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Abstract—Integrated sensing and communication (ISAC) using
light has attracted attention recently, and retroreflective optical
ISAC (RO-ISAC) realizes passive sensing by equipping the target
with a corner cube reflector (CCR) to enhance light reflection.
In this Letter, we propose and demonstrate a full-duplex RO-
ISAC system based on wavelength division duplexing (WDD)
with a hybrid waveform design. Specifically, WDD is enabled
by adopting blue and green lights for downlink and uplink
transmissions, respectively. To avoid the interference between the
reflected downlink signal and the uplink signal, a pair of blue
and green optical filters are employed. Moreover, a hybrid single-
carrier and multi-carrier (HSM) waveform consisting of both
pulse amplitude modulation (PAM) and orthogonal frequency
division multiplexing (OFDM) samples is further proposed to
achieve flexible performance trade-off between communication
and sensing in the full-duplex RO-ISAC system. Our experiments
successfully demonstrate a RO-ISAC system supporting downlink
125 Mb/s and uplink 12.5 Mb/s full-duplex transmission with a
ranging root mean square error less than 4 cm.

Index Terms—Retroreflective optical integrated sensing and
communication, full-duplex transmission, wavelength division
duplexing, hybrid single-carrier and multi-carrier waveform.

I. INTRODUCTION

THE sixth-generation (6G) mobile communication systems
are expected to provide large-capacity communication

and high-accuracy sensing services simultaneously for emerg-
ing applications such as the Internet of Things, intelligent
transportation systems, human-computer interactions, and
environmental monitoring. As a key enabling technology for
6G, integrated sensing and communication (ISAC) has been
widely investigated in recent years [1]. In general, ISAC
systems can be implemented using radio-frequency (RF) or
light spectrum [2]. Compared with RF-based ISAC, optical
ISAC can fully exploit the abundant bandwidth of light to
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achieve both large transmission capacity and high sensing
accuracy [3]. Since optical ISAC systems usually rely on the
reflected light from the target to perform passive sensing, the
concept of retroreflective optical ISAC (RO-ISAC) has been
further proposed in [4] and [5], which equips the target with
a corner cube reflector (CCR) to enhance light reflection [6].

The implementation of RO-ISAC systems faces a few chal-
lenges, including bidirectional transmission, waveform design,
etc. A practical RO-ISAC system usually needs to support
bidirectional transmission between the downlink and uplink
devices. Due to bidirectional transmission, there might be
interference between the reflected downlink signal and the
uplink signal in the RO-ISAC system. In our previous work,
we have proposed a time division duplexing (TDD) scheme to
avoid interference and hence enable bidirectional transmission
in the RO-ISAC system [7]. However, the TDD-based RO-
ISAC system can only support half-duplex transmission, which
is not capable of providing full-duplex transmission. Moreover,
since the RO-ISAC system needs to fulfill the dual-function
of communication and sensing simultaneously, a suitable
waveform design plays an important role to achieve satisfac-
tory communication and sensing performance. So far, several
waveform designs have been reported to situate the require-
ments of both communication and sensing, such as pulse
sequence sensing and pulse position modulation (PSS-PPM)
[8], combined linear frequency modulation and continuous
phase modulation (LFM-CPM) [9], integrated pulse amplitude
modulation (PAM) waveform [10], and orthogonal frequency
division multiplexing (OFDM) [11], [12]. Nevertheless, an
adaptive waveform that enables flexible communication and
sensing performance trade-off has not yet been designed.

Aiming at address the full-duplex transmission and adap-
tive waveform design issues, in this Letter, we propose a
full-duplex RO-ISAC system based on wavelength division
duplexing (WDD) with a hybrid single-carrier and multi-
carrier (HSM) waveform. Experiments are conducted to study
the performance of the proposed full-duplex RO-ISAC system.

II. PRINCIPLE

Fig. 1 depicts the schematic diagram of the proposed full-
duplex RO-ISAC system based on WDD and HSM. In the
RO-ISAC downlink device, the downlink input bits are first
used to perform HSM modulation, where the information bits
are split into two streams: one is modulated into a PAM
signal via PAM modulation and the other is modulated into an
OFDM signal via OFDM modulation. Subsequently, the two
modulated signals are combined to generate the HSM signal
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Fig. 1. Schematic diagram of the proposed full-duplex RO-ISAC system based on WDD and HSM. Inset in RO-ISAC uplink device shows the diagram of
the CCR. mod.: modulation; corr.: correlation; dem.: demodulation.

via an adaptive combiner. The obtained digital HSM signal
is then converted into an analog HSM signal via digital-to-
analog (D/A) conversion and a direct current (DC) bias is
added to ensure the non-negativity of the HSM signal. Finally,
the resultant downlink HSM signal is used to drive a blue LED
(BLED) to generate the blue light for downlink transmission.
In the RO-ISAC uplink device, the downlink HSM signal is
detected by a photo-detector (PD) and analog-to-digital (A/D)
conversion is then conducted to obtain a digital HSM signal.
After time synchronization, HSM demodulation is carried out
accordingly. More specifically, the PAM part and the OFDM
part in the digital HSM signal are first split via an adaptive
splitter, and then PAM demodulation and OFDM demodulation
are respectively executed to obtain the downlink output bits.

As shown in Fig. 1, the RO-ISAC uplink device is equipped
with a CCR to reflect the blue light back to realize ranging
at the RO-ISAC downlink device. The inset in the RO-ISAC
uplink device illustrates the diagram of the CCR, where Ls, L,
and Dr denote the recessed length, the length, and the diameter
of the CCR, respectively [4]. Moreover, in the RO-ISAC uplink
device, the uplink input bits are first modulated into a digital
OFDM signal. After D/A conversion and DC bias addition,
the obtained OFDM signal is used to drive a green LED
(GLED) to generate the green light for uplink transmission.
After free-space transmission, the reflected blue light and the
green light are mixed together and a pair of optical filters are
used to separate the blue and green lights in the RO-ISAC
downlink device so as to avoid the bidirectional interference.
Particularly, a blue optical filter (BOF) is adopted to filter out
the blue light from the mixed light for further ranging proce-
dures, while a green optical filter (GOF) is applied to filter out
the green light from the mixed light for uplink demodulation.
After blue filtering, the filtered blue light is detected by a
PD and the resultant analog HSM signal is converted into a
digital HSM signal via A/D conversion. Subsequently, time-
domain cross-correlation between the reflected HSM signal
and the upsampled downlink HSM signal is performed to
calculate the time of flight and hence estimate the distance.
The maximum likelihood estimation of the time of flight
can be represented by τ̂ = arg max

τ

PL−1
n=0 y(n)x(n − τ), where

x(n) and y(n) respectively denote the upsampled time-domain
samples of the original HSM signal and the time-domain

Fig. 2. Illustration of HSM waveforms with different HSM ratios.

samples of the reflected HSM signal, and L is the length
of the selected time-domain window for cross-correlation [4].
Hence, the distance d between the downlink and uplink devices
can be estimated as d̂ = cτ̂/2 with c being the speed of
light. For an A/D sampling rate fs, the ranging resolution
is given by ∆d = c/2 fs. In addition, the filtered green light
is detected by another PD and the uplink output bits can be
finally obtained via A/D conversion, time synchronization and
OFDM demodulation.

To achieve flexible performance trade-off between commu-
nication and sensing, we design a HSM waveform for the
full-duplex RO-ISAC system. As shown in Fig. 1, the HSM
waveform consists of both single-carrier (i.e., PAM) and multi-
carrier (i.e., OFDM) parts, and flexible performance trade-off

can be achieved by adaptively adjusting the proportions of
the PAM/OFDM parts in the HSM waveform. By defining the
HSM ratio α as the ratio of the number of PAM samples to
the number of OFDM samples, the HSM waveform becomes
OFDM when α = 0, while it becomes PAM when α = ∞.
To ensure that the HSM signal has a constant data rate when
varying the HSM ratio α, we assume that the time-domain
upsampling rate Rt in PAM modulation and the frequency-
domain upsampling rate R f in OFDM modulation is the
same, i.e., Rt = R f . Moreover, the PAM order MPAM and
the quadrature amplitude modulation (QAM) order MQAM in
OFDM modulation are also the same, i.e., MPAM = MQAM.
Since OFDM usually has a high peak-to-average-power ratio
(PAPR), the OFDM samples are clipped to maintain the same
peak values as the PAM samples in the HSM waveform. Fig. 2
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Fig. 3. Experimental setup of the full-duplex RO-ISAC system. Insets:
(a) photo of the experimental testbed and (b) measured frequency responses
of BLED and GLED.

illustrates the HSM waveforms with different HSM ratios,
where the time duration of the HSM frame is Ts and each HSM
frame consists of four sub-frames. As we can see, the HSM
waveform consists of more OFDM samples when α < 1, while
it has more PAM samples when α > 1. Since OFDM has better
communication performance while PAM has better sensing
performance, it is feasible to achieve flexible performance
trade-off between communication and sensing by adaptively
adjusting the HSM ratio α.

III. EXPERIMENTAL RESULTS

Fig. 3 depicts the experimental setup of the full-duplex RO-
ISAC system, where a BLED module (HCCLS2021MOD01-
TX) is employed in the downlink while a GLED is applied
in the uplink. Both the downlink HSM signal and the uplink
OFDM signal are generated offline using MATLAB, which
are then loaded into the two ports of a two-channel arbitrary
waveform generator (AWG, Tektronix AFG31102) with sam-
pling rates of 250 and 25 MSa/s, respectively. The output
HSM signal is used to drive the BLED module with a DC
bias voltage of 12 V, while the output OFDM signal is first
combined with a DC bias voltage of 2.7 V via a bias tee (Bias-
T, Mini-Circuits ZFBT-6GW+) and then utilized to drive the
GLED. The peak-to-peak voltage (Vpp) of the downlink HSM
signal is fixed at 250 mV, while the Vpp of the uplink OFDM
signal is in the range from 150 to 300 mV. In the downlink,
a PD module (HCCLS2021MOD01-RX) is used to detect the
blue light and the obtained HSM signal is recorded by a digital
storage oscilloscope (DSO, LeCroy Wavesurfer432) with a
sampling rate of 2.5 GSa/s for downlink demodulation. In the
uplink, a BOF and a GOF are respectively adopted to filter the
mixed light, and an avalanche photo-diode (APD, Hamamatsu
C12702-12) is used to detect the filtered optical signal. The
BOF filters out the reflected blue light and the detected HSM
signal is recorded by the DSO with a sampling rates of 2.5
GSa/s for ranging, while GOF filters out the green light and
the detected OFDM signal is recorded by the DSO with a
sampling rates of 250 MSa/s for uplink demodulation. The
photo of the experimental testbed is shown in Fig. 3(a). The
measured frequency responses of the BLED and GLED are
plotted in Fig. 3(b), where the −3dB bandwidths of the BLED
and GLED are 3 and 34 MHz, respectively.

In the downlink HSM modulation, the inverse fast Fourier
transform (IFFT) size is 256 and a total of 64 subcarriers are
used to carry 4-QAM (i.e., MQAM = 4) symbols in OFDM,
which is corresponding to a frequency-domain upsampling rate
of R f = 4. Moreover, 4-PAM (i.e., MPAM = 4) modulation is
considered with a time-domain upsampling rate of Rt = 4.
As a result, the data rate of downlink transmission is given by
(log2 4)×250/4 = 125 Mb/s. In the uplink OFDM modulation,
the IFFT size, the number of data subcarriers and the QAM
order are 256, 64 and 4, respectively. Hence, the data rate of
uplink transmission is given by (log2 4)×25/4 = 12.5 Mb/s. In
addition, a clipping ratio of 11 dB is considered during OFDM
modulation in both downlink and uplink transmissions. For the
uplink ranging, the A/D sampling rate is fs = 2.5 GSa/s and
hence the ranging resolution is calculated by ∆d = 6 cm.

We first evaluate the communication and ranging perfor-
mance of the full-duplex RO-ISAC system, where the uplink
Vpp is set to 150 mV. Fig. 4(a) shows the downlink com-
munication bit error ratio (BER) versus HSM ratio α for
different distances. As we can see, the BER is gradually
increased with the increase of α for all the distances, which is
mainly because OFDM using 4-QAM generally has a lower
BER than 4-PAM and a larger HSM ratio α indicates there
are more 4-PAM samples in the HSM signal. Moreover,
the overall BER performance is gradually degraded with the
extension of distance as a larger distance results in a reduced
received signal power. The uplink communication BER versus
distance for PAM and OFDM without and with filter is shown
in Fig. 4(b). It can be seen that the use of optical filter
can substantially improve the uplink BER performance since
the bidirectional interference can be efficiently canceled via
optical filtering. For the case without optical filtering, it is
interesting to observe that the BER first decreases and then
increases when the distance is increased from 60 to 96 cm,
which might be due to the fact that the reflected downlink
blue light attenuates much faster than the uplink green light
and hence the interference reduction plays the dominant role
when the distance is increased from 60 to 72 cm. Besides, for
the case without optical filtering, it is also verified that OFDM
using 4-QAM can achieve much better BER than 4-PAM.
More specifically, the maximum distances for OFDM using
4-QAM and 4-PAM to reach the 7% forward error correction
(FEC) coding limit of 3.8 × 10−3 are about 60 and 88 cm,
respectively. Fig. 4(c) shows the ranging root mean square
error (RMSE) versus HSM ratio α for different distances with
filter. It is contrary to the communication BER shown in
Fig. 4(a) that the ranging RMSE is gradually reduced with
the increase of α for all the distances with filter. The cross-
correlation performance comparison between PAM and OFDM
is shown in Fig. 4(d). It is clear to see that the cross-correlation
profile of 4-PAM has a much higher peak than OFDM using 4-
QAM for a given cross-correlation window length L, indicating
its superior cross-correlation performance, and the profile peak
of OFDM becomes barely distinguishable for a relatively
small L of 512. It can be concluded from Fig. 4 that flexible
performance trade-off between communication and ranging
can be achieved by adaptively selecting an appropriate HSM
ratio α.
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Fig. 4. (a) Downlink BER vs. HSM ratio, (b) uplink BER vs. distance for PAM and OFDM without and with filter, (c) ranging RMSE vs. HSM ratio with
filter, and (d) cross-correlation performance comparison between PAM and OFDM. The uplink Vpp is set to 150 mV. w/: with, w/o: without.

Fig. 5. (a) Uplink BER vs. uplink Vpp, and (b) ranging RMSE vs. uplink
Vpp. The distance is set to 96 cm.

We further investigate the impact of uplink transmission
on the communication and ranging performance of the full-
duplex RO-ISAC system, where the distance is set to 96
cm. Fig. 5(a) shows the uplink BER versus uplink Vpp for
PAM and OFDM without and with filter. As can be seen,
the uplink BER is gradually reduced with the increase of
uplink Vpp for both PAM and OFDM. Moreover, significant
BER performance enhancement is obtained when optical filter
is used to mitigate the interference from the reflected blue
light. To reach the 7% FEC coding limit of 3.8 × 10−3,
the required uplink Vpps for 4-PAM and OFDM using 4-
QAM with optical filtering are 260 and 178 mV, respectively,
showing the superior BER performance of OFDM using 4-
QAM over 4-PAM. The ranging RMSE versus uplink Vpp
for different HSM ratios without and with filter is depicted in
Fig. 5(b). For the case without optical filtering, the ranging
RMSE becomes excessively high for a relatively large uplink
Vpp. Specifically, a ranging RMSE as high as 15 cm is
obtained when the uplink Vpp reaches 300 mV. For the
case with optical filtering, the ranging RMSE is only slightly
increased with the increase of uplink Vpp, which remains to
be less than 4 cm even a large uplink Vpp of 300 mV is
applied.

IV. CONCLUSION

In this Letter, we have proposed and experimentally demon-
strated a full-duplex RO-ISAC system employing WDD
with an adaptive HSM waveform. By using blue and green
lights with the corresponding blue and green optical filters,

bidirectional interference can be mitigated and WDD-based
full-duplex transmission can be established in the RO-ISAC
system. To realize flexible trade-off between communication
and sensing performance in the RO-ISAC system, we have
further proposed an adaptive HSM waveform where the HSM
ratio can be adaptively selected to adjust the proportions of
PAM and OFDM samples in the HSM waveform. Experimen-
tal results successfully verify the feasibility of the proposed
WDD-based full-duplex RO-ISAC system using the HSM
waveform.
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