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Abstract—Driven by the sensing potential of optical signals, op-
tical integrated sensing and communication (O-ISAC) is becom-
ing a major research focus, especially the development of retrore-
flective optical ISAC (RO-ISAC) through the use of corner cube
reflector (CCR). This paper proposes a novel bidirectional RO-
ISAC system based on clipped multi-band carrierless amplitude
and phase (mCAP), which utilizes subband division duplexing
(SDD) to assign different frequency subbands to the downlink
and uplink. Under this architecture, the downlink reflected
signal and the uplink signal share the same photodetector (PD),
leading to asynchronous superposition in the time domain. While
the uplink communication signal can be successfully recovered
from the mixture by leveraging the matched filtering capability
of mCAP, the downlink sensing process remains compromised
by uplink interference. To mitigate the interference of the
uplink signal on the reflected downlink signal, we propose an
interference cancellation method to enhance sensing accuracy,
thereby enabling simultaneous downlink communication and
sensing. By adjusting the clipping ratio (CR), a trade-off between
downlink communication and sensing performance is achieved,
while the bit error rate (BER) performance of the uplink is
simultaneously optimized. Moreover, to jointly optimize downlink
communication and sensing performance, we further propose
a unified performance metric called the joint communication-
sensing outage probability (JCSOP). Extensive experimental re-
sults are presented to demonstrate the feasibility of the proposed
bidirectional RO-ISAC system based on clipped mCAP.

Index Terms—retroreflective optical integrated sensing and
communication (RO-ISAC), carrierless amplitude and phase
modulation, subband division duplexing, interference cancella-
tion.
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HROUGH deep integration with various industries, the

sixth-generation (6G) mobile communication drives the
evolution of network architecture from single-functionality to
multi-functionality [1]. This process not only requires satis-
fying ultra-high data rates and low latency but also support-
ing efficient human-machine-thing intelligent interconnection,
which places stricter demands on overall system capabili-
ties. In this context, integrated sensing and communication
(ISAC) serves as a core technology to meet this compre-
hensive demand by providing intelligent services through
multi-functional integration [2], [3], [4]. Although ISAC has
achieved significant progress in the radio frequency (RF)
domain, the RF spectrum is becoming increasingly congested.
Due to its advantages such as abundant unlicensed spec-
trum, optical wireless communication (OWC) serves as a
vital complement [5]. By exploiting the sensing potential
of optical signals, the concept of optical ISAC (O-ISAC)
has emerged, attracting significant research interest [6], [7].
Recently, retroreflective optical ISAC (RO-ISAC) has been
further studied [8], [9]. Compared with conventional ISAC,
RO-ISAC enhances echo strength and sensing reliability by
employing a retroreflective module to reflect the incident
optical signal back to the transceiver, thus supporting joint
communication and sensing [10]. Moreover, compared with
diffuse and specular reflections, a passive corner cube reflector
(CCR) is used to provide stronger, more stable echoes for
reliable sensing.

The core essence of RO-ISAC lies in achieving efficient
synergy and mutual benefit between communication and sens-
ing, which not only promotes the significant enhancement
of sensing capabilities but also offers new possibilities for
the intelligent development of communication networks. By
combining retroreflectors with ISAC technology, RO-ISAC
can efficiently adapt to diverse application scenarios, such as
unmanned aerial vehicle (UAV) [11] and Internet of Things
(IoT) [12], [13]. The adopted ISAC waveform has a significant
impact on the overall performance of the RO-ISAC system.
Waveform design must simultaneously satisfy the dual require-
ments of communication and sensing, ensuring efficient and
reliable information transmission while providing favorable
signal characteristics for sensing tasks such as target detection
and localization. At present, various waveform design schemes
have been developed to balance the requirements of communi-
cation and sensing. Orthogonal time-frequency space (OTFS)
[14] and affine frequency division multiplexing (AFDM) [15]



have been widely studied in high-mobility ISAC systems,
whereas optical ISAC requires dedicated waveform design
due to its distinct channel characteristics. A hybrid waveform
consisting of both pulse amplitude modulation (PAM) and
orthogonal frequency division multiplexing (OFDM) samples
was proposed to enable a flexible trade-off between commu-
nication and sensing performance [16]. To further improve
sensing performance, a flexible waveform design based on
OFDM-embedded maximum length sequence (OFDM-MLS)
was proposed, leveraging both the exceptional sensing pre-
cision of MLS and the established communication reliability
of OFDM [17]. To facilitate simultaneous communication and
sensing for multiple users, a new OFDM-MLS with code in-
dex modulation (OFDM-MLS-CIM) waveform was proposed
[18]. The above schemes predominantly adopt OFDM as
the communication waveform. Moreover, clipped OFDM is
employed in [19] to simultaneously enable communication
and sensing. However, OFDM suffers from a high peak-to-
average power ratio (PAPR), making it sensitive to system
nonlinearities [20], [21]. Clipped OFDM is a practical solution
to reduce PAPR by deliberately limiting the signal amplitude
[22]. In addition, single-carrier waveform techniques with
low PAPR characteristics, such as carrierless amplitude and
phase modulation (CAP) [23], [24] have attracted increasing
attention. By dividing the bandwidth into multiple subbands,
CAP can be extended to multi-band CAP (mCAP) [25], [26],
which is regarded as a multicarrier modulation technique.
Although mCAP has been extensively studied in VLC systems
that only consider communication [27], [28], its application in
RO-ISAC systems has not yet been investigated.

To enable efficient information exchange between the
transceiver and the target, RO-ISAC systems typically adopt a
bidirectional link architecture. However, such an architecture
faces severe bidirectional transmission interference, which
necessitates the design of effective interference cancellation
schemes to ensure reliable bidirectional communication and
sensing. So far, several interference cancellation schemes
have been proposed to mitigate bidirectional transmission
interference, such as time division duplexing (TDD) [19] and
wavelength division duplexing (WDD) [16], [29]. However,
TDD requires strict time-slot synchronization and guard in-
tervals, which increase system complexity and reduce trans-
mission efficiency, while WDD relies on additional optical
filters and multiple wavelength light sources, resulting in
higher complexity, increased cost, and limited flexibility in
resource allocation. To the best of our knowledge, interference
cancellation schemes based on different frequency bands have
not yet been investigated in the literature.

Distinct from that of conventional single-function systems,
the performance optimization of ISAC systems is inherently
a complex multi-objective optimization problem. Since the
transmitted signals play distinct roles in communication and
sensing tasks, an inevitable performance trade-off exists be-
tween the two when sharing spectrum resources and hard-
ware platforms. Regarding unified performance metric design,
existing works such as [30], [31], [32] have established
foundational evaluation frameworks for ISAC systems. Al-
though unified performance metrics for ISAC systems have

jointly evaluated communication and sensing from various
perspectives, these metrics are not directly applicable to RO-
ISAC systems due to their unique retroreflective channel
characteristics [9], [33] and signal coupling mechanisms. RO-
ISAC systems currently lack a unified performance metric
capable of simultaneously measuring communication quality
of service (QoS) and sensing performance and reflecting
the tight coupling relationship between them, which restricts
system optimization. To address this deficiency, this work aims
to bridge the gap by proposing a unified performance metric
and a corresponding optimization framework. This approach
enables dynamic resource balancing to jointly meet the dual
requirements of high-performance communication and high-
precision sensing.

In this paper, we propose and experimentally demonstrate
a novel bidirectional RO-ISAC system, where clipped mCAP
based subband division duplexing (SDD), interference cancel-
lation and unified performance metric design are investigated.
Compared with WDD, the SDD-based scheme emphasizes
system simplicity and flexible resource allocation between
communication and sensing. The comparison of transmission
schemes is shown in Table I. The key contributions are
summarized as follows:

o A SDD scheme based on clipped mCAP is first intro-
duced into a bidirectional RO-ISAC system. By transmit-
ting uplink and downlink signals over distinct frequency
subbands, the proposed scheme enables flexible subband
allocation for bidirectional links. Under this architecture,
the downlink reflected and the uplink signals are detected
by the same photodetector (PD), and the mixed signals
are asynchronously superimposed in the time domain.
Although the uplink communication signal can be ef-
fectively extracted from the mixed signals by leveraging
the matched-filtering properties of mCAP, the downlink
sensing process remains impaired by interference arising
from the uplink signal.

o To mitigate the interference of the uplink signal on
the reflected downlink signal, an interference cancella-
tion method is proposed to enhance sensing accuracy,
thereby enabling simultaneous downlink communication
and sensing. Furthermore, by appropriately adjusting the
clipping ratio (CR), a trade-off between downlink com-
munication and sensing performance can be achieved,
while the uplink bit error rate (BER) is simultaneously
optimized.

e A unified performance metric, namely the joint
communication-sensing outage probability (JCSOP), is
further proposed to jointly optimize downlink commu-
nication and sensing performance. Based on this metric,
the optimal CR can be identified to simultaneously meet
communication and sensing requirements while achieving
the minimum JCSOP.

o Through extensive experimental evaluation of the pro-
posed clipped mCAP-based bidirectional RO-ISAC sys-
tem, results show that downlink communication and
sensing signals can effectively coexist without mutual
interference in the proof-of-concept setup. This verifies



TABLE I
COMPARISON OF TRANSMISSION SCHEMES.

Reference  Year  Transmission mode Waveform Duplexing Cons Pros
[9] 2024 Downlink-only OFDM Unidirectional transmission only -
[19] 2025 Bidirection Clipped OFDM TDD Half-duplex transmission only No interference and
low hardware cost
. Additional optical filters, ..
[16] 2025 Bidirection Hybrid PAMiand - g0y limited system flexibility Full-duplex transmission
OFDM . . and strong channel isolation
and higher complexity
[17] 2025 Downlink-only OFDM-MLS Unidirectional transmission only -
[18] 2026 Downlink-only OFDM-MLS-CIM Unidirectional transmission only -
Full-duplex transmission,
This work 2026 Bidirection Clipped mCAP SDD Limited per-link bandwidth low implementation complexity

and flexible subband allocation

the robust potential of the proposed clipped mCAP based
SDD scheme in practical bidirectional scenarios.

II. PRINCIPLE

In this section, the principle of the proposed bidirectional
RO-ISAC based on clipped mCAP is presented, followed by
a detailed discussion of SDD, sensing processing, and inter-
ference cancellation. Moreover, the frequently used notations
are summarized in Table II.

A. System Principle

Fig. 1 illustrates the schematic diagram of a bidirectional
RO-ISAC system using the proposed clipped mCAP based
SDD scheme. In the RO-ISAC downlink device, the downlink
input bits are first used to perform my-CAP subband mod-
ulation to generate a real-valued mq-CAP waveform, where
mygq is the number of downlink subbands. The downlink mgy
subbands occupy the first to the mq-th subbands among the
m (m > 2 and m > mgq) subbands and the number of
downlink subbands can be flexibly configured. The principle
of mCAP modulation with clipping is depicted in the inset
(b) of Fig. 1. For mCAP modulation, the m groups of
input data streams are independently mapped to M -quadrature
amplitude modulation (M-QAM) constellation symbols. After
upsampling, the mapped symbols are separated into real and
imaginary components, which are filtered by the in-phase and
quadrature filters, respectively. The two filters constitute a
Hilbert pair and are time-orthogonal. The impulse responses
of the in-phase and quadrature filters corresponding to the i-th

(¢ =1,---,m) subband can be respectively expressed as [25]
Fi(t) = g(t) cos(2m feit), )
F(E) = g(t) sin(27 feit), @)

where ¢(t) is the square-root raised cosine (SRRC) pulse, and
fe,s represents the center frequency of the i-th subband. Since
the downlink and uplink channels occupy different frequency
subbands, the corresponding values of f.; are different. The
center frequency of the k-th (kK € 1,---,mq) downlink
subband is expressed by

a 14+ a)(2k-1)
ek 27d ’
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where « is the roll-off factor of SRRC, and T, denotes
downlink subband symbol period. Moreover, the bandwidths
of the downlink and uplink signals can be flexibly configured
and different bandwidth values are adopted in this work. The
downlink signal bandwidth can be written as

BD:R§(1+a):%(1+a), @
where RY is the downlink system-level baud rate and T9 is
downlink symbol period, satisfying 79 = mgTd ;.

Subsequently, the outputs of the filter pairs are subtracted
to generate multiple independent subband signals, and the
first mq subband signals are then combined to generate the
downlink m4-CAP subband signal. To reduce the PAPR,
the resultant subband signal is clipped with a certain CR.
The digitally generated signal is converted into an analog
electrical signal by a digital-to-analog (D/A) converter. After
the addition of a direct-current (DC) bias, the resulting real-
valued and non-negative downlink clipped my-CAP subband
signal is employed to drive the LD transmitter. In the RO-ISAC
uplink device, the downlink optical signal is detected by a PD
and converted into an electrical signal, based on which the
downlink received signal is expressed as

Ya(t) = haza(t) +n(t), %)

where x4(t) denotes the downlink transmitted signal, hq is the
line-of-sight (LOS) channel gain of the downlink communi-
cation module and n(t) is the additive noise. Next, analog-to-
digital conversion (A/D), time synchronization and mgq-CAP
subband demodulation are successively executed to obtain the
downlink output bits. The principle of mCAP demodulation
is depicted in the inset (c¢) of Fig. 1. For mq-CAP subband
demodulation, the received signal after synchronization is
passed through matched filter pairs corresponding to the mg
downlink subbands, thereby separately recovering the real and
imaginary components of each subband. Finally, for each sub-
band after the combination of real and imaginary components,
downsampling, subband frequency-domain equalization (FDE)
and M-QAM de-mapper are successively performed to finish
signal demodulation.

As shown in Fig. 1, a CCR is integrated into the RO-
ISAC uplink device to retro-reflect the received downlink
optical signal back to the RO-ISAC downlink device along
the same path, enabling simultaneous communication and



TABLE II

SUMMARY OF MAIN NOTATIONS
Symbol Description Symbol Description
m Number of subbands mq/mu Number of downlink/uplink subbands
M constellation order feyi Center frequency of the i-th subband
fcd & / f; & Center frequency of the k-th downlink/uplink subband o Roll-off factor of SRRC
Tﬁ o/ Tont Downlink/Uplink subband symbol period. Td/T" Downlink/Uplink symbol period
RS /RY Downlink/Uplink system-level baud rate Bp/Bu Downlink/Uplink signal bandwidth
ha/hu/hs LOS channel gain of the downlink/uplink/sensing module Ls/L/D Recessed length/ length/diameter of the CCR
T Transmission timing offset between the uplink and downlink | A Upsampling ratio
Lo Time-domain window length used for cross-correlation c Light speed
ds Actual distance between the downlink and uplink devices S A/D sampling rate in the downlink
Signalt/Signal,  Uplink transmitted/received signal BER:/RMSEs  Communication BER/Ranging error
BER,/RMSEy,  Maximum acceptable communication BER/ranging RMSE N FFT/IFFT size
N Number of sampling points in one complete period Ncp CP length
fs AWG sampling rate for the downlink -

sensing. The diagram of the CCR model is depicted in the
inset (a) of Fig. 1, where the recessed length, the length,
and the diameter of the CCR are represented by L,, L and
D, respectively. The RO-ISAC downlink device is equipped
with a PD to receive the downlink reflected signal for dis-
tance measurement, as detailed in the following subsection.
Moreover, the RO-ISAC uplink device also integrates uplink
transmission to achieve bidirectional ISAC. The uplink m,,
subbands occupy the (mgq + 1)-th to the m-th subbands. The
number of uplink subbands m, can be flexibly configured,
satisfying m,, = m — mq. The center frequency of the k-th
(ke€1l,---,my) uplink subband is expressed by

(14a)(2k—1)
2T ’

sub

v = Bp + ©)

where T, denotes uplink subband symbol period. The uplink

S
signal bandwidth can be written as

By=RI(1+a)= (1 +a) )
where R} is the uplink system-level baud rate and T is the
uplink symbol period, satisfying 7% = m, T}, ;. The uplink
optical signal is detected by a PD equipped in the downlink
device. It is worth noting that the downlink reflected signal
and the uplink communication signal are received by the same
PD, resulting in a superimposed electrical signal consisting of
both the downlink reflected signal x4 and the uplink signal
xy, which is expressed by

Ym (L) = huxy(t — 7) + hsza(t) + n(t), 8

where h, is the LOS channel gain of the uplink communi-
cation module, hg is the LOS channel gain of the sensing
module and 7 denotes the transmission timing offset between
the uplink and downlink links, which mainly arises from the
fact that the uplink and downlink transmissions do not neces-
sarily occur simultaneously. In addition, multipath reflections
from walls and objects may significantly distort correlation
sidelobes, particularly for clipped waveforms. This effect is
not the focus of the current study and will be investigated in
future work.

For m,-CAP subband demodulation, the mixed signals are
demodulated using a matched filter corresponding to the uplink
subbands, thereby enabling effective recovery of the uplink

signal, while the downlink reflected signal is significantly
suppressed due to spectral mismatch. This is mainly due to
the SDD architecture, where the uplink and downlink signals
occupy mutually orthogonal CAP subbands. For a detailed
introduction to SDD, please refer to the following subsection.
Consequently, the impact of the downlink reflected signal on
uplink communication performance can be neglected, allowing
reliable uplink communication to be achieved. However, for
ranging based on time-domain correlation, the uplink signal
is non-negligible interference and a transmission timing offset
T exists between the uplink and downlink signals, leading to
elevated sidelobes and degraded ranging accuracy. Therefore,
an interference cancellation scheme is proposed to suppress
the interference between the downlink reflected and the uplink
signals, as discussed in the following subsection. In addition,
although Doppler effects may affect system performance in
high-mobility scenarios, the proposed bidirectional RO-ISAC
system primarily targets low-mobility short-range applications,
with Doppler-related effects to be investigated in future work.

B. SDD

For frequency division duplex (FDD) based on OFDM,
frequency partitioning is implemented at the subcarrier level,
where different links are allocated to non-overlapping sets
of orthogonal subcarriers, such that the downlink and uplink
occupy spectrally separated frequency resources. However,
the maintenance of subcarrier orthogonality relies heavily on
accurate time synchronization and carrier frequency synchro-
nization [34], [35]. In practical bidirectional communication
scenarios, especially in RO-ISAC systems involving reflective
links, the downlink reflected signal undergoes an additional
reflection process, and the uplink and downlink transmissions
are not necessarily strictly synchronized. As a result, the
arrival time of the downlink reflected signal often exhibits a
significant timing offset relative to the uplink signal. When
the downlink reflected signal and the uplink signal are jointly
received by the same PD, even if they are assigned to different
subcarrier sets in the frequency domain, timing offsets ex-
ceeding the cyclic prefix (CP) duration can destroy subcarrier
orthogonality, thereby introducing severe inter-carrier interfer-
ence. This degradation adversely affects uplink communication
performance. Consequently, in RO-ISAC scenarios, there is a
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Schematic diagram of the proposed bidirectional RO-ISAC system based on clipped mCAP. Insets: (a) CCR model, (b) mCAP modulation with

clipping, (c) mCAP demodulation, (d) illustration of transmitted spectrum of (1/1)-CAP and (e) illustration of transmitted spectrum of (2/2)-CAP.

strong need for a multiplexing mechanism that is more robust
to timing offset. Motivated by this consideration, this paper
introduces a clipped mCAP based SDD scheme, where SDD is
a subband-division-based frequency-domain duplexing scheme
with a spectrum allocation mechanism different from that of
conventional FDD.

Owing to the inherent multi-subband structure of mCAP
modulation, SDD can be naturally implemented by allocating
different subbands to the downlink and uplink. The fundamen-
tal principle of SDD is to divide the available system band-
width into multiple mutually orthogonal subbands and flexibly
allocate these subbands to different communication directions
(downlink and uplink) or different functions (communication
and sensing). Due to the subband processing structure based
on filter groups, even if there is a timing offset, the spectral
isolation between different subbands can still be maintained.
Therefore, SDD has strong robustness against timing offsets
and is particularly suitable for bidirectional RO-ISAC sys-
tems. Moreover, the number of subbands assigned to each
transmission direction or function can be flexibly configured
according to system requirements. Additionally, (mgq/my)-
CAP denotes that mq subbands and m,, subbands are allocated
to the downlink and uplink, respectively. The insets (d) and
(e) of Fig. 1 present the transmission spectrum of (1/1)-CAP
and (2/2)-CAP, respectively.

Although clipping introduces spectral regrowth and may
partially degrade subband isolation, its impact remains limited
due to the rapid decay of out-of-band components and the
reserved subband spacing in this work. Moreover, the digital
signal processing (DSP) complexities of OFDM and mCAP

are of the same order of magnitude, indicating that the
proposed mCAP-based bidirectional RO-ISAC scheme does
not introduce a significant complexity increase compared with
conventional OFDM-based implementations.

C. Sensing Processing

Sensing directly reuses the downlink communication sig-
nal for ranging, requiring no additional spectrum resources
while enabling efficient communication—sensing integration.
In addition to downlink transmission and uplink reception, the
RO-ISAC downlink device also includes sensing processing to
finish ranging, as shown in Fig. 1. After the A/D conversion,
the mixed signals received by the PD are further processed by
an interference cancellation module to effectively suppress the
interference from the uplink signal on the downlink reflected
signal, thereby improving the ranging accuracy. Then, time-
domain cross-correlation is performed between the received
current signal and the upsampled downlink signal to estimate
the time of flight and complete the distance estimation between
the downlink and uplink devices. Let 2(n) and y..t(n) denote
the upsampled time-domain samples of the original clipped
mq-CAP subband signal and the time-domain samples of the
received current signal, respectively, where n is the sample
index. The maximum likelihood time-of-flight estimate in
samples is given by

ALy,
T = arg max Z Yret(R)z(n —T),

n=0

9

where A and L,, denote the upsampling ratio and the time-
domain window length used for cross-correlation prior to up-



sampling, respectively. Accordingly, the distance is estimated
as d = ¢T /2 with ¢ denoting the light speed, and hence the
ranging root mean square error (RMSE) is then given by

RMSE — \/mean [(ds - d)?}, (10)
where d is the actual distance between the downlink and
uplink devices. The ranging resolution and the maximum
ranging distance can be expressed by Ad = ¢/(25) and
dmax = ¢(ALy, — 1)/(28), respectively, where S denotes the
A/D sampling rate in the downlink device.

D. Interference Cancellation

During the distance estimation process, ranging perfor-
mance relies on accurate time-domain correlation characteris-
tics, such as the peak position, sidelobe level, and the overall
correlation shape. The presence of the uplink signal introduces
an additional superimposed component in the received signal,
whose power and correlation structure differ from those of
the desired signal and therefore cannot be simply ignored,
necessitating further interference modeling and cancellation.

Since the uplink received signal can be extracted from the
mixed signals through a matched filter corresponding to the
uplink subbands, the uplink communication is not affected by
the downlink reflected signal and can be regarded as reliably
recoverable. The uplink LOS channel gain is first estimated
using the uplink transmitted signal Signal; and the received
signal Signal,, and is calculated as
. Signal,

u

= 11
Signal;’ (i

Based on the uplink output bits obtained after m,-CAP
subband demodulation, the uplink interference signal is re-
constructed using the estimated uplink LOS channel gain.
By subtracting the reconstructed interference from the mixed
received signal, the estimated downlink reflected signal is
obtained as

@ref(t) = ym(t) - ilui‘u(t - 72)

where Z,(t) is the estimate of the uplink transmitted signal,
which is reconstructed from the uplink output bits after de-
modulation, and 7 is the estimated delay. Since the synchro-
nized mixed signal has been aligned with the reconstructed
uplink waveform, the uplink interference can be effectively
suppressed through direct subtraction. Finally, the cross-
correlation operation in Eq. (9) is applied to the downlink
reflected signal to estimate the time of flight, and the distance
estimate between the downlink and uplink devices can be
obtained.

12)

III. UNIFIED PERFORMANCE METRIC DESIGN

In ISAC systems, communication usually focuses on sat-
isfying minimum QoS requirements, while sensing aims to
meet minimum sensing accuracy constraints. Consequently,
a single performance metric fails to capture overall system
availability and is inadequate for comprehensive performance
evaluation and joint communication—sensing resource opti-
mization. By contrast, jointly considering communication and

sensing directly affects subsequent system design and param-
eter optimization, and provides a comprehensive tool for over-
all system performance evaluation. Therefore, constructing a
unified performance metric that can simultaneously reflect
both communication and sensing capabilities is of critical
importance. For RO-ISAC systems, this paper proposes a
unified performance metric, named JCSOP.

Communication and sensing in the RO-ISAC system are car-
ried out simultaneously, and system performance depends not
only on communication quality but also on sensing accuracy.
The proposed JCSOP is used to quantify the probability that
at least one of the communication and sensing fails to meet
its performance requirement, serving as a unified performance
metric to evaluate overall system availability and reliability. A
lower JCSOP indicates that the system simultaneously satisfies
both communication and sensing requirements in most cases,
implying high reliability, whereas a higher JCSOP reflects
a greater likelihood of communication or sensing failures,
indicating low overall system availability. In the threshold
selection process, both BER and RMSE performance require-
ments should be taken into account. The objective of JCSOP is
not to replace BER or RMSE, but to provide a unified criterion
for system-level optimization and parameter optimization. This
allows the system to maintain reliable communication while
achieving high sensing accuracy, thereby enabling a proper
trade-off between communication and sensing performance.
The JCSOP may not conceal performance deterioration of
communication BER and ranging RMSE. Assuming that
BER. denotes the communication BER and RMSE, denotes
the ranging error, the JCSOP is expressed as

P, = 1-Pr(BER, < BERy,NRMSE, < RMSEy,), (13)

where BERy, and RMSE;, are the maximum acceptable
communication BER and ranging RMSE, respectively. By
adjusting the CR, a trade-off between communication and
sensing performance is established in the proposed RO-ISAC
system. Utilizing the JCSOP as a unified performance metric
to integrate BER and ranging RMSE evaluations, the optimal
CR is identified to satisfy minimum performance requirements.
This methodology yields a jointly optimized communication-
sensing solution that, by attaining the minimum JCSOP,
guarantees the overall reliability of the bidirectional system
architecture.

IV. RESULTS AND DISCUSSIONS

In this section, experiments are conducted to verify the
performance of the proposed bidirectional RO-ISAC system
using clipped mCAP based SDD scheme.

A. Experimental Setup

The experimental setup of the bidirectional RO-ISAC sys-
tem is depicted in Fig. 2, where distinct frequency bands are
allocated to the downlink and uplink transmissions, respec-
tively. Both the downlink and uplink signals are generated
offline using MATLAB and subsequently loaded into two ports
of a four-channel arbitrary waveform generator (AWG, Suin
TFG2934A), respectively, each operating at a sampling rate
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Fig. 2. Experimental setup of the bidirectional RO-ISAC system based on
red LD. Insets: photo of the overall experimental testbed.

of 200 MSa/s. The downlink signal is first superimposed on
a 2.5-V DC bias through a bias tee (Bias-T, Mini-Circuits
ZFBT-6GW+) and then applied to drive a laser diode (LD,
HL63603TG) with a wavelength of 638 nm. The uplink signal,
on the other hand, is combined with a 2.4-V DC bias via
another Bias-T and used to drive a separate but identical LD.
The peak-to-peak voltages (Vpp) of the downlink and uplink
signals are fixed at 500 mV and 400 mV, respectively. In
the downlink, the red light is detected by a PD (Thorlabs
PDA10A?2), and the resulting signal is captured by a digital
storage oscilloscope (DSO, Rigol DHO4404) at a sampling
rate of 2 GSa/s for offline demodulation later via MATLAB.
Moreover, a CCR is placed at the PD location to reflect the
downlink beam back to the transmitter along the same path,
and the reflected signal is received by an avalanche photo-
diode (APD, Hamamatsu C12702-12). In the uplink, the light
is detected by the same APD. Therefore, the APD detects the
mixed signals formed by the downlink reflected signal and
uplink signal, which is then captured by the DSO at a sampling
rate of 2 GSa/s for uplink demodulation. The experimental
testbed photo is presented as the inset of Fig. 2.

TABLE III
EXPERIMENTAL PARAMETERS.

Parameter Value
Number of subbands (m) 2/4

Roll-off factor () 0.125
FFT/IFFT size (Ng) 256
CP length (Ncp) 32

Downlink OFDM data subcarriers
Uplink OFDM data subcarriers

36 (1st-36th)
12 (37th—48th)

Constellation for downlink 8-QAM
Constellation for uplink 4-QAM
AWG sampling rate for downlink 200 MSa/s
AWG sampling rate for uplink 200 MSa/s
DSO sampling rate for downlink 2 GSa/s
DSO sampling rate for uplink 2 GSals
CCR diameter (D) 50 mm
CCR length (L) 35.7 mm
CCR recessed length (L) 6.3 mm

The overhead characteristics of OFDM and mCAP are
fundamentally different, where OFDM incurs time-domain
overhead while mCAP introduces frequency-domain overhead.
To ensure a fair comparison, it is necessary to unify both
OFDM and mCAP under the same efficiency metric, typically
spectral efficiency (SE). The SEs of OFDM and mCAP with
M-QAM are respectively expressed as 7oppm = logs M/(1+
Ncp/Nr) and npcap = logy M/(1 + «), where Nep and
Ny denote the CP length and the fast Fourier transform
(FFT) size, respectively. Therefore, when o = N¢p/Np, the
overheads introduced by OFDM and mCAP can be considered
approximately equivalent. The experimental parameters are
summarized in Table III. In the downlink modulation, the
upsampling ratios of CAP and 2CAP are set to 8 and 16,
respectively, yielding the same system-level baud rate R{ of 25
MBaud. Accordingly, the downlink data rate can be calculated
as 25 x logy 8 = 75 Mbps. For performance comparison,
OFDM is adopted as the benchmark scheme. The 1st to 36th
OFDM data subcarriers are allocated to achieve the same data
rate of 200 x 36/(256 + 32) x log, 8 = 75 Mbps. In the uplink
modulation, the upsampling ratios of CAP and 2CAP are set to
24 and 48, respectively, yielding the same system-level baud
rate R} of 8.33 MBaud. Consequently, the uplink data rate can
be calculated as 8.33 x log, 4 =~ 16.7 Mbps. The 37th to 48th
OFDM data subcarriers are allocated to achieve the same data
rate of 200 x 12/(256 4+ 32) x log, 4 ~ 16.7 Mbps. Moreover,
the ranging resolution is calculated as 3 x 108/(2x 2x 109) =
0.075 m.

To realize asynchronous transmission between the uplink
and downlink signals in the experiment, the uplink signal is
delayed during sampling. To achieve precise timing offset At,
a phase delay A¢ is introduced into the uplink signal, and
the corresponding digital sample delay points are calculated
as k = A¢/(360°/N), where N is the number of sampling
points in one complete period and is fixed at 16384. The
phase delay values are set to 0°, 0.7°, 1.4°, 2.1°, 2.8°, 3.5°,
4.2°, 4.9°, 5.6°, and 6.3°, where 0° denotes synchronous
transmission between the uplink and downlink and a phase of
0.7° corresponds to a digital sample delay of approximately 32
points. The precise timing offset is then determined using the
formula At = A¢/(360°f;/N), where f; is the AWG sam-
pling rate for the downlink. In this way, the downlink reflected
signal and uplink signal undergo asynchronous superposition
in the time domain, thereby establishing an asynchronous state.
In addition, although multi-objective evaluation methods such
as weighted cost and Pareto front functions are important, they
are beyond the scope of this work and will be considered in
future studies.

B. Experimental Results

First, the PAPR comparison for downlink OFDM, CAP,
and 2CAP signals is evaluated, where all schemes adopt the
downlink parameter settings and are unclipped. The PAPR of
all schemes is computed on a per-symbol basis. An OFDM
symbol consists of an inverse FFT (IFFT) block and a CP, with
a length of Ny 4+ Ncp. As CAP and 2CAP do not inherently
exhibit a block structure, their PAPR is calculated over an
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Fig. 3. PAPR comparison for different schemes.

equivalent symbol duration. Fig. 3 shows the complementary
cumulative distribution function (CCDF) versus PAPR of
different schemes. It can be seen that the CCDF decreases
monotonically as the PAPR increases. Compared with OFDM
and 2CAP, CAP exhibits the lowest PAPR, indicating the
minimum susceptibility to nonlinear distortion. In addition,
as the number of subbands increases from 1 to 2, the PAPR
increases due to the superposition of multiple subband signals.

Fig. 4 shows the downlink and uplink transmitted spectrum
for (1/1)-CAP and (2/2)-CAP. The uplink and downlink signals
are separated in the frequency domain through SDD, where the
downlink mainly occupies the low-frequency subbands, while
the uplink is distributed over the high-frequency subbands.
With different numbers of subbands, the spectral distribution
and subband structure vary, and the subbands can be flexibly
allocated to achieve finer spectral partitioning.

Fig. 5(a) shows the experimental uplink BER versus timing
offset for OFDM and (1/1)-CAP at two CRs of 7 dB and 9
dB, with the transmission distance set to 90 cm. For clipped
OFDM, when the timing offset is smaller than the CP length,
the CP can effectively suppress the interference caused by
timing misalignment, thereby preserving the orthogonality
between the uplink and downlink subcarriers and enabling the
system to achieve favorable BER performance. However, as
the timing offset exceeds the CP length, the downlink reflected
signal and the uplink signal partially overlap in the time
domain, and the resulting timing misalignment destroys the
inter-subcarrier orthogonality. Although the intra-subcarrier
orthogonality can still be preserved, the inter-subcarrier in-
terference is significantly enhanced, resulting in a degradation
in the uplink BER performance. Moreover, when the timing
offset approaches an integer multiple of the symbol duration,
partial orthogonality is restored, and the BER performance
may improve. Therefore, timing offset has a significant impact
on the BER performance of the OFDM system, indicating a
high sensitivity to timing misalignment, which further limits
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Fig. 4. The downlink and uplink transmitted spectrum for (a) (1/1)-CAP and
(b) (2/2)-CAP.

its robustness in bidirectional RO-ISAC scenarios.

On the other hand, as shown in Fig. 5(a), clipped (1/1)-
CAP is more robust in the asynchronous environment com-
pared with clipped OFDM. Under different timing offsets, the
BER performance of clipped (1/1)-CAP varies only slightly,
demonstrating a high degree of insensitivity to timing off-
set. Specifically, for (1/1)-CAP with CRs of 7 dB and 9
dB, the uplink BER is maintained at around 2 x 10~ and
2 x 1073 respectively, unaffected by timing offset. This is
mainly attributed to the use of mCAP matched filtering, where
inter-subband interference is well confined by spectral shaping
and out-of-band suppression, thereby effectively mitigating the
inter-subband interference. Therefore, even in the presence of
significant timing offsets between the uplink and downlink
signals, the system can maintain inter-subband orthogonality,
thereby demonstrating the superior robustness of clipped (1/1)-
CAP in bidirectional RO-ISAC scenarios. Moreover, the CR
has a significant impact on the BER performance for both
OFDM and (1/1)-CAP, where the performance at CR = 7 dB
is generally superior to that at CR = 9 dB. At the same CR,
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Fig. 5. (a) Experimental uplink BER vs. timing offset for OFDM and (1/1)-
CAP under different CRs, and (b) cross-correlation performance comparison
between OFDM and (1/1)-CAP under different CRs.

(1/1)-CAP outperforms OFDM in BER performance, which is
primarily because the high-PAPR OFDM signals exceed the
clipping threshold much more often than CAP signals, causing
more frequent and severe signal clipping. To emulate a realistic
asynchronous uplink-downlink transmission, the uplink time
offset is set to 637 ns in the subsequent experiments. Addi-
tionally, the insets in Fig. 5(a) depict the received constellation
diagrams of different schemes under various timing offsets at
a CR of 7 dB.

Fig. 5(b) shows the cross-correlation performance compari-
son between OFDM and (1/1)-CAP under different CRs, with
the transmission distance set to 105 cm and a cross-correlation
window length of 3000. For both OFDM and (1/1)-CAP, the
correlation peak at CR = 7 dB is higher than that at CR = 9
dB, which is because a lower CR makes the waveform more
closely resemble a binary pulse signal, thereby enhancing the
cross-correlation performance. Although (1/1)-CAP achieves a

higher correlation peak than OFDM at the same CR, it suffers
from significantly more severe negative sidelobes.

Subsequently, it is experimentally verified that clipping has
different impacts on BER and sensing accuracy. Fig. 6(a)
illustrates the communication downlink BER versus CR for
OFDM, (1/1)-CAP and (2/2)-CAP under different distances.
It is observed that the BER performance for all schemes
is poor in the low CR region, attributed to severe signal
clipping caused by an excessively low CR, which introduces
significant non-linear distortion. Notably, an optimal CR exists
for each scheme where the BER performance reaches its
optimum, marking a balance point between clipping distortion
and signal power. As the CR further increases into the high CR
region, the BER performance degrades again, which occurs
because while a higher CR reduces clipping distortion, it
necessitates a decrease in effective signal power, resulting in
substantial signal-to-noise ratio (SNR) degradation. The BER
performance of (1/1)-CAP is superior to that of OFDM and
(2/2)-CAP within the selected CR range. Particularly in the
high CR region of 11-13 dB, the rise in BER for OFDM
is significantly more pronounced than for the (1/1)-CAP
and (2/2)-CAP schemes. Specifically, compared with other
schemes, (1/1)-CAP achieves the optimal BER performance at
a CR of 7 dB and a distance of 90 cm, reaching approximately
2 x 10~*. Moreover, as the transmission distance increases
from 90 cm to 105 cm, the signal quality of the considered
schemes degrades, leading to an increase in BER. Fig. 6(b)
illustrates the ranging RMSE versus CR for OFDM, (1/1)-
CAP and (2/2)-CAP under different distances. It is interesting
to observe that as the CR increases, the ranging RMSE of
all schemes exhibits an upward trend. This is because that
at small CRs, the waveform approaches a binary pulse-like
shape, which improves its correlation properties and enhances
ranging accuracy. As the CR increases, nonlinear distortion
reduces the effective signal component, resulting in SNR
degradation and increased ranging error. When the distance is
90 cm and compared with other schemes, clipped (1/1)-CAP
achieves the lowest ranging RMSE, maintaining it below 3
cm. Meanwhile, clipped (2/2)-CAP exhibits a higher ranging
RMSE than clipped (1/1)-CAP, as the increased number of
subbands leads to a higher PAPR. In contrast, the clipped
OFDM scheme demonstrates the highest ranging RMSE. For
the considered schemes, the ranging RMSE at 105 cm is
consistently higher than that at 90 cm, which is primarily
attributed to the degradation of the SNR. According to Figs.
6(a) and (b), within different CR ranges, a pronounced trade-
off exists between downlink communication reliability and
sensing accuracy, and an appropriate selection of CR can
achieve an optimal balance between acceptable communica-
tion and sensing performance.

Fig. 6(c) illustrates the communication uplink BER versus
CR for OFDM, (1/1)-CAP and (2/2)-CAP under different
distances. As the CR increases, the BER exhibits a trend of
initially decreasing and then increasing. Compared with the
other schemes, OFDM exhibits the poorest BER performance
at the two considered distances, and even at the optimal CR,
its BER remains consistently above the 7% forward error
correction (FEC) coding limit of BER = 3.8 x 1073, When
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the distance is 90 cm, the BER values of (1/1)-CAP remain CAP under different CRs. Increasing the transmission distance
below 3.8 x 1072 over the considered CR range, while (2/2)- reduces the received SNR, thereby increasing the ranging
CAP can achieve a BER of 3.8 x 1072 only within part of the RMSE and degrading sensing accuracy. As the distance in-
CR range. As the distance increases, the BER values of all creases from 90 cm to 112.5 cm, the ranging RMSE for all
schemes increase accordingly. Therefore, the optimal uplink schemes at CR =5 dB is consistently lower than at CR =7 dB,
communication performance can be obtained by appropriately further indicating that a smaller CR is beneficial for improving
selecting the CR. sensing accuracy. Specifically, at 112.5 cm, the OFDM scheme
with CR = 7 dB exhibits a ranging RMSE approaching 3.8 cm,
representing the maximum sensing error. In contrast, (1/1)-
CAP achieves the lowest ranging RMSE, where particularly at
CR =5 dB, it is maintained between 2.1 cm and 2.8 cm across
the entire distance range, demonstrating the highest accuracy
and the slowest increase with distance. Therefore, combining
the results from Figs. 7(a) and (b), it is evident that the clipped
(1/1)-CAP scheme outperforms other schemes in terms of both
communication and sensing performance. However, to simul-
taneously satisfy communication requirements and ensure an
acceptable ranging RMSE, a trade-off in the selection of the
CR is necessitated.

Fig. 7(a) illustrates the communication downlink BER ver-
sus distance for OFDM, (1/1)-CAP and (2/2)-CAP under
different CRs. With the distance increasing from 90 cm to
112.5 cm, the BER curves of all schemes show an upward
trend, indicating that communication quality degrades with
increasing distance. At different distances, the optimal CR
for (1/1)-CAP varies between 5 dB and 7 dB, while the
optimal CR for other schemes remains consistently at 7 dB.
Specifically, when satisfying the 7% FEC coding limit of BER
=3.8x 1073, (1/1)-CAP with CR = 5 dB achieves the longest
transmission distance among all schemes, reaching 111.4 cm,
while OFDM achieves the shortest distance of 98.9 cm. Fig.
7(b) illustrates the ranging RMSE and the communication Fig. 7(c) illustrates the communication uplink BER versus
uplink BER versus distance for OFDM, (1/1)-CAP and (2/2)- distance for OFDM, (1/1)-CAP and (2/2)-CAP under different



TABLE IV
MAXIMUM DISTANCE COMPARISON UNDER BER AND RANGING RMSE THRESHOLDS.

Scheme CR (dB)

Max. distance (cm)
(BER4, = 3.8 x 1073)

Max. distance (cm)

Downlink
(Impr. over OFDM)

. (RMSE¢, = 2.6 cm,
Uplink
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Fig. 8. JCSOP vs. CR for OFDM, (1/1)-CAP and (2/2)-CAP.

CRs. It can be observed that within the distance range of 90
cm to 112.5 cm, the BER of OFDM remains higher than
3.8 x 1072 under different CR conditions. In contrast, the
BER performance of both (1/1)-CAP and (2/2)-CAP schemes
is significantly better than that of OFDM, indicating that (1/1)-
CAP and (2/2)-CAP exhibit better interference robustness in
this scenario. Furthermore, within the considered distance
range, (1/1)-CAP achieves its best BER performance at CR
= 5 dB, whereas for (2/2)-CAP, the optimal CR alternates
between 5 dB and 7 dB depending on the transmission
distance. Moreover, the maximum distance comparison un-
der BER and ranging RMSE thresholds is shown in Table
IV. These results indicate that (1/1)-CAP performs best in
downlink communication, uplink communication, and ranging,
demonstrating stronger communication robustness and better
distance extension capability.

Since the CR plays a crucial role in the trade-off between
clipping noise and signal power, Fig. 8 illustrates the JCSOP
versus CR for OFDM, (1/1)-CAP and (2/2)-CAP, where the
maximum acceptable communication BER BER;, and rang-
ing RMSE RMSEyy, are set to 3.8 x 10~2 and 3 cm, respec-
tively. For a given CR, the BER and RMSE performances are
evaluated at a set of discrete distance points. The JCSOP is
obtained by counting the number of distance points where at

least one performance metric exceeds the predefined thresholds
and dividing it by the total number of distance points. It can
be seen that all schemes exhibit a trend of initially decreasing
and then increasing. This indicates that both excessively low
and high CR values lead to an increased JCSOP, implying
the existence of an optimal CR range. Within the optimal
CR range, (1/1)-CAP achieves the lowest JCSOP compared
with both OFDM and (2/2)-CAP, highlighting its advantage in
terms of outage performance. Specifically, (1/1)-CAP achieves
the lowest JCSOP of 0.25 within the CR range of 5 dB to 7
dB, significantly outperforming both OFDM and (2/2)-CAP.
In comparison, OFDM exhibits a minimum JCSOP of 0.5 in
the same range, while (2/2)-CAP only reaches this level at
CR = 7 dB. This demonstrates that (1/1)-CAP provides the
most robust link performance with a wider tolerance for CR
variations. Moreover, when the CR exceeds the optimal point,
the JCSOP for all schemes exhibits an upward trend, indicating
that excessively high CR values lead to deteriorated system
reliability, thereby making the selection of CR critical.

V. CONCLUSION

In this paper, we have proposed and investigated a novel
bidirectional RO-ISAC system employing clipped mCAP
based SDD scheme, where SDD is leveraged to allocate
orthogonal frequency subbands for downlink and uplink trans-
missions. Within this architecture, the downlink reflected
signal and the uplink signal arrive at the same PD with
a time offset and are superimposed in the time domain.
While the orthogonality provided by mCAP matched filtering
facilitates the robust recovery of uplink data, the uplink signal
poses a significant interference challenge to downlink sensing
accuracy. Addressing the challenge of uplink-induced interfer-
ence, we have proposed an interference cancellation scheme
designed to restore downlink sensing precision. Adjustment of
the CR serves as a pivotal mechanism to balance the trade-off
between downlink communication and sensing performance,
while concurrently optimizing the uplink BER performance.
To address the challenge of quantifying the trade-off be-
tween communication and sensing, we have introduced a
novel unified performance metric termed the JCSOP. Extensive
hardware experiments definitively validate the feasibility and
superiority of the proposed clipped mCAP based SDD scheme
over conventional clipped OFDM counterparts in bidirectional
RO-ISAC systems. Consequently, the proposed clipped mCAP
based SDD scheme emerges as a highly promising solution for
future bidirectional RO-ISAC deployments. Future work will



explore adaptive clipping optimization, intelligent subband
allocation, overlapped SDD for higher spectral efficiency, and
extensions to multi-user RO-ISAC scenarios through the joint
design of multi-user access and multi-target sensing.
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