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Abstract. This paper proposed a new type of time grating which adopts the two-

stage secondary re-modulation scheme, where the output signals from the first-stage 

induction electrodes are applied as the excitation signals to the second-stage 

excitation electrodes, so that the second stage induction electrodes generate the 

traveling wave output signals with effective measurement period. The measurement 

period over the full measurement range of the sensor is increased from N to 2N, and 

the resolution of the sensor is doubled. The second level induction electrode adopts 

a differential structure design, which can effectively reduce common mode 

interference, improve the anti-interference ability and measurement accuracy of the 

sensor, and achieve high-resolution and high-precision angular displacement 

measurement. Experimental results have shown that this scheme can achieve high-

precision displacement measurement. 
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secondary re-modulation 

1. Introduction 

Angle encoders are broadly utilized in industrial automation control systems such as 

industrial robots, precision machine tools, and automotive manufacturing to obtain 

angular position information [1-3]. With the development of industrial technology, there 

is an increasing demand for high-precision and high-resolution angular displacement 

sensors. Many researchers have also invested a lot of effort in this research field. Both 

optical grating encoders and capacitive encoders have a wide range of applications. 

The grating sensor utilizes the periodic grating line structure and the phase 

difference of the optical signal to measure the displacement of an object relative to its 

original position [4]. The grating sensors are widely used in precision measurement and 

control systems due to their high precision, resolution, and reliability, and are currently 

the most successful commercial encoders. However, the drawbacks of large size and 

heavy weight of grating encoders cannot be neglected, which makes it difficult for these 

angle sensors to be used in drone robots and portable robotic arms. In addition, as the 
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sensor size decreases, the difficulty of grating sensor manufacturing will significantly 

increase, which undoubtedly increases the cost of gratings application [5,6]. 

Capacitive sensors have received increasing attention due to their simple structure, 

low manufacturing cost, small size, and high measurement accuracy [7,8]. However, due 

to the edge effects, parasitic capacitance, installation, and other factors of capacitive 

sensors, the nonlinear errors within the measurement period are inevitably present in 

measurement results. Moreover, capacitive sensors are sensitive to electromagnetic 

interference, which limits their application range. 

This paper proposed a high-resolution and high-precision incremental time grating 

angular displacement sensor. The overlapping area integral method and the smoothing 

effect of the electric field can effectively suppress the influence of edge effects on 

nonlinear errors within a measurement period, this is what the traditional capacitive 

sensors cannot achieve [9-11]. This paper adopts the second re-modulation principle, the 

first stage induction output signal is loaded onto the second stage excitation electrode as 

an excitation signal. The measurement period over the full measurement range of the 

sensor is increased from N to 2N, and the resolution of the sensor is doubled. The second 

level induction electrode adopts a differential structure design, which can effectively 

reduce common mode interference, improve the anti-interference ability and 

measurement accuracy of the sensor, and achieve high-resolution and high-precision 

angular displacement measurement. The application of the principle of secondary 

modulation eliminates the need for reflective rings in sensors and reduces their external 

dimensions. 

2. Sensor design and measurement principles 

The time grating sensor utilizes orthogonal electric fields to construct a highly stable and 

uniform motion reference frame, converting the measurement of displacement between 

two points in space into a measurement of time, thereby achieving the use of time to 

measure space. The basic structure of an angular displacement capacitive sensor based 

on time grating employing a two-stage secondary re-modulation scheme is illustrated in 

Figure 1(a). The stator substrate is equipped with the outer ring first stage fan-shaped 

excitation electrodes and inner ring second stage dual sinusoidal induction electrodes; 

the rotor substrate is equipped with the outer ring first stage dual-sinusoid-shaped 

induction electrodes and inner ring second stage arc-shaped excitation electrodes.  

Every four adjacent fan-shaped excitation electrodes on the stator substrate are 

defined as the +S, +C, −S, and −C excitation electrode sets and form a measurement 

period, there are a total of N measurement period within the entire measurement range. 

Four mutually orthogonal excitation signals with equal amplitudes and π/2 phase 

differences U+s =+Amsinωt, U+c=+Amcosωt, U-s= Amsinωt and U-c = Amcosωt are 

loaded onto the first stage +S, +C, −S, and −C excitation electrodes to form a uniformly 

motion alternating electric field, and realize the conversion from displacement 

measurement to time measurement, where Am is the amplitude of the excitation signal, 

and ω is the angular frequency. 
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Figure 1. Schematics illustrating the proposed angular displacement time-grating sensor: (a) Basic structural 

model of the proposed sensor; (b)Schematic diagram of secondary re-modulation scheme.

In working condition, the output signal of the first stage induction electrodes can be 

expressed as
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Here, K1 is the amplitude of Uo1, Uo2, Uo3, Uo4, and the magnitude of Uo1, Uo2, Uo3, 

Uo4 varies with respect to the value of θ with a proportionality constant N. Uo1, Uo2, Uo3, 

Uo4 are the first stage induction output signals.

The induction traveling wave signals in Eq. (1) include not only the spatial position 

information of the first stage, but also can be applied as the excitation signals for the 

second stage excitation electrodes, as illustrated in Figure 1(b). However, it must be 

emphasized that the loading order of the second stage excitation signal is Uo1, Uo4, Uo3, 

and Uo2 each with a phase discrepancy of π/2, which is opposite to the loading order 

of the first stage excitation signals. The second stage output signal was represented as 

follow.


 � 
 � 
 � 
 �

 � 
 � 
 � 
 �


 �

 �

1

1

2

sin1 cos 1 sin cos

1 cos 1 sin cos
2

sin

4 2si

n 2

n

si

os

N t N N t N
U K

N t N N t N

K t N

K t N

r r

r r

� � � � � �

� � � � � �

� �

� �

�

� � � � � � ��� � � � �
� �
� � � � � �� �� � � �	

� � �
�

� � � �

�

�
� � �

�

r ��
����1 co1 co
�
���

�
��
�1��1��




si t

i 


(2)

Here, K2 = −4K1rΔr. As expected, output traveling wave signal varies 

proportionately with respect to angular displacement θ, but with a proportionately 

constant of 2N. Due to the differential arrangement of the second stage induction 

electrode, the final output signal can be represented as
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This differential design facilitates the elimination of common mode interference, 

and improves the ability of the sensor to resist electromagnetic interference, which is 

beneficial for improving the measurement accuracy of the sensor. The excitation signals 

are emitted from the stator, and the induction signals are received from the stator. The 

design of the secondary re-modulation scheme avoids the use of signal reflection rings 

and reduces the external dimensions of the sensor. 

3. Experiments 

The sensor prototype was fabricated by the PCB processing, the stator and rotor were 

installed concentrically with a gap d=0.3 mm. The single measurement period 

measurement results obtained by the sensor prototype were shown in Figure 2. The 

maximum deviation value of a single measurement period error is about 10", the error 

components within the single measurement period are mainly the first order harmonic 

error and fourth-order harmonic error. Among these, the first-order harmonic error is 

mainly caused by external interference, plate interference, and installation errors. The 

main cause of fourth-order harmonic error is edge effects involved with the capacitors of 

the sensor and the difference between the reading heads. The peak-to-peak measurement 

error over the full 360° range was about 15", which is slightly greater than the 

measurement error within a single measurement period, as shown in Figure 3. The above 

measurement results indicate the sensor prototype can achieve high-precision 

displacement measurement. 

 

 

Figure 2. Measurement error within a single period: (a) measurement errors over a single measurement period 

of the proposed sensor; (b) the corresponding error frequency spectra. 
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Figure 3. Measurement errors over a full 360◦ measurement range. 

4. Conclusions 

In this paper, the secondary re-modulation scheme based on time grating was proposed. 

In this scheme, the first stage induction output signal is loaded onto the second stage 

excitation electrode as an excitation signal. The measurement period over the full 

measurement range of the sensor is increased from N to 2N, and the resolution of the 

sensor is doubled. The second level induction electrode adopts a differential structure 

design, which can effectively reduce common mode interference, improve the anti-

interference ability and measurement accuracy of the sensor, and achieve high-resolution 

and high-precision angular displacement measurement. Experimental results have shown 

that this scheme can achieve high-precision displacement measurement. 
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