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Abstract—We present the design of a new inductive proximity
sensor to detect metal targets and their direction of movement.
The proposed sensor design includes a base board with the
necessary microcontroller based circuitry for driving and reading
the sensing LC tanks and several different solutions for the
printed sensor coil. Different coil configurations are fabricated on
separate printed circuit boards designed to plug-and-play into the
base board. They are intended for different specific applications
including for sensing metal targets approaching perpendicularly
on the coil plane and for sensing and identifying the lateral
direction of movement (i.e., left-to-right or right-to-left). The
coil designs are studied via simulations using the freely available
Numerical Electromagnetics Code (NEC). A complete hardware
prototype is developed and demonstrated to detect different metal
targets, including copper, brass, aluminum, and stainless steel.
It is also shown that measurements obtained from hardware
experiments are in good agreement with the simulations.

Index Terms—inductive sensor, proximity sensing, printed coil,
Atmega32p, inductance to digital converter

I. INTRODUCTION

Inductive sensors exploit the principle of electromagnetic

coupling between the coil and the metal target. Some electro-

magnetic energy is transferred into the target when the target

enters the electromagnetic field produced by the sensor coil

[1]. This energy causes the occurrence in the metal target of

circulating eddy currents that induce reverse electromagnetic

field on the sensor coil, which is usually connected in parallel

with a capacitor to form an LC tank circuit. During operation,

the capacitor is charged by a short pulse, after which the LC

sensor starts to oscillate. As a consequence of the reverse

electromagnetic field, the effective inductance of the sensor

coil is reduced. The reduction in the coil inductance results

into a shift in the resonant frequency of the tank, which in

turn leads to a change in the amplitude of the signal across

the coil. This change can be detected and interpreted as the

fact that the metal target approached and entered the sensor’s

proximity. Inductive proximity sensors (IPS) offer several

advantages over capacitive and optical technologies including:

reliable operation in harsh environmental conditions, resistance

to contamination, immunity against oil, water and dirt, low

cost due to the magnet-free sensing, high temperature range,

and maintenance-free operation [2], [3].

II. RELATED WORK

Most of the traditional proximity sensing approaches used

a discrete coil component with a magnetic core to form

the primary LC tank, which suffers from large volumes and

higher costs. In an effort to address those limitations, printed

circuit board (PCB) coils have been introduced. While most of

the proximity sensor solutions focused on detecting metallic

targets, some studies proposed proximity sensors with the

capability of detecting both metal and non-metal targets [4],

[5]. Previous studies investigated also how temperature affects

the overall performance of the sensor, including the thermal

drift for different sensing distances [4]. Temperature sensors

were used also to develop techniques for self-calibration and

compensation for temperature effects [3]. For special appli-

cations, previous studies investigated printing the sensor coil

on flexible substrates to allow the sensor to be attached on

non-planar surfaces [6], [7].

III. PROPOSED SENSOR DESIGN AND HARDWARE

PROTOTYPING

A simplified block diagram of the base board of the pro-

posed sensor design is shown in Fig. 1.a. In this paper, we

study two different LC tank configurations, shown in Fig. 1.b

and Fig. 1.c. The LC tank from Fig. 1.b is used to detect targets

that approach the coil plane perpendicularly. The sensor from

Fig. 1.c is intended for use in applications where information

about the moving direction in addition to proximity detection

is needed. An individual LC tank is formed by a printed circuit

board coil inductor and a surface mounted device capacitor

connected in parallel with the inductor.

The based board includes the microcontroller unit (MCU),

which runs all the firmware algorithms. To reduce the number

of components, we use an inductance-to-digital converter

based approach. This is similar to previous studies in [2],

[11]. The MCU base board includes primarily the Atmega328p

microcontroller [12] and the LDC1101 inductance-to-digital

converter (LDC) [13] from Texas Instruments (TI). For further

cost reduction (i.e., use only one instance of the LDC con-

verter), a one-to-two analog switch is included to enable the

connection of the LDC converter to the LC tanks on the sensor

boards shown in Fig. 1.b and c. Thus, one or two LC tanks

can be connected to the inductance to digital converter via the

programmable 1-to-2 bidirectional switch (TI TS5A23157).

In addition, the base board includes a programmable clock

generator (Maxim DS1077L), which is programmed via I2C

from the MCU to supply a 10 MHz clock signal to the LDC





Fig. 2. Hardware prototypes of the base board and the two proximity printed sensor boards. Single coil: 7 turns, wire width 0.508 mm, wire spacing 0.762
mm. Dual coils: 14 turns, wire width 0.254 mm, wire spacing 0.381 mm. Complete design files can be found at [14].
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Fig. 3. Flowchart of the intelligent firmware executed on the microcontroller
- it automatically detects if the sensor board attached to the base board has
one LC tank only or two LC tanks.
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Fig. 4. Simulated magnetic field Hz for three different square loop sizes: 2
cm, 5 cm, 8 cm, and their sum (3.25 in is approximately 8.26 cm).

In the first experiment, we use the single LC tank sensor

board from Fig. 2, which is used to detect metal targets ap-

proaching perpendicularly the sensor plane. The experimental

Fig. 5. Experimental setup for testing the detection of metal targets approach-
ing the proximity sensor.

setup is shown in Fig. 5. A plastic ruler is used to measure

the distance between the metal target and the sensor plane,

measured perpendicularly to the plane of the printed PCB

coil. The metal target is moved towards the sensor plane

symmetrically along a perpendicular line in the center of the

sensor plane. The first time during this movement when the

base board senses the metal target, the red LED on the base

board turns on to indicate the detection. The distance between

the metal target and the sensor plane measured by the ruler at

that time is recorded and reported in Table I. In addition to

the red LED lighting-up to indicate the detection of the metal

target, short text messages are printed in a serial terminal on

the host PC (i.e., a laptop) via the FTDI converter that is also

used for the programming of the base board.

TABLE I
MAXIMUM DISTANCES WHERE METAL TARGETS ARE DETECTED AS THEY

APPROACH PERPENDICULARLY TO THE SENSOR PLANE.

Metal Target Max. Dist. [mm]

Aluminum 25
Copper 30
Brass 30

Stainless Steel 35

In order to plot the variation of the resonant frequency,

fSENSOR, of the single LC tank sensor with the distance

between the metal target and the sensor plane, we record the

resonant frequency values as the metal target moves towards

the sensor plane. The results obtained for the single LC

tank sensor board with each of the four different types of
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Fig. 6. Variation of the resonant frequency of the single LC tank sensor with
the distance between the metal target and the sensor plane.
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Fig. 7. Magnetic field in the z direction: experiments vs. simulations.

metal targets are shown in Fig. 6. During this experiment an

oscilloscope is used to measure the sensor frequency across

the LC tank.

In the second experiment, we use the dual LC tank sensor

board from Fig. 2, which is used to detect lateral movement

of the metal targets. The proximity sensor successfully detects

left-to-right and right-to-left movement of the targets. How-

ever, due to lack of space, we do not include here detailed re-

sults. Complete documentation, hardware and firmware source

files, as well as a video demonstration are made publicly

available at [14].

B. Hardware Measurements Versus Simulations

In this section, we report on the comparison between the

measurements of the magnetic field near the single LC tank

sensor board prototype from Fig. 2 and the values estimated

via simulations. These values are measured along the z direc-

tion, on a line perpendicular in the center of the sensor plane.

Figure 7 shows the amplitude of the magnetic field Hz [A/cm]

as the distance above the center of the coil grows from 1 to

9 cm. The agreement between simulation and measurement

is quite good. As mentioned previously, we see that Hz falls

linearly over the first 3 cm above the coil in both simulation

and the measured data.

VII. DISCUSSION AND FUTURE WORK

We observed that the proposed proximity sensor design

(prototyped as shown in Fig. 2) successfully detects differ-

ent metal targets approaching the sensor on a perpendicular

direction to the sensor plane. We also observed that hardware

measurements are in good agreement with the simulations of

the near-field magnetic field, measured along the z direction,

perpendicular to the sensor plane.

As future work, we plan to integrate the capability of

detecting both metal and non-metal targets into the proposed

sensor design [4], [5], Also, we plan to develop light-versions

of machine learning (ML) techniques and integrate them into

the main firmware algorithm to be able to distinguish between

different types of metals. Finally, while the simulations used

in this paper are to quantify and validate the operation of the

sensor coils, a custom in-house simulation framework can be

used to conduct a simplified design space exploration (DSE) in

order to find out the best combination of parameter values that

result in the best performance of the tank circuit. Currently,

we plan to investigate design parameters such as the width of

the printed conductor wire (W), the spacing between adjacent

conductors (S), and the total number of turns (N).

VIII. CONCLUSION

A new inductive proximity sensor design that uses printed

circuit board coils to detect the presence of metal targets and

their moving direction was presented. A hardware prototype

was created and used successfully in experiments to detect

the approaching and the lateral movement of metal targets of

aluminum, copper, brass, and stainless steel. Hardware mea-

surements were found to be in agreement with the simulations

of the near-field magnetic field generated by the sensor board.
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