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	 In this paper, we propose a simplified performance analysis for ultrasonic sensors, in which 
an open-loop design is compared with a close-loop controller area network (CAN) system. Using 
Arduino UNO microcontroller boards on Controller Area Network (CAN) System, the linearity 
and accuracy of HC-SR04 detecting modules are evaluated efficiently. Experimental results 
showed that the close-loop CAN system achieves faster response and higher accuracy under 
varying environmental conditions than the open-loop design. The method offers a practical 
solution for improving long-distance and wide-range ultrasonic measurements.

1.	 Introduction

	 Ultrasonic engineering has advanced considerably in recent decades,(1–4) finding applications 
in actuators,(5–10) sensing technologies,(11–19) industrial machining, and sonar systems. With 
progress in material engineering, ultrasonic waves are commonly generated by AC-powered 
natural crystals and piezoelectric ceramics operating above 20 kHz.(1,2) Despite their wide use, 
practical performance analysis for ultrasonic sensors remains limited,(20–32) particularly in 
detection system design. In this study, we present an open-loop performance analysis and 
propose a close-loop design based on Arduino UNO microcontroller boards and a controller area 
network (CAN) bus(33–36) for vehicle parking applications (Fig. 1). Ultrasonic sensing enables 
accurate distance and range measurements, which are widely applied in automotive parking 
detectors, with an effective detection range of 0.3–3.0 m.
	 The HC-SR04 detector integrates a horn, metal plate, piezoelectric ceramic, and AC input 
leads. The piezoelectric ceramic generates ultrasonic waves when energized and produces return 
signals upon echo reception. This cost-effective sensor is widely used for obstacle avoidance, 
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water-level sensing, and parking assistance. Practical testing showed that it covers a 45° scanning 
sector, with optimal performance within 30°.
	 In modern automotive systems, reliable communication between devices is essential for 
safety and efficiency. To address this, various automotive networks have been developed, as 
follows: CAN bus with data rates up to 1 Mbps, the Local Interconnect Network (LIN) bus 
limited to 20 kbps, and FlexRay bus, which supports up to 10 Mbps for advanced onboard 
computing. In this work, the HC-SR04 detector is implemented for distance measurement and 
data transmission via Arduino UNO for open-loop performance analysis, while close-loop 
design is achieved using MCP2515 CAN bus modules. Additionally, a ZeroPlus logic analyzer is 
employed to evaluate signal integrity and communication stability on the CAN bus. In this 
study, we compare the open- and close-loop systems under constraints of quick response and low 
power consumption, offering insights for future optimization.

2.	 Experimental Setup

	 In this paper, we propose a simplified performance analysis for ultrasonic sensors using an 
Arduino UNO circuit design and measurement technique. The operating principle of ultrasonic 
ranging is illustrated in Fig. 2. The HC-SR04 supports a wide input voltage range (3.3–5 V), 
making it compatible with low-cost microcontrollers such as Arduino UNO. It applies the sonar 
principle by transmitting a 40 kHz ultrasonic pulse and calculating the distance from the echo 
return time. The module provides stable readings with good accuracy and integrates a four-pin 
2.54 mm header, enabling easy prototyping on solderless breadboards.

2.1	 Open-loop measurement

	 As shown in Fig. 3(a), a 10 μs pulse applied to the “trigger” pin initiates ranging. The HC-
SR04 sensor emits an 8-cycle 40 kHz burst, and the echo pulse width, proportional to object 
distance, is measured by an Arduino UNO. The sensor linearity and accuracy are evaluated with 
this open-loop design. Figure 3(b) shows the wiring, where the trigger transducer emits pulses 
that reflect off objects and are received by the echo transducer. Travel time is converted into 
distance using the standard formula.(36)

Fig. 1.	 (Color online) Distance measurement of ultrasonic detection and ranging.
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Fig. 3.	 (Color online) (a) Open-loop measurement and (b) wiring diagram for Arduino UNO board with ultrasonic 
detector HC-SR04.

Fig. 2.	 (Color online) Ultrasonic wave sending and receiving on pulse signal reflections. 

(a)

(b)
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where
	 D is the physical distance between an object and the ultrasonic sensor (cm),
	 Dp is half the traveling distance of ultrasonic waves (cm),
	 t is the signal travel time (s),
	 v is the speed of sound in air (~343 m/s) at room temperature of about 25 ℃, and
	 d is the pitch of the emitter (Tx) and receiver (Rx) for a pair of ultrasonic sensors, as shown in 	
	 Fig. 2. If Dp/d> 10, sensing errors would be less than 1% for D and Dp
	
	 However, the measurement environment conditions—such as temperature, humidity, and 
atmospheric pressure—directly affect sensing accuracy. Errors of centimeter scale can occur 
within a 30 cm range, and larger errors arise at distances beyond 100 cm. Increasing the driving 
power of the emitter and enlarging the receiver amplitude can extend the measurement range. 
However, this also increases the number of reflected waves, which reduces efficiency and 
introduces additional errors, motivating the need for a close-loop approach.
	 The distance measured by the HC-SR04 ultrasonic sensor accounts for the round-trip travel 
of the signal, as shown in Fig. 4. The x-axis represents the sensor reading, whereas the y-axis 
shows the manually measured actual distance. The measurement error is calculated as
	
	 Error = Actual Distance－Sensor Reading, Error% = Error/Actual Distance × 100%.	 (2)

Fig. 4.	 (Color online) Linear relationship between the distance measured by the HC-SR04 ultrasonic sensor 
(x-axis) and the actual distance measured manually (y-axis).
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	 In Fig. 4, the blue dotted line represents the sensor readings, and the red dashed line indicates 
the ideal case where the sensor readings perfectly match the actual distance (y = x). A strong 
linear correlation is observed between the sensor readings and the actual distances. However, 
because Arduino UNO provides no feedback for double-checking the measurements, this lack of 
verification remains a notable limitation. As Fig. 4 shows, the results of the open-loop 
measurement indicate that the HC-SR04 sensor has high accuracy at short distances (≤50 cm) 
with an error of <5%. In contrast, at distances >150 cm, deviation increases, reaching 
approximately ~3–4%.

2.2	 Close-loop measurement on CAN bus

	 To extend the original open-loop design, a corresponding close-loop measuring system was 
implemented on a CAN bus. In this system, multiple devices communicate via CAN message 
frames, forming a simplified distributed embedded network. Reliable and real-time interaction 
between sensors and controllers is crucial for performance. The system integrates HC-SR04 
ultrasonic detectors and DHT11 temperature/humidity sensors on the CAN bus to transmit 
distance and environmental data across nodes. System behavior under varying thermal 
conditions was analyzed using the USBCAN II Pro device and GCAN Tools software.
	 The close-loop CAN system (Fig. 5) was designed to (1) integrate the HC-SR04 ultrasonic 
sensor with CAN bus communication, (2) transmit data frames between two Arduino UNO 
nodes (transmitter and receiver), (3) display measured distances on a 16 × 2 I2C Liquid-Crystal 
Display (LCD) via the CAN bus, (4) analyze CAN signals using a ZeroPlus logic analyzer, and 
(5) validate received data with GCAN Tools and assess accuracy against actual distances and 
ambient temperature.

Fig. 5.	 (Color online) Circuit schematic of Arduino UNOs connected with MCP2515 modules (photo) interfaced 
with ultrasonic sensor.
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	 The hardware and software configuration of the system includes the following.
•	 Arduino UNO (Transmitter & Receiver)—The transmitter reads ultrasonic data, whereas the 

receiver receives frames and displays distance on the LCD.
•	 HC-SR04 Ultrasonic Sensor & DHT11 Sensor—The HC-SR04 measures distance, and the 

DHT11 monitors temperature and humidity to evaluate CAN data stability under thermal 
variations.

•	 MCP2515 CAN Module—This connects the Arduinos and the USBCAN interface to 
implement CAN communication.

•	 ZeroPlus Logic Analyzer & USBCAN II Pro—The logic analyzer captures CAN signals, 
whereas USBCAN II Pro and GCAN Tools validate data frames and assess measurement 
accuracy relative to actual distances and ambient conditions.

3.	 Measuring Instruments and Experimental Techniques

	 The innovative CAN bus experimental setup, illustrated in Fig. 6, incorporates an XDS-
series oscilloscope, a USBCAN-II Pro interface with GCAN software, and a PC-based logic 
analyzer (LA). CAN dynamic protocol waveforms are captured and decoded in hexadecimal 
format via the oscilloscope and/or USBCAN-II Pro device with its associated software. The LA 
plays a critical role in protocol analysis, debugging, and system verification of the digital system, 
as well as in monitoring timing violations and transient events.
	 The device under test (DUT) communicates via the CAN bus, transmitting real-time data 
frames from both an ultrasonic sensor and a DHT11 temperature and humidity sensor. Prior to 
calibrating various ultrasonic sensors, the ZDS2000 signal board was used as a standard signal 
source for the entire CAN bus measuring platform.

Fig. 6.	 (Color online) Experimental configuration of CAN bus communication system.
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	 The experimental setup for CAN bus communication, shown in Fig. 7, integrates HC-SR04 
and DHT11 sensors with Arduino UNOs and MCP2515 CAN modules. Sensor performance was 
evaluated under various ambient temperatures, and the stability of CAN data transmission under 
thermal disturbances was assessed. The received data were validated using GCAN Tools and a 
PC-based LA, by comparing CAN-transmitted distance and temperature values against actual 
measurements. Data frames were encoded with appropriate identifiers, and the USBCAN II Pro 
device reads the transmitted frames for cross-verification. Environmental temperature effects 
were occasionally simulated using a hair dryer to test system robustness.
	 There is a simple correction through Node 2: Receiver in Fig. 7 as feedback on the internal 
calculation of an Arduino-microprocessor-connected MCP2515 CAN module. Also, all accuracy 
readings are displayed on a 16 × 2 array LCD, and they are stored into the memory for double 
checking the data. Therefore, this concept is similar to close-loop measurement but not a close-
loop control principle that offers the feedback action.

3.1	 USBCAN device with GCAN software

	 To analyze CAN bus data frames using the USBCAN-II Pro device (USBCANII), connect 
USBCANII to the CAN bus system via a USB interface. The procedure is as follows. (1) After 
the driver is installed for USBCANII, the setting up of the device manager is required. Moreover, 
(2) through the secure connections with the USBCANII to the computer, the CAN bus network 
is verified. Finally, data collection and analysis can be executed using GCAN software after 
configuring the correct baud rate. These collected data cover the complete CAN messages (ID, 
data, timestamp) for further analysis. Thus, the USBCANII and its software allow effective data 
collection and analysis, as shown in Figs. 8(a) and 8(b), while contributing significantly to the 
project’s success.

Fig. 7.	 Experimental setup and procedures of CAN bus communication.
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3.2	 ZeroPlus PC-based LA with ZP Studio software

	 A PC-based LA can be used to observe, capture, and analyze the protocol signals of CAN bus 
in real time. It complements software-only CAN sniffers by providing precise timing and signal 
integrity analysis. The typical workflow involves the following. (1) Through software and driver 
installation and set up, the LA’s probe pins are connected to the CAN_H and CAN_L lines using 
proper clip probes. (2) After connecting the ground clip to the common GND of the system, all 
probes are securely connected and insulated to avoid interference or short circuits. (3) By using 
the ZP Studio software and selecting the correct channel, the series signals are acquisitioned on 
the basis of the sampling rate (recommended: at least 10 times the CAN Bus baud rate; e.g., for 
500 kbps, use ≥ 5 MHz). (4) By applying the protocol decoder setting to CAN 2.0, the CAN data 
are captured and analyzed. Thus, a PC-based LA demonstrates its engineering function for 
capturing signals and triggering specific frame IDs or patterns. It is highly suitable to observe 
the waveform and to decode CAN frame information (ID, data, CRC, etc.). In CAN engineering, 
a PC-based LA is always applied to waveform and timing data to detect anomalies, voltage 
issues, or bus arbitration behavior, as shown in Figs. 9(a) and 9(b).
	 Using the values measured taking into consideration the effect of temperature as an 
environmental factor, shown in Table 1, root mean squared error (RMSE), standard deviation, 
and error distribution versus distance obtained from ultrasonic detectors were determined and 
are shown in Fig. 10. The CAN system stability and reproducibility are confirmed.

4.	 Results and Discussion

	 After the implementation of close-loop measurement on CAN bus, the following results were 
obtained: (a) CAN data captured using GCAN Tools with the USBCAN-II Pro device (Fig. 8), 
and (b) data captured using ZP Studio with the Zeroplus LA (Fig. 9). Table 1 summarizes the 
measured distances under different ambient temperatures (~16 and ~30 °C). The temperature 

Fig. 8.	 (Color online) Results of two experiments with various CAN temperatures from 16 to 30 ℃ using GCAN 
Tools. (a) Measured at 16 ℃ and 9 cm (hexadecimal 00 09) sensing distance. (b) Measured at 30 ℃ and 157 cm 
(hexadecimal  00 9D) sensing distance.

(a) (b)
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selections of 16 and 30 °C represent the natural ambient range of a standard experimental 
workshop in Taiwan, covering the typical seasonal variations throughout one year. Here, 16 °C 
represents the typical indoor temperature during a Taiwanese winter, and 30 °C represents the 
typical indoor temperature during a Taiwanese summer afternoon. The experiment was 
conducted in a standard lab classroom under Taiwan’s natural climate. Testing at 16 and 30 °C 
allows us to evaluate the system’s stability across the most common environmental temperatures 
in Taiwan. This ensures that the CAN-bus data and sensor accuracy remain reliable under real-
world ambient fluctuations.
	 The entire process was monitored using CAN frames captured with the USBCAN-II Pro 
device and GCAN Tools software. Our device successfully received and decoded the CAN 
message frames, with all transmitted distance and temperature data being consistently received 
in the correct format. Data for selected example message frames are listed in Table 2.

Fig. 9.	 (Color online) Results of LA measurements at temperatures and sensing distances of (a) 16 ℃ and 9 cm and 
(b) 30 ℃ and 157 cm, respectively.

Table 1
Measured distances with thermal effect considered as an environment factor in the close-loop measurement with 
ultrasonic sensors.

Actual distance 
Unit: cm

Low-temperature (~16 °C )
 Measured distance (cm)

High-temperature (~30 °C)
 Measured distance (cm)

Difference (heat) 
Unit: ℃

10 9 8 −1
20 19 18 −1
30 29 28/27 −1/−2
40 38 37 −1
50 48 47 −1
60 57 56 −1
70 67 66 −1
80 77 76 −1
90 87 86 −1

100 97 96 −1
110 107 105/106 −2/−1
120 117 115 −2
130 127 125 −2
140 137 135 −2
150 147 145 −2
160 157 155 −2

(a) (b)
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Table 2
Data of CAN protocol message frames from USBCAN-II Pro device at different temperatures.

Environment temperature at 16 ℃ Environment temperature at 30 ℃
Frame ID Data (Hex) Interpreted data Frame ID Data (Hex) Interpreted data

0x001 00 09 Distance = 9 cm 0x001 00 08 Distance = 8 cm
0x001 00 30 Distance = 48 cm 0x001 00 2F Distance = 47 cm
0x001 00 61 Distance = 97 cm 0x001 00 60 Distance = 96 cm
0x001 00 9D Distance = 157 cm 0x001 00 9B Distance = 155 cm

Fig. 10.	 (Color online) Characteristic curves and statistical analysis of data from thermal disturbance experiment 
using a hair dryer as a heater.
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	 Temperature and distance are critical and interrelated factors in ultrasonic sensing because 
sound velocity depends on air temperature, which directly affects time-of-flight distance 
calculations. As shown in Table 2, at higher temperatures, ultrasound travels faster, resulting in a 
shorter time-of-flight (shorter by about 1–2 cm). Thus, the speed of ultrasound in air is not 
constant, necessitating compensation to achieve accurate measurements for comparing system 
performance before and after CAN bus compensation. A 1.04–2.13% improvement in accuracy 
is attained after CAN bus compensation.
	 To evaluate system reproducibility, measurements were repeated five times at each distance 
point under the two temperature conditions (n = 5, total = 80 observations per condition). These 
results show mean errors of −2.500 ± 0.457 cm (RMSE = 2.545 cm) at low temperature (~16 °C) 
and −3.875 ± 0.764 cm (RMSE = 3.949 cm) at high temperature (~30 °C), confirming that 
thermal effects introduce a systematic negative bias consistent with increased acoustic 
propagation speed at elevated temperatures.
	 GCAN Tools software provided a real-time frame viewer and frame history log, enabling the 
visual verification of the ID, timestamp, DLC, and payload data. The representative screenshots 
under cold and warm conditions are shown in Fig. 11.
	 To investigate the effect of thermal disturbances on ultrasonic sensors, an experiment was 
conducted using a hair dryer to introduce warm airflow into the measurement environment. The 
hair dryer was positioned 10–15 cm from the sensor, directed sideways. Observations include the 
following.
•	 Sensor readings fluctuated around 46–47 cm despite the target object being fixed.
•	 When the object was moved far away (e.g., 160 cm), readings remained locked on the object.
•	 Eventually, the sensor reported distances of only 3–4 cm and became unresponsive.
•	 Resetting power restored functionality.
The disturbance to readings is primarily caused by thermal effects (increased sound speed), not 
acoustic noise, which resulted in shortened echo travel time and disrupted reflections. However, 
by addressing potential sources of error and measurement uncertainty, we strengthen the 
credibility and accuracy of the results obtained using the close-loop CAN system.

(a) (b)

Fig. 11.	 (Color online) GCAN Tools software display of the original data of CAN protocol message frames. (a) 9 cm 
distance at 16 ℃ and (b) 155 cm distance at 30 ℃.
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5.	 Conclusions

	 A simplified close-loop design for ultrasonic sensors was implemented on a CAN bus 
platform. The HC-SR04 successfully transmitted distance data via CAN bus to a 16 × 2 LCD, 
with correct transmission verified by GCAN Tools and USBCAN II Pro at 16 and 30 °C. 
Distance readings decreased at higher temperatures, reflecting the temperature dependence of 
sound speed. A PC-based LA confirmed stable, accurate CAN communication. These results 
indicate that environmental factors can be incorporated into the measurement and that HC-SR04 
and DHT11 sensors can be effectively integrated with CAN bus for practical applications. After 
applying the close-loop sensor design in a CAN system, the ultrasonic sensing technique can be 
focused on the integration of 3D ultrasonic sensor arrays in the microprocessor of Arduino UNO 
R4. Further studies with AI-driven sensor fusion based on the advanced microprocessor of 
Arduino UNO Q can enhance obstacle recognition in unstructured environments, enabling 
current limitations in angular resolution and long-range accuracy to be addressed.
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