multi-mode resonator (MMR) sensors [11], SRR-
based sensors utilizing cross-polarized excitation [12], and
directional coupler-based sensors [13]. These sensors can offer
wide dynamic ranges, such as 0°-90°, 0°—180°, or even up to
360°, depending on the specific application [14]. Microwave
angular-displacement sensors reported in the literature can
generally be grouped into three categories: (i) amplitude-
based, (ii) phase-based, and (iii) frequency-shift-based
sensors. An amplitude-modulated microwave angular-
displacement antenna aimed at chipless RFID applications was
proposed in [15]. Reference [16] described a rotary sensor
whose operation relies on changes in the phase difference of
the reflection coefficients. Nonetheless, owing to its superior
reliability and robustness, frequency-shift interrogation has
become the most widely adopted technique for microwave
angular sensors [17]. The sensitivity of microwave rotational
(angular displacement) sensors can vary depending on several
factors. In sensor design, criteria such as the physical
dimensions of the sensor, the desired operating frequency, and
the target angular measurement range are of particular
importance. Design parameters are determined with these
considerations in mind. Parameters such as the electrical
properties of the substrate material, the physical dimensions of
the rings, and the stator—rotor (or rotor) separation are also
critical. During the design process, these parameters must be
carefully selected to achieve the desired sensitivity and
dynamic range characteristics. The dynamic sensing range is a
critical characteristic that defines the performance of
microwave sensors. Various dynamic ranges have been
reported for different sensor designs. For instance, while the
dynamic range of angular displacement sensors was limited to
approximately 6°—8° in earlier studies [18], advancements in
design have led to the reporting of microwave sensors with
wider ranges in more recent literature. In particular, some
planar microwave angular displacement sensors based on
microstrip line split-ring resonators (SRRs) have achieved a
full 360-degree dynamic range [19]. Overall, microwave
sensors have been shown to offer broader dynamic ranges
compared to traditional sensors, making them advantageous
for a variety of applications [20, 21].
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In this work, a microwave resonator-based angular
displacement sensor was designed to determine the angle of
rotation. The proposed microwave split-ring resonator sensor
operates within a dynamic detection range of +90 degrees and,
due to its simple structure, offers ease of fabrication and low
production cost. The sensor consists of two loop resonators.
The use of two concentric ring structures generates two
distinct resonance frequencies, thereby enhancing the
sensitivity of the sensor. This dual-frequency configuration
enables the sensor to respond more sensitively to small angular
variations.

2. Design and Parametric Analysis

A dual ring resonator structure, operating in conjunction with
a straight microstrip transmission line, is employed to design
the planar microwave angular displacement sensor. The
printed circuit board (PCB) substrate is made of FR4 material
with a thickness of 1.6 mm. The dielectric constant of the
substrate is 4.3, and the conductive material is copper with a
conductivity of o =5.8 x 107 S/m. The width of the microstrip
transmission line, which is used in a straight configuration
between the input and output ports, is adjusted to achieve a
characteristic impedance of 50 Q. The coupling strength
between the ring resonator and the transmission line is
controlled by adjusting the distance between them. The top and
perspective views of the designed microstrip transmission-
line-coupled ring resonator are shown in Figure 1. As
illustrated, the angular displacement sensor consists of stator
and rotor sections. The stator comprises the lower PCB and the
fixed upper PCB, while the rotor consists of the inner ring of
the dual ring resonator and the rotating substrate.

(a)

Upper Layer
(Rotor)

Upper Layer
(Stator) '\

Ground Layer

Lower Layer
(Stator)

(b)

Figure 1. Microstrip transmission-line-coupled ring
resonator: (a) top view; (b) perspective view
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The rotor consists of a rotatable slotted ring resonator (RSRR)
structure designed on a circular substrate. This structure is
positioned within the circular window located in the stator
section, enabling electromagnetic coupling with the primary
split ring resonator (PSRR). Both layers are fabricated from
FR-4 material, each with a thickness of 1.6 mm and a dielectric
constant of 4.3. The parameters of the sensor are provided in
Table 1. Here, W denotes the width of the substrate, L is the
length of the substrate, win is the width of the feed line, | is the
distance between the feed line and the lower edge of the PCB,
g is the distance between the lower end of the primary ring and
the upper end of the feed line, r; and r, are the inner and outer
radii of the rings, d; and d, are the slot widths of the inner
and outer rings, w; and w, are the thicknesses of the rings,
and d is the spacing between the rings.

2.1. Parametric Analysis

In this section, the effects of variations of the design
parameters on the resonance will be examined. The influence
of critical physical parameters on the resonance frequencies
will be discussed. The term "primary ring" will refer to the
outer ring with the larger radius, while "secondary ring" will
denote the inner split ring with the smaller radius.

Figure 2 analyzes the effect of the distance between the
microstrip transmission-line-coupled ring resonator and the
feed line on angular displacement control. The parameter g
represents the distance between the upper end of the feed line
and the lower end of the primary ring. As seen in Figure 2,
when the primary ring resonator structures are in contact with
the feed line, the frequency response of the dual-ring resonator
sensor exhibits two distinct resonance points. As long as the
feed line remains in contact with the rings, the resonance
behavior persists, with the resonance frequencies shifting
toward higher frequency regions in the spectrum depending on
the distance. When the physical connection between the feed
line and the resonator rings is removed, almost no resonance
behavior is observed. Based on the obtained data, the value of
the g parameter was selected as 0.5 mm along the negative y
direction, corresponding to the case where the two lines are in
contact.

-=-=-g=-1mm ]
—— g=-0.5mm
-30 - £ e g = 0 mm
=0 =g=0.5mm
= =g=15mm
35 I I I I | T
0.5 1 1.5 2 25 3 3.5 4 4.5

Frequency (GHz)

Figure 2. Effect of the g parameter on the transmission
coefficient in the microstrip transmission-line-coupled
ring resonator sensor
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Figure 3 illustrates the impact of the parameter r; — defined
as the radius of the virtual circle connecting the centers of the
rings and the midpoint of the secondary ring—on the
transmission coefficient of the microstrip transmission-line-
coupled ring resonator sensor. While the radius of the primary
ring remains fixed, increasing the radius of the secondary split
ring exhibits negligible effect on the first resonance region.
However, noticeable distortions emerge in the second
resonance region.

35 . . . . . n
0.5 1 1.5 2 25 3 35 4 4.5
Frequency (GHz)

Figure 3. Effect of the r; parameter on the transmission
coefficient in the microstrip transmission-line-coupled
ring resonator sensor

Figure 4 analyzes the effect of the r, parameter—defined as
the radius of the virtual circle between the centers of the rings
and the midpoint of the primary ring—on the transmission
coefficient in the microstrip transmission-line-coupled ring
resonator sensor. While the radius of the secondary split ring
is kept constant, the radius of the primary ring is varied. In the
simulation, r, ranges from 6.1 mm to 8.1 mm. When r;, is set
to 6.1 mm, no resonance behavior is observed in the first
frequency region. This outcome resembles the case in the g
parameter analysis in Figure 3, where g = 0.5 mm along the
negative y-axis. It is inferred that insufficient coupling occurs
when a gap exists between the feed line and the resonator
rings. Consequently, r, = 7.1 mm was chosen as the optimal
value, providing adequate Sz1 levels at both resonance
frequencies.
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Figure 4. Effect of the r, parameter on the transmission
coefficient in the microstrip transmission-line-coupled
ring resonator sensor
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Figure 5 illustrates the influence of the parameter d,, defined
as the slot width of the secondary ring, on the transmission
coefficient of the microstrip-coupled ring resonator sensor.
Based on angular displacement analyses, a d; value of 1.5 mm
was determined to yield high angular stability. Figure 6
presents the effect of the d, parameter—defined as the slot
width of the primary ring—on the transmission coefficient. As
shown in the figure, the optimal value for d, was selected as
0 mm, corresponding to a fully closed primary ring.
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Figure 5. Effect of the d, parameter on the transmission
coefficient in the microstrip transmission-line-coupled
ring resonator sensor
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Figure 6. Effect of the d, parameter on the transmission

coefficient in the microstrip transmission-line-coupled

ring resonator sensor

Figure 7 illustrates the effect of the w; parameter—defined as
the width of the secondary split ring—on the transmission
coefficient of the resonator. In this analysis, the thickness of
the secondary ring was varied while maintaining a constant
spacing d between the primary and secondary rings. As
observed in Figure 7, increasing the w; value leads to a
downward shift in the second resonance frequency.
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Figure 7. Effect of the w, parameter on the transmission

coefficient in the microstrip transmission-line-coupled

ring resonator sensor

Figure 8 presents the effect of the w, parameter-defined as the
width of the outer (primary) ring-on the transmission
coefficient of the resonator. In this analysis, the thickness of
the primary ring was varied while keeping the distance d
between the two rings constant. As shown in the figure, an
increase in w, results in a higher first resonance frequency and
a reduction in the Sz1 level to approximately —32 dB. In the
second resonance region, both the resonance frequency and the
Sa1 level increase with increasing w,, reaching up to —14 dB.

0

s, (dB)

-20
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Figure 8. Effect of the w, parameter on the transmission

coefficient in the microstrip transmission-line-coupled

ring

After the parametric analysis, the parameter values are
selected as follows: W =40 mm, L =40 mm, | =13 mm, r1 =
51mm, re=7.1mm,wi=w2=04mm,d:=1.5mm, d>=0
mm, and g = -0.5 mm. The overall dimensions of the sensor
are 40 mm x 40 mm. The physical dimensions of the sensor
are listed in Table 1.

Table 1 Dimensions of the microstrip transmission-line-
coupled ring resonator

Parameter Dimension Parameter Dimension
(mm) (mm)
w 40 r, 7.1
L 40 d, 1.5
Win 2.45 d, 0
l 13 wy 0.4
g 05 W, 04
o 5.1 d 1.6
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2.2. Final Design

Due to the presence of two ring structures, it is expected that
the design exhibits resonance at two distinct frequencies. The
views of the microstrip transmission-line-coupled ring
resonator sensor in the simulation software are presented in
Figure 9. Figure 9 (a) shows the top view of the lower PCB,
which corresponds to the stator section. Figure 9 (b) presents
the bottom view of the upper PCB, where the ring structure is
referred to as the rotor. The stator is a fixed structure and forms
a complete assembly with the rotor. Angular displacement can
be detected by monitoring changes in the resonance frequency
regions. Figure 9 (c) illustrates the top perspective view of the
structure. Figure 9 (d) displays the top view of the microwave
resonator sensor, equipped with connectors and ready for
fabrication.

) (b)

(d)

Figure 9. Simulated views of the microstrip
transmission-line-coupled ring resonator: (a) top view
of the lower PCB; (b) bottom view of the upper PCB; (c)
perspective view; (d) top view of the microwave
resonator with connectors

Figure 10 illustrates the frequency-dependent behavior of the
microstrip transmission-line-coupled ring resonator for
angular displacement control, presenting the transmission and
reflection characteristics of the dual-ring microwave
resonator. The first resonance is observed at 2.17 GHz,
accompanied by a return loss of approximately 30 dB. The
second resonance occurs at 3.57 GHz, with a corresponding
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return loss of about 15 dB. These results correspond to an
angular displacement of a=0°.

S-Parameters (dB)

“os 1 15 2 25 3 35 4 45
Frequency (GHz)

Figure 10. S-parameters of the microstrip transmission-
line-coupled ring resonator

Figure 11 presents the surface current distribution of the
microstrip transmission-line-coupled ring resonator at its
resonance frequencies. In Figure 11(a), the distribution at 2.17
GHz is shown, where the maximum surface current density
reaches 72.7 A/m. At this frequency, due to the resonant
behavior, the signal transmitted to the second port is
significantly attenuated. Similarly, Figure 11(b) illustrates the
distribution at 3.57 GHz, where the maximum current density
increases to 108 A/m, exhibiting a resonance pattern
comparable to that observed at the first resonance frequency.

@ (b)

Figure 11. Surface current distributions at the
resonance frequencies of the microstrip transmission-
line-coupled ring resonator: (a) 2.17 GHz; (b) 3.57 GHz

3. Microstrip-Coupled Ring Resonator for Angular
Displacement Detection

This section examines the microstrip-coupled ring resonator’s
transmission and reflection behavior as the function of angular
displacement. Frequency shifts observed between o = 0° and
90° demonstrate the sensor’s sensitivity to rotation. Coupling
effects between the rings influence resonance characteristics,
enabling precise angular position detection.

Figure 12 analyzes the reflection and transmission parameters
of the microwave resonator at angular positions @ = 0° and
a =90°. At a =0° two distinct resonance notches are
observed, while at « = 90°, an additional dip emerges near the
first resonance frequency. This distortion is likely caused by
coupling between the slot region of the secondary ring and the
feed line as the rotor structure rotates.
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Figure 12. Frequency-dependent variation of the S-
parameters for « = 0° and @ = 90°

Figure 13 shows the simulated Sz1 characteristics of the sensor
as the rotor is rotated counter-clockwise from o = 0° to a =
90° with 15° increments. The resonance frequency fi,
originating from the primary split ring resonator (PSRR),
decreases approximately linearly from 2.17 GHz to 2.14 GHz.
The first and second resonance regions are clearly visible in
the resulting graph. The resonance frequency f,, originating
from the secondary SRR, varies between 3.57 GHz and 3.54
GHz. As the angle increases, the frequency decreases,
enabling the detection of angular displacement.

0.5 1‘ 1.‘5 2‘ 2.‘5 I; 315 1‘1 4.5
Frequency (GHz)

Figure 13. Frequency dependence of the transmission

coefficient for different a values in the ring resonator

sensor

Absolute sensitivity (S,,s) and relative sensitivity (S,.;) are
important parameters used to assess the performance of
microwave angular displacement sensors. S, is defined as
the ratio of the change in resonance frequency (fa—fb) to the
change in angular displacement (46), where fa and f» represent
the maximum and minimum resonance frequencies,
respectively, over the frequency shift range. Relative
sensitivity is obtained by normalizing this frequency shift with
respect to the initial resonance frequency and expressing the
result as a percentage per degree as given in Eq.2:

Savs = (fa= fo) " 35 €

Sret = (fa— fp) ﬁ -100 % (2)
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Based on Equations (1) and (2), S, for the 7 resonance band
is calculated as 0.03 MHz/°, and S, as 0.001 % /°. For the f>
resonance band, the absolute and relative sensitivities are
determined as 0.40 MHz/° and 0.01 %/°, respectively.

218 T T T T -13.58

2.175 3.575

217k 3.57
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Frequency (GHz)
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o
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Frequency (GHz)

215

2.145

2.14 : 5 . . ' 3.535
0 15 30 45 60 75 90

Rotation Angle (°)

Figure 14. Relationship between the alpha angle and
the primary ring resonance frequencies of the
microwave resonator sensor

Figures 14 and 15 illustrate the influence of the angular
displacement o on the resonator's performance. Figure 14
shows the resonance frequency shifts of the primary (blue) and
secondary (orange) rings, while Figure 15 displays the
corresponding transmission losses at these frequencies as a
function of a. Figure 15 presents the variation of the resonance
frequencies f7 and /> as a function of the angular displacement
a in the range of 0° to 90°.

-25.5 T T T T 1-13

= 2751

821 leve

-30

0 15 30 45 60 75 90
Rotation Angle (°)

Figure 15. Relationship between the alpha angle and
the transmission loss levels at the first (blue) and second
(orange) resonance frequencies of the microwave
resonator sensor

4. Conclusion

In this study, a microwave angular displacement sensor with a
dynamic detection range of +90° is presented. The proposed
sensor features a compact footprint of 40 mm x 40 mm. The
effects of design parameters on the operating frequency and
angular response of the sensor have been systematically
analyzed. Future work may involve the development of
alternative configurations with varied dimensions and
expanded application domains. Due to its compactness and
ease of design and manufacturability, the proposed sensor
provides a practical and reliable solution for angular
displacement measurements.
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