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Abstract—A phase variation-based rotation sensor is presented
in this paper. The sensor is realized using a semi-circular bent
coplanar waveguide (CPW) terminated with a stepped impedance LC

resonator. A circular dielectric slab is rotating above the resonator.
Rotation of the slab modifies the overall capacitance and thus the
input impedance of the resonator. This, in turn, modifies phase of
the reflection coefficient, which is translated to the rotation angle.
The sensor’s linearity is eventually enhanced by tapering the width
of the capacitive metallic patch along the rotation direction. The
operation and sensing performance is studied in detail, using a
circuit-based analysis and electromagnetic simulations. The de-
signed sensor is capable of detecting the direction of rotation.
A sensor prototype is fabricated and experimentally measured to
prove the developed design and analysis procedure.

Index Terms— Microwave sensors, phase variation sensors, reflec-
tive mode sensors, rotation sensors.

I. INTRODUCTION

M EASURING and detection of lateral and rotational
displacements are of especial interest in various sci-

entific and industrial applications such as robotics, industrial
automation, advanced manufacturing, space observation, etc.
[1]. The conventional technologies for detecting lateral and
angular displacements are capacitive [1], [2], magnetic [3]–
[5], resistive [6], optical [7], [8], and microwave methods
[9]. Due to the potential passive operation, real-time response,
and low-cost implementation, microwave sensors have found
widespread adaptation in various instrumentation and measure-
ment applications. In comparison to the optical counterparts,
microwave sensors show high robustness to harsh environ-
ments [10]–[12] and are more compatible with electronic inte-
gration technologies such as, low temperature cofired ceramic
(LTCC) and micro-electromechanical (MEMs). Metamaterials-
inspired elements, such as, split-ring resonators (SRRs) and
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their complementary counterparts CSRRs [13]–[15], electric-
LC (ELC) and magnetic-LC (MLC) resonators [16], were
utilised as building blocks in the design of such sensors leading
to enhanced sensitivity and compact sizes. According to the
magnetic or electric nature of the coupling between these
resonators and transmission lines and waveguides, alteration in
the sensing variable modifies the device S-parameters. Theses
changes are then processed and translated to the sensing pa-
rameter [17]–[20]. These sensors are used in applications such
as environmental monitoring [21], [22], detection of gaseous
[23]–[26] and fluidic agents [27]–[33] and measurement of
physical displacement [34]–[36] and rotation [37]–[42].

Microwave rotation sensors can be categorized as three main
groups, according to the operation mode. The first group is the
frequency shift sensors [39]–[43]. The second group includes
the notch depth detection sensors [44]–[47], and the third
group consists of the phase variation sensors [48]–[58]. In the
sensors where the frequency shift is the measurement variable,
two coupled resonators are moved with respect to each other,
resulting in a shift of the resonance frequency. An advantage
of these sensors is the high immunity to noise [9]. Notch depth
variation sensors form the second category. The sensing prin-
ciple in these sensors is the alignment between the resonators
and the transmission line. Breaking the symmetric alignment
through rotation excites the resonator producing a notch in
the sensor response, where the notch depth is a function of
the rotation angle. This type of sensors are more robust to the
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variation of the environmental changes such as temperature.
Meanwhile, interferences and noise might induce error in the
notch depth variations. One main advantage of these sensors
is the single frequency detection, which provides simplicity
in the measurement setup compared to their frequency shift
counterparts [59]. The third category are the phase variation
sensors. Similar to the frequency variation sensors, the phase
variation sensors offer high robustness with respect to noise
and interferences. Furthermore, they offer simple and low cost
measurement because of their single frequency operation. Re-
cently, phase variation sensors were adopted for materials char-
acterization and measuring physical displacements [48], [50]–
[57]. In material characterization sensors, loading the material-
under-test (MUT) on transmission line or a resonator-loaded
waveguide modifies the S-parameter phase. The measured
phase variation is processed and used for characterization of
the electromagnetic properties of the MUT. Recently, phase
variation rotation sensors were developed in [55], [58]. The
sensor in [55] is designed using SRR-loaded slot line, where
rotating the SRR with respect to the symmetry line causes a
phase difference between the reflection coefficients at the two
ports of the sensor. The dynamic range is enhanced up to360°
by adding a flag resonator and performing the measurement
at two different frequencies. The sensor in [58] is designed
using an asymmetrical CSRR resonator loaded on a microstrip
transmission line. Likewise, the operation principle is based
on the phase difference between the reflection coefficients
of the in/output ports. Despite a wide dynamic range, these
sensors require two port measurement and then calculation of
the phase difference between the reflection coefficient of the
two ports at two different frequencies.

Here, we propose a phase variation rotation sensor offering
single frequency and single port measurement, where the ro-
tation is directly inferred from the reflection coefficient phase
without the requirement of any further processing/calculation.
The sensor consists of a CPW terminated with a semi-lumped
LC resonator, where the capacitance is implemented using a
tapered metallic patch and a rotational dielectric slab above the
resonator. The tapering approach offers a linear phase variation
for different rotation angles. The sensor covers rotation angles
up to 180°.

The rest of this paper is organized as follows: the circuit-
based analysis and design procedure are discussed in Sec-
tion II. Section III validates the developed rotation sensing
concept through fabrication of a sensor prototype and ex-
perimental measurements. Finally, Section IV provides the
conclusion.

II. SENSOR OPERATION PRINCIPLE AND ANALYSIS

A layout of the proposed phase variation rotation sensor
is shown in Fig. 1 with both top and side views. In addi-
tion, an equivalent circuit model of the sensor is given in
Fig. 2. The sensor is implemented using a50 Ω coplanar
waveguide (CPW) terminated to a semi-lumpedLC resonator.
A meandered metallic trace of widtht is used to form
the inductance. The capacitance is created using a semi-
circular patch as shown in Fig. 1(a), whereC is the edge

l1

l2
l3

t

h1

h2

Substrate

Copper
Dielectric Slab

Δθ

Fig. 1. Schematic view of the proposed phase variation rotation sensor.
(a) Top view. (b) Side view. The yellow color indicates the metallization
layer. Dimensions are: w = 4.8 mm, wl = 3.71 mm, g = gl = 0.2 mm, t
= 0.2 mm, l1 = 3.2 mm, l2 = 6.6 mm, l3 = 12.80 mm, l4 = 3.6 mm,
l5 = 3.94 mm, r1 = 4 mm, r2 = 8 mm, r = 9 mm, h1 = 3.175 mm
and h2 = 1.28 mm.

CTL L
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Fig. 2. Eqiuvalent circuit model of the proposed sensor.
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Fig. 3. Comparison between the full-wave EM and circuit model sim-
ulation results of the sensor. The circuit parameters are L = 29.4 nH
and C = 2 pF for θ = 0° and C = 2.82 pF for θ = 60°.

capacitance between the patch and the CPW ground plane. A
rotatable half circular dielectric slab is placed above the patch
capacitor. By rotating the dielectric slab, the overlapping area
between the patch and the slab is modified, causing a change
in the effective permittivity around the patch. Consequently,
the total capacitance of the structure is changed, modifying
the input impedance (Zin). This causes a variation in the
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phase of reflection coefficient, which can be translated to the
rotation angle. In order to validate the lumped circuit model
in Fig. 2, the circuit parameters have been calculated for
two typical rotation angles of0° and 60°. Fig. 3 presents
a comparison between the circuit model and the full-wave
simulation results of the sensor for the two rotation angles. The
circuit simulation is performed using Keysight ADS and full-
wave electromagnetic (EM) simulations are performed using
the CST Microwave Studio. The good agreement between the
results in Fig. 3 validates the circuit model. The sensor is
designed using a Rogers RT5880 substrate with a thickness
of 3.175 mm, εr = 2.2 and tan δ = 0.0009. The rotating
dielectric slab is Rogers RO3006 with1.28 mm thickness,
εr = 6.5 and tan δ = 0.002.

A. Analysis of the proposed sensor

Here, we analyze the sensitivity of the sensor and prove
that the sensitivity is a nonlinear function of rotation. The
input impedance (Zin) of the lumped LC resonator in Fig. 2
is defined as

Zin = jωL+
1

jωC
. (1)

When the dielectric slab is rotated, part of the capacitive patch
is loaded by the dielectric and, the overall capacitance is
increased toC′ = C + ∆C. Thus, the new input impedance
would be

Zin = jωL+
1

jωC′
=

1− ω2LC′

jωC′
. (2)

Suppose thatω0= 1√
LC

, then we can write:

Zin =
1− ω2

ω2
0

(1 + ∆C
C

)

jωC(1 + ∆C
C

)
. (3)

On the other hand, the reflection coefficientΓin is defined as:

Γin =
Zin − Z0

Zin + Z0
. (4)

By introducing (3) in (4) and after some simplifications, phase
of the reflection coefficient can be calculated as:

φin = −2 arctan

(

1

Z0ωC(1 + ∆C
C

)
−

ω

Z0ω
2
0C

)

. (5)

The phase sensitivity with respect to the rotation angle (θ) is
defined as

S =
dφin

dθ
=

dφin

dC′

dC′

dθ
=

dφin

d∆C

d∆C

dθ
. (6)

The first term in (6), can be calculated as:

dφin

d∆C
=

2

Z0ωC2
(

1 + ∆C
C

)2 ×
1

1 +
(

1
Z0ωC(1+∆C

C
)
− ω

Z0ω
2
0
C

)2

(7)
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Fig. 4. Full-wave simulation results of S11 phase for the sensor in
Fig. 1, for different rotations from 0° to 180° with the step size of 15°.

and, after simplification

dφin

d∆C
=

2Z0ω
4
0ω

Z2
0ω

2C2ω4
0

(

1 + ∆C
C

)2
+
(

(1 + ∆C
C

)ω2 − ω2
0

)2 .

(8)

To determine the second term in (6), we should consider that
the capacitanceC is the gap capacitance between the circular
patch of theLC resonator and the ground plane. The overall
capacitance of the unloaded patch isC. If part of the patch is
covered by the rotatable slab as a function of rotation (θ), the
total capacitance of the resonator will be increased by [60]

∆C = C
θ

π

εs − 1

εr + 1
, (9)

where εr represents the relative permittivity of the sensor
substrate andεs is the relative permittivity of the rotatable
slab. This equation (9) is valid if the gap width between the
capacitive patch and ground plane is much smaller than the
the capacitive patch width (wl

gl
> 10) [60]. Based on (9), we

can write

d∆C

dθ
=

C

π

εs − 1

εr + 1
= kC. (10)
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TABLE I
CASES FOR VERIFICATION OF THE DESIGN PROCEDURE.

Case
No. f (GHz) C(pf) C180(pf) β f0(GHz) L(nH)

1 0.54 2 5.66 2.83 0.705 25.474

2 1.1 1.2 3.8 3.166 1.512 9.232

3 2.5 0.5 3 6 3.956 3.236
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Fig. 5. Reflection phase difference between θ = 0
◦ and θ = 180

◦

for three circuit level cases in Table I, for verification of the theoretical
analysis.

As a result, by substituting (8) and (10) in (6), the sensitivity
is calculated as

S =
2Z0ω

4
0ωkC

Z2
0ω

2C2ω4
0(1 + kθ)2 + ((1 + kθ)ω2 − ω2

0)
2 . (11)

Based on (11), the sensitivity is a function of frequency
and rotation angle (θ). The sensitivity decreases for larger
rotation angles. In order to validate such an analysis, the
phase variations of a typical sensor with the dimensions given
in Fig. 1 are obtained as a function of rotation using full-
wave simulations in the CST Microwave Studio. The full-
wave simulation results are plotted in Fig. 4(a). Furthermore,
the sensitivity as a function of the rotation angle (θ) at a
fixed measurement frequency of0.54 GHz is calculated using
(11) and the resulting curve is compared with sensitivities
obtained based on the full-wave simulations in Fig. 4(b). The
close agreement between the results in this figure confirms the
analysis and the sensitivity predicted by (11). In this sensor, we
measure the phase variation at0.54 GHz, where the maximum
phase variation happens within (0◦−180◦) rotation range. Such
a frequency will be analytically calculated in this section. In
order to find the frequency that maximizes the sensitivity, we
take the derivative of (9) with respect toω and force the result
to zero. By doing so, the resulting equation will be biquadratic
in terms ofω and can be expressed as

3αω4 +
(

Z2
0C

2ω4
0α

2 − 2αω2
0

)

ω2 − ω4
0 = 0, (12)

whereα = 1 + kθ is the ratio between the total capacitances
for θ◦ and0◦ rotations. Solving the above equation results in

ω2 =

2αω2
0 − Z2

0C
2ω4

0α
2 +

√

(2αω2
0 − Z2

0C
2ω4

0α
2)

2
+ 12α2ω4

0

6α2
.

(13)

Equation (13) maximizes the sensitivity around a specific rota-
tion angle ofθ. However, to obtain a maximum dynamic range
(180°), we are interested to have the maximum phase variation
between the start (θ = 0◦) and the end (θ = 180◦) rotation
angles. In order to achieve this goal, theφin(180

◦)− φin(0
◦)

should be maximized. Based on (5), we have

φin(180°) = −2 arctan

(

1

Z0ωCβ
−

ω

Z0ω
2
0C

)

, (14)

and

φin(0°) = −2 arctan

(

1

Z0ωC
−

ω

Z0ω
2
0C

)

. (15)

In (14) we have

β =
C180°

C
, (16)

where C180◦ is the total capacitance of the LC resonator
for θ = 180◦ and C is the total capacitance forθ = 0◦.
These values can be estimated using (9) or more accurately
determined by curve fittings between the full-wave EM simu-
lations and circuit model simulations of a sensor with pre-
assumed dimensions of the capacitive patch based on the
desired final sensor size. In these simulations, arbitrary values
can be considered for the inductive trace. Now, in order to
find the frequency, where the maximumS11 phase variation
occurs between theθ = 180◦ and θ = 0◦, we should solve
the following equation

d(φin(180°)− φin(0°))
dω

= 0. (17)

The above equation results in (18) that is biquadratic in terms
of ω andω0.

3βω4 + ω2
(

βZ2
0C

2ω4
0 − (β + 1)ω2

0

)

− ω4
0 = 0. (18)

By solving (18) we obtain

ω2 =

ω2
0

6β

(

β + 1− βZ2
0C

2ω2
0 ±

√

12β + (βZ2
0C

2ω2
0 − β − 1)

2
)

(19)

The ω obtained from (19) is our operation frequency (mea-
surement frequency) since the maximum phase variation as a
function of rotation betweenθ = 180◦ and θ = 0◦ happens
at this frequency. Supposingω as our operation frequency,
resonance frequency of theLC tanks for an unloaded sensor
(θ = 0◦) is obtained by solving (18) in terms ofω0 as

ω2
0 = ω2β + 1±

√

(β + 1)2 − 12β (βω2Z2
0C

2 − 1)

2(βω2Z2
0C

2 − 1)
(20)

Page 4 of 11

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



MEHRJOO et al.: MICROWAVE ROTATION SENSOR BASED ON REFLECTION PHASE IN TRANSMISSION LINES TERMINATED WITH LUMPED RESONATORS5

0 1 2 3 4 5

0

60

120

180

240
C=0.8 pF, L=15.1 nH, β=3.166

C =1.4 pF, L=7.384 nH, β=3.166

C =1.2 pF, L=9.232 nH, β=3.166

Frequency (GHz)

�

0
-�

1
8
0
(d

e
g
.)

Fig. 6. Reflection phase difference between θ = 0
◦ and θ = 180

◦,
for three different sensors operating at 1.1 GHz with β = 3.166.

In (20), the solution that returns a positive real value for
ω0 is correct. The inductance (L) value is also known after
calculating theω0 value from (20). In order to investigate
validity of (20) for design purposes, three different circuit
level designs are considered and listed in Table I. In each
case, the operation frequency (f ), C and C180◦ are given.
Then, the resonance frequency of theLC tank andL value are
calculated using (20). Finally, the reflection phase difference
betweenθ = 0◦ and θ = 180◦ are calculated and plotted in
Fig. 5. Based on the curves in Fig. 5, the frequency, where the
maximum phase difference between the two states happens,
coincides with the pre-specifiedf for each case in Table I. The
high agreement between the results in Fig. 5 and the specified
f verifies (20).

Having a closer look into (11) reveals that the phase
sensitivity has a reverse relation withC meaning that a smaller
C results in a higher phase sensitivity. Thus, at a constant
working frequency (f ) and capacitance ratio (β), we expect
that smallerC results in larger phase variation of the sensor
betweenθ = 0◦ and θ = 180◦. This is verified by designing
the circuit element values for three different example sensors
operating at1.1 GHz with β = 3.166 for all of them. The
phase variation (∆φ) of these sensors betweenθ = 0◦ and
θ = 180◦ are simulated and plotted in Fig. 6, where they verify
the above analysis. Therefore, in real designs, it is desired to
have a smaller capacitance and larger inductance in theLC

tank to achieve a better sensitivity. However, the achievable
values ofL andC are always limited by the fabrication and
the used dielectric substrate.

B. Sensor Linearization

The Proposed sensor is able to measure the rotation up to
180°. However, as proven by the sensitivity analysis and the
results in Fig. 4, the phase variation saturates at high rotation
angles showing a nonlinear performance of the sensor. Note
that the phases are measured at a single frequency (0.54 GHz),
where the phase variation is maximum between0° and180°
rotation angles. Such a frequency was analytically calculated
in the previous section. In real applications, the interest is

l1

l2
l3

t Dielectric Slab

Fig. 7. Schematic view of the linearized phase variation rotation sensor.
l2 = 6.54 mm, l3 = 12.64 and gl = 1.6 mm. All other dimensions
are as in Fig. 1.

to linearize the sensing performance to avoid saturation of
the sensor phase variation at large rotation angles. Based
on (11), one approach to linearize the sensor might be to
decrease thek coefficient by reducing the relative permittivity
of the rotatable dielectric slab (εs). However, this also leads
to a reduced phase variation as a function ofθ. A more
practical implementation is to taper the width of the capacitive
patch along the rotation, as shown in an improved design
in Fig. 7. In such a configuration, the slot width is large
at the start of rotation. This causes a smaller variation of
the overall capacitance as the dielectric slab covers part of
the patch at small rotation angles. On the other hand, the
slot width becomes narrower towards the large rotation angles
meaning the variation of the overall capacitance as a function
of rotation is sharper for largeθ values. This reduces the
phase variation for the smaller rotation angles and enhances
the phase variation for the large rotation angles leading to
a linearized sensing characteristics. As demonstrated in our
previous work on a resonant displacement sensor [35], larger
tapering results in better linearity. The proposed linearization
technique is validated by the full-wave simulation results of
S11 phase for different rotation angles from0° to 180° with the
step size of15° in Fig. 8. Fig. 9 verifies a more linear profile
especially for large rotation angles achieved by tapering the
capacitive patch, by comparing the sensors withgl = 0.2 mm
andgl = 1.6 mm (the initial and linearized designs). Note that
the phases for the linearized sensor are measured at a single
frequency (0.68 GHz), where the phase variation is maximum
between0° and180° rotation angles.

C. Design Procedure

Based on the modeling, analysis, and the linearization
method introduced in the previous sections, here we develop
a step-by-step design procedure for the proposed rotation
sensor considering a pre-specified operation frequency (f ).
The developed design procedure is

(i) Set the operation frequency (f ).
(ii) Based on the available substrate and the rotating dielec-

tric slab, a circular patch should be designed as the capacitive
part of theLC tank. The patch dimensions should be chosen
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Fig. 8. Full-wave simulation results of the S11 phase for the linearized
sensor in Fig. 7, for different rotations from 0° to 180° with the step size
of 15°.
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Fig. 9. S11 phase variation for the the senosors with gl= 0.2 mm and
gl= 1.6 mm (the initial and linearized designs), for different rotations
from 0° to 180° with the step size of 15°.

based on the size limitation for the sensor. To achieve a linear
performance, the patch should be tapered as explained in the
previous section.

(iii) C0 and C180 should be determined. To this aim, the
patch can be simulated in series with an inductive trace with
logical arbitrary dimensions and the capacitance values for
θ = 0◦ and θ = 180◦ are obtained by curve fitting between
the full-wave EM and circuit model simulation results.

(iv) Based on the previous step,β is calculated using (16).
(v) Now, using (20), resonance frequency of theLC tank

(ω0) is obtained together with the inductanceL value. If (20)
does not return a real solution, it means that it is not possible
to achieve the specified operation frequency with the designed
capacitive patch. Thus, the patch dimensions should be re-
designed accordingly, or the operation frequency should be
changed.

(vi) Dimensions of the inductive trace should be designed
and fine tuned by curve fitting between the EM and circuit
model simulations to meet the designed value ofL in the
previous step.

Holder

Dielectric

Rotation applicator 

Resonator

Port

Fig. 10. The fabricated sensor prototype.

III. EXPERIMENTAL VALIDATION AND RESULTS

Using the analytical design procedure developed in the
previous section, a rotation sensor is designed to operate at
0.68 GHz with the layout in Fig. 7 to validate the rotation
sensing concept developed in the previous sections. The sensor
and the dielectric slab are fabricated using the same dielectric
materials mentioned in Section II. The fabricated sensor pro-
totype is shown in Fig. 10. A housing is designed to hold the
sensor using PMMA material. The rotating part is designed
using a cylinder that is marked to show the rotation angles
in 15◦ steps. This cylinder is attached to the semi-circular
dielectric slab using a foam spacer and can rotate the slab
with respect to the capacitive patch. In each measurement step,
the dielectric slab is rotated by15◦ and the corresponding
reflection phase response is measured and recorded using a
vector network analyzer (VNA). The measuredS11 phases
for rotation angles from0◦ − 180◦ are plotted in Fig. 11.
A comparison between the simulated and measured phases at
the design frequency of0.68 GHz is presented in Fig. 12. The
measurement and simulation results of phase variation are both
taken at0.68 GHz. As shown, There is a very good agreement
between the simulated and measured phase variation curves,
which verifies the application of the proposed rotation sensor
concept and the developed design procedure.

A comparison between the designed rotation sensor and
the state-of-art phase variation based rotation sensors in the
literature is provided in Table II. In this table, the average
sensitivity (Sav) is defined as

|Sav| =
1

n

n
∑

k=1

|Sk|, (21)

wheren is the number of the measured points. Both of the
sensor presented in [55], [58] requires simultaneous measure-
ment of bothS11 andS22 phases for determining the rotation
angle, while the presented sensor performs the measurement
based on phase variation ofS11 and using a single resonator.
This significantly simplifies the design of the measurement
electronics. In addition, the rotation sensor proposed in this
paper offers higher sensitivity than the one in [55] and
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TABLE II
COMPARISON WITH PREVIOUS PHASE VARIATION-BASED ROTATION SENSORS.

Ref. f0 (GHz) |Sav| Dyn. Range (°) Elec. size (λ2
g
) No. of Res. Resonator Type Operation Base

[55] 3.5 0.63 360 0.16 × 0.16 2 SRR Phase ofS11 andS22

[58] 4.7 Min: 0.91, Max: 1.32 180 0.5× 0.8 1 CSRR Phase ofS11 andS22

T.W 0.68 1.03 180 0.05× 0.14 1 SIR Phase ofS11
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Fig. 11. The measured S11 phase for the fabricated rotation sensor,
for different rotations from 0° to 180° with the step size of 15°.
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Fig. 12. Comparison of the simulation results and measured S11 phase
variation of the the fabricated senosor, for different rotations from 0° to
180° with the step size of 15°, measured at 0.68 GHz.

competitive sensitivity with respect to [58]. Our sensor offers
the smallest electrical size among the others.

IV. CONCLUSION

A phase variation-based rotation sensor is designed and
implemented in this paper. The sensor is modeled using
an equivalent circuit and an analytical equation is derived
using the circuit analysis for determining the frequency, which
maximizes the sensitivity. Furthermore, a tapering method of
the capacitive patch is introduced for linearizing the sensor
response and avoiding the sensitivity saturation at large rota-
tion angles. Based on the circuit analysis and the linearization
method, a step-by-step procedure is developed for the design
of a rotation sensor with a specified operation frequency
(f ). The proposed rotation sensing concept and the design

procedure are verified by fabrication and measurement of a
rotation sensor prototype operating at0.68 GHz. The sensor
performance has also been compared with the phase variation
rotation sensors in the literature. The comparison show a
very competitive performance with respect to the previously
published works in the literature.
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