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Abstract—The coexistence needs of sensing and communication
in millimeter-wave (mmW) bands have urgently driven the seam-
less integration of sensing and communication in the upcoming
mmW era. However, the time-frequency competition between the
two functions makes it difficult to accommodate both high sensing
resolution and large communication capacity. In this article, we
have designed a W-band fiber-wireless link with the integrated
sensing and communication functions enabled by electromagnetic
polarization multiplexing. The ultra-wideband fiber-wireless link
in W band is enabled by the asymmetrical single-sideband modu-
lation along with the optical heterodyne up-conversion. The elec-
tromagnetic polarization multiplexing allocates the sensing and
communication functions on two orthogonal electromagnetic po-
larizations, respectively. Thus, all time-frequency resources of the
fiber-wireless link can simultaneously serve these two functions
without any resource competition, contributing to an ultra-high
spatial resolution and an ultra-large data capacity at the same time.
Our experimental results show the spatial resolution of up to 15 mm
and data rate as high as 92 Gbit/s were simultaneously realized in W
band after delivering over a 10.8-m wireless distance. The overall
improvement of both the sensing and communication performance,
to the best of our knowledge, led to a record capacity-resolution
quotient of 61.333 Gbit/s/cm. In addition, we have qualitatively in-
vestigated the integrated sensing and communication fiber-wireless
link, in terms of the carrier frequency, system bandwidth, multi-
mmW access, and electromagnetic polarization crosstalk.
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I. INTRODUCTION

THE depletion of frequency resources below 6 GHz has
driven mobile communications to develop into millimeter-

wave (mmW) bands due to the sufficient available bandwidth.
Recently, mmW radar has been widely used in industry, for
example, the 77-GHz vehicular radar for intelligent driving [1].
The coexistence of the mmW radar and mobile communication,
as well as the emerging intelligent applications have greatly pro-
moted the integration of sensing and communication in mmW
bands. Compared with the independent mmW radar or com-
munication systems, the integrated sensing and communication
(ISAC) system not only can reduce the overall complexity, but
also greatly facilitate the unified and intelligent allocation of
software and hardware resources [2].

For mmW applications, photonics-assisted techniques have
shown many potentials compared with conventional electronic
ones [3]. On the one hand, it is easy to obtain mmW signals
with ultra-high frequency and large bandwidth using photonic
up-conversion. On the other hand, the ultra-low loss of photonic
links can facilitate the distributed deployment of mmW signals
indoors. Consequently, various photonics-assisted mmW radars
[4], [5], [6], [7], [8], [9], [10], [11], [12] and mmW communi-
cation systems [13], [14], [15], [16], [17], [18], [19], [20], [21],
[22] have been demonstrated. The radial resolution was up to
sub-centimeter level using an optical frequency shifting loop
with a total 18.2-GHz bandwidth [10]. The wireless rate was as
high as 432 Gbit/s in W band using a multiple-input multiple-
output architecture [16]. Fig. 1 gives an application scenario for
centralized management of intelligent factories enabled by the
photonics-assisted mmW techniques. In this scenario, the inter-
connection between the centralized monitoring site (i.e., center
office) and each workshop is realized by the photonics-assisted
mmW links. In each workshop (i.e., intelligent factory), the
commands are transmitted through the mmW communication.
Meanwhile, the operation status is accurately monitored by the
mmW radar. Nonetheless, the existing works in [3], [4], [5], [6],
[7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22] relate to the photonic mmW links only
realized one of the radar or communication function.
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Fig. 1. Application of photonics-assisted mmW techniques in centralized
intelligent factories.

Fig. 2. Research results of typical photonics-assisted JRC works.

To integrate radar and communication functions in mmW
bands, many photonics-assisted joint radar and communication
(JRC) systems have been reported in recent two years, using
time-division multiplexing (TDM) [23], [24], [25], frequency-
division multiplexing (FDM) [26], [27], [28], [29], and co-
time and co-frequency (CTCF) mechanisms [30], [31], [32],
[33], [34], [35]. Fig. 2 summarizes these existing photonics-
assisted JRC links, in terms of the waveform mode, radar resolu-
tion, communication capacity, and capacity-resolution quotient
(CRQ). Here, the CRQ is defined as the ratio of wireless rate to
radial resolution (A more detailed explanation will be given in
the next section).

The TDM mechanism arranges radar and communication
waveforms in different time slots to share the limited operating
bandwidth of the JRC systems. In [23], a W-band JRC system
using frequency quadrupling was presented. By balancing the
time slots for radar and communication, a 10-cm radial res-
olution and a 10-Gbit/s communication rate were achieved. To

improve the communication rate, the frequency quadrupling was
replaced by coherent up-conversion to obtain higher modulation
bandwidth [24]. Despite the communication rate was increased
to 46.55 Gbit/s using advanced digital signal processing (DSP),
the radial resolution remained unchanged. For higher carrier
frequency, a 300-GHz band JRC system using an uni-traveling-
carrier photodiode was reported in [25]. However, the radial
resolution and data rate were respectively limited to only 19 cm
and 1 Gbit/s, resulting in a CRQ of only 0.0526 Gbit/s/cm.

The FDM mechanism arranges radar and communication
waveforms in different frequency bands to avoid the service
interruptions. In our previous work [26], a 28-GHz band JRC
system based on polarization interleaving and polarization-
insensitive filtering was reported. The communication rate
reached 23 Gbit/s, but the radial resolution was only 30 cm
due to the bandwidth competition. In a W-band JRC system
with more available bandwidth [27], despite the communication
capacity was improved to 78 Gbit/s using sophisticated DSP,
the measured radial resolution was merely improved to 20 cm.
To flexibly allocate the bandwidth resource for the two func-
tions, a W-band JRC network with adaptive waveforms was
put forward in [28]. When the access rate was switched from
5.98 to 32.34 Gbit/s, the radial resolution was correspondingly
deteriorated from 1.86 to 6.94 cm. For multi-user communica-
tion, non-orthogonal multiple access was adopted in a 100-GHz
JRC system [29]. However, the low data rate and poor radial
resolution limited the CRQ to only 0.104 Gbit/s/cm.

The CTCF mechanism usually achieves the two functions
using integrated waveforms, which can ensure uninterrupted
services and avoid the mutual interference between the radar
and communication frequency bands. In [30], a K-band ISAC
method was reported by simply encoding the radar waveform
with an amplitude-shift keying signal. Even though the radial
resolution was up to 1.9 cm, the communication capacity was
only 0.1 Gbit/s due to the binary amplitude modulation. To
increase the modulation order, two-channel data fusion was used
in [31], but the communication capacity was slightly improved
to 0.3356 Gbit/s. To further improve the overall performance, the
radial resolution and communication capacity were respectively
boosted to 8 Gbit/s and 1.5 cm using angle modulation [32]. In
our previous work, we balanced the radar and communication
performance by encoding a DC-offset QPSK signal on a lin-
ear frequency-modulated continuous wave (LFMCW) [33]. In
[34], an orthogonal frequency-division multiplexing (OFDM)
waveform was used to achieve the two functions in Ka band
for better compatibility with commercial communication net-
works. However, the CRQ only reached 0.008 Gbit/s/cm due
to the limited data rate and poor radial resolution. In [35], a
tunable K/W-band OFDM ISAC system was proposed based on
optoelectronic oscillation. The radial resolution and data rate
were improved to 1.5 cm and 32 Gbit/s in W band, leading to a
CRQ of 21.333 Gbit/s/cm.

Given the above, the time-frequency competition or the lim-
itation of integrated waveforms makes it more difficult to si-
multaneously obtain ultra-high radar resolution and ultra-large
communication capacity. In this work, we integrate the sensing
and communication in a W-band fiber-wireless link based on
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Fig. 3. Architecture of our proposed mmW fiber-wireless link with ISAC. DSP: digital signal processing, D/A: digital-to-analog convention, ECL: external
cavity laser, I/Q: I/Q modulator, EDFA: erbium-doped fiber amplifier, MOF: multi-channel optical filter, OC: optical coupler, PC: polarization controller, PBC:
polarization beam combiner, SMF: single-mode fiber, PD: photodetector, LNA, low noise amplifier, OMT: orthomode transducer, LCA: lens corrected antenna,
HM: harmonic mixer, RF: radio frequency clock, EA: electrical amplifier, D/C: down-convention, A/D: analog-to-digital convention.

electromagnetic polarization multiplexing. It is an extension of
our OFC paper [36]. The ultra-wideband sensing and communi-
cation waveforms in W-band are obtained by the asymmetrical
single-sideband (ASSB) modulation along with the optical het-
erodyne up-conversion. The electromagnetic polarization mul-
tiplexing enables the radar and communication to operate in
a CTCF mode without any time-frequency competition using
two orthogonal electromagnetic polarizations. Thus, all time-
frequency resources of the ultra-wideband fiber-wireless link
can be independently and simultaneously assigned to these two
functions, facilitating an ultra-high spatial resolution and an
ultra-high data rate at the same time. The proof-of-concept
experimental results demonstrate that a 23-GHz bandwidth
LFMCW and a 23-GBaud 16QAM signal were successfully
generated in a CTCF mode and transmitted over a wireless
distance of 10.8 m. The ultra-wideband CTCF signals in W
band contributed to a spatial resolution of up to 15 mm and
a data rate as high as 92 Gbit/s, resulting in a record CRQ
of 61.333 Gbit/s/cm. Additionally, we have also qualitatively
investigated the carrier frequency, system bandwidth, multi-
mmW access, and electromagnetic polarization crosstalk for the
proposed W-Band ISAC link.

II. LINK ARCHITECTURE AND PRINCIPLE

A. mmW ISAC Transmitter

Fig. 3 shows the architecture of our proposed ISAC in a mmW
fiber-wireless link enabled by electromagnetic polarization mul-
tiplexing. The link is mainly composed of an ISAC transmitter
(ISAC Tx), a sensing receiver (Sen. Rx), and a communication
receiver (Com. Rx). In the ISAC transmitter, the ISAC signal to
be transmitted is generated by a software-defined DSP routine
followed by the digital-to-analog convention (D/A). To make
full use of the D/A bandwidth, the sensing and communication
signals occupy opposite frequency ranges in digital domain.
Mathematically, the digital ISAC signal can be expressed as

E(t)IQ = Ass(t)e
jωst +Acc(t)e

−jωct, (1)

where s(t)/c(t) is the baseband sensing/communication signal;
As/Ac is the amplitude of the digital sensing/communication

signal; ωs/ωc is the central angular frequency of the digital
sensing/communication signal.

After the D/A, two analog signals corresponding to the real
and imaginary parts of the digital ISAC signal are obtained,
which can be expressed as

E(t)I = real
[
Ass(t)e

jωst +Acc(t)e
−jωct

]
, (2)

E(t)Q = imag
[
Ass(t)e

jωst +Acc(t)e
−jωct

]
. (3)

Then, the pair of analog signals are modulated on a linearly
polarized lightwave (marked as LS) from an external cavity laser
(ECL1) via an in-phase/quadrature modulator (I/Q MOD). By
appropriately biasing the I/Q MOD, two asymmetrical optical
SSB signals (i.e., the Sen-OSB and Com-OSB) centered on the
LS can be obtained [26]. The two sidebands are first boosted by
an erbium-doped fiber amplifier (EDFA) and further separated
by a multi-channel optical filter (MOF). The separated Sen-OSB
is combined with an optical local oscillation (LO1) emitted from
the ECL2 via an optical coupler (OC1) for sensing. Meanwhile,
the separated Com-OSB is coupled with the LO2 from the ECL3
via the OC2 for communication. The pair of coupled signals can
be written as

E(t)Sen ∝ A1Asπ

vπ
s(t)ej(ω1+ωs)t +A2e

jω2t, (4)

E(t)Com ∝ A1Acπ

vπ
c(t)ej(ω1−ωc)t +A3e

jω3t, (5)

where vπ is the half-wave voltage of the I/Q MOD; A1, A2, and
A3 represents the amplitudes of the three ECLs, respectively;
ω1, ω2, and ω3 are the angular frequencies of the three ECLs,
respectively.

The pair of optical signals are finally delivered in parallel
to a remote unit (RU) through their corresponding single-mode
fibers (i.e., the SMF1 and SMF2). Notably, only one SMF will
be required by shifting the LO lasers and MOF to the RU.
However, the overall cost will heavily increase, because massive
RUs will be distributed in a mmW network due to the severe
atmospheric attenuation. In addition, the two SMFs can also be
replaced by only one multi-core fiber. At the remote node, a
mmW sensing signal can be generated by beating the Sen-OSB
with the LO1 via a photodetector (PD1) in the horizontal path
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(H-path). Meanwhile, a mmW communication signal can also
be obtained by beating the Com-OSB with the LO2 via the
PD2 in the vertical path (V-path). The two mmW signals can
be formulated as

i(t)Sen ∝ A1A2Asπ

vπ
s(t) cos[ω2 − (ω1 + ωs)], (6)

i(t)Com ∝ A1A3Acπ

vπ
c(t) cos[ω3 − (ω1 − ωc)]. (7)

From (6) and (7), the mmW carrier frequencies can be flexibly
tuned by jointly manipulating the three ECLs and the Tx DSP
routine. The resulting mmW signals are first boosted by two
low noise amplifiers (LNAs), and then polarization-multiplexed
in electromagnetic dimension (i.e., the H-polarization and V-
polarization) through a mmW orthomode transducer (OMT1).
The electromagnetically multiplexed mmW ISAC signal can be
given by

i(t)ISAC ∝ i(t)Sen
�H + i(t)Com

�V . (8)

Thanks to the orthogonal electromagnetic polarizations, the
sensing signal can be independent of the communication signal
in time-frequency dimension. Thus, the sensing and commu-
nication signals can transmit in a CTCF mode. The generated
CTCF ISAC signal is finally radiated to user terminals (UEs)
via a lens corrected antenna (LCA1).

B. mmW Radar and Communication Receivers

For the radiated mmW ISAC signal, one part is received by
the communication receiver integrated inside the UEs, and the
other part is reflected back to the sensing receiver co-located
with the transmitting end. The sensing receiver has the same
structure as the communication one, while the outputs of the
two OMTs (i.e., the OMT2 and OMT3) are of the orthogonal
electromagnetic polarization directions, as shown in Fig. 3.

The mmW sensing/communication signal received by the
receiver antenna is first polarization-filtered by the internal
OMT. For the upstream mmW sensing echo, the OMT2 extracts
the sensing signal in the H-polarization. For the downstream
mmW signal, the OMT3 picks up the communication signal in
the V-polarization instead. Owing to the high electromagnetic
polarization isolation, the sensing signal has hardly any inter-
ference with the communication signal. The filtered signals are
then down-converted to the intermediate frequency (IF) band by
frequency down-conversion (D/C). The down-converted signals
are further power-compensated by an electrical amplifier (EA)
and digitized by analog-to-digital convention (A/D) for final
offline DSP.

For the mmW ISAC system, both the transmission and recep-
tion can operate in a CTCF mode using electromagnetic polariza-
tion multiplexing. Therefore, all time-frequency resources of the
fiber-wireless link can be used for sensing and communication
at the same time without competition. For the sensing function,
the radial resolution gets better as the sensing bandwidth (BSen)
increases according to the

δSen ∝ c

2BSen
. (9)

Fig. 4. (a) Experimental set-up of our proposed W-band fiber-wireless link
with ISAC; (b) topology of the sensing and commination receivers. AWG:
arbitrary waveform generator, ECL: external cavity laser, I/Q: I/Q modulator,
EDFA: erbium-doped fiber amplifier, IL: interleaver, PC: polarization controller,
OC: optical coupler, SMF: single-mode fiber, VOA: variable optical attenuator,
PD: photodetector, LNA, low noise amplifier, OMT: orthomode transducer,
LCA: lens corrected antenna, UE, user terminal, HM: harmonic mixer, RF:
radio frequency clock, EA: electrical amplifier, OSC: oscilloscope, DSP: digital
signal processing.

Given communication signal-to-noise ratio (SNRCom), the
channel capacity is positively correlated with the communica-
tion bandwidth (BCom), as formulated by

CCom = BComlog2(1 + SNRCom). (10)

Hence, it is desired to design an ISAC system that has both
high sensing resolution and large communication capacity. To
characterize the overall performance for the ISAC system, we
defined a CRQ value, which is proportional to both the sensing
and communication bandwidths, as expressed by

CRQ ∝ CCom

δSen
=

2log2(1 + SNRCom)

c
BComBSen. (11)

As can be seen, the CRQ gets larger with the increase of
sensing or communication bandwidths. Besides, the CRQ gen-
erally outlines the bandwidth competition principle of an ISAC
link with the limited bandwidth. In particular, for our proposed
mmW fiber-wireless ISAC link, because the time-frequency
competition is avoided via the electromagnetic polarization
multiplexing, the ultra-high spatial resolution and ultra-large
communication capacity can be satisfied simultaneously, thus
leading to an incredible CRQ.

III. EXPERIMENTAL SET-UP AND RESULTS

A. W-Band ISAC Signals Generation and Reception

Fig. 4(a) illustrates the experimental set-up of our proposed
W-band fiber-wireless link with ISAC. In the ISAC transmitter,
the digital ISAC signal to be delivered were generated offline and
then converted into a pair of analog IF signals with orthogonal
phases by an arbitrary waveform generator (AWG) operating at
92 GSa/s. Initially, the digital sensing signal was a LFMCW with
a carrier frequency of 10 GHz and a bandwidth of 11.5 GHz. The
digital communication signal was a 11.5-GBaud 16QAM signal
centered at −10 GHz. The average QAM-to-LFM amplitude
ratio (QLAR) was fixed at 2.88 after the pulse shaping. The I/Q
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Fig. 5. Optical spectra at the output of the I/Q MOD (black), SMF1 (pink),
and SMF2 (blue).

MOD was automatically biased to implement ASSB modulation
for loading the analog IF ISAC signals on the LS fixed at
14.4 dBm and 1558.492 nm. Accordingly, two sidebands (i.e.,
the Sen-OSB and Com-OSB) spaced by about 20 GHz were
observed at the output of the I/Q MOD, as shown by the black
line in Fig. 5. The two sidebands were boosted to about 10 dBm
by an EDFA and then separated by a 25-GHz interleaver (IL).
To operate at W band, the LO1 and LO2 were initially set at
1559.122 nm and 1557.862 nm, respectively. The power of the
two LOs was 4 dB lower than the LS, given the electro-optic
modulation loss. Moreover, the linewidth of all three ECLs is
less than 100 kHz. Due to the length limitation of the available
SMF in our laboratory, the length of the two SMFs delivering
the optical sensing and communication signals to a remote unit
was 50 m and 100 m, respectively.

After the SMF, the optical power into each 100-GHz PD was
attenuated to 4 dBm by respective variable optical attenuator
(VOA). The measured optical spectra for the sensing and com-
munication were shown as the pink and blue lines in Fig. 5,
respectively. The wavelength space between the LO1/LO2 and
Sen-OSB/Com-OSB was calculated to be about 0.70 nm. Thus,
a mmW LFMCW and 16QAM signal both centered at about
87.5 GHz will be generated in the H-path and V-path, respec-
tively. Notably, two polarization controllers (PCs) before the two
OCs were applied to match the polarizations for maximizing
the output mmW power. The generated mmW signals were first
boosted by about 35 dB using respective LNA, then polarization-
multiplexed in electromagnetic dimension by the OMT1 which
has a typical electromagnetic polarization isolation of over
30 dB, and finally radiated into the free space via the LCA1
with a gain of 30 dBi.

Reflected by the UEs, the upstream mmW echoes were re-
ceived by the sensing receiver via the LCA2, as illustrated
in Fig. 4(b). The antennas of the sensing receiver and ISAC
transmitter (i.e., the LCA2 and LCA1) were placed side by side
at a transverse interval of 32 cm, as shown in Fig. 6(a). Then the
upstream echoes for sensing were polarization-filtered by the
OMT2. According to the principle mentioned in Section II, only
the mmW sensing signals are output at the H-polarization port
of the OMT2, and down-converted into IF band by the HM1.
Due to the polarization crosstalk, a fraction of the mmW echoes
leak into another branch of the OMT2 (i.e., V-polarization port).
To monitor the polarization crosstalk, the mmW echoes from the

Fig. 6. Photographs of (a) sensing and (b) communication scenes.

Fig. 7. (a) Frequency spectrum and (b) time-frequency characteristic of the
down-converted H-polarization radar echo at 87.5 GHz.

V-polarization port were also down-converted into IF band by
the HM2. Each of the HM integrated a ×6 frequency multiplier
chain and operated with the same RF.

The downstream mmW signals were received by the commu-
nication receiver via the LCA2, which was located about 10.8 m
away from the ISAC transmitter, as shown in Fig. 6(b). The
communication receiver had the same structure as the sensing
one. Then the downstream signals for communication were also
polarization-detected by the OMT2, and further down-converted
into IF band by the two HMs. Different from the sensing process,
the down-converted IF signals from the H-polarization port were
used for monitoring the polarization crosstalk instead.

The obtained IF signals in both the sensing and commu-
nication receivers were power-compensated by about 26 dB
and finally digitized by a multichannel oscilloscope (OSC) for
further signal processing via offline DSP.

B. System Performance Vs. Carrier Frequency

First, we tested the sensing performance in a single-user
scenario. A metal plate serving as the UE1 was placed about
10.8 m away from the perpendicular bisector of the LCA1 and
LCA2, as shown in Fig. 6(a). The RF was operated at 16 GHz,
thus the down-converted sensing echo in the H-polarization was
centered at about 16 × 6–87.5 = 8.5 GHz, as shown in Fig. 7(a).
The measured peak power is more than 26 dB higher than the
noise floor. Fig. 7(b) shows the time-frequency characteristic of
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Fig. 8. Optical spectra at the output of the SMF1 (solid line) and SMF2 (dotted
line) at different mmW carrier frequencies.

Fig. 9. Calculated sensing SNR at different carrier frequencies; inset: Left
(81.5 GHz), right (103.5 GHz).

the sensing echo, where the frequency varies periodically and
linearly in the range of about 2.5-14 GHz.

Subsequently, we investigated the frequency tunability of
the sensing function and calculated the SNR using discrete
gradient integration in frequency domain. The carrier frequency
of the resulting mmW signal was tuned in a 2-GHz step by
simultaneously shifting the LO1 and LO2 to ensure that the
radar and communication were operated in the same frequency
range. The RF was correspondingly tuned to fix the received
IF at about 8.5 GHz. Fig. 8 shows the partial spectra at the
output of the SMF1 (solid line) and SMF2 (dotted line). The
interval between the two LOs and their respective sidebands is
simultaneously shifted from 81.5 GHz to 103.5 GHz. Fig. 9.
gives the sensing SNR at different carrier frequencies. The cal-
culated SNR exhibits a gradual decay trend with the increasing
carrier frequency. The SNR is up to 24.43 dB at 81.5 GHz,
while it is attenuated to 17.44 dB at 103.5 GHz due to the larger
transmission loss and lower component response. Nevertheless,
the echo is more than 22 dB higher than the noise floor in the
worst case, indicating that the mmW sensing function can be
successfully realized in the entire W band.

Then, when testing the communication performance, the re-
ceiver was moved 10.8 m away from the transmitting end to
act as the communication receiver. The RF was also operated at
16 GHz to down-convert the V-polarization downstream data.
The obtained IF data is also centered at about 8.5 GHz, as
shown in Fig. 10(a). Notably, the spectrum in Fig. 10(a) occupies

Fig. 10. (a) Frequency spectrum and (b) constellation diagram of the down-
converted V-polarization downstream data at 87.5 GHz.

Fig. 11. Calculated BER at different carrier frequencies; inset: Left
(81.5 GHz), right (103.5 GHz).

almost the same frequency range as that in Fig. 7(a), indicating
that the proposed ISAC system was successfully operated in
a CTCF mode. Fig. 10(b) plots the constellation diagram of
the demodulated downstream data. The remarkably clustered
constellation points with the bit error ratio (BER) of 4.59e-5
is much better than the hard-decision forward-error-correction
limit (HD-FEC, BER = 3.8e-3).

Also, we investigated the frequency tunability of the commu-
nication function and calculated the corresponding BER. The
operation process was similar to the sensing system. Fig. 11
shows the calculated BER at different carrier frequencies. In the
entire W band, the BER is lower than the HD-FEC threshold. The
insets in Fig. 11 are the constellation diagrams at the edges of the
W band, from which we found that good communication perfor-
mance can be obtained. In addition, performance degradation is
observed from 91.5 to 101.5 GHz, mainly due to the RF leakage
of the HM2. To explain the degradation, Fig. 12 extracts the
frequencies of the leaked RF, which linearly shifts from 119.4 to
97.39 GHz in a step of about 2 GHz. The leaked RF is overlapped
with the downstream mmW data within 91.5 to 101.5 GHz,
as shown in the illustrated spectra in Fig. 12. The leaked RF
with high power interfered with the cascaded constant modulus
algorithm (CMMA) for converging the radius of the constel-
lation points, ultimately degrading the mmW communication
performance. It should be pointed out that, the results within
91.5 to 101.5 GHz in Fig. 11 were achieved by directly using an
ultra-narrow digital filter to remove the high-level RF leakages.
The digital filter effectly improved the BER perfomance from
the HD-FEC limit level [36] to far below the HD-FEC limit.
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Fig. 12. Leaked clock at different carrier frequencies; inset: Left (91.5 GHz),
right (101.5 GHz).

Fig. 13. Calculated BER at fixed 87.5-GHz carrier frequency by shifting the
Tx IF and two LOs; inset: Left (7 GHz), right (16 GHz).

According to (6) and (7), the carrier frequency can be flexibly
tuned by jointly manipulating the three ECLs and the Tx DSP
routine. Here, we tested the communication performance at the
fixed 87.5-GHz carrier frequency by shifting the Tx IF from 7 to
16 GHz in a step of 2 GHz and synchronously shifting the two
LOs. Fig. 13 shows the calculated BER versus the Tx IF. The
BER is basically better when IF varies from 9 to 14 GHz. The
slightly deteriorated BERs in lower and higher IFs are mainly
due to the damage of optical filtering and lower response of the
used components, respectively. Nonetheless, all of the measured
BERs are far lower than the HD-FEC limit. The constellation
diagrams at the edges of the IF are inset in Fig. 13. In these two
worst cases, we found that the constellation points are still well
gathered.

C. System Performance Vs. Bandwidth

Next, we measured the bandwidth tunability of the sensing
and communication functions. The bandwidth of the digital
sensing signal was changed to 23 GHz. Given the larger modula-
tion bandwidth, the IF was shifted to 14 GHz. The digital com-
munication signal was correspondingly changed to 23 GBaud
and also centered at −14 GHz. To ensure the CTCF mode and
a fixed 87.5-GHz carrier frequency, the LO1 and LO2 were
shifted to 1559.09 and 1557.894 nm (0.032 nm/4 GHz depart
from the respective LO in Section II-A), respectively. The RF
was operated at 16.8 GHz to down-convert the received mmW
signals to about 16.8 × 6–87.5 = 13.3 GHz.

Fig. 14. (a) Frequency spectrum and (b) time-frequency characteristic of the
down-converted H-polarization radar echo with 23-GHz bandwidth.

Fig. 15. (a) Frequency spectrum and (b) constellation diagram of the down-
converted 23-GBaud downstream data from V-polarization port.

For sensing function, we analyzed the received H-polarization
mmW echoes. Fig. 14(a) shows the down-converted frequency
spectrum, with the spectral line centered at about 13.5 GHz.
The deviation from the theoretical frequency is mainly due to
the frequency deviation of the lasers and the lack of unified
calibration by different laser manufacturers. Because of the
bandwidth expansion, the measured peak power is slightly at-
tenuated and about 23.5 dB above the noise floor. Fig. 14(b)
shows the time-frequency characteristic of the ultra-wideband
radar echo, from which the frequency periodically and linearly
ranges within about 2-25 GHz.

As to wireless communication, we analyzed the received
V-polarization downstream mmW signals. Fig. 15(a) shows
the down-converted frequency spectrum. Though the generated
16QAM signal is up to 23 GBaud, the peak power is still
about 26 dB above the noise floor. Notably, the spectrum is
distributed in almost the same frequency range as the LFMCW
in Fig. 14(a), revealing that a CTCF mode was successfully
realized. Fig. 15(b) shows the constellation diagram of de-
modulated 16QAM signal. Despite the severe divergence of
the constellation points, the communication performance with
the BER of 1.12e-2 is slightly better than the soft-decision
forward-error-correction threshold (SD-FEC, BER = 2.4e-2).
The performance degradation is mainly due to the RF leakage
and the severe high-frequency attenuation, as observed from the
spectrum.

D. Sensing Resolution and Communication Capacity

To investigate the sensing resolution, a dual-user scenario was
tested by placing two metal plates radially. During the measure-
ment, the CTCF mode with the 87.5-GHz carrier frequency was
kept as described in Section II-A and B.
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Fig. 16. Normalized cross-correlation between the 11.5-GHz bandwidth echo
and the reference digital LFM wave when the distances were set at (a) 80.0 mm,
(b) 29.0 mm, and (c) 15.0 mm.

Fig. 17. Calculated sensing SNR versus the ROP.

First, the sensing signal with a 11.5-GHz bandwidth was
generated. Fig. 16(a)–(c) show the normalized cross-correlations
between the down-converted echoes and the reference digital
LFM wave when the radial distances between the two UEs were
set at (a) 80.0 mm, (b) 29.0 mm, and (c) 15.0 mm, respectively.
The distance intervals between the two UEs calculated from
the cross-correlation results are 80.00 mm, 31.59 mm, and
18.72 mm, respectively. The maximum error is only 3.72 mm.

To simulate the multi-mmW access, we measured the optical
margin by simultaneously attenuating the optical power into the
two PDs with the same amplitude. The SNR versus the received
optical power (ROP) is shown in Fig. 17, from which the SNR
improves linearly with the increase of injected optical power.
When the ROP exceeds −5 dBm, the measured SNR measured
by discrete gradient integration is better than 6 dB.

Then, we shifted the bandwidth of the sensing signal to
23 GHz. Fig. 18(a)–(c) show the normalized cross-correlations
as the radial distances between the two UEs were also fixed
at (a) 80.0 mm, (b) 29.0 mm, and (c) 15.0 mm, respectively.
The radial intervals calculated from the cross-correlation results
were 80.00 mm, 30.42 mm, and 12.87 mm, respectively. The
maximum error was only 2.59 mm thanks to the ultra-large
sensing bandwidth.

To investigate the communication capacity, we measured the
BER of the 11.5- and 23-GBaud downstream 16QAM signals at
different ROP. During the measurement, the CTCF mode with
the carrier frequency of 87.5 GHz was also kept to simulate
the practical polarization crosstalk in applications. Moreover,
the optical power into the two PDs were attenuated to the same

Fig. 18. Normalized cross-correlation between the 23-GHz bandwidth echo
and the reference digital LFM wave when the distances were set at (a) 80.0 mm,
(b) 29.0 mm, and (c) 15.0 mm.

Fig. 19. Calculated BER as a function of the ROP at 11.5 GBaud (blue) and
23 GBaud (pink); inset: Left (1 dBm), right (6 dBm).

value for also simulating the multi-node access of both mmW
sensing and communication. The calculated BER as a function
of the ROP at 11.5 GBaud is shown as the blue line in Fig. 19.
When the ROP is within [−3, 6] dBm, the calculated BERs
are better than the HD-FEC, resulting a 46-Gbit/s data rate.
Furthermore, the optimal optical power is found at about 0
to 3 dBm. At a 1-dB ROP, the constellation points are ideally
clustered near the desired points, as inset at the left of Fig. 19.
Besides, the calculated BER versus the ROP at 23 GBaud is
shown as the pink line in Fig. 19. When the ROP is within
[0, 6] dBm, the all calculated BERs are lower than the SD-FEC.
Especially, at a 6-dB ROP, the communication performance with
the BER of 3.67e-3 is slightly better than the HD-FEC. The
moderately divergent constellation points, as inset at the right of
Fig. 19, indicate that data rate of up to 92 Gbit/s is successfully
transmitted.

According to Ref. [37], the generated mmW ISAC signals will
vary less than ±0.2 GHz over 10 hours. The transmission band-
width of the ISAC signals is larger than 11.5 GHz, obviously
meeting the long-term frequency tolerance of 2% frequency drift
specified by ITU.

For mmW sensing, since the cross-correlation is not sensitive
to the frequency variation, the mmW frequency offset caused
by the laser beating has a relatively small impact on the relative
position estimation between the two users. Moreover, the phase
noise of the lasers slowly changes over time, resulting in almost
identical phase noise of the two echoes reflected by the closely
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TABLE I
COMPARISON OF TYPICAL PHOTONICS-AIDED JRC LINKS

spaced two users. Therefore, the impact of mmW phase noise
on relative position measurement can also be accepted. Suc-
cessfully, we distinguished two users with a relative distance of
15.0 mm. However, the frequency offset and phase noise will
limit more precise spatial distance measurement. According to
(9), a 23-GHz bandwidth LFM wave can lead to a 6.5-mm spatial
resolution, but we only achieved a 15.0-mm spatial resolution.

For mmW communication, the mmW frequency offset and
phase noise translated by the laser beating can be easily removed
at the communication receiver via the mature frequency offset
estimation (FOE) and carrier phase estimation (CPE), respec-
tively. In our experiment, an FFT-based FOE and Viterbi-Viterbi-
based CPE were applied [38], [39].

To effectively eliminate the frequency offset and phase noise
at the transmitting end, phase-locked loops, optical injection
locking, or optical frequency combs can be used. But the
complexity of the transmitter will greatly increase. A trade-off
between the performance and complexity needs to be made
based on actual needs.

Table I summarizes the waveform mode, central frequency,
wireless distance, radar resolution, communication rate, and
CRQ of typical photonics-assisted mmW JRC links. Thanks
to the electromagnetic polarization multiplexing, all time-
frequency resources of the proposed ultra-wideband fiber-
wireless link independently and simultaneously served the two
functions without competition. As a result, we successfully
achieved a 1.5-cm spatial resolution and a 92-Gbit/s data rate at
the same time, contributing to a record CRQ of 61.333 Gbit/s/cm.

E. Polarization Crosstalk of Sensing to Communication

Due to the limited electromagnetic polarization isolation and
polarization mismatch, there is mutual electromagnetic polariza-
tion crosstalk between the mmW sensing and communication.
Here, we analyzed the polarization crosstalk of sensing to com-
munication considering the larger tolerance of LFMCW with a
large time-bandwidth product. Fig. 20 plots the calculated BER
of the 11.5-GBaud downstream data as a function of the ROP in

Fig. 20. Calculated BER of the 11.5-GBaud downstream data as a function of
the ROP in the H-path; inset: Left (2 dBm), right (6 dBm).

Fig. 21. Leaked spectra in (a) V- and (b) H-polarization.

the H-path. During the measurement, the ROP in the V-path was
fixed at 4 dBm, and the CTCF mode was kept at an 87.5-GHz
carrier frequency. From Fig. 20, the BER slowly deteriorates
when the ROP in V-path was increased from 2 to 6 dBm.
To further explore the polarization crosstalk, we measured the
polarization leakage by fixing one of the optical signals at 6 dBm
and attenuating the other below −20 dB. Fig. 21(a) and (b)
show the leaked spectra in V- and H-polarization, respectively.
When the V-path optical signals were attenuated, the leaked
spectrum into the V-polarization was about 10.4 dB higher than
the noise floor. When the H-path optical signals were attenuated,
the leaked spectrum into the H-polarization was about 9.6 dB
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above the noise floor. In spite of the electromagnetic polarization
crosstalk, the calculated BER is far below the HD-FEC while the
ROP in the V-path is 2 dB higher than that in the H-path. At such
an ROP, the two PDs are saturated according to Fig. 19, but the
constellation points are still closely gathered, as inset at the right
of Fig. 20. As the ROP is lower than 2 dBm, the electromagnetic
polarization crosstalk of radar to communication can be almost
ignored. Therefore, according to the application requirements,
the optical power in the radar path can be slightly reduced to
improve the communication performance.

IV. CONCLUSION

In this article, we have proposed and systematically demon-
strated a photonics-assisted W-band CTCF ISAC link. The
ultra-wideband W-band sensing and communication signals are
generated by combing the spectrum-efficient ASSB modula-
tion with flexible optical heterodyne up-conversion. The time-
frequency competition between the sensing and communication
functions in conventional ISAC links are removed owing to the
electromagnetic polarization multiplexing. Thus, for the pro-
posed ultra-wideband mmW link, all time-frequency resources
can be independently and simultaneously applied to the sens-
ing and communication functions, contributing to an ultra-high
spatial resolution and an ultra-large communication capacity
at the same time. The proof-of-concept experimental results
demonstrate that a 15-mm spatial resolution with the ranging
error of 2.59 mm and a 92-Gbit/s data rate with the BER of
3.67e-3 were simultaneously achieved after transmitting over a
10.8-m wireless distance. The ultra-high spatial resolution and
ultra-high data rate led to a record CRQ of 61.333 Gbit/s/cm.
The proposed ISAC link, with the ability to operate in the entire
W band, is expected to widely used in the upcoming intelligent
mmW era.
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