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Abstract—The evolution of communication network archi-
tectures is steering towards more sustainable, flexible, and
lightweight designs, particularly with the advent of sixth-
generation (6G) mobile communications. Spectrum-rich optical
integrated systems are anticipated to play a crucial role in
this transformation, offering significant advantages such as high
data rates, reduced interference, and improved energy efficiency.
This paper introduces and experimentally demonstrates a novel
optical integrated communication, sensing, and power transfer
(O-ICSPT) system. The proposed system integrates optical wire-
less communication, sensing, and wireless power transfer into a
multifunctional framework, addressing the limitations of existing
systems in terms of flexibility and resource utilization. The
experimental setup investigates the effects of bias current, peak-
to-peak voltage, and light source wavelength on the performance
of each functional module. Experimental results indicate that the
O-ICSPT system achieves a maximum data rate of approximately
632.58 Mbps, a best ranging root mean square error approaching
0 m, and a peak energy harvesting capability of about 10.02 mW.
These findings underscore the potential of the O-ICSPT system
in future 6G integrated communication networks, marking the
first experimental validation of such a system.

Index Terms—Optical integrated communication-sensing-
power transfer, laser wireless communication, retroreflective
optical sensing, laser power transfer.

I. INTRODUCTION

IX-GENERATION (6G) mobile communication is en-
countering profound technological revolution and has
emerged a key focus of global research. To address the
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growing demands of hundreds of millions of Internet of
Things (IoT) devices and mobile users for ultra-large-scale
interconnectivity within access networks, 6G will fully utilize
a broad spectrum of resources, including millimeter wave,
terahertz, and optical bands [1]. To meet the diverse needs
of various vertical industries, 6G will deeply integrate com-
munication, sensing, and power transfer, giving rise to con-
verged application scenarios such as integrated sensing and
communication (ISAC) and simultaneous wireless information
and power transfer (SWIPT) [2], [3]. The architecture of
communication networks is evolving toward multi-network
convergence, multifunctional integration, and designs that are
green, flexible, and lightweight [4], [5]. Optical wireless com-
munication (OWC) utilizes an extensive unregulated spectrum
ranging from 3 THz to 300 PHz, encompassing infrared,
visible, and ultraviolet light, offering advantages such as high
data rates, immunity to electromagnetic interference, ease of
integration, energy efficiency, and enhanced security [6]. In
this context, optical integrated systems such as optical ISAC
(O-ISAC) and simultaneous lightwave information and power
transfer (SLIPT) have attracted unprecedented attention [7],
[8].

The distinctive characteristics of optical front-ends and
channels offer significant advantages for both communication
and sensing [7]. O-ISAC systems are capable of fully exploit-
ing the expansive bandwidth of optical signals, thereby facili-
tating high-speed communication and high-resolution sensing
[9]. These systems demonstrate excellent performance in radio
frequency (RF) sensitive environments and are particularly
effective in indoor and underground settings, where satellite
signals are typically obstructed [10]. The performance of
communication and sensing in O-ISAC systems is intricately
linked to the waveforms employed. Various waveforms, such
as pulse sequence sensing combined with pulse position modu-
lation [11], pulse amplitude modulation [12], linear frequency
modulation integrated with continuous phase modulation [13],
and direct current biased optical orthogonal frequency divi-
sion multiplexing (DCO-OFDM) [14], [15], have been ex-
plored for their potential in O-ISAC systems. To optimize
the performance of O-ISAC systems, both communication-
centric and sensing-centric resource allocation strategies have
been proposed, tailored to specific application scenarios [16],
[17]. Additionally, the directionless O-ISAC and directional
O-ISAC frameworks have been introduced to overcome the
inherent trade-off typically encountered in conventional RF-



ISAC systems [18]. Channel models for O-ISAC systems, con-
sidering both non-line-of-sight [19] and line-of-sight (LOS)
[20] links, have been systematically developed, providing
a theoretical foundation for network optimization and the
evaluation of emerging O-ISAC technologies.

One of the key challenges in delivering services to an
expanding number of smart nodes is the limited energy
resources of wireless devices. Energy harvesting (EH) has
emerged as a promising technological solution to extend the
operational lifetime of wireless networks [21], [22]. The use
of optical wireless signals for both communication and EH
dates back to [23], where a solar panel receiver was designed.
The concept of SLIPT was first introduced in [24]. Following
this, performance trade-offs for various application scenarios,
including indoor [25], underwater [26], and aerial platforms
[27], were examined, alongside analytical models for beam
propagation [28], [29]. Moreover, intelligent reflective surfaces
[30] and reinforcement learning [31] have been explored to
enhance the performance of SLIPT systems. Several studies
have also reported experimental data on SLIPT systems [32]—
[36]. Zhang et al. achieved a data rate of 34.2 Mbps and
an EH of 0.43 mW using organic photovoltaics (PV) [32].
Using a perovskite PV, a 660-nm LD-based 40 cm link was
demonstrated, reporting an average data rate of 49 Mbps and
highlighting the ability to harvest between 3 mW and 5 mW of
power [33]. In [34], Tavakkolnia ef al. demonstrated a data rate
of 363 Mbps and an EH of 10.9 mW by utilizing a specially
fabricated organic PV in a 4 x 4 multiple-input multiple-output
(MIMO) system. In [35], a 3 x 3 MIMO system employed
photodetectors to achieve a data rate of 85.2 Mbps while gen-
erating 87.33 mW of power. It is noteworthy that photodiode
(PD) and PV offer distinct advantages in information decoding
and EH, respectively [36]. The demonstrated EH levels in the
tens-of-milliwatts range are well-suited to powering low-power
devices in emerging IoT applications [35]. Such power levels
are sufficient to sustain the operation of wireless sensor nodes
used in environmental monitoring, wearable health systems,
and indoor localization beacons, which are typically built
around ultra-low-power microcontrollers. These applications
prioritize long-term autonomy and minimal maintenance, mak-
ing the integration of optical EH particularly advantageous.

A growing number of IoT applications, with broad prospects
across domains such as smart cities, smart oceans, and smart
exploration, are continuously emerging. A large number of
low-power devices have been integrated into wireless networks
to perform sensing and communication tasks [37]. Especially,
autonomous wireless sensor networks deployed in remote or
hazardous environments face an urgent need to extend battery
life or achieve battery-free operation, thereby reducing the
reliance on manual recharging or battery replacement. Mean-
while, the quality-of-service requirements of mobile terminals
are becoming increasingly diverse, encompassing high-speed
data transmission, high-precision sensing, and sustainable op-
eration [38], [39]. Existing OWC, optical sensing, and optical
wireless power transfer (OWPT) systems, due to their single-
function nature and competition for resources, are no longer
adequate to meet the growing complexity of functional de-
mands and the goals of green development. Extensive research

on O-ISAC and SLIPT has demonstrated their advantages in
hardware sharing and spectrum reuse. However, these dual-
function systems still offer only partial solutions and face
limitations in system flexibility, functional integration, and
resource utilization.

The integration of OWC, optical sensing, and OWPT into a
single optical integrated communication, sensing, and power
transfer (O-ICSPT) system represents a highly promising
solution. Beyond the inherent advantages of optical systems,
O-ICSPT demonstrates superior capabilities in hardware shar-
ing, spectrum reuse, and functional coordination. The optical
front-end allows multi-functional sharing of key components,
which minimizes hardware redundancy and simplifies system
deployment, especially in scenarios with strict size and weight
constraints. By modulating the optical carrier, the system
is capable of simultaneously supporting data transmission,
environmental sensing, and power transfer, thereby improving
spectral efficiency and reducing competition for resources
among functional modules. Furthermore, inter-functional ben-
efits can be fully exploited. The communication module can
carry information related to sensing and EH, sensing data
can facilitate the optimization of communication and power
transfer links, and the harvested energy can sustain long-term
system operation.

Further functional integration introduces complexity in
terms of hardware integration and performance trade-offs,
highlighting the need for a unified system framework that can
seamlessly incorporate these functions [37]. In the RF domain,
several ICSPT-related studies have been reported, primarily
focusing on resource allocation [40], spatial multiplexing [41],
energy efficiency optimization [42], [43], and performance
enhancement [44]. However, O-ICSPT fundamentally differs
from RF-ICSPT in terms of physical principles and system
architecture, and remains an emerging topic that warrants
further investigation. Resource allocation schemes for self-
powered visible light communication and localization systems
based on active sensing have been proposed [45], [46], though
these approaches are typically associated with high energy
consumption and complex system designs. There is still a
lack of research on passive sensing-based O-ICSPT systems.
Moreover, the formulation of practical guidelines for the
selection of system parameters remains an open question.

In this paper, we propose and experimentally demonstrate a
novel O-ICSPT system. The main contributions of this work
are summarized as follows:

o A novel framework for the O-ICSPT system is proposed.
Communication and sensing are achieved through a re-
flected light-based orthogonal frequency division multi-
plexing (OFDM) system. This approach is straightfor-
ward to implement and seamlessly integrates with ex-
isting infrastructure. By partitioning the optical power in
the spatial domain, the system facilitates a flexible trade-
off between communication-sensing performance and EH
performance. Additionally, it allows the PD and PV as
photoconverters for signal detection and EH, respectively,
leveraging their distinct advantages. Numerical results
confirm the feasibility of the proposed framework, which



provides a foundational structure for future research on
O-ICSPT systems.

o The first experimental proof-of-concept of the O-ICSPT
system is presented. The experimental platform success-
fully demonstrates a communication performance with a
data rate of approximately 632.58 Mbps, sensing perfor-
mance with a root mean square error (RMSE) of close to
0 m, and power transfer performance with a maximum
EH of around 10.02 mW. The O-ICSPT system has been
successfully integrated into a multifunctional communi-
cation network architecture, showcasing its potential for
future applications in integrated communication systems.
To the best of our knowledge, this marks the first ex-
perimental demonstration of the O-ICSPT system, pro-
viding a valuable reference for subsequent experimental
platforms aimed at advancing O-ICSPT technology.

o The impact of system parameters on the performance of
each functional module within the O-ICSPT system is
systematically analyzed. Through a comprehensive ex-
perimental study, the key characteristics and performance
influencers of the O-ICSPT system are identified. Specif-
ically, the study outlines the effects of bias current, peak-
to-peak voltage (Vpp), and light source wavelength on the
performance of each functional module. The derived ex-
perimental insights offer valuable practical guidance for
future theoretical and experimental investigations focused
on O-ICSPT systems.

The reminder of this paper is organized as follows. Sec-
tion II introduces the framework of the proposed O-ICSPT
system. Section III presents the detailed experimental setup.
Experimental results are discussed in Section IV. Finally,
Section V concludes the paper. For clarity, all abbreviations
are summarized in Table 1.

II. O-ICSPT SYSTEM FRAMEWORK

The proposed O-ICSPT system framework is depicted in
Fig. 1(a). DCO-OFDM is employed as the ISAC waveform
due to its high spectral efficiency, resistance to multipath
interference, flexible bandwidth allocation, and favorable time-
domain correlation properties. The laser diode (LD) is se-
lected for its advantageous features, including large bandwidth,
narrow divergence angle, high collimation, and concentrated
energy, making it highly suitable for the O-ICSPT system. The
ISAC signal is first generated by OFDM modulator, as shown
in Fig. 1(b). Initially, the binary bit sequences are mapped
using quadrature amplitude modulation (QAM). A training
sequence is then inserted for channel estimation. Following
this, inverse fast Fourier transform (IFFT) is applied after
Hermitian symmetry to generate the real-valued time-domain
signal. The cyclic prefix (CP) is subsequently added to form
the transmitted signal. The digital signal to be transmitted is
converted to an analog electrical signal by a digital-to-analog
(D/A) converter. Let s denote the continuous data symbol. For
a given A > 0, —A < s < A. The mean and variance of s are
E{s} =0and E {s®} = ¢ (¢ > 0), respectively. After passing
through the driving circuit, the emitted signal is represented
as

m = ./g9s+ Inc, (D

TABLE I
SUMMARY OF ABBREVIATIONS

Abbreviation Full name
6G six-generation
AC alternating current
A/D analog-to-digital
APD avalanche photodiode
AWG arbitrary waveform generator
BER bit error rate
CCR corner cubic reflectors
Cp cyclic prefix
D/A digital-to-analog
DC direct current
peoorpy U et bl il aons
EA electrical amplifier
EH energy harvesting
FEC forward error correction
FFT fast Fourier transform
IFFT inverse fast Fourier transform
IoT Internet of Things
ISAC integrated sensing and communication
LD laser diode
LOS line-of-sight
MIMO multiple-input multiple-output
OFDM orthogonal frequency division multiplexing
optical integrated communication, sensing, and
O-ICSPT b ¢ power transfer y
O-ISAC optical integrated sensing and communication
OPS optical power splitter
0OSC oscilloscope
OowC optical wireless communication
OWPT optical wireless power transfer
PD photodiode
PV photovoltaic
QAM quadrature amplitude modulation
RF radio frequency
RMSE root mean square error
simultaneous lightwave information and power
S ¢ transfer ’
SNR signal-to-noise ratio
simultaneous wireless information and power
S transfer ’
Vpp peak-to-peak voltage

where ¢ is defined as the gain of the power amplifier and
Ipc is defined as the bias current. The LD employs intensity
modulation, which requires the transmit signal to be non-
negative, i.e., \/gs + Ipc > 0.

The total transmit electrical power of the system is ex-
pressed as

PG:E{||\/§3H2+I%C}:ga+I]%c. 2)

The total transmitted optical power of the system is ex-
pressed as

Pr=&m=¢(/gs+ Inc), 3)

where ¢ is the current-to-light conversion coefficient of LD,
denoting the power per unit of electrical current (W/A).
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Fig. 1. (a) The proposed O-ICSPT system framework. (b) OFDM modulation. (¢) OFDM de-modulation. (d) OPS model. (e) Point source and CCR model.

(f) PV equivalent circuit.

The analog electrical signal is converted to optical signal by
the LD. Flexible resource allocation is facilitated by optical
power splitting in the spatial domain, which is accomplished
using an optical power splitter (OPS), as illustrated in Fig.
1(d). The OPS can be integrated either in the transmitter or the
receiver, depending on the specific requirements of different
application scenarios. The light emitted from the LD is split
into two sub-beams through the OPS in accordance with a
predefined ratio. One portion of the beam follows the original
path and is used for communication and sensing. The other
portion is diverted at a 90-degree angle and is utilized for EH.
By setting the optical power splitting factor as p, the optical
power allocated for communication and sensing is written as

Pisac = pP = p& (/9s + Inc) - )
The optical power allocated for EH is written as

Pep = (1 —p)P=(1—p)¢(\/gs+ Inc), @)

where 1 € [0, 1]. The parameter p governs the allocation of
optical power resources. By adjusting p, a flexible trade-off
between communication-sensing performance and EH perfor-
mance can be achieved.

The receiver module of the O-ICSPT system is divided
into three parts: information decoding, sensing processing and
EH. Optical power splitting enables the separation of the
communication-sensing and EH functions, allowing the use of
different photoconverters for signal detection and EH. The PD
is chosen for its high sensitivity, fast response, and low noise,
while the PV is favored for its superior power conversion ef-
ficiency relative to other photoconverters. The PD1, PD2, and
PV are used as photoconverters for communication, sensing
and EH, respectively, to leverage the distinct advantages of

each. The O-ICSPT system employs a passive sensing method
based on reflected light for ranging. Compared to diffuse
reflection on the target surface, the use of a light reflector
significantly enhances light reflection, thereby substantially
improving the quality of the reflected light. The corner cubic
reflectors (CCR) is used as light reflector.

In the following, each receiver module is detailed described,
and the corresponding numerical evaluations are provided.

A. Information Decoding Module

The LOS channel gain of communication module is given
by [47]

p o [ @R () eos(9), 0Ses e o
‘c 0, else
where m = —1In2/1n (cos (<I>1 /2)) is the order of Lambertion

index with ®,,5 being the semi-angle at half power of the
LD; d. is defined as the distance between LD and PDI;
A, denotes the detection area of the PDI1; ¢ and ¢ denote
the irradiance angle and the incidence angle, respectively;
k(p) =Ts (@) G (v), where T () is the gain of optical lens
and G (¢) = v?/sin? (U,) is the gain of optical lens, with v
and . denoting the refractive index of the optical lens and
half-angle field of view (FOV) of the PD in the communication
receiver, respectively.
The received signal for communication is represented as

Ye = hcpc/lf\/@? + N, (7N

where p. is the responsivity of PD1, representing the current
per unit of incident optical power (A/W), and n. represents
zero-mean Gaussian noise with a variance o2

c*



OFDM demodulation follows the inverse process of modula-
tion, as illustrated in Fig. 1(c). Firstly, the CP is removed. Then
the frequency-domain symbols are obtained via fast Fourier
transform (FFT). Channel distortion is compensated by chan-
nel estimation and equalization. Finally, QAM de-mapping is
performed to recover the original binary bit sequence. The
received signal-to-noise ratio (SNR) of the communication
signal is calculated as

2.2 2¢2
o= hcpcu2£ g ®)
O-C

Hence, the spectral efficiency of data transmission can be
represented as [48]

C= %mg2 (1 n 621) )
where e is the Euler number. Assuming that the effective
bandwidth of the system is B, the available data rate can be
calculated as £ x log, (1 + $&).

B. Sensing Processing Module

The sensing channel model must account for the impact
of light reflection, which distinguishes it from communication
channel models. Due to its small divergence angle, the LD
can be approximated as a point source. The CCR is capable
of gathering and reflecting light back to the original source
location. The model of the point source and CCR is illustrated
in Fig. 1(e), where D denotes the diameter of the CCR. In
point source model, the LD and the PD2 are placed side by
side at the transmitter. Owing to the high collimation of the LD
beam, the emitted light can be almost efficiently by the CCR.
Specifically, the LOS channel gain for the sensing module
under the point source model is given by [20]

DAk
it os™ ! (9)

K (¢) cos (), 0<¢p<T,0<p< T,
0, else

he =
(10)

where d, is defined as the distance between CCR and PD2;
A, denotes the detection area of the PD2; k is the reflectance
of the CCR; ¥, and U, represent the half-angle FOV of the
PD in the sensing transceiver and the half-angle FOV of the
CCR in the sensing receiver, respectively. The propagation
distance of the sensed signal is twice the distance between the
transmitter and the ranging target. An additional cos (¢) term
is introduced to account for the impact of the reflected signal
to PD2. Furthermore, the term « (-) should also be calculated
with respect to ¢.
The received signal for sensing is represented as

Ys = hspsp€y/gs + ns, (11)
where p; is the responsivity in A/W of PD2, and n, represents
zero-mean Gaussian noise with a variance o2.

The quality of the reflected light plays a critical role in
determining the sensing performance. The received SNR of
the sensing signal is calculated as

hipen?€ge
s — - 9 -

US

12)

The time-domain cross-correlation method is employed to
perform ranging by using the time-domain samples of the
original OFDM signal and the reflected OFDM signal, thereby
ensuring the required sensing capability. Prior to performing
the time-domain cross-correlation, the time-domain samples
of the original OFDM signal should be up-sampled at the
same up-sampling rate. Let o denote the up-sampling rate; the
maximum likelihood estimate of the time-of-flight is expressed

as
al.,

T= arg max Zys (n)x(n—1),

n=0

13)

where z(n) and ys (n) are the up-sampled time-domain
samples of the original OFDM signal and the time-domain
samples of the received OFDM signal, respectively; L,, de-
notes the length of the time-domain window selected for
cross-correlation_before up-sampling. The estimated distance
is calculated as d = ¢7/2, where c is the speed of light. The
ranging RMSE is then calculated as

A 2

RMSE = [E [(ds - d) } (14)

Let R, denote the number of samples per second (Sa/s)
taken by the analog-to-digital (A/D) converter of the sensing
receiver, i.e., the sampling rate, and then the distance reso-
lution and the maximum ranging distance are expressed as
Ad = ¢/ (2Rs) and dyar = c(aLly — 1)/ (2Rs), respec-
tively.

C. EH Module

The PV cell is a critical component of the EH module,
with its output characteristics highly dependent on the in-
tensity of incident light. Variations in light intensity lead
to changes in the output current and voltage of the PV,
directly influencing its output power and subsequently altering
its internal impedance. To maximize the output power, the
PV must operate at the maximum power point. Assuming a
constant luminous flux incident on the PV and operation at
the maximum power point, its electrical equivalent can be
analyzed. The equivalent circuit model of the PV, as depicted
in Fig. 1(f), comprises a photogenerated current source Iy, a
dark current I, generated by the diode, a shunt resistor Rgyj,
and a series resistor Rg. I, represents the current generated
by incident light. Iy simulates the direct current (DC), which
is dependent on irradiance and temperature. Rgy models the
reactive leakage current path, accounting for impurities in
the junction and defects in the crystal structure of the PV.
Rg represents losses attributed to resistance in the welded
cell boundaries, interconnecting elements, and semiconductor
materials comprising the PV. The current generated by the PV
cell is expressed as

Vo+IRg

I=1In—1Io (eia

- 1) _ Vot IRs (15)

)
Rsu

where a = kJT¢/qe. k is the Boltzmann’s constant; J is the
ideality factor of the diode; T is the ambient temperature and
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Fig. 2. BER and RMSE performance versus different SNR with o = 1. (a) BER, and (b) RMSE.

ge is the electron charge. I}, is determined by the intensity
of light incident on the PV and can be calculated by

Iph - hepe (1 - /1') gIDCa

where p, is the responsivity in A/W of PV and h. denotes the
channel gain of EH, given by [25]

e~ {“’”JA’“ (@) 5 (p)cos(¢), 0<p < Ve

(16)

17
0, else 1n

where d. represents the distance between the LD and the PV;
A, denotes the detection area of the PV; WU, is the half-angle
FOV of the PV.

Assuming that the short-circuit current Iy is equal to I,

(ie., Iy« = Ipn) [49], it is dependent on the open-circuit
voltage V, in a simple way, represented as
aeVoc Voc
I. = I, (e fret _ 1) 4o (18)
Rsy

In practice, Rgy assumes very high values, rendering its
effects negligible [50]. Ignoring the ratio between V,. and
Rsp, Voo can be derived based on the saturation current of
the diode

Isc
Voe = Vi 1In <1 + ) , (19)

Iy
where V; = kT¢/q. is the thermal voltage.

In small-scale PV systems, the operating voltage V, of the
PV at its maximum power point exhibits an approximately
linear relationship with the open-circuit voltage V,, i.e. V, =
fVoe. f €]0.71,0.78], which slightly depends on irradiance
conditions. The energy harvested is obtained as

P = fliVoc. (20)

Then the EH efficiency of the PV can be calculated as n =

D. Numerical Evaluation

Numerical simulations are conducted to evaluate the pro-
posed O-ICSPT system framework. Non-ideal factors such as
nonlinear distortion and low-pass frequency response are not
considered here. The positions of the LD and PD2 are (2, 2.5,

100
Number of OFDM symbols

150 200

Fig. 3. RMSE performance versus the number of OFDM symbols used for
sensing with p = 1.

TABLE II
SIMULATION PARAMETERS

Parameter Value
LD emission semi-angle, ®; /5 15°
Half-angle FOV of PD, ¥, & U 60°
Half-angle FOV of CCR, ¥, 60°
Half-angle FOV of PV, ¥, 60°
Detection area of PD, A, & Ag 1 cm?
Detection area of PV, A, 10 cm?
Current-to-light conversion coefficient of LD, & 8.6 W/A
Responsivity of PD, p. & ps 0.4 A/W
Responsivity of PV, pe 0.3 A/W
Refractive index of optical lens, v 1.51
Reflectance of CCR, k 0.92
Bandwidth, B 200 MHz
A/D conversion sampling rate, R 2.5 GSa/s
Noise power, 02 & o2 1012
Dark current, Ig 1079 A
Thermal voltage, V; 25 mV
Fill factor, f 0.75

3), and the positions of PD1, the CCR, and the PV are (2, 2,

1.5). Other simulation parameters are detailed in Table II.
Fig. 2 illustrates the bit error rate (BER) and RMSE

performance across different SNRs. The number of OFDM
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symbols used for both communication and sensing is set
to 200. As observed, in the communication domain, the
SNR requirements vary depending on the order of the QAM
modulation format. In contrast, on the sensing side, variations
in QAM modulation order have a negligible impact on RMSE.
Moreover, RMSE performance necessitates significantly lower
SNR levels compared to BER performance. Notably, RMSE
converges to its asymptotic region even at very low SNR
values.

The number of OFDM symbols determines the length of the
sequence used for cross-correlation in delay estimation. The
autocorrelation function of this sequence exhibits a primary
peak at zero delay, whose intensity is positively correlated
with the sequence length. As illustrated in Fig. 3, increasing
the number of OFDM symbols initially leads to a significant
reduction in RMSE, which eventually converges. To minimize
computational overhead, the ranging function can be fulfilled
by extracting a segment of appropriate length from the ISAC
signal acquired at the sensing receiver.

The performance of the O-ICSPT system, with fixed trans-
mission power, is measured under different splitting ratios, as
shown in Fig. 4. The number of OFDM symbols used for
communication and sensing is 200 and 1, respectively. As the
1 increases, a greater portion of optical power is allocated to
communication and sensing, leading to an increase in both the
communication received SNR and the sensing received SNR.
Consequently, the performance of both communication and
sensing improves continuously. Conversely, the optical power
available for EH decreases as the p increases, resulting in a
gradual decline in EH performance. Notably, when p = 0, the
Ipc is determined without considering communication and
sensing performance.

III. EXPERIMENTAL SET-UP

The experimental setup of the O-ICSPT system is illustrated
in Fig. 5. The offline-generated OFDM signal was loaded into
an arbitrary waveform generator (AWG: UNI-T UTG9604T)
for D/A conversion, with the output signal having a peak-
to-peak voltage of Vpp. The analog signal was amplified
by an electrical amplifier (EA: Mini-Circuits ZHL-6A-S+)
and coupled to the DC via a bias-Tee (Mini-Circuits ZFBT-
4R2GWFT+). Next, the LD (Red LD: Ushio HL63603TG, 638

TABLE III
EXPERIMENTAL PARAMETERS

Parameter Value
Number of data subcarriers 122
FFT/IFFT size 256
Zero padding length 6
CP length 8
AWG sampling rate 200 MSa/s
OSC sampling rate 2.5 GSals
APD photosensitive area 1 mm?
OPS edge length 25 mm
CCR diameter 50 mm
PV photosensitive area 1 cm?
Distance between LD and APD/CCR 1.5m
Distance between LD and PV 0.6 m
Length of training sequences 10
Number of OFDM symbols used for communication 180
Number of OFDM symbol used for sensing 1

nm; Green LD: Osram PLT3 520D, 520 nm; Blue LD: Osram
PL 450B, 450 nm) was driven and converted the electrical
signal into an optical signal. The beam was split into two sub-
beams at a specified ratio using an OPS (HYGX HCBS1).
One sub-beam passed through the OPS and was detected by
an avalanche photodiode (APD: Hamamatsu C12702-11) at the
receiver, where it was converted back into an electrical signal.
This electrical signal was sampled by an oscilloscope (OSC:
Tektronix MDO3034) and subsequently processed for demod-
ulation of the offline communication signal. The receiver was
also equipped with a CCR (Thorlabs PS976), which reflected
the light beam back to the transmitter. The reflected light
was detected by the APD, A/D converted by the oscilloscope,
and the time delay was calculated using cross-correlation
to estimate the distance. The second sub-beam, which was
turned at a 90-degree angle, was absorbed and converted into
electrical energy by a GaAs PV, which was connected to a
load resistor. The harvested energy was measured by a digital
power meter (Chroma 66205).

The specific experimental parameters are listed in Table III.
The 6 low-frequency subcarriers were filled with O due to the
poor response of the EA. The effective bandwidth is calculated
as 200 x 122/(256+8) ~ 92.42 MHz. The ranging resolution
is determined to be 3 x 108/(2 x 2.5 x 10°) = 0.06 m. The
OPS was positioned parallel to the LD so that the reflected
light did not pass through it. Due to the size constraints of
the APD and CCR, the communication and sensing functions
were measured separately in the experiment. However, it is
important to note that in practical applications, the APD and
CCR can be fully integrated. When the beam is simultaneously
incident on the APD and CCR, both communication and
sensing functions can be performed concurrently.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this section, we experimentally demonstrate an O-ICSPT
system for the first time. System characteristics are revealed
and the effects of bias current, Vpp, and light source wave-
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comprehensive experimental study.

A. System Characteristic

Initially, the characteristics of the O-ICSPT system are
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clarified by measuring some characteristic curves of LD and
PV.

Fig. 6 illustrates the voltage versus current (V-I) and output
optical power versus current (P-I) characteristic curves of three
LDs with different wavelengths. The characteristic curves of
the three LDs all show obvious nonlinear characteristics. The
threshold currents of the red, green, and blue LDs are 50 mA,
30 mA, and 20 mA, respectively.

Fig. 7 shows the amplitude spectra and normalized channel
frequency response. The amplitude spectra of the received
signal gradually attenuates with increasing frequency, in sharp
contrast to the relatively flat spectra of the transmitted signal.
This phenomenon indicates that the SNR of higher-frequency
subcarriers progressively deteriorates. This observation is con-
sistent with the low-pass frequency response depicted in Fig.

Fig. 7. Amplitude spectra of the transmitted and received signals of (a) red
LD, (b) green LD, and (c) blue LD. (d) Normalized frequency response of
different LDs.

7(d). The -10 dB bandwidths of the red, green, and blue LDs
are 57.6 MHz, 46.2 MHz, and 51.5 MHz, respectively.

By varying the resistance of the load resistor, the V-I
curves of the PV at different bias currents were measured, as
shown in Fig. 8. For each V-I curve, there exists a specific
maximum power point, and the associated resistance value
represents the optimal matching impedance at that particular
light intensity. In all the subsequent experiments involving
EH, the optimal matching impedance, as determined by this
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Fig. 9. BER, RMSE and EH performance versus different bias currents. (a)-(c) Red LD, (d)-(f) green LD, (g)-(i) blue LD.

method, was applied to ensure that the PV always operated
at its maximum power point. Additionally, the output power
of the PV was 0 when there was no directional light source
irradiation, meaning that all the energy was derived from the
LD light source.

B. System Performance

Subsequently, the effects of bias current, Vpp and light
source wavelength on the performance of each functional
module were investigated, as depicted in Fig. 9, Fig. 10 and
Fig. 11. To comprehensively explore the performance limits
of the developed O-ICSPT system, optical power resource
allocation was not performed here. The performance metrics
of the communication, sensing and EH were measured un-
der conditions where the full optical power resources were
available. The modulation order employed for the transmitted
signal was 32QAM.

Fig. 9 illustrates the BER, RMSE, and EH performance
of the O-ICSPT system under varying bias currents. The

BER performance considers the 7% forward error correction
(FEC) BER threshold of 3.8 x 1073. Both the BER and
RMSE decrease and then increase with increasing bias current.
For both communication and sensing, there exists an optimal
bias current that maximizes performance in each respective
function. The value of the optimal bias current is influenced
by Vpp. The alternating current (AC) component carries
the communication-sensing information, which manifests as
periodic fluctuations in the optical signal intensity. Too small
a bias current results in signal clipping. With the gradual
increase of the bias current, the bias current gradually meets
the requirement of sending a non-negative signal and the
LD operates in the linear region. However, beyond a certain
point, an excessive bias current pushes the system into a
nonlinear operating region, which degrades the waveform
quality. In contrast, EH performance continues to improve
with increasing bias current. The DC component provides
stable optical power, which serves as the primary source for
power transfer and directly influences the output performance
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Fig. 10. BER, RMSE and EH performance versus different Vpps. (a)-(c) Red LD, (d)-(f) green LD, (g)-(i) blue LD.

of the PV. Therefore, the selection of the appropriate bias
current is crucial for optimizing the overall performance of
the O-ICSPT system. Different bias current values represent
a trade-off between communication-sensing performance and
EH performance.

Fig. 10 depicts the BER, RMSE, and EH performances of
the O-ICSPT system for varying Vpp. Both BER and RMSE
performances initially improve and then degrade as Vpp
increases. For both communication and sensing, there exists
an optimal Vpp that maximizes the respective performance.
The value of the optimal Vpp is affected by the bias current.
The modulation depth of the LD describes the relationship
between the AC signal and the bias current, which is defined
as the ratio between the difference between the peak current
and the bias current to the bias current. For a given bias
current, Vpp dictates the magnitude of the modulation depth.
When Vpp is too small, the optical power associated with
the AC signal becomes insufficient, resulting in insufficient
received SNR. As Vpp increases, the optical power of the AC
signal increases, which improves the received SNR. However,
when Vpp becomes excessively large, nonlinear distortion
in the LD is exacerbated, leading to degradation of the
signal waveform and a consequent decline in communication
and sensing performance. Furthermore, an increase in Vpp
results in larger current fluctuations, which can elevate the
heat generated within the LD. This increased thermal effect
reduces the conversion efficiency of the LD, subsequently
lowering the emitted optical power. In contrast to the effects
on communication and sensing, EH is little affected by Vpp.
When the bias current is small, the luminous intensity of

the LD is low, leading to a low total optical power received
by the PV. In such conditions, the AC signal increases the
instantaneous peak of the light intensity, potentially enhancing
the EH performance. At high bias currents, the V-I character-
istics of the PV approach the saturation region, and the light
intensity fluctuations introduced by the AC signals may lead
to a decrease in the conversion efficiency.

Fig. 11 shows the performance contours of each functional
module of the O-ICSPT system. As previously discussed, both
excessively high and low values of bias current or Vpp lead to
a deterioration in the BER and RMSE performance. Specifi-
cally, low bias current and Vpp values can swamp the signal in
noise, resulting in a low received SNR. However, excessively
high bias current and Vpp values induce nonlinear effects.
Therefore, for both communication and sensing, a practical
dynamic range can be delineated, with an optimal operating
point existing within this range. This optimal operating point
can be identified by systematically varying the bias current
and Vpp. The light source wavelength has a relatively minor
effect on the communication and sensing performance, which
is predominantly determined by the received SNR. The bias
current directly influences the light intensity of the LD, with
higher values resulting in increased output power from the PV.
In contrast, the impact of Vpp on EH is minimal and almost
negligible. Consequently, there is no distinct optimal operating
point for EH. Instead, the maximum EH is contingent upon
the maximum bias current that the LD can withstand within
its operational range. The light source wavelength significantly
affects EH performance, as PV exhibit varying degrees of re-
sponsiveness to light of different wavelengths. This highlights
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Fig. 11. Contour of system BER, RMSE and EH performance.

the critical role that wavelength selection plays in optimizing
EH performance within the O-ICSPT system.

Finally, an O-ICSPT system with a priority on communica-
tion and sensing was experimentally demonstrated, as shown
in Fig. 12 and Fig. 13. The optimal operating points for the
three LD were determined based on the analysis in Fig. 11.
Specifically, the optimal bias current for the red LD was found
to be 70 mA, with an optimal Vpp of 100 mV. For the green
LD, the optimal bias current was 50 mA, and the optimal Vpp
was 150 mV. The optimal bias current and Vpp for the blue
LD were determined to be 50 mA and 200 mV, respectively.
In subsequent experiments, when the optical power splitting
factor p was non-zero, the O-ICSPT system was operated at
these optimal operating points. In contrast, when the value of
[ was set to zero, the operating points for the Vpp and bias
currents were adjusted, with the red LD, green LD, and blue
LD having Vpp values of 0 mV and bias currents of 160 mA,
250 mA, and 100 mA, respectively. Furthermore, to mitigate
the low-pass frequency response and maximize the achievable
data rate, a bit-loading strategy was employed. The data rates
at all measured points are obtained under the condition that

Bias current (mA)

Bias current (mA)

the BER is below the 7% FEC BER threshold, i.e., 3.8 x 1073.
In other words, the achieved data rates include the 7% FEC
overhead.

Fig. 12 illustrates the performance variations of each func-
tional module with respect to the optical power splitting factor
1. When 1 = 0, all optical power is directed to the PV module
for EH. In this case, since there are no constraints imposed
by communication or sensing requirements, the bias current
can be set close to the maximum allowable level of the LD,
resulting in excellent EH performance. When p increases from
0 to a nonzero value, the system prioritizes communication and
sensing by setting the bias current to a lower level optimized
for communication, which leads to a sharp degradation in
EH performance. At the same time, the communication and
sensing functionalities benefit significantly from the increased
allocation of optical power, leading to noticeable performance
improvements. As p continues to increase, a greater proportion
of optical power is allocated to communication and sensing,
while the power available for EH gradually decreases. Since
optical power directly influences the SNR at the receiver
and the output power of the PV module, increasing p leads
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TABLE IV
EH EFFICIENCY UNDER DIFFERENT LDS

| RedLD Green LD Blue LD
Optical power (mW) 92.3 103.8 74.4
EH (mW) 10.019 5.1631 1.037
n (%) 10.85 4.97 1.39

to higher data rates and lower RMSE, while EH capability
progressively weakens. When p = 1, all optical power is
devoted to communication and sensing, achieving optimal
data rate and RMSE performance. It is worth noting that
this trend is not intrinsic to the system. By prioritizing EH
through bias current adjustment, stable EH performance can
be maintained across different y values, though at the cost of
reduced communication and sensing. Alternatively, a moderate
bias allows flexible balancing of all functions.

Fig. 13 depicts the performance of the O-ICSPT system with
different LD light sources. A performance trade-off between
communication-sensing and EH is achieved by splitting the
optical power in the spatial domain. There is a constraint
relationship between the communication-sensing performance
and the EH performance. The experimental results show that
when the light source is a red LD with a wavelength of
638 nm, the maximum data rate is approximately 632 Mbps,
the minimum ranging RMSE is approaching 0 m, and the
maximum EH is about 10.02 mW of the O-ICSPT system.
The EH efficiencies of the PV with different wavelengths of
the LD as the light source when  takes the value of 0 are given
in Table IV. The GaAs PV has better absorption and higher
photoelectric conversion efficiency of red light compared to
green and blue light.

V. CONCLUSION

In this paper, we proposed a novel O-ICSPT system frame-
work and presented the first experimental proof of concept.
Based on a comprehensive experimental study, we draw the
following conclusions:

o Communication and sensing performance are synergistic,
both aimed at maximizing received SNR and mitigat-
ing nonlinear distortion. Communication-sensing perfor-
mance and EH performance are in a trade-off relationship,
where maximizing one often results in a loss of the other.

o Bias current significantly impacts communication, sens-
ing, and EH performance. Enhancing tolerance to high
bias currents is critical for optimizing overall perfor-
mance.

e Vpp notably influences communication and sensing per-
formance, while its effect on EH is minimal. A value
of Vpp that satisfies the requirements for communication
and sensing is sufficient.

o The light source wavelength has a minor effect on com-
munication and sensing, but a substantial impact on EH.
Red LDs, or even infrared LDs with longer wavelengths,
are preferable for O-ICSPT systems.

e A larger optical power splitting factor boosts
communication-sensing, while a smaller one benefits
EH. Fine-grained control of this factor enables flexible
trade-offs to meet diverse functional demands across
different application scenarios.

The O-ICSPT system introduces a new technological
paradigm, with experimental results highlighting its poten-
tial. These findings provide valuable insights into future O-
ICSPT system design and highlight several key challenges.
Infrared, near-infrared, and R/G/B LDs suit different scenarios,
and multi-wavelength sources enable spectral separation and
functional multiplexing, though integrating them into compact,



efficient transmitters remains difficult. Due to their low -3
dB bandwidth, PV modules cannot replace PDs, prompting
interest in more lightweight hybrid receivers or PV-driven
performance enhancement. Effective AC/DC power coupling
is needed to meet communication and sensing requirements
while maximizing DC output for EH, complicated by the
nonlinearities of optical components at high power. Joint
optimization of data rate, sensing accuracy, and EH further re-
quires complex spatial, temporal, spectral, and power resource
allocation. These open problems merit further research to fully
unlock the potential of O-ICSPT systems.
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