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This paper experimentally demonstrates a distributed photonics-based W-band integrated sensing and communication
(ISAC) system, in which radar sensing can aid the communication links in alignment and data rate estimation. As a
proof-of-concept, the ISAC system locates the users, guides the alignment, and sets a communication link with the esti-
mated highest data rate. A peak net data rate of 68.6 Gbit/s and a target sensing with a less-than-1-cm error and a sub-2-cm
resolution have been tested over a 10-km fiber and a 1.15-m free space transmission in the photonics-based W-band ISAC
system. The achievable net data rates of the users at different locations estimated by sensing are experimentally verified.
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1. Introduction

Looking forward to the future world in the 2030s, the sixth-gen-
eration wireless communication technology (6G) focuses on
connecting everything intelligently with ultra-high data rates
and ultra-reliable connections[1]. Higher frequency bands, such
as the millimeter-wave (MMW), are considered to expand the
limited spectrum resources[2]. Based on theMMW, a higher data
rate of communication and the integrated sensing and commu-
nication (ISAC) system can be achieved and will perform an
important role in 6G[3]. In addition, having an ultra-wide band-
width and being naturally compatible with fiber-wireless inte-
gration, photonics-based MMW systems show their unique
advantages in 6G radio access networks (RANs)[4]. However,
a higher frequency means a smaller base station coverage[5].
Fiber-wireless integrated transmission would reduce the cost
and reduce the size, thus helping the deployment of the increas-
ing micro-base stations. As illustrated in Fig. 1, the central office
produces the ISAC signal, and anMMWISAC remote radio unit
(RRU) serves the users a room. Fiber-to-the-room (FTTR)
makes it easier to set up the ISAC RRUwith the help of photonic
techniques, and the ISAC RRU should have the ability of user
sensing, beam alignment, and high data rate communication.

In the previous work, we have demonstrated a flexible pho-
tonics-based ISAC system and reached a data rate of
41.48 Gbit/s with a sensing resolution better than 1.53 cm[6].
However, the previous work on photonics-based ISAC systems
usually lacks cooperation between sensing and communication.
In this paper, we demonstrate a photonics-based W-band ISAC
system that has the ability of distributed radar sensing signals
processing and sensing-guided communication. The communi-
cation utilized the probabilistic shaping (PS) single-carrier
modulation (SCM) to flexibly adjust the transmitting entropy,
thus adjusting the net data rate (NDR) for the users at different
locations to maximize the usage of the available capacity. The
sensing utilized the linear frequency modulation (LFM) signal
to actively detect the location of the users. Communication
and sensing signals are multiplexed in time division and sent
in different time slots, as shown in Fig. 1.

2. Principles

Flexible PS-based communication is a two-stage process that
maximizes the data rate according to the link condition. To
get the link condition in the first step, the signal-to-noise ratio
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(SNR) is estimated by measuring the error vector magnitude
(EVM) of the received signal[7] as

SNR ≈ EVM2
RMS =

1
N

P
N
n=1 jSn − S̄nj2

1
m

P
m
n=1 jCnj2

, (1)

whereN denotes the total number of the transmitted symbols, Sn
denotes the nth received symbol, S̄n denotes the reference con-
stellation point of Sn,m denotes the order of themodulation, and
Cn denotes the standard constellation points.
With the estimated SNR, referencing the Shannon limit as

E = log2�1� �SNR��, a Maxwell–Boltzmann distribution PX

is approximated to approach the source entropy of the PS signal
to be transmitted in the second stage for the Gaussian chan-
nels[8]. According to PX , the original bits are matched with a
constant composition distribution match (CCDM)[9]. The
stream is then ready to be sent after forward-error correction
(FEC) coding and SCM modulation.
Criteria different from the bit-error rate are used to evaluate

the quality of the PS signal transmission since PS introduces
extra bits, which are generalized mutual information (GMI)
and normalized generalized mutual information (NGMI)[10].
GMI indicates the maximum number of information bits that
each transmitted symbol is able to carry in the channel as

HX = −
1
N

XN
n=1

PX�xn�log2 PX�xn�, (2)

GMI ≈ HX −
1
N

XN
n=1

Xm
i=1

log2�1� e�−1�
bn,iΛn,i�, (3)

where HX denotes the source entropy of the transmitting signal
after removing the PS overhead, xn denotes the nth symbol, bn,i
denotes the ith bit of the nth symbol, and Λn,i denotes a random
variable distributed according to Ref. [11]. Correspondingly,
the maximum number of information bits that each transmitted
bit is able to carry is then calculated as NGMI=
1 − �HX − GMI�=m. When the NGMI is greater than the FEC
code rate Rc, error-free decoding of the received signal will be
achievable. Therefore, the achievable net data rate (NDR) can
be further derived as

NDR = BW�HX −m�1 − Rc��, (4)

where BW denotes the signal bandwidth. In this paper, we take
0.92 as the threshold of the NGMI, which corresponds to
Rc = 0.84. The NDR is an important metric used to characterize
the quality of the communication link. The higher the NDR, the
better the link quality.
To maximize the usage of the channel capacity, a precise esti-

mation of the SNR is essential. However, the SNR estimation
takes extra resources from the conventional PS communication
links. Noted under linear operating conditions, the power of the
noise of the components in the system stays almost constant,
and the power of the received signal directly dominates the
receiving SNR. Therefore, we estimate the power of the received
signal with the transmission attenuation in the free space,
which is

AdB�d� ≈ 20 log10�4πdf =c�, (5)

whereAdB�d� denotes the power attenuation in decibels (dB) of a
signal with the center frequency of f (in Hz) being transmitted
over a distance of d (in m), and c ≈ 3 × 108 m=s denotes the
speed of light. The difference in the SNR between two transmit-
ted distances d1 and d2 would be simply AdB�d1� − AdB�d2�.
Hence, the SNR estimation is converted to distance measure-
ment based on a reference SNR baseline.
The distance is measured with the radar sensing signal in the

ISAC system. Consider an LFM signal as

xLFM�t� = rect

�
t

TLFM

�
exp�j2πf 0t � jπkt2�, (6)

where rect�t� is the unit rectangular window function, which
takes the value 1 when 0 ≤ t ≤ 1 and 0 at the others; TLFM

denotes the duration time of each LFM chirp; f 0 denotes the
starting frequency of the frequency modulation; and k denotes
the slope of the chirp signal. When the echo LFM signal mod-
ulates the reference LFM signal, a frequency difference between
these two signals will be collected, and the frequency difference
represents the distance of the detected target. The relation
between the frequency difference and the target distance is

Δf = kΔt = 2kD=c, D = cΔf =�2k�, (7)

Fig. 1. Illustration of fiber-to-the-room and ISAC RRU scene.
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where Δf denotes the frequency difference, Δt denotes the time
difference between transmission of the LFM signal and the
reception of the echo signal, and D denotes the target distance.
The theoretical resolution of the distance detection is
δd = c=�2kTLFM�, and the maximum unambiguous distance is
Dm = cTPeriod=2, where TPeriod is the total time of the LFM chirp
signal and the time gap between two chirps.
In addition to the distance measurement, the azimuth of the

targeting user can be simply obtained with the help of a servo
alignment device. It is noticed that when the spacing between
the transmitting antenna and the sensing antenna cannot be
neglected compared to the target distance, a correction of the
angle should be introduced when the system works in commu-
nication mode. The radar sensing presents the target with the
reference point of the middle of two antennas at the base station,
while the communication requires the transmitting antenna
itself to point directly to the user. The correction angle should
be calculated as

Δθ = arcsin�DANT=�2D��, (8)

where Δθ denotes the angle correction, and DANT denotes the
spacing between two antennas of the base station.

3. Experimental Setup

We experimentally demonstrated the proposed photonics-based
ISAC system, as illustrated in Fig. 2. The communication and
radar signals are generated in the CO. The bandwidth of the
communication signal is 15 GHz, while the LFM signal is
10 GHz, which is from 5 to 15 GHz, and the lower 5 GHz is
reserved for the dechirped sensing signal[6]. The LFM chirp
length is TLFM = 34.13 ns, and the time gap between two chirps
is 34.13 ns as well. An arbitrary waveform generator (AWG)
converts the generated digital signal to an analog signal with
a sampling rate of 60 GS/s. The analog signal is amplified by
an electrical amplifier (EA) and drives a Mach–Zehnder modu-
lator (MZM). The laser source at the CO is an external cavity
laser (ECL) working at the frequency of 193.1 THz. The modu-
lated signal light passes through a circulator that separates the
forward and backward signals and is then transmitted to the
RRU. The length of the single-mode fiber (SMF) between the

CO and the RRU is 10 km, which is a typical length in the dem-
onstrating scenario. Passing the second circulator at the RRU,
the signal light is adjusted by a polarization controller (PC)
and sent into a polarization-maintaining erbium-doped fiber
amplifier (PM-EDFA). The output of the PM-EDFA is equally
divided into two parts by a PM optical coupler (PM-OC). One
part is further coupled with the local oscillator (LO),
which is an ECL working at 193.1965 THz, for the photonics-
based up-conversion, and the other part is used as the radar
reference signal. A photodiode (PD) with a bandwidth of
100 GHz generates the MMW signal by beating the signal light
and the LO. The MMW signal is amplified by a power amplifier
(PA) and sent by a horn antenna. The UEs receive the commu-
nication signal, amplify the MMW signal with a low-noise
amplifier (LNA), and detect the baseband signal with an
envelope detector (ED). The amplified output of the ED is
collected by an oscilloscope (OSC) for communication
demodulation.
The radar sensing signal is reflected by the UE and collected

by a second horn antenna at the RRU. The distance between the
transmitting antenna and the sensing antenna is 12.5 cm for
minimizing the location error, the overall size, and the crosstalk
transmitted directly between these antennas. Similar to the com-
munication receiver at the UEs, the reflected signal is amplified
and down-converted by an ED. The dechirp of the radar signal is
accomplished based on the photonics components. An MZM is
utilized tomodulate the amplified down-converted reflected sig-
nal on the radar reference signal to generate the radar feedback
signal that directly indicates the information of the detected tar-
gets, which acts as the distributed sensing at the RRUs. The radar
feedback signal can be locally processed at the RRU as the target
information has been extracted by photonics-based dechirping.
To demonstrate the feasibility of the sensing unit deployment,
the signal is sent back to CO through the circulators and the
SMF to test the worst situation. An EDFA at the CO amplifies
the radar feedback, and an optical band-pass filter (OBF) is
applied to the signal before the signal is collected by a PD with
10 GHz bandwidth. The OBF retains the low frequency of the
feedback signal and eliminates the residual LFM signal. The
result of the fast Fourier transform (FFT) of the collected signal
shows peaks at the detected targets, indicating the distance.
The MMW components at the RRU and the UEs are loaded

Fig. 2. Experimental setup. The blue parts serve for communication, the yellow parts serve for sensing, and the green parts serve for both communication and
sensing.
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on one-dimensional (1D) servo alignment turntables for radar
scanning and communication alignment. The turntables are
controlled by digital signal processing (DSP) at CO.

4. Experimental Results and Discussion

A receiver located at 1.15m is taken as the reference for the NDR
estimation, where the baseline performance of the communica-
tion link is investigated. The transmitted constellation is based
on a 256-QAM constellation and shape. Figure 3(a) shows the
NDR with different peak-to-peak voltage (Vpp) of the AWG
output. It is observed that when the Vpp of the AWG output
is 240 mV, it is an optimized working condition for communi-
cation. Figure 3(b) further shows the NDR when the received
optical power (ROP) varies with the 10-km SMF. The ROP is
tested at the input port of the PM-EDFA in the RRU and
adjusted with a variable optical attenuator (VOA) before the
PC. The tested attenuation of the 10-km SMF in optical power
is approximately 1.46 dB, and the NDR performance reaches the
peak of 68.6 Gbit/s when the ROP is −2.6 dBm.
With the optimal parameters for the communication, the per-

formance of the radar sensing is tested. We tested 5 targets at
different distances as shown in Fig. 4. For the LFM signal we
applied, the theoretical distance resolution is 1.5 cm, and the

actual resolution, which is tested by measuring the −6 dB span
of the target peak, is as low as 1.95 cm. All 5 peaks can be clearly
distinguished from the noise.
Figure 4 presents the distance error concerning the manual

measurements as well. All the errors are far smaller than the
theoretical resolution, indicating a precise distance sensing per-
formance. To further quantitatively analyze the performance of
the sensing, we introduce the peak-to-maximum-noise ratio
(PMNR) which indicates the difference between the target peak
and themaximum noise. The PMNR reduces with the target dis-
tance increase due to the power attenuation of the reflected sig-
nal. The maximum PMNR of 16.31 dB is tested at 0.65 m, and
the PMNR stays above 14 dB when testing the target at the dis-
tance of 1.58 m.
Figure 5 shows how the PMNR changes when the ROP varies

for a target located at 1.15 m. The ROP is tested at the input port
of the EDFA at the CO. The target information is carried by the
signal in the frequency domain, and therefore the PMNR is not
clearly affected by the length of the SMF. The SNR is not suffi-
cient to support the FFT when the ROP is lower than −25 dBm,
where the PMNR falls rapidly.
With the help of the servo turntable, the ISAC system has the

ability to scan the area, find the users, and send data to the users
at the highest available rate. We tested the ISAC system with 3
users located at different distances and azimuths as listed in

Fig. 3. Achievable communication NDR with a distance of 1.15 m. (a) NDR vs
Vpp. (b) NDR vs ROP.

Fig. 4. Radar spectrum of the 5 targets and the resolution with their distance
error and the maximum and minimum PMNR labeled. Each spectrum is nor-
malized by its peak value.

Fig. 5. PMNR when ROP varies for a 1.15-m target.
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Table 1. The SNR at 1.15 m is chosen as the baseline, and the
ΔSNR is estimated by Eq. (5) with the measured distance.
Figure 6 shows the location map of these 3 users detected with
the ISAC system with the azimuth step of 0.5°. Three targets are
clearly detected and precisely located. The targets are smeared
along the azimuth axis because of the beam width of the horn
antenna, and the center of the targets is taken for the alignment.

With the aid of target sensing and azimuth correction, we
have tested the guided communication performance. The mea-
sured distances are used to estimate the SNR, and the corrected
azimuths are referenced to adjust the pointing of both turntables
at the RRU and the UEs. The PS signals generated with the esti-
mated SNR for each user are transmitted, and the NGMI is
tested to verify the feasibility. Figure 7 shows the NGMI map
of the 3 users with their PS signals. Though the −3 dB beam
width of the antenna is 20°, which can be indicated from the
figure, the NGMI falls rapidly on misalignment. Therefore,
the alignment for high-speed data links is essential, and the
ISAC system has the ability to find the best azimuth of
communication.
Figure 8 further investigates the gap between the NDR esti-

mated and the one practically tested. It can be noticed that
the NGMI values with the estimated signals are not very close
to the threshold of 0.92. Thus, we tested the highest achievable
NDR after the alignment. The NDR gap is 1.46 Gbps (2.4%) for
the 1.38-m target and 1.12 Gbps (2.2%) for the 1.77-m target.

Fig. 6. Location map of the 3 users collected by the ISAC system.

Table 1. The Details of the Users.

Distance
(m)

Azimuth
(deg)

Δθ
(deg)

ΔSNR
(dB)

Estimated NDR
(Gbps)

1.15 2.47 3.12 0 68.65

1.38 −27.10 2.60 −1.58 61.12

1.77 23.00 2.02 −3.75 50.70

Fig. 7. Communication NGMI map of the 3 users when transmitting the signal
with estimated entropy.

Fig. 8. Comparison between the achievable communication NDR and esti-
mated NDR and corresponding NGMI, together with the PS constellations
(Est., estimated)
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5. Conclusion

In conclusion, we have demonstrated an ISAC system working
with a W-band MMW for 6G access, which is photonics-based,
distributed in sensing, and flexible in communication. The sys-
tem can actively detect the users, target the users, and establish a
high-data-rate communication link guided by sensing. With the
SNR estimation guided by sensing, the NDR gap to the highest
achievable NDR is less than 2.4%. A 68.65 Gbps transmission is
verified through the 10-km SMF and the 1.15-m wireless trans-
mission, with a sensing ability of resolution below 2 cm and an
error lower than 1 cm. The estimated achievable net data rates of
the users at different locations are experimentally verified.
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