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Abstract—Optical wireless integrated sensing and communica-
tion (ISAC) has revealed great potential to satisfy the require-
ments of both large communication capacity and high sensing
accuracy in the sixth-generation (6G) networks. In this paper,
we propose and experimentally demonstrate a multiuser retrore-
flective optical ISAC (MU-RO-ISAC) system. To simultaneously
support communication and sensing for multiple users, a novel
orthogonal frequency division multiplexing-embedded maximum
length sequence with code index modulation (OFDM-MLS-CIM)
waveform is proposed. Utilizing the proposed OFDM-MLS-CIM
waveform, multiuser joint sensing and multiple access schemes
are further designed accordingly. Compared with pure OFDM,
OFDM-MLS-CIM can support flexible performance trade-off
between communication and sensing and it can also transmit
additional index bits via CIM during MLS generation. Proof-
of-concept experiments are conducted to evaluate the feasibility
of the proposed MU-RO-ISAC system using OFDM-MLS-CIM.
Experimental results show that, in a two-user RO-ISAC system,
the users’ bit error rates (BERs) can reach the 7% forward error
correction (FEC) coding threshold of 3.8 x 10~2 while centimeter
accuracy ranging can be successfully achieved for both users.

Index Terms—Retroreflective optical integrated sensing and
communication (RO-ISAC), waveform design, joint sensing, in-
terference cancellation, multiple access.

I. INTRODUCTION

WING to its ability to simultaneously support commu-

nication and sensing, integrated sensing and commu-
nication (ISAC) has received tremendous attention in recent
years, which has been widely envisioned as a key enabling
technology for the sixth-generation (6G) networks [1]. To
achieve both large communication capacity and high sensing
accuracy, sufficient signal bandwidth is generally required in
ISAC systems [2]. Considering the fact that radio-frequency
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(RF) based ISAC systems usually have a limited usable signal
bandwidth, it is challenging for RF-ISAC systems to meet the
high capacity and accuracy requirements [3]. In comparison
to RF-ISAC systems, optical wireless ISAC systems can fully
exploit the abundant bandwidth of light to satisfy the required
communication capacity and sensing accuracy [4], [5].

Lately, retroreflective optical ISAC (RO-ISAC) has been fur-
ther proposed which introduces a retroreflective module such
as corner cube reflector (CCR) to enhance the intensity of the
reflected optical signal via light retroreflection [6]. Although
RO-ISAC reveals its potential for future 6G networks, the
research of RO-ISAC is still at the early stage which mainly
focuses on the topics such as channel modeling, waveform
design, bidirectional transmission, etc. For channel modeling
in RO-ISAC systems, both a point source model and an area
source model of the reflected sensing channel were proposed
in [7]. For waveform design in RO-ISAC systems, multiple
integrated waveforms were proposed such as pulse sequence
sensing and pulse position modulation (PSS-PPM) [8], inte-
grated pulse amplitude modulation (PAM) [9], orthogonal fre-
quency division multiplexing (OFDM) waveforms [10]-[12],
hybrid PAM and OFDM waveform [13], OFDM-embedded
maximum length sequence (OFDM-MLS) [14], and so on. For
bidirectional transmission in RO-ISAC systems, time division
duplexing based half-duplex bidirectional transmission was
proposed in [15] and wavelength division duplexing based full-
duplex bidirectional transmission was proposed in [13]. More-
over, an optical integrated communication, sensing, and power
transfer (O-ICSPT) system was experimentally validated in
[16], which further integrates wireless optical power transfer
into the RO-ISAC system. As can be found from the existing
literature, the current RO-ISAC research mostly considers a
point-to-point RO-ISAC system which only performs single-
user communication and single-target sensing. However, prac-
tical RO-ISAC systems might consist of multiple users and
hence both multiuser communication and multi-target sensing
should be considered in RO-ISAC systems [17].

To the best of our knowledge, multiuser optical wireless
ISAC systems have only been reported in [19] and [18] so far.
In [19], an optical phased array has been adopted to enable
concurrent multiuser communication and environment imaging
via optical beamforming. Although the use of optical phased
array can efficiently realize multi-beam optical wireless ISAC
and hence support multiple users, the overall implementation
complexity and cost of the system can be relatively high. In
[18], non-orthogonal multiple access (NOMA) has been em-
ployed to serve multiple users where multiple OFDM signals



TABLE I
COMPARISON OF THE PROPOSED MU-RO-ISAC SYSTEM WITH STATE-OF-THE-ART OPTICAL ISAC SYSTEMS
Reference ~ Number of users Waveform Multiple access Additional index bits  Simulation/experiment
[8] 1 PSS-PPM Not applicable No Simulation
[10] 1 OFDM Not applicable No Experiment
[11] 1 OFDM Not applicable No Simulation
[13] 1 Hybrid PAM and OFDM Not applicable No Experiment
[14] 1 OFDM-MLS Not applicable No Experiment
[18] 2 OFDM NOMA No Simulation
This work 2 OFDM-MLS-CIM Hybrid OFDMA and IMMA Yes Experiment
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are individually clipped before the NOMA superposition so as
to mitigate clipping distortion propagation. Nevertheless, the
research of multiuser RO-ISAC (MU-RO-ISAC) is still in the
early stage and it is of practical significance to propose and
design low-complexity and low-cost MU-RO-ISAC systems to
serve multiple users.

To this end, in this paper, we for the first time propose and
experimentally demonstrate a MU-RO-ISAC system, where
the waveform design, joint sensing and multiple access issues
are investigated. For clarity, a comprehensive comparison
between the proposed MU-RO-ISAC system and the state-
of-the-art optical ISAC systems is provided in Table 1. The
main contributions of this paper can further be summarized as
follows:

¢ A novel ISAC waveform named OFDM-MLS with code
index modulation (OFDM-MLS-CIM) is designed, which
not only benefits from the flexible performance trade-off
between communication and sensing but also provides
the unique CIM ability to transmit additional index bits
without compromising the overall performance.

o A joint sensing scheme based on the OFDM-MLS-CIM
waveform is developed, where interference cancellation
(IC) is adopted to remove inter-user interference and
hence ensure satisfactory sensing performance for all
users in the MU-RO-ISAC system.

e A hybrid multiple access scheme based on the OFDM-
MLS-CIM waveform is further proposed, which can
support flexible allocation of OFDM and CIM bits to the
serving users according to their data rate requirements
and channel conditions.

Schematic diagram of the proposed MU-RO-ISAC system using OFDM-MLS-CIM. corr.: correlation, sync: synchronization.

o Extensive experimental results are presented to evaluate
the performance of the proposed MU-RO-ISAC system
using OFDM-MLS-CIM. The obtained results demon-
strate the feasibility to achieve both high-speed commu-
nication and high-accuracy ranging in a proof-of-concept
two-user RO-ISAC setup.

The remainder of this paper is organized as follows. In
Section II, we describe the principle of a general MU-RO-
ISAC system, where the proposed waveform design, joint
sensing and multiple access schemes are introduced in detail.
In Sections III, experiments are conducted and the results are
discussed. Section IV concludes the paper.

II. PRINCIPLE

In this section, the principle of the proposed MU-RO-ISAC
system using OFDM-MLS-CIM is first described, and then
three key techniques of the MU-RO-ISAC system including
waveform design, joint sensing and multiple access are dis-
cussed in detail.

A. System Principle

Fig. 1 depicts the schematic diagram of the proposed MU-
RO-ISAC system using OFDM-MLS-CIM. As we can see,
the MU-RO-ISAC system mainly consists of one MU-RO-
ISAC transceiver and K user receivers. At the MU-RO-ISAC
transceiver, the input bits of totally K users are first modulated
into the OFDM-MLS-CIM signal via OFDM-MLS-CIM mod-
ulation, and the OFDM-MLS-CIM waveform is used to realize
both communication and sensing in the MU-RO-ISAC system.



TABLE 11
CIM MAPPING TABLE FOR n = 8

Index bits  Code index PPC code
0000 0 100011101
0001 1 100101011
0011 2 100101101
0010 3 101001101
0110 4 101111111
0111 5 101100011
0101 6 101100101
0100 7 101101001
1100 8 101110001
1101 9 110000011
1111 10 110001101
1110 11 110101001
1010 12 111000011
1011 13 111001111
1001 14 111100111
1000 15 111110101

After digital-to-analog (D/A) conversion, the OFDM-MLS-
CIM signal is further combined with a direct current (DC) bias
and the resultant signal is employed to modulate the intensity
of the light emitted by the laser diode (LD) transmitter. At each
user receiver, a photo-detector (PD) is adopted to convert the
detected optical signal into an electrical signal and analog-to-
digital (A/D) conversion is further conducted to obtain a digital
OFDM-MLS-CIM signal. Subsequently, time synchronization
is executed and OFDM-MLS-CIM demodulation is performed
to recover the transmitted bits for each user. The detailed pro-
cedures of OFDM-MLS-CIM modulation and demodulation
will be discussed in Subsection II.B.

To achieve simultaneous communication and sensing, a
corner cube reflector (CCR) is equipped by each user receiver
to reflect the optical signal emitted by LD back to the MU-
RO-ISAC transceiver via retroreflection. It can be seen from
Fig. 1 that the MU-RO-ISAC transceiver is also equipped
with a PD to capture all the reflected optical signals from
the K users. After A/D conversion, the obtained mixed signal
is utilized to perform multiuser joint sensing. The principle of
joint sensing will be introduced in Subsection II.C. Moreover,
to efficiently support multiuser communication in the MU-
RO-ISAC system, a novel multiple access scheme based on
OFDM-MLS-CIM is further proposed and its principle will be
discussed in Subsection II.D. Although only downlink commu-
nication is considered in the proposed MU-RO-ISAC system,
bidirectional communication can be efficiently supported by
applying time division duplexing [15] or wavelength division
duplexing [13], which is not the focus of this paper.

B. Waveform Design

In the proposed MU-RO-ISAC system, OFDM-MLS-CIM
is designed as the waveform to support both communication
and sensing for the K users. During the OFDM-MLS-CIM
modulation at the MU-RO-ISAC transceiver, as shown in Fig.
1, bit allocation is first performed with respect to the input
bits of totally K users which converts all the input bits into
two bit streams. Specifically, one bit stream is modulated into a
real-valued time-domain OFDM signal via OFDM modulation,
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Fig. 2. Illustration of two 8th-order MLS signals with different PPC codes.

while the other bit stream is used to select a specific primitive
polynomial coefficients (PPC) code out of a group of PPC
codes and the selected PPC code is then adopted to generate
the corresponding MLS signal accordingly. It is known that a
bipolar MLS signal with length . = 2™ — 1 is generated by
a linear feedback shift-register using a PPC code with order
n, and multiple PPC codes are available to generate the MLS
signals with the same length [20]. For example, as given in
Table II, there are a total of 16 PPC codes available to generate
16 distinctive 8th-order MLS signals. It should be noted that
the MLS signals with the same order or length have exactly
the same correlation performance. Therefore, it is feasible to
perform CIM by transmitting four index bits to select one out
of 16 PPC codes to generate the corresponding 8th-order MLS
signal. Fig. 2 illustrates two 8th-order MLS signals with two
PPC codes of 100011101 and 100101011. As can be seen, the
generated two 8th-order MLS signals are clearly distinct from
each other.

After OFDM modulation and MLS generation, the resultant
OFDM and MLS signals are superposed together to obtain the
OFDM-MLS-CIM signal. Considering the superior communi-
cation performance of OFDM and the excellent sensing per-
formance of MLS, it is feasible to adjust the amplitudes of the
bipolar OFDM and MLS signals before signal superposition
so as to adaptively balance the communication and sensing
performance of the resultant OFDM-MLS-CIM signal. As a
result, peak-to-peak voltage (Vpp) allocation is executed before
signal superposition during the OFDM-MLS-CIM modulation
at the MU-RO-ISAC transceiver.

Letting Vorpm and Vs respectively denote the Vpp values
of bipolar OFDM and MLS signals, the Vpp allocation ratio
« is defined as follows:

WLs WMmLs

= = (1)
Wmis + Vorom  Vorpm-MLs-cim

where Vorpmmrs-cim = Vs + Vorpum denotes the Vpp of the

superposed OFDM-MLS-CIM signal. Letting zorpm and xumLs

respectively denote the bipolar OFDM and MLS signals, the

superposed OFDM-MLS-CIM signal = can be represented by

z = azms + (1 — a)zorom ()
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Fig. 3. Illustration of the superposed OFDM-MLS-CIM waveforms with a
Vpp allocation ratio of (a) o = 0.1 and (b) o = 0.3.

According to (2), it can be found that the OFDM-MLS-CIM
signal becomes a pure OFDM signal when o = 0, while it
becomes a pure MLS signal when o = 1. It should also be
noted that the bipolar OFDM and MLS signals are superposed
without upsampling, and zero samples can be added at the
end of the MLS signal such that the length of the MLS
signal can match the length of the OFDM signal for successful
superposition. Figs. 3(a) and (b) depict the superposed OFDM-
MLS-CIM waveforms with a Vpp allocation ratio of v = 0.1
and 0.3, respectively. As we can see, the superposed OFDM-
MLS-CIM waveforms always have a fixed Vpp of 2 V which
is not affected by the adopted Vpp allocation ratio. Moreover,
when the Vpp allocation ratio « is increased from 0.1 to 0.3,
the amplitudes of the superposed OFDM-MLS-CIM waveform
are moved away from the zero value, making the superposed
OFDM-MLS-CIM waveform more close to the MLS signal.
Hence, flexible trade-off between communication and sensing
performance can be enabled by adjusting the Vpp allocation
ratio « according to the practical system requirements. Since a
larger Vpp allocation ratio leads to a smaller Vpp of the OFDM
signal, two relatively small Vpp allocation ratios of 0.1 and
0.3 are considered here to ensure satisfactory communication
performance of the MU-RO-ISAC system.

Assuming the OFDM-MLS-CIM signal is generated with
an inverse fast Fourier transform (IFFT) size of Nirgr, a data-
subcarrier number of Ng,., a constellation order of M, and a
D/A sampling rate of Sp/a, the data rate achieved by OFDM
modulation is given by

NdalaSD/A 10g2 M
Nirrr

3)

ROFDM =

Moreover, assuming the zero-padded MLS signal has the same
length of Nggr as that of the OFDM signal and the PPC code

group size for PPC selection is G, the data rate achieved by
CIM modulation is obtained by

_ SD/A LlogQ GJ

Remv
Nigpr

@)
where |-| represents the floor operator. According to (3) and
(4), it can be seen that the CIM modulation rate Rcpy might be
smaller than the OFDM modulation rate Rorpy. Nevertheless,
Rciv is achieved additionally by performing CIM modulation
at the MU-RO-ISAC transceiver and it has been verified in the
following experimental results that CIM modulation will not
affect OFDM demodulation at the user receiver.

For OFDM-MLS-CIM demodulation at the user receiver,
as shown in Fig. 1, CIM demodulation is first carried out to
identify the selected PPC code and then recover the transmitted
index bits accordingly. More specifically, the CIM demodula-
tion is realized via the cross-correlation calculation between
the synchronized OFDM-MLS-CIM signal and the candidate
MLS signals. Let y and zy; ¢ denote the received OFDM-
MLS-CIM signal and the nth-order MLS signal with respect
to the m-th PPC code in the PPC code set, respectively. The
index of the PPC code in the PPC code set which corresponds
to the nth-order MLS signal achieving a maximum cross-
correlation value with the received OFDM-MLS-CIM signal
can be identified by

L
m! = argmax Z YiTMLS i 5)
m i=1
where L = 2" —1 is the length of the cross-correlation window.
After successfully identifying the index of the PPC code in the
PPC code set, the transmitted index bits can be obtained in
accordance with the CIM mapping table (e.g., Table II for the
case of n = 8). Accordingly, the embedded OFDM signal can
be extracted as follows:

. T
Zorpm = Y — haxy g (6)

where h denotes the channel attenuation coefficient and xﬁﬁs
represents the nth-order MLS signal generated by using the
mT-th PPC code. Subsequently, OFDM demodulation is per-
formed to recover the transmitted OFDM bits. According
to the bit allocation scheme adopted at the MU-RO-ISAC
transceiver, the output bits of each user can be extracted from
the recovered index bits and OFDM bits.

Although the proposed OFDM-MLS-CIM waveform in this
current work and the OFDM-MLS waveform in our previous
work [14] are both generated via the superposition of OFDM
and MLS signals, there are key differences between these
two waveforms. Specifically, the OFDM-MLS waveform can
achieve flexible performance trade-off between communica-
tion and sensing, but the superposed MLS signal cannot
carry additional information. In contrast, the OFDM-MLS-
CIM waveform not only benefits from the flexible perfor-
mance trade-off between communication and sensing but also
provides the unique CIM ability to transmit additional index
bits without compromising the overall performance. Moreover,
hybrid multiple access schemes can be further developed based
on the OFDM-MLS-CIM waveform, which will be discussed
in Section IL.D.



C. Joint Sensing

At the MU-RO-ISAC transceiver, the detected mixed signal
after A/D conversion is used to execute joint sensing for totally
K users, which can be expressed as follows:

K
5= hrtz )
k=1

where hj denotes the channel attenuation coefficient with
respect to the k-th user and z represents the additive noise. To
measure the distance between the MU-RO-ISAC transceiver
and each user, cross-correlation-based time of flight (TOF) es-
timation is adopted here, which calculates the cross-correlation
value of the received time-domain signal and the upsampled
version of the transmitted signal due to the upsampling process
of A/D conversion.

To realize joint sensing for multiple users simultaneously,
IC can be performed at the MU-RO-ISAC transceiver so as
to remove inter-user interference. Assuming the K users are
sorted according to their channel attenuation coefficients hy,
in the descending order, the sensing for the first user with
the largest channel attenuation coefficient is directly processed
with respect to the mixed signal s while the sensing for the
other users is handled with IC. For the sensing of the first
user (i.e., User 1), as reported in [7], the maximum likelihood
(ML) estimation of TOF via the cross-correlation calculation
with respect to User 1 can be described by

W-1
7= arg max Z s(f)z* (G —7) 8)
§=0

where z* denotes the upsampled version of the transmitted
signal = and W is the length of the cross-correlation window.
Given the estimated TOF value 71, the distance d; between
the MU-RO-ISAC transceiver and User 1 is estimated by dy =
¢71/2, where c is the speed of light. Assuming the sampling
rate of A/D conversion at the MU-RO-ISAC transceiver is
Sa/m, the ranging resolution is given by

c
Ad = ©)

25am
For the sensing of the g-th user with ¢ = 2,3,--- | K,

the inter-user interference caused by User 1 to User g-1 is
first removed and the resultant signal after performing IC is

expressed by
g—1
Sg=15— Z hyx
v=1

where h, denotes the channel attenuation coefficient of the
v-th user with v = 1,2,--.,g — 1. After obtaining s , the
TOF value 7, with respect to User g can be estimated via the
cross-correlation calculation as follows

(10)

w—1
7o = argmax Y s,(j)z*(j —7) (1)
j=0
and the distance d,; between the MU-RO-ISAC transceiver and
User g is estimated by cfg = c74/2 accordingly.
In this work, only ranging is considered for users in the
MU-RO-ISAC system. By deploying multiple MU-RO-ISAC

TABLE III
BIT ALLOCATION IN OFDM-MLS-CIM

Mode User 1 User 2
Mode A OFDM bits and CIM bits OFDM bits
Mode B OFDM bits CIM bits only

transceivers to obtain multiple distance estimates for each user,
two-dimensional (2D) or three-dimensional (3D) positioning
can be efficiently realized [21], [22].

D. Multiple Access

In the MU-RO-ISAC system, the OFDM-MLS-CIM signal
will be used to support K users for simultaneous commu-
nication. It can be seen from Fig. 1 that the OFDM-MLS-
CIM signal transmits not only OFDM bits but also CIM bits,
and the data rate of OFDM modulation can be higher than
that of CIM modulation. Based on OFDM-MLS-CIM, a novel
multiple access scheme is further proposed for the MU-RO-
ISAC system. For simplicity and without loss of generality, we
here consider a two-user RO-ISAC system in the following to
introduce the proposed multiple access scheme based OFDM-
MLS-CIM. For the two-user RO-ISAC system consisting of a
near user (i.e., User 1) and a far user (i.e., User 2), Table III
gives the two representative bit allocation modes in OFDM-
MLS-CIM for two users. For bit allocation Mode A, User 1 is
allocated with both OFDM bits and CIM bits, while User 2 is
allocated with OFDM bits. Through joint allocation of OFDM
and CIM bits, User 1 and User 2 can achieve the same data
rate. In contrast, for bit allocation Mode B, User 1 is allocated
with all the OFDM bits while User 2 is allocated with CIM bits
only, and hence User 1 has a higher data rate than User 2. It
should be noted that bit allocation Mode A is more suitable for
the case that two users have comparable channel conditions,
while bit allocation Mode B is more preferable for the case
that two users have distinct channel conditions.

It can be clearly observed from Table III that the proposed
multiple access scheme based on OFDM-MLS-CIM might
be considered as a hybrid scheme of orthogonal frequency
division multiplexing access (OFDMA) and index modulation
multiple access (IMMA) [23]. The two bit allocation modes
in OFDM-MLS-CIM for two users given in Table III are just
two representative examples for communication performance
evaluation of the two-user RO-ISAC system. In practical MU-
RO-ISAC systems, flexible allocation of OFDM and CIM bits
can be implemented to satisfy the data rate requirements of
all the serving users in the system, which is beyond the scope
of this paper and will be investigated in our future work.

III. EXPERIMENTS AND DISCUSSIONS
A. Experimental Setup

In this section, we conduct proof-of-concept experiments to
investigate the communication and sensing performance of the
proposed MU-RO-ISAC system using OFDM-MLS-CIM. For
simplicity and without loss of generality, a two-user case is
considered in the experimental evaluations where User 1 is the
near user while User 2 is the far user.
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Fig. 4. Experimental setup of the two-user RO-ISAC system: (a) hardware
setup and (b) top-view photo of hardware testbed.

Figs. 4(a) and (b) depict the experimental hardware setup
of a two-user RO-ISAC system and the top-view photo of
hardware testbed in the lab environment, respectively. As we
can see, the RO-ISAC transceiver consists of a LD transmitter
(HL63603TG) and avalanche photo-diode (APD, Hamamatsu
C12702-12), while each user receiver consists of a PD module
(HCCLS2021MODO01-RX) and a CCR (Thorlabs PS976). In
this experimental setup, the distance between the RO-ISAC
transceiver and User 1 (i.e., near user) is in the range from 36
to 84 cm with a step of 12 cm, while the distance between
the RO-ISAC transceiver and User 2 (i.e., far user) is fixed at
108 cm. As shown in Fig. 4(a), the OFDM-MLS-CIM signal
is first generated offline using MATLAB and then uploaded to
an arbitrary waveform generator (AWG, Tektronix AFG31102)
with a sampling rate of 500 MSa/s. The AWG output signal is
further combined with a direct-current (DC) bias of 2.6 V via a
bias tee (Bias-T, Mini-Circuits ZFBT-6GW+) and the resultant
signal is used to drive the LD for optical signal generation.
After free-space transmission, the optical signal is captured by
the PD modules of two users. The detected electrical signals
are recorded by a two-channel digital storage oscilloscope
(DSO, Tektronix MDO32) with a sampling rate of 2.5 GSa/s
for each channel and the obtained digital signals are processed
offline using MATLAB. Moreover, the CCRs equipped by two
users respectively reflect the optical signals back to the two-
user RO-ISAC transceiver, where the APD detects the mixed
reflected optical signal and the resultant digital signal is also
recorded by the DSO with a sampling rate of 2.5 GSa/s for
further offline processing with MATLAB.

During OFDM modulation, the IFFT size is Nppr = 256,
the data-subcarrier number is Ny, = 64, the binary phase shift
keying (BPSK) constellation is used with M = 2, and a clip-
ping ratio of 11 dB is adopted to clip the time-domain OFDM
signal for peak-to-average power ratio (PAPR) reduction. The
AWG sampling rate and the DSO sampling rate are set to Spya
= 500 MSa/s and Sap = 2.5 GSa/s, respectively, with a up-
sampling ratio of 5. Hence, according to (3), the data rate of
OFDM modulation is 125 Mbps. Moreover, a MLS signal with
order n = 8 and a PPC code group size of G = 16 is adopted

TABLE IV
EXPERIMENTAL PARAMETERS

Parameter Value

Number of users 2
User 1 distance 36, 48, 60, 72, 84 cm

User 2 distance 108 cm
IFFT size 256
Number of data subcarriers 64
OFDM modulation constellation BPSK
OFDM clipping ratio 11 dB
AWG sampling rate 500 MSa/s
DSO sampling rate 2.5 GSal/s
Up-sampling ratio 5
OFDM rate 125 Mbps
Degree of MLS signal 8
Size of PPC code group 16
CIM rate 7.8 Mbps
Ranging resolution 6 cm

TABLE V
RESOURCE ALLOCATION IN OFDM AND OFDM-MLS-CIM

Case User 1 User 2

Mode A with OFDM DS 35-68 DS 1-34
Mode B with OFDM DS 5-68 DS 14
Mode A with OFDM-MLS-CIM DS 35-64, CIM bits DS 1-34
Mode B with OFDM-MLS-CIM DS 1-64 CIM bits

to perform CIM modulation. As a result, according to (4), the
data rate of CIM modulation is about 7.8 Mbps. Therefore,
the overall data rate of the OFDM-MLS-CIM signal is 132.8
Mbps. Given the light speed of ¢ = 3 x 10® m/s, according to
(9), the ranging resolution is 6 cm. The detailed experimental
parameters are listed in Table IV.

B. Communication Performance

Based on the above experimental setup, we first evaluate the
communication performance of the two-user RO-ISAC system.
Fig. 5 shows the performance of CIM demodulation based
on cross correlation for the received OFDM-MLS-CIM signal
with 8th-order MLS and a total of 16 PPC codes, which is
measured at the position of User 2 with a distance of 108
cm, a Vpp of 200 mV and a Vpp allocation ratio of 0.3.
As we can see, for the representative three code indexes of
3, 7 and 11, a cross-correlation coefficient peak of about
3.5 can be observed for each code index when the selected
code index matches the one adopted in the OFDM-MLS-CIM
signal. In contrast, the cross-correlation coefficient remains
stable around 1.6 when the selected code index does not match
the one adopted in the OFDM-MLS-CIM signal. According to
Fig. 5, it can be concluded that the CIM demodulation based
on cross correlation can be successfully performed at the user
receiver to not only recover the CIM bits but also facilitate
OFDM extraction for further OFDM demodulation.

Next, we compare the communication performance of the
two-user RO-ISAC system using pure OFDM and the proposed
OFDM-MLS-CIM. For fair performance comparison, the pure
OFDM signal utilizes a total of 68 subcarriers for data trans-
mission so as to achieve the same data rate of 132.8 Mbps as
the OFDM-MLS-CIM signal. The detailed resource allocation
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Fig. 5. Performance of CIM demodulation based on cross correlation.

using OFDM and OFDM-MLS-CIM for two users with respect
to the two bit allocation modes in Table III is provided in Table
V, where DS denotes data subcarriers. Hence, the data rates
of User 1 and User 2 for Mode A are both 66.4 Mbps, while
the data rates of User 1 and User 2 for Mode B are 125 and
7.8 Mbps, respectively.

Fig. 6 shows the bit error rate (BER) versus the Vpp of
the AWG output signal for two users with two bit allocation
modes, where the distances of User 1 (i.e., near user) and User
2 (i.e., far user) are fixed at 60 and 108 cm, respectively. For
the bit allocation Mode A, as shown in Fig. 6(a), User 1 always
has a better BER performance than User 2 due to its better
channel condition which leads to a higher received signal-to-
noise ratio (SNR). The BER performance of two users using
OFDM-MLS-CIM with o = 0.1 and 0.3 is generally worse
than that using pure OFDM (i.e., OFDM-MLS-CIM with o =
0). This is because a portion of the total Vpp is allocated for
MLS signal transmission in OFDM-MLS-CIM, resulting in a
reduced SNR when compared with pure OFDM. Moreover,
it can also be observed that the BER values of two users
using OFDM-MLS-CIM are greatly increased when the Vpp
allocation ratio « is enlarged from 0.1 to 0.3. Nevertheless,
for a Vpp of 200 mV, both User 1 and User 2 using OFDM-
MLS-CIM with o = 0.1 and 0.3 can reach the 7% forward error
correction (FEC) coding threshold of 3.8 x 1073, For the bit
allocation Mode B, as shown in Fig. 6(b), it is interesting to see
that the BER of User 2 using OFDM-MLS-CIM with o = 0.1
and 0.3 is significantly lower than that using OFDM, which is
mainly owing to the excellent CIM demodulation performance
based on cross correlation. Moreover, when the Vpp allocation
ratio « is increased from 0.1 to 0.3, the BER of User 2 within
the Vpp range from 100 to 200 mV always below 1 x 107°.
It can be concluded from Figs. 6(a) and (b) that the overall
BER performance of the two-user RO-ISAC system using
OFDM-MLS-CIM can be improved by selecting a proper
resource allocation scheme according to the users’ data rate
requirements and channel conditions. Although a two-user
case is evaluated, it is feasible to support more than two users
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-3 OFDM-MLS-CIM, a=0.1, User 1
-G OFDM-MLS-CIM, o=0.1, User 2
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Fig. 6. BER vs. AWG output Vpp for two users with bit allocation (a) Mode
A and (b) Mode B. The BER below 1 x 102 is truncated to 1 x 10~°.

by employing the hybrid OFDMA and IMMA scheme based
on OFDM-MLS-CIM in the MU-RO-ISAC system.

C. Sensing Performance

We further evaluate the sensing performance of the two-
user RO-ISAC system. Fig. 7(a) shows the cross-correlation
performance of the transmitted OFDM-MLS-CIM signal with
a time-domain window consisting of 10 OFDM-MLS-CIM
symbols. As we can see, the cross-correlation profile for
OFDM-MLS-CIM with a = 0 (i.e., pure OFDM) has a peak
value of about 105, while the peak values are increased to
146 and 275 when « is enlarged to 0.1 and 0.3, respectively.
Since a higher peak value indicates a superior cross-correlation
performance, the OFDM-MLS-CIM signal with a larger «
value is more favorable for sensing in the two-user RO-
ISAC system. Nevertheless, with the increase of the « value
in OFDM-MLS-CIM, the allocated Vpp for OFDM becomes
smaller, resulting in reduced communication performance.
Therefore, two reasonable o values of 0.1 and 0.3 are selected
for the experimental evaluations. Fig. 7(b) shows the cross-
correlation performance of two-user joint sensing, where the
time-domain window consists of 30 upsampled OFDM-MLS-
CIM symbols. It can be seen that the cross-correlation profile
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without performing IC only has one peak which can be used
to estimate the TOF for User 1 (i.e., the near user), while the
peak corresponding to User 2 (i.e., the far user) is invisible
in the cross-correlation profile due to the strong interference
caused by User 1 which has a much better channel condition
than User 2. As a result, IC is necessary to realize successful
multiuser joint sensing here. As shown in Fig. 7(b), the original
peak corresponding to User 1 is removed in the resultant cross-
correlation profile with IC and a new peak appears which can
be used to estimate the TOF for User 2. Fig. 7(b) shows the
feasibility of using IC to efficiently realize joint sensing for
two users in the RO-ISAC system. Although a simple two-
user case is considered here, the IC-aided joint sensing can be
effective to support more than two users in general MU-RO-
ISAC systems.

Finally, we investigate the sensing performance of the two-
user RO-ISAC system in terms of the ranging root mean square
error (RMSE). Fig. 8(a) depicts the ranging RMSE versus the
number of symbols in time-domain window for both OFDM
and OFDM-MLS-CIM, where the distances of User 1 and User
2 are fixed at 60 and 108 cm, respectively. As we can see,
with the increase of the number of symbols in time-domain
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Fig. 8. Ranging performance: (a) RMSE vs. the number of symbols in time-
domain window and (b) RMSE vs. User 1 distance.

window for cross-correlation calculation, the ranging RMSE
is gradually reduced for both users using OFDM and OFDM-
MLS-CIM. Moreover, for both User 1 and User 2, the highest
ranging RMSE is always obtained by using OFDM while
the lowest ranging RMSE is obtained by employing OFDM-
MLS-CIM with o« = 0.3, which demonstrates the superior
sensing performance of OFDM-MLS-CIM in comparison to
pure OFDM. In addition, the ranging RMSE is further reduced
when the Vpp allocation ratio « is increased from 0.1 to
0.3. Specifically, with a time-domain window consisting of 50
symbols, the ranging RMSE values are reduced from 0.8 and
1.0 cm to 0 and 0.3 cm for User 1 and User 2, respectively.
Fig. 8(b) shows the ranging RMSE versus User 1 distance
for both OFDM and OFDM-MLS-CIM with the time-domain
window consisting of 30 symbols, where User 1 distance is in
the range from 36 to 84 cm with a step of 12 cm and User 2
distance is fixed at 108 cm. As can be seen, with the increase
of User 1 distance, the ranging RMSE values for both User
1 and User 2 are gradually increased accordingly although
User 2 distance is a fixed value, which is mainly because of



the error propagation effect during the IC-aided joint sensing.
Therefore, to enable joint sensing for more than two users
in the MU-RO-ISAC system, the mitigation of adverse error
propagation effect should be addressed to enhance the sensing
performance, which will be investigated in our future work.

IV. CONCLUSION

In this paper, we have proposed and experimentally demon-
strated a MU-RO-ISAC system using a novel OFDM-MLS-
CIM waveform. By adjusting the Vpp allocation ratio in
OFDM-MLS-CIM, flexible performance trade-off between
communication and sensing can be efficiently realized. More-
over, by introducing multiple distinctive MLS signals in the
generation of the superposed OFDM-MLS-CIM signal, addi-
tional index bits can be transmitted through CIM. Based on
the proposed OFDM-MLS-CIM waveform, the corresponding
joint sensing and multiple access schemes have been further
designed. Proof-of-concept experiments successfully demon-
strate the feasibility of achieving high-speed communication
and high-accuracy ranging in the two-user RO-ISAC system.
In our future work, we will investigate simultaneous commu-
nication and 2D/3D positioning in the MU-RO-ISAC system
with a large number of users.
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