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Abstract—Distributed cell-free communication networks can
synthesize ultralarge virtual apertures and provide substan-
tial distributed gains for 6G communication systems. However,
multinode spatial coherence remains limited by the complexity
of conventional fiber-based synchronization networks. In this
article, a scalable and architecturally streamlined microwave
photonic synchronization scheme capable of the concurrent
distribution of time-triggered, local oscillator (LO), and clock
signals over optical fiber is proposed. By exploiting the inherent
properties of these signals for real-time delay metrology and
active link compensation, the proposed approach circumvents the
need for auxiliary optical wavelengths or additional hardware
overhead in the fronthaul network. The experiments show a
delay measurement deviation of ±1.5 ps, and phase stabilization
within ±2.5◦@10 GHz is achieved over a 2-km fronthaul link.
We further present, to the best of the authors’ knowledge, the
first distributed coherent integrated sensing and communication
(ISAC) cell-free network enabled by microwave photonic synchro-
nization. With two remote nodes (RNs), the cell-free networks
yield an over 5.3 dB improvement in error vector magnitude
(EVM) and sensing signal-to-noise ratio (SNR) based on the
coherent gain. The proposed architecture provides a practical
route toward scalable coherent ISAC networks with enhanced
coverage and capacity.

Index Terms—Cell-free network, integrated sensing and
communication (ISAC), microwave photonics, time–frequency
synchronization.

I. INTRODUCTION

INTEGRATED sensing and communication (ISAC) is
increasingly recognized as a cornerstone capability of 6G

and beyond, driven by the growing demand for perception-
enabled services in intelligent transportation, low altitude plat-
forms, industrial automation, and immersive human–machine
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interfaces [1], [2], [3], [4], [5], [6]. Unlike legacy infrastruc-
tures, future wireless communication networks are expected
to support not only high-throughput data transmission but
also high-fidelity sensing services, such as localization [7],
tracking [8], and environment mapping [9], through the shared
use of spectrum, hardware, and deployment resources [10].
This convergence is driven by the dual demand for higher
communication capacity and higher sensing precision. From
a physical-layer perspective, both objectives critically depend
on increasing the effective signal-to-noise ratio (SNR) and
exploiting higher effective spatial degrees of freedom (DoFs)
[11], [12].

To enhance the SNR and DoFs, cell-free ISAC has recently
garnered significant attention [13], [14], [15], [16], [17], and
a typical scenario is shown in Fig. 1. Compared with co-
located massive MIMO, the geographically distributed remote
nodes (RNs) in a cell-free architecture provide macrodiversity
and more uniform spatial coverage, particularly for users far
from a single base station. Most existing architectures rely
on cooperation at the information-level or feature level, where
each node performs localized sensing and communication pro-
cessing and then forwards the resulting information to a central
unit (CU) for fusion. The corresponding fronthaul can be
implemented in wired or wireless forms. Wired fronthaul, typ-
ically supported by high-capacity optical fibers [18], enables
large-volume data delivery, whereas wireless fronthaul [19]
provides higher deployment flexibility but suffers from stricter
capacity, latency, and synchronization limitations. Under these
practical constraints, cooperative cell-free ISAC architectures
have been extensively explored to jointly serve users and sense
targets through coordinated access point (AP) mode selec-
tion and power control, demonstrating notable performance
improvements [19], [20], [21]. For example, a noncoherent
cell-free ISAC framework is proposed [17], demonstrating
that joint TOA/AOA measurements can achieve localization
without phase-level synchronization. A symbol-level fusion
method is developed [23], which extracts phase features
from demodulated orthogonal frequency division multiplex-
ing (OFDM) symbols, requiring only standard symbol-timing
synchronization. However, both methods inherently discard
the raw carrier-phase information across distributed nodes,
fundamentally limiting the spatial resolution and coherent
processing gain.

An even more attractive architecture is coherent joint
transmission (CJT), which achieves waveform-level coher-
ent synthesis of signals from N nodes, thereby yielding a
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theoretical N2-fold SNR gain at the user equipment (UE) side
or sensing target. Existing studies have shown that coherent
processing can further exploit the phase information embedded
in waveforms, achieving higher gains for joint communications
and sensing performance [24], [25], [26], [27], [28]. For exam-
ple, a coherent architecture with collaborative transmission
among multiple APs is adopted [24]. Under this architecture,
in the single-stream downlink, doubling the number of cooper-
ating AP ports increased the received SNR by approximately
5 dB. However, realizing such performance gains critically
relies on high-precision synchronization in time, frequency,
and phase across each AP. Meanwhile, the synchronization
capability also needs to remain stable over the long term and
be practically maintainable.

Synchronization techniques for wireless communication and
sensing mainly follow two technical routes. One route is based
on over-the-air (OTA) synchronization, while the other relies
on optical-link-based synchronization. OTA synchronization
and calibration methods primarily achieve phase-level syn-
chronization through offset estimation, phase tracking, and
dynamic compensation [29], [30]. For example, OTA syn-
chronization among distributed nodes is realized by enabling
direct exchange of synchronization signals among APs, per-
forming beamforming along the dominant channel direction,
and combining phase-offset and carrier-frequency-offset esti-
mation [30]. Nevertheless, when oscillator drift is taken into
account, this method requires recalibration from time to time
in order to effectively maintain the beamforming gain at
the UE side. Moreover, since OTA synchronization depends
on the wireless channel, its performance is inherently sensi-
tive to interference, blockage, multipath fading, and channel
fluctuations.

In contrast, optical-link-based synchronization schemes
mainly include active, passive, and two-way time–frequency
transfer [31], [32], [33], [34]. Active synchronization
approaches compensate phase and delay variations along the
fiber through closed-loop control. An active feedback loop
was implemented to correct round-trip phase errors in real
time, achieving ps-level stability in transfer delay over a
2-km link [31]. For example, an optical linearly frequency-
modulated (LFM) waveform was employed for fiber link
delay measurement, and the measured delay variation was
compensated via a digital delay line, successfully reducing the
transmission delay mismatch between two distributed radar
nodes to less than 20 ps [34]. In contrast, passive synchro-
nization schemes suppress fiber-induced phase fluctuations
through phase conjugation without explicitly measuring the
link delay. For example, a bidirectional passive stabilization
scheme was proposed in [35], enabling the transmission of
a 6-GHz signal over a 20-km optical fiber and reducing the
phase jitter from 41 to 1.17 ps. Another widely adopted
approach is two-way time–frequency transfer, where clock
offset between two nodes is estimated through bidirectional
signal exchange. The estimated timing and frequency devia-
tions are then compensated through feedback adjustment of
the clock parameters, enabling high-precision synchronization
between distributed nodes. Real-time, femtosecond-level clock
synchronization across a low-lying, strongly turbulent, 12-km
horizontal air path by OFC-based synchronization is realized
in [36].

Fig. 1. Typical cell-free ISAC scenario.

Compared with conventional network-protocol-based syn-
chronization approaches, these methods improve the synchro-
nization accuracy by several orders of magnitude [37], [38].
However, they often require additional delay measurement
units, extra optical wavelength resources, or even ultrastable
OFCs, thereby increasing system complexity and cost. This
greatly limits scalability for practical large-scale deployment.

This article presents a cell-free CJT ISAC system consisting
of one central node and N RNs, achieving microwave pho-
tonic time–frequency synchronization with ps-level accuracy.
Considering the requirements of ISAC cell-free architecture,
synchronization references, including the time-triggered signal
(TTS), 10-MHz clock, and local oscillator (LO), are distributed
from the central node to the RNs using distinct optical carrier
wavelengths. This configuration obviates the need for addi-
tional LO signal generation at the RNs, thereby simplifying
RN implementation. By exploiting the backpropagated signals
from the RNs, the system performs both coarse and fine
measurements of fronthaul-link delays. Enabling real-time,
unambiguous calculation and active compensation of link
delay jitter without additional wavelength or hardware over-
head. Moreover, the integrated waveform is reused for ISAC
functions, thereby simplifying the transceiver architecture and
reducing the hardware complexity of the RNs. The experi-
mental results validate the feasibility of the proposed cell-free
CJT ISAC system. In coherent mode, the communication error
vector magnitude (EVM) is improved from 12.49% to 6.75%,
and the sensing echo SNR is increased by 5.6 dB.

The remainder of this article is organized as follows.
Section II describes the architecture of the proposed cell-free
CJT ISAC system and the principle of microwave photonic
time–frequency synchronization, and analyzes the SNR gains
for communication and sensing using OFDM waveforms.
Section III presents the experimental setup, verification results,
and corresponding analysis. Finally, Section IV concludes this
article.

II. PRINCIPLE

A. Microwave Photonic Time–Frequency Synchronization
The proposed cell-free CJT ISAC architecture is illustrated

in Fig. 2. A total of N RNs with identical hardware con-
figurations are connected to a central node through fronthaul
optical fiber links. At the central node, a laser array generates
three optical carriers at wavelengths λ1, λ2, and λ3, which
are injected into three Mach–Zehnder modulators (MZMs).
In the MZMs, the three carriers are modulated by a TTS, a
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Fig. 2. Schematic of the proposed cell-free CJT ISAC architecture. MZM: Mach–Zehnder modulator; OC: optical coupler; CIR: circulator; WDM: wavelength-
division multiplexer; PD: photodetector; VODL: variable optical delay line; LNA: low-noise amplifier; BPF: bandpass filter; LPF: lowpass filter; AWG: arbitrary
waveform generator; and TIC: time-interval counter.

10-MHz reference clock, and a LO signal, respectively. The
modulated optical signals are equally split into N branches by
three 1 × N optical couplers (OCs) to distribute through the
respective fronthaul links. Before being transmitted through
the fronthaul links, the carriers at λ1 and λ2 pass through two
optical circulators (CIRs) and, together with the carrier at λ3,
are multiplexed by a wavelength-division multiplexer (WDM).
The multiplexed signal is subsequently routed through a vari-
able optical delay line (VODL) and transmitted to the RNs
over a fronthaul fiber link. At the RN, the multiplexed signal is
demultiplexed into three wavelength components by a WDM.
The optical carriers at λ1 and λ2 are each divided into two
paths. One branch of each signal is detected by a photodetector
(PD) and then delivered to the radio frequency (RF) front end.
The other branches, at wavelengths λ1 and λ2, are reflected
by optical mirrors and transmitted back to the central node
through the fronthaul fiber link. At the central node, the
reflected signals of different wavelengths are demultiplexed by
a WDM, and after passing through the CIR, they are converted
into electrical signals by two PDs.

Assume that the TTS and the LO signal at point A can be
expressed as

sTTS,A(t) =

+∞X
k=−∞

rect
�

t − kT
tp

�
(1)

sLO,A(t) = cos (2π f t + φ0) (2)

where T and tP are the period and pulsewidth of the TTS,
respectively, and f and ϕ0 are the frequency and initial phase
of the LO signal. Accordingly, after round-trip propagation
through the fronthaul fiber link and neglecting the fixed system
transfer delay, the signals at point B can be written as,
respectively,

sTTS,B(t) = sTTS,A(t − 2τ) =

+∞X
k=−∞

rect
�

t − 2τ − kT
tp

�
(3)

sLO,B(t) = cos (2π f t − 4π f τ+ φ0) (4)

where τ denotes the one-way propagation delay in the fron-
thaul fiber link. After photodetection, the TTS from points A
and B are fed into a time-interval counter (TIC).

By measuring the time interval between the rising edges
of the two TTS, the TIC obtains the round-trip transfer delay
τTIC, which is given by

τTIC = 2τ± ∆τ (5)

where ∆τ denotes the measurement error of the TIC. Mean-
while, the LO signals from points A and B are fed into a
digital phase detector to obtain the phase difference ∆ϕ. The
relationship between the phase difference and the propagation
delay can be expressed as

τ =
1
2

�
NTLO +

∆ϕ

2π
TLO

�
(6)

where N denotes the integer-cycle ambiguity introduced by
phase wrapping, and TLO = 1/ f represents the period of the
LO signal. By combining (5) and (6), N can be determined as

N =
2τ

TLO
−

∆ϕ

2π
=

�
τTIC

TLO
−

∆ϕ

2π

�
± ∆τ

TLO
. (7)

Since N is an integer, it can be uniquely determined by
nearest-integer rounding, provided that ∆τ/TLO < 1/2

N = round
�
τTIC

TLO
−

∆ϕ

2π

�
(8)

where round(·) denotes the nearest-integer operation. Accord-
ing to (6) and (7), the fronthaul link transfer delay jitter can be
measured in real time without requiring additional signals or
extra wavelength resources. The fixed differential group delay
between the two wavelength channels caused by chromatic
dispersion can be calibrated during system initialization. Based
on the measured results, a control signal is generated to
drive the VODL, enabling real-time delay compensation and
ensuring identical propagation delays for the synchronization
signals delivered to each RN.
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Fig. 3. Communication EVM and ranging accuracy versus SNR.

B. Cell-Free CJT ISAC

In ISAC scenarios, SNR is a critical metric for both the
communication capacity and sensing accuracy. The relation-
ships between SNR and EVM, and between SNR and the
Cramér–Rao lower bound (CRLB), can be expressed as fol-
lows, respectively,

EVM =
1

√
SNR

(9)

CRLB ≈
c

2πB
√

2 · SNR
(10)

where c is the light speed, and B is the bandwidth of ISAC
signal. As shown in Fig. 3, both the EVM and the root-mean-
square error (RMSE) decrease monotonically with increasing
SNR. The ranging RMSE exhibits three distinct regions depen-
dent on SNR. Specifically, at low SNRs, it falls into the prior
region, where the error is bounded by prior spatial knowledge.
As SNR increases, it enters the ambiguity region, experiencing
a sharp drop in RMSE. At high SNRs, it ultimately reaches
the asymptotic region, where the accuracy tightly converges
to the CRLB.

To enhance this critical metric, the cell-free CJT ISAC
is employed to realize SNR gain through waveform-level
coherent synthesis of communication and sensing signals. As
illustrated in Fig. 2, at the RF front end of each RN, an
OFDM waveform generated by an arbitrary waveform gen-
erator (AWG) is used for both communication and sensing. It
should be noted that the TTS and 10-MHz frequency reference
clock at each RN are synchronized by the synchronization
network described in Section II-A. Accordingly, the signal at
point C can be expressed as

sBB-OFDM(t) =

Nsub−1X
k=0

Xke j2πk∆ f t, 0 ≤ t < Tsym (11)

where Nsub represents the number of subcarriers, Xk represents
the complex data symbol on the kth subcarrier, ∆ f represents
the subcarrier spacing, and Tsym represents the effective dura-
tion of an OFDM symbol, defined as the reciprocal of the
∆ f . The signal bandwidth is determined by Nsub∆ f , which
is also equal to the effective symbol rate. Subsequently, the
OFDM waveform is upconverted via a mixer using a phase-
stable LO signal with frequency fc, which is derived from
the central node. After passing through a bandpass filter and
being amplified by a low-noise amplifier (LNA), the signal

is transmitted into free space. The signal at point D can be
expressed as

sRF-OFDM(t) =

Nsub−1X
k=0

Xke j2π(k∆ f+ fc)t, 0 ≤ t < Tsym. (12)

It is worth mentioning that, to achieve CJT, the channel
characteristics of the wireless link should be estimated, which
can be expressed as

Hi,k =

LiX
l=1

βi,l · exp
�
− j2π (k∆ f + fc) · τi,l

�
(13)

where Li represents the number of multipath between the
ith RN and the communication receiver; β and τ represent
the complex gain and propagation delay. Consequently, time
alignment and coherent precoding are conducted to com-
pensate for the RN-to-receiver wireless channel responses
[28]. For extreme wireless links in scenarios such as high-
mobility, severe shadow fading, advanced techniques can be
incorporated to address these extreme wireless conditions [38],
[39], [40].

Further expanding to multiuser scenarios [41], after the
required complex weights for the distributed RNs are deter-
mined by precoding or beamforming techniques such as
zero-forcing (ZF) or maximum ratio transmission (MRT)
[42], the proposed synchronization architecture maintains suf-
ficiently stable timing and carrier-phase relationships among
the RNs, thereby enabling these precoding weights to be
accurately realized over the distributed fronthaul.

Therefore, the received signal at point E can be expressed
as

rRF-comm(t) =

N−1X
i=0

αi

Nsub−1X
k=0

Xke j2π(k∆ f+ fc)t + n(t) (14)

where α denotes the amplitude attenuation mainly induced by
the path loss and antenna gain, and n(t) denotes the Gaussian
white noise. After bandpass filtering, the received signal is
directly acquired by an oscilloscope. After downconversion to
zero intermediate frequency, frame synchronization is carried
out using the short and long training sequences. The cyclic
prefix (CP) is removed, followed by a fast Fourier transform
(FFT), yielding the frequency-domain representation of the kth
OFDM subcarrier as

Yk =

 
N−1X
i=0

αi

!
· Xk + Wk (15)

where Wk is the Gaussian white noise in the frequency domain.
After channel equalization based on the ZF criterion, the
estimated signal can be written as

X̂k = Yk

,
N−1X
i=0

αi = Xk + Wk

,
N−1X
i=0

αi = Xk + W̃k. (16)

From the equation above, it is evident that when αi are
approximately identical, the received SNR is proportional to
the square of the number of RNs employed

S NRcomm =
E[|Xk |

2]

E[
ˇ̌
W̃k
ˇ̌2]

=
Ps ·

ˇ̌̌PN−1
i=0

ˇ̌
Hi,k

ˇ̌ˇ̌̌2
σ2

w
(17)
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where E[·] represents the expectation function, Ps is the
transmitting power, and σ2

w is the noise variance.
In the sensing scenario, the signal synthesized at the target

and received by the jth receiver can be expressed as

rRF-sen, j(t) =

N−1X
i=0

αi, j · ξ · sRF-OFDM

�
t −

2R j

c

�
+ n(t) (18)

where R j represents the propagation distance from the jth
transmitter to the target location, ξ = |ξ|e jϕξ is the complex
scattering coefficient of the target, and c is the speed of light.
After bandpass filtering and downconversion through the other
branch of the power divider, the echo signal is sampled by
an oscilloscope. The digitized signal is then processed like
that of the communication receiver, including downconversion,
synchronization, CP removal, and FFT. After removing the
modulation payload in the frequency domain, the channel
response can be expressed as

Hk, j = ξ

N−1X
i=0

αi, je− j2π(k∆ f+ fc)
2R j

c + W̃k. j. (19)

An inverse FFT (IFFT) is then performed to obtain the
ranging results

h(t) j ≈ ξ

 
N−1X
i=0

α̃i, j

!
· sinc

�
B ·
�

t −
R j

c

��
+ n(t). (20)

As shown in (18), the individual signal peaks are coherently
superposed in the time domain. Consequently, when each α
is equal, the SNR improves by approximately N2 times in
transmit coherent mode, which can be expressed as

S NRsen, j =

 
N−1X
i=0

ξα̃i, j

!2,
σ2. (21)

Consequently, further coherent combining of the received
signals from N RNs is capable of yielding an approximate
N3-fold SNR improvement. As can be seen from (17) and
(21), this substantial SNR gain enables the optimization of
EVM and RMSE for communication and sensing in complex
environments.

III. EXPERIMENTS AND RESULTS

A. High-Stability Signal Transmission Through Fronthaul
To investigate the feasibility of the proposed system, an

experimental setup with one central node and two RNs
was implemented, as shown in Fig. 2. At the central node,
three continuous-wave optical carriers at 193.4, 193.6, and
193.8 THz are injected into three MZMs, respectively. The
MZMs are driven by a TTS, a 10-MHz reference clock, and
an LO signal. The TTS is generated by a pulse generator,
the 10-MHz clock is provided by a rubidium clock, and the
LO signal is generated by a low-phase-noise microwave signal
generator. The modulated optical signals are then split into
two distribution paths for each RN by three 50:50 1 × 2
OCs. In one path, the two optical signals carrying the TTS
and LO signals pass through a CIR from ports 1 to 2, and
are then multiplexed together with the 10-MHz-modulated
optical signal into a single-mode fiber (SMF) through a WDM.
After passing through the VODL, the multiplexed signals

Fig. 4. Linearity of the delay measurement, obtained by comparing the
measured delay variations with the delay introduced by VODL.

are transmitted to the RN over a 2-km SMF serving as the
fronthaul link, and then demultiplexed into three separate
channel by another WDM.

At the RN 1, the optical signal carrying the 10-MHz
reference clock is directly converted into an electrical signal
by a PD. Meanwhile, the optical signals carrying the TTS and
LO signals are each split into two branches via 50:50 1 × 2
OCs. The lower branch signals are converted into the electrical
domain by two PDs, while the upper branch optical signals are
reflected by optical mirrors back to the WDM. These reflected
signals are then remultiplexed and transmitted back to the
central node through the same 2-km SMF and VODL. After
returning to the central node, these backpropagated signals are
demultiplexed by the WDM, enter port 2 of the corresponding
CIRs, and are routed from port 3 to a delay measurement
module for precise delay variation estimation. The module
comprises a TIC (Keysight 53230A) and a vector network
analyzer (VNA, Ceyear 3674H). The TIC is utilized to acquire
coarse transfer delay of the fronthaul for resolving the integer
phase ambiguity. Due to its 20-ps time-interval resolution,
the TIC theoretically enables ambiguity-free transfer delay
estimation for LO frequencies up to 25 GHz.

Initially, experiments were conducted to evaluate the accu-
racy of the proposed delay measurement scheme. To rule out
possible frequency-dependent anomalies associated with the
synchronization pulse and LO signals, two groups of operating
parameters were tested: an LO signal at 1 GHz with a TTS
pulse repetition rate of 1 kHz, and an LO signal at 10 GHz with
a TTS pulse repetition rate of 10 kHz. During the experiments,
the VODL was tuned in 100 increments of 1 ps.

The delay variations were then measured under the two
sets of signal parameters, and the corresponding results are
shown in Fig. 4. It can be observed that the measured delay
variations are in excellent agreement with the preset values,
with deviations within ±1.5 ps.

Furthermore, to verify the fronthaul transfer delay stability
of the proposed system, a proportional–integral–derivative
(PID) controller was employed to drive the VODL for active
compensation based on the measured link jitter. Over a contin-
uous 1-h period, the actual delay drift of the fiber link, together
with the rising-edge timing jitter of the transmitted TTS with
pulse repetition rates of 1, 10, and 100 kHz were measured.
As illustrated in Fig. 5(a), the uncompensated fronthaul link
exhibits a significant delay drift exceeding 400 ps over 1 h.
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Fig. 5. Comparison of fronthaul transfer delay stability before and after
compensation: (a) free-running; (b) with 1-kHz TTS; (c) with 10-kHz TTS;
and (d) with 100-kHz TTS.

In contrast, Fig. 5(b)–(d) demonstrates that, with the active
compensation, the rising-edge jitter of the 1-, 10-, and 100-kHz
TTS remains largely unaffected by thermally induced fiber
drift, with standard deviations (STDs) of only 6.04, 5.92,
and 5.99 ps, respectively. These residual jitters are mainly
attributed to the intrinsic timing jitter of the electrical pulse
generator rather than to the optical link itself.

Subsequently, to verify the quality of the signals delivered
to the RN through the proposed transmission network, we
evaluated the long-term frequency stability of the 10-MHz
reference clock and the phase variations of the LO signals
at 1, 5, and 10 GHz over a 1-h period. Fig. 6 illustrates the
Allan deviation (ADEV) of the delivered 10-MHz signal. At
short averaging times (with τ < 100 s), all three curves exhibit
a typical downward trend dominated by white phase noise.
However, as the averaging time increases, the uncompensated
2-km fronthaul link suffers from severe long-term drift induced
by environmental perturbations, causing the ADEV to rise.
In contrast, once active delay compensation is enabled, the
stability is fully restored and closely follows the back-to-
back (B2B) baseline. This indicates that the proposed feedback
mechanism effectively suppresses the slow fiber-induced phase
variations while preserving the inherent short-term stability.

Furthermore, Fig. 7 presents the phase drift of the LO sig-
nals under free-running and actively compensated conditions.
Without compensation, the phase error gradually accumulates
over time. Notably, for the same temporal drift, higher LO
frequencies exhibit more severe phase deviations, with the

Fig. 6. Frequency stability comparison of the optical link under three different
transmission conditions.

Fig. 7. Comparison of the measured LO phase variation with and without
compensation under different LO frequencies: (a) 1, (b) 5, and (c) 10 GHz.

maximum phase error reaching approximately 20◦ at 10 GHz
over 1 h. By contrast, when delay compensation is activated,
the phase variations at all tested frequencies are effectively
suppressed and strictly confined within ±2.5◦. This high
degree of phase coherence provides a solid foundation for the
cell-free CJT ISAC system.

B. Cell-Free CJT ISAC Validation
To validate the proposed cell-free CJT ISAC architecture, a

proof-of-concept experimental setup was established, compris-
ing two RNs, one sensing target, and dedicated communication
receivers. To emulate a flat-fading environment, the two RNs
were positioned to be nearly equidistant from the receiver.
This symmetrical geometry effectively isolates the impact
of phase synchronization errors by minimizing the influence
of frequency-selective fading, thereby enabling a rigorous
evaluation of the system coherence.

Driven by the centrally distributed and stabilized 10-MHz
reference clock and 10-kHz TTS, the transmitter employs a
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Fig. 8. Constellations of the received OFDM signals under different trans-
mission scenarios. (a) Tx1 only; (b) Tx2 only; (c) with CJT; and (d) without
CJT.

64-GSa/s AWG to generate the intermediate-frequency OFDM
signal with 409.6-MHz bandwidth and 256-QAM modulation.
The signal is then upconverted to 9 GHz via a mixer driven
by the distributed LO signal through a power divider. After
bandpass filtering (9 GHz center, 500-MHz bandwidth) and
30-dB electrical amplification, the RF signal is radiated into
free space via a 15-dBi horn antenna (HA).

In the experiment, the UE was positioned approximately
2.5 m away from the two transmitting HAs, with the two
RN-to-UE propagation distances configured to be nearly equal,
thus obtaining the greater gain. It is worth noting that the
residual difference between the two propagation distances
introduces an additional phase offset, which is included in the
channel response Hi,k and compensated before CJT.

Therefore, after wireless propagation, the superimposed
signals are received by the corresponding HAs at the UE
side. In the communication link, the received signals are
directly filtered and digitized by an oscilloscope operating at
64 GSa/s. In the sensing path, by contrast, the target echoes
are first downconverted using the complementary branch of the
aforementioned LO signal. Finally, the communication pay-
loads are recovered, and target ranging profiles are extracted
simultaneously.

We first characterize the communication performance by
evaluating the EVM and the corresponding constellation dia-
grams under various transmission paradigms. As shown in
Fig. 8(a) and (b), during single-RN mode, RN 1 and RN 2
achieve comparable EVM values of 11.35% and 12.49%,
respectively. This close performance confirms the success-
ful establishment of nearly symmetric channel conditions,
thereby providing a rigorous baseline for the subsequent CJT
evaluation. When the proposed synchronization framework is
applied, the constellation clusters become significantly more
compact, resulting in an improved EVM of 6.75%, as shown
in Fig. 8(c). This corresponds to coherent processing gains

Fig. 9. Range Profile of the OFDM sensing under different transmission
scenarios.

of 4.52 and 5.35 dB relative to the two single-RN cases.
Conversely, in the absence of CJT for delay measurement
and compensation, the differential fronthaul delay introduces
a relative timing offset and a carrier-phase offset, resulting in
severe SNR degradation and the EVM degrades drastically to
90.05%, as shown in Fig. 8(d).

To characterize the sensing performance, a target was
placed at a stand-off distance of approximately 2 m, while
the receivers at RN 1 and RN 2 were used to capture the
sensing echoes. As shown in Fig. 9, the extracted range
profile accurately identifies the target at the intended position.
Notably, the measured 3-dB range resolution is 0.323 m, which
agrees well with the theoretical limit determined by the signal
bandwidth. In addition to precise target localization, the pro-
posed CJT framework provides substantial SNR enhancement.
Compared with both RN 1 and RN 2 that operate in single-
RN mode, the coherent scheme achieves processing gains of
about 5.6 dB, approaching the theoretical limit of 6.02 dB
for transmit coherent mode. These robust coherent integration
gains convincingly demonstrate the viability of the proposed
architecture for advanced sensing applications.

IV. CONCLUSION

In this article, a scalable and low-complexity cell-free CJT
ISAC architecture empowered by microwave photonic syn-
chronization has been proposed and experimentally validated
for the first time. By ingeniously multiplexing synchronization
reference signals over a shared optical fiber link to extract
the delay jitter, the proposed system fundamentally over-
comes the hardware complexity and resource bottlenecks of
conventional time–frequency distribution networks. In experi-
ments, ps-level signal synchronization accuracy was achieved.
Capitalizing on this stringent synchronization, the subsequent
ISAC experiment demonstrated substantial coherent process-
ing gains, delivering a 5.35-dB communication performance
improvement (a decrease of 5.74% in communication EVM)
alongside a 5.6 dB enhancement in sensing SNR. These
results compellingly demonstrate that the proposed cell-free
CJT ISAC architecture effectively integrates independent APs
into a unified virtual aperture, thereby laying a viable technical
foundation for large-scale, waveform-level coherent 6G ISAC
networks.
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