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Abstract— This paper presents the design and 
experimentation of a high-speed optical wireless 
communication front-end transceiver circuit tailored for in-
pipe robot communication applications. The design process 
encompasses circuit simulation using the TINA-TI 
simulation program, PCB fabrication, and subsequent testing 
within a plastic pipe environment. Experimental findings 
indicate a system frequency bandwidth of 19.53 MHz for 
analog modulation at an HB-LED wavelength of 475nm and 
300 mA, with an observed attenuation rate of 0.24 dB/cm 
within the in-pipe setting. Digital modulation experiments 
yield peak data rates exceeding 50 Mbps for OOK 
modulation and over 20 Mbps for the PRBS signal. These 
results hold significant promise for the advancement of 
optical wireless communication applications in robotics and 
future 6G communications. 

Keywords— Optical wireless communication, Inspection 

robots, In-pipe communication. 

I. INTRODUCTION  

Currently, robot technology has taken on more roles and 
duties in place of humans, especially in dangerous and risky 
areas. and areas that are difficult to access. This can be clearly 
seen from a group of researchers who study and develop 
robots that survey water pipes by allowing the robot to 
explore and collect information about the environment in 
pipes that are buried underground [1], etc. 

Wireless communication technology is essential for 
underground in-pipe robots as it enables seamless 
communication between robots and users, as well as between 
different robots. The use of wireless systems is primarily 
driven by their ability to cover long distances and their cost-
effectiveness. There are three commonly used forms of 
wireless communication: acoustic waves, radio waves, and 
optical wireless communication [1]. 

Acoustic wireless communication offers efficient 
underwater transmission, low power usage, compatibility 
with existing infrastructure, and reduced electromagnetic 
interference [2]. Its ability to propagate over long distances 
and penetrate obstacles makes it ideal for underwater 
applications like oceanography and underwater navigation. 

However, acoustic wireless communication suffers from 
lower data rates, susceptibility to noise and interference, 
limited bandwidth, higher latency [3], and environmental 
sensitivity compared to RF communication. 

While RF communication provides benefits such as 
higher data rates, wider bandwidth, lower susceptibility to 
environmental factors, longer range, and more reliable 
performance, its use in underground pipes is hindered by 
challenges like signal attenuation, interference, multipath 
propagation, limited penetration, and increased power 
consumption. These factors can diminish signal quality, 
restrict communication range, and undermine reliability in 
subterranean settings [4]. 

Optical wireless communication systems (OWC) 
represent a cornerstone technology in 6G communication. 
They offer substantially higher bandwidth capabilities 
compared to RF systems, facilitating faster data transmission 
rates, making them ideal for applications demanding high 
data throughput [5], [14]–[16]. Optical signals are impervious 
to electromagnetic interference, enhancing signal reliability 
in environments with electronic devices or electromagnetic 
radiation sources. Additionally, optical communication 
systems generally exhibit lower latency than RF systems, 
making them well-suited for real-time data transmission 
needs in scenarios like high-frequency trading or interactive 
gaming [6], [7]. 

Overall, optical wireless communication offers numerous 
advantages compared to both acoustic and RF 
communication technologies. It provides higher bandwidth 
and data rates, lower susceptibility to interference, enhanced 
security due to the directional nature of light, lower latency, 
and freedom from spectrum congestion [9]–[11]. 
Additionally, optical wireless communication is more 
suitable for environments where RF signals may face 
challenges, such as underwater or in areas with high 
electromagnetic interference [8]. 

The front-end part of optical wireless communication 
serves as the interface connecting the optical transmitter and 
receiver components to the rest of the communication system 
[12], [13]. The main purpose of this device is to effectively 
convert electrical signals into optical signals for transmission 
and vice versa. These tasks involve data modulation and 



 

demodulation, signal amplification, noise filtering, and the 
management of transmission and reception. In addition, it 
may contain signal conditioning components, such as 
equalization or amplification, to enhance the performance of 
the communication link [16]. 

The primary objective of this study is to develop a 
specialized front-end circuit for optical wireless 
communication that can be seamlessly integrated with a pipe 
inspection robot. The experimental results will demonstrate 
the data transmission performance within a plastic pipe with 
a diameter of 50 mm, which encompasses both analog and 
digital formats. 

The design process of the optical wireless communication 
front-end circuit is thorough, encompassing simulation, 
fabrication, and rigorous testing. The performance of the 
communication system was evaluated by simulating it using 
TINA-TI Simulation and then fabricating the circuit. The 
circuit's effectiveness was evaluated through actual testing 
conducted on a small plastic pipe measuring 50mm in 
diameter, yielding valuable insights. The circuit's 
performance and reliability were thoroughly evaluated in 
practical scenarios using both analog and digital modulation 
schemes during testing. This comprehensive approach 
guarantees the creation of a strong and effective optical 
wireless communication system that is suitable for a wide 
range of applications. 

II. OWC FRONT-END CIRCUITS DESIGN AND 

SIMULATION 

In this section, we explore the design intricacies of the 
optical wireless communication (OWC) front-end circuit, 
encompassing both the OWC transmitter and receiver. 
Simulation tasks are seamlessly facilitated through the 
utilization of the TINA-TI Simulation software. 

 
A. OWC transmitter design 

Fig. 2 depicts the operational schematic of the OWC 
transmitter circuit. It showcases the utilization of high-speed 
MOSFET drivers, which are the ISL55110, to drive the input 
signal for amplification through the IRF7103. The amplified 
signal is then directed towards powering a 1W LED that emits 
light at a wavelength of 475nm. The process entails 
modulating the input signal with the carrier signal of the LED 
while maintaining a constant current of 300 mA for optimal 
LED performance. 

Fig. 3 illustrates the simulation outcomes of the OWC 
transmitter circuit. The LED operates with a consistent 
current of 300 mA and is modulated using a pulse input 
signal. This modulation approach enables higher data 
transmission speeds compared to using on-off modulation, 
which can introduce signal delays [16]. 
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Fig. 2. Schematic diagram of the OWC transmitter for robot 
inspection. 
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Fig. 3. Schematic diagram of the OWC transmitter for robot 
inspection. 

 

B. OWC receiver design 

Fig. 4 depicts a schematic diagram of the OWC receiver 
circuit, comprising four analog sub-circuits: the trans-
impedance amplifier, equalizer, post-amplifier, and pre-
detection filter. The four subsystems are interconnected in a 
cascade and are designed to be used on the same printed 
circuit board (PCB). The circuit functions using two power 
supply rails: +1 2 V and -1 2 V. The -1 2 V supply is used to 
apply reverse bias (VR) to the photodiode (PD). The +1 2 V 
supply powers the linear regulator, which generates the 
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Fig. 1. depicts the experimental setup of the OWC front-end utilized in the experiment. 



 

necessary +5 V and -5 V voltage levels for the operational 
amplifier functions. 
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Fig. 4. Schematic diagram of the OWC receiver for robot 
inspection. 
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Fig. 5. Simulation results for the gain and total noise of the 
TIA are presented. 
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Fig. 6. Simulation results for the post-amplifier and filter 
response. 
 

The simulation results for the trans-impedance amplifier 
are shown in Fig. 5(b). The average gain value within the 
operational range is 60.08 dB, with a maximum frequency of 
20.19 MHz. Furthermore, fig. 5(a) illustrates the simulation 
results, showing a noise value of 24.07 µV at a frequency of 
20 MHz. Fig. 6(a) shows the simulation results for the post-
amplifier circuits, demonstrating a gain of 29 dB across a 
frequency bandwidth of more than 20 MHz. Fig. 6(b) 
displays the frequency response of the circuit, covering a 
range of 0 to 20 MHz. In addition, the simulation results show 
that the pre-detection filter has an S21 value of -0.5 dB and a 
-3 dB frequency bandwidth of 21.2 MHz. 

C. Window comparator module 

Fig. 7 illustrates the schematic diagram of the window 
comparator module, which comprises two analog 
subsystems: the window comparator and the differential 
PECL to TTL logic translator. The output signal is digitized 
by applying a composite signal to an AC coupling and a 0 .5 
V DC offset circuit, which centers the composite signal 
within the range of 0  V to 1  V of the window comparator. 
This comparator consists of IC1 and a dual comparator, IC2. 

The pulse threshold detection voltage (VREF+) is set at 
0 . 7 5  V.  Afterward, the differential PECL outputs of the 
window comparators are directed to the PECL to TTL 
translator IC2. 
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Fig. 7. Schematic diagram of the window comparator circuit. 
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Fig. 8. Simulation results for the window comparator circuit. 
 

The simulation outcomes of the window comparator 
circuit are shown in Fig. 8. The output signal shows an 
average level of 4.37 volts, although there is a small phase 
difference when compared to the input signal. The observed 
deviation is a result of signal delays caused by the cascaded 
amplifier equipment. 

III. IN-PIPE EXPERIMENTAL SETUP 

In this section, we will explore the process of establishing 
an experiment to assess optical wireless communication in a 
plastic pipe environment. The objective is to evaluate the 
influence of pipe conditions on different parameters and the 
effectiveness of data transmission facilitated by the designed 
circuit. 

Fig. 1  depicts the experimental setup devised for testing 
data transmission through a plastic pipe. The pipe measures 
5 0 mm in diameter and spans a length of 3 5 0 mm. The 
experiment utilizes two modulation schemes: analog signal 
modulation and digital modulation. The experimental analog 
modulation scheme utilizes a sine wave signal generated by 
the RF signal generator E8257D. The frequency range of this 
spans from 125 kHz to 30 MHz, while the amplitude is set at 
10 dBm. The LED specified for this particular application is 



 

the Osram 720-LBCRBPA6186, which operates at a 
wavelength of 475nm. The decision to employ blue LEDs is 
driven by their wider bandwidth, which allows for faster data 
transmission at the receiver end. The analog signal received 
by the receiver circuit is directed to the spectrum analyzer 
N9000A in the experimental setup. Afterwards, the data is 
captured and recorded on a computer using a Python 
program. This program allows for control of the two 
measuring instruments through the TCP Modbus protocol. A 
digital pseudorandom binary sequence (PRBS) signal is 
generated in the digital modulation scheme using an arbitrary 
function generator, such as the Keysight 33500B. The signal 
is subsequently modulated into the circuit of the LED 
transmitter. The signals on the receiver end are measured 
using a digital oscilloscope, which is the DXOX2024A, to 
record the data rate of the received data. 

IV. IN-PIPE MEASUREMENT RESULTS 

In this section, we will delve into the experimental results, 
specifically focusing on the frequency response of analog 
transmission within the plastic pipe as well as the observed 
attenuation in the connecting pipe. Examine and evaluate the 
frequency bandwidth of the system when utilizing an analog 
signal. The subsequent phase of testing involves examining 
the experimental outcomes of employing digital modulation. 
This includes evaluating the data rate achievable with the 
designed circuit within the pipeline data transmission 
environment, along with determining the modulation 
bandwidth utilized for digital modulation. 

 
A. Analog modulation scheme response 

Fig. 9 illustrates the frequency response of analog signal 
transmission within the in-pipe environment at distances of 
350 mm and 1,000 mm. The experimental results, when 
normalized, reveal that increasing the bias current of the LED 
leads to an expansion in the frequency bandwidth (3 dB 
bandwidth). The measurement results indicate that the 
maximum frequency bandwidth, as depicted in Fig. 10 (b), 
reaches 19.53 MHz at an LED current of 300 mA. 
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Fig. 9. illustrates the frequency response of analog signal 
transmission. 
 

Fig. 10 (a) illustrates the signal levels measured at various 
lengths of the plastic pipe, showcasing a decline in signal 
strength with increasing pipe length. The observed variation 
in signal levels across different pipe lengths amounted to 
15.68 dB. Utilizing (1), the attenuation rate per unit length is 
computed at 0.24 dB/cm for a wavelength of 475 nm. 

(a)

(b)

0.24dB/cm 

 
Fig. 10 illustrates the attenuation value corresponding to each 
pipe length and the frequency bandwidth relative to the LED 
current. 
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B. Digital modulation scheme response 

In the digital modulation scheme experiment, two types 
of signals are utilized for modulation. Firstly, modulation 
with an on-off keying (OOK) is employed, where the duty 
cycle of the pulse signal is set at 50% with an amplitude equal 
to 5 Vrms. The signal frequency is then varied from 100 kHz 
to 20 MHz. 

Fig. 11(a) depicts the relationship between frequency 
bandwidth and output amplitude in the context of OOK signal 
modulation. In Fig. 11(b), it can be observed that as the 
frequency bandwidth increases, the output amplitude 
decreases, and the bit rate increases. 

(a)

(b)

 
Fig. 11. shows the OOK modulation frequency bandwidth, 
bitrate, and output amplitude relationship. 
 

Figs. 12(a)–(b) illustrate the correlation between bitrate, 
output amplitude, and frequency bandwidth in the context of 
the PRBS signal. It is important to note that as the bit rate 
increases, there is a corresponding rise in frequency 
bandwidth while the output voltage decreases. 

Figs. 13 (a)–(f) illustrate the output signal obtained from 
the Transimpedance Amplifier (TIA) circuit of the 
receiver. As the transmission frequency increases, the 



 

waveform of the signal undergoes changes due to the 
scattering effect within the pipe, resulting in a decrease in 
signal strength. For instance, at a frequency of 100  kHz, the 
signal amplitude measures 293 mVp-p, with a bit rate of 201 
kbps. Conversely, at a frequency of 20 MHz, the signal level 
decreases to 129 mVp-p, with a bit rate of 51 Mbps. 

(a)

(b)

 
Fig. 12. shows the PRBS signal frequency bandwidth, bitrate, 
and output amplitude relationship. 
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Fig. 13. illustrates the received output signal resulting 

from OOK modulation at the receiver. 
In the modulation using a PRBS signal, the investigation 

aimed to assess the frequency bandwidth utilization by 
progressively increasing the data bitrate from 100 kbps to 20 
Mbps, as depicted in Figs. 14 (a)–(f). 
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Fig. 14. illustrates the received output signal resulting from 
the PRBS signal at the receiver. 
 

The results demonstrate a direct correlation between 
bitrate and frequency bandwidth, where higher bitrates 
correspond to increased bandwidth consumption. However, 
concurrently, there is a reduction in the received signal level 
with escalating bitrates. For instance, at a bitrate of 100 kbps, 
the frequency bandwidth measures 3 3 . 3  kHz with an 
amplitude of 306 mVp-p. Conversely, at a bitrate of 20 Mbps, 
the frequency bandwidth extends to 3 . 9 7  MHz, with an 
amplitude of 171 mVp-p. 

Fig. 1 5 displays the fabrication of the OWC front-end 
circuit, while Fig. 1 6  showcases the test setup specifically 
designed to evaluate optical wireless communication in an in-
pipe environment.  

This study elucidates the intricate interplay between 
modulation schemes, signal frequencies, and pipe lengths that 
critically affect the performance of OWC systems within pipe 
environments. By optimizing the LED bias current and 
carefully selecting modulation parameters, enhancements in 
data transmission capabilities are achievable, along with 
notable reductions in signal attenuation. 

The research successfully demonstrates the potential of 
OWC systems to achieve data transmission speeds of up to 
20 Mbps. However, this study's scope does not explicitly 
address the presence of an acceptable bit error rate (BER), 
despite its critical role in understanding the limits of data 



 

transmission reliability. Future investigations are essential to 
quantify the BER further and to refine the system to balance 
speed and error rate effectively, ensuring robust and reliable 
communication in complex in-pipe settings. This 
groundwork lays the foundation for advancing OWC 
technology, particularly in enhancing in-pipe communication 
systems, where traditional methods may falter. Furthermore, 
studies have shown that the pipe's maximum distance is 1 
meter. Nevertheless, when used at greater distances, it 
becomes necessary to augment the signal intensity. 
Increasing both the input and the gain of the optical receiver. 

 
Fig. 15. displays the fabrication of OWC front-end 
transceiver circuits. 

 
Fig. 16. An experimental test rig was implemented in 
the research. 

V. CONCLUSION 

In conclusion, this study showcases the development and 
evaluation of a high-speed optical wireless communication 
front-end transceiver circuit tailored specifically for in-pipe 
robot communication scenarios. Through a comprehensive 
design process involving circuit simulation, fabrication, and 
testing, the performance of the system was thoroughly 
assessed within a plastic pipe environment. The test results 
show that the frequency range for analog modulation is quite 
large, at 19.53 MHz, and the attenuation rate in the in-pipe 
setting is 0.24 dB/cm. Additionally, digital modulation 
experiments yielded impressive peak data rates exceeding 50 
Mbps for OOK modulation and over 20 Mbps with the PRBS 
signal. These findings underscore the potential of optical 
wireless communication technologies to enhance 
communication capabilities for robotic applications and pave 
the way for future advancements in 6G communications. 
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