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Unambiguous DFS Measurement System Based on
an Integrated Photonic Chip With
Wavelength-Selective Modulation
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Abstract—This paper presents and experimentally demonstrates
a Doppler frequency shift (DFS) measurement system based on
on-chip coherent wavelength-selective modulation, fabricated on
a lithium niobate on insulator platform. The device employs a
Mach-Zehnder interferometer-like structure with parallel arms,
each consisting of a cascaded micro-ring resonator and phase
modulator. By independently modulating the transmitted and echo
signals on different wavelengths, the DFS is determined from the
beat frequency generated between their corresponding sidebands.
This methodology exhibits inherent robustness against both power
fluctuations and wavelength-selection imperfections. Experimen-
tal characterization using 12 GHz, 15 GHz, and 18 GHz signals
demonstrated a maximum measurement error within +0.6 Hz over
a DFS range of +100 kHz. Simulation results further confirm the
system’s ability to distinguish between multiple moving targets with
identical speeds but opposing directions.

Index Terms—Doppler frequency shift measurement, integrated
microwave photonics, lithium niobate on insulator, photonic chips.

I. INTRODUCTION

WING to the Doppler frequency shift (DFS) carrying
O important information of the radial velocity and direction
for detecting moving targets, the measurement of DFS is widely
applied in radars systems [1], [2], [3], autonomous vehicles [4],
wireless communications [5], and electronic warfare applica-
tions [6]. However, with the increasing diversity of application
scenarios and the growing complexity of electromagnetic envi-
ronments, traditional electrical-based DFS measurement meth-
ods are limited by inherent electronic bottlenecks [7]. Over the
past few decades, microwave photonic measurement techniques
have emerged as a highly promising alternative, leveraging
the intrinsic advantages of photonic systems, including large
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operational bandwidth, high-speed processing capabilities, low
loss, and strong electromagnetic interference immunity [8], [9].

For microwave photonics-assisted DFS measurement meth-
ods, determining the absolute DFS value is relatively straightfor-
ward via heterodyne detection of the transmitted and reflected
signals. However, the primary challenge lies in determining the
directionality, which requires additional auxiliary approaches.
Currently, three main techniques are employed: implementing
in-phase/quadrature (I/Q) demodulation, utilizing reference sig-
nals, and employing optical frequency shift modules.

In the I/Q detection schemes, the determination of DFS di-
rection depends on the phase timing relationship between the
mixed signals from two parallel channels. The core of this
method lies in introducing a stable and controllable 90° quadra-
ture phase difference between the two signals. Various optical
domain methods have been developed to generate this phase
shift, such as introducing a 90° optical hybrid [10], utilizing the
DC bias of the main modulator in a dual-parallel Mach-Zehnder
modulator (DPMZM) [11], combining polarization quadrature
processing with a Sagnac loop [12], and employing dispersion-
compensating fibers [13]. This approach typically requires at
least two photodetectors (PDs) to separately receive the orthog-
onal optical signals, along with a coherent waveform analyzer
to demodulate the phase relationship between the two electrical
channels, resulting in increased system complexity and cost.

The reference signal method introduces a known-frequency
reference signal, which is mixed in the optical domain with the
echo signal. By exploiting the beat frequency characteristics be-
tween the two signals, both the direction and magnitude of DFS
can be determined [14], [15], [16], [17]. The system architecture
requires only a single PD to accomplish the detection process,
without the need for waveform analysis. However, it necessitates
additional microwave oscillators or signal synthesizers to gen-
erate the reference signal. Furthermore, to achieve broadband
detection, complex modulation schemes are typically employed,
which increase the complexity of the device configuration.

The optical frequency-shifting technique typically modulates
the transmitted and echo signals onto optical carriers with
different wavelengths. It generates a low-frequency signal via
optical heterodyning and compares its frequency to the preset
frequency difference between the two optical carriers, thereby
resolving the direction ambiguity of the DFS. Presently, this
scheme employs a single laser as the light source. After beam
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splitting, an acousto-optic modulator (AOM) is used to introduce
a predefined frequency shift, typically in the tens of MHz, onto
one of the optical carriers [18], [19], [20], [21]. However, AOMs
are susceptible to environmental disturbances, which can intro-
duce measurement errors. Moreover, in multi-target detection
scenarios, spectral overlap of the low-frequency signals may
occur, leading to misinterpretation of the number of targets or
their motion states.

At present, most DFS measurement schemes still rely on dis-
crete components, which suffer from large footprint and limited
stability. To promote system miniaturization, several on-chip
solutions have been developed in recent years. For instance,
[22] employs cascaded dual-drive Mach-Zehnder modulators
(DDMZMs) together with a micro-ring resonator (MRR) for I/Q
demodulation, while [23], [24] utilizes a reference signal with
a DPMZM. In these on-chip architectures, high-performance
optical modulators serve as the core devices of the DFS mea-
surement system, decisively determining the signal processing
bandwidth and precision. Leveraging its outstanding electro-
optic performance, strong waveguide confinement, and CMOS
compatibility, the lithium niobate on insulator (LNOI) platform
provides an ideal physical foundation for achieving efficient
linear modulation and dense integration. To date, LNOI-based
photonic integrated devices have been comprehensively vali-
dated in fields such as microwave photonic signal generation
[25] and high-performance radar systems [26].

This paper presents a novel on-chip architecture based on
wavelength-selective modulation for DFS measurement. The
chip features a Mach-Zehnder interferometer-like structure, with
MRRs integrated at the input ports of phase modulators (PMs)
on the upper and lower arms for wavelength selection. Proof-of-
concept experiments conducted on the LNOI platform demon-
strate that, at transmission frequencies of 12 GHz, 15 GHz, and
18 GHz, the system achieves high-precision measurement re-
sults with errors less than 0.6 Hz within the DFS range of =100
kHz. The proposed scheme demonstrates significant robustness
in DFS detection, effectively suppressing the impact of power
fluctuations and residual filtering interference and enables simul-
taneous detection of multiple moving targets, accurately distin-
guishing targets with identical velocities but opposite directional
motions. Furthermore, by synergizing optical frequency comb
technology with the tunability of MRRs, the architecture can
extend operation to higher frequency bands while eliminating the
requirement for high-frequency electrical local oscillators. This
work establishes a reliable technical pathway toward advancing
high-performance integrated DFS measurement systems.

II. PRINCIPLE

The schematic diagram of the proposed integrated DFS
measurement system is depicted in Fig. 1. It comprises three
main modules: a source module, an on-chip modulation mod-
ule, and a post-processing module. The on-chip modulation
module, serving as the fundamental component, employs a
Mach-Zehnder interferometer-like structure. Unlike conven-
tional Mach-Zehnder modulators (MZMs), an add-drop MRR
is integrated before the PM located in each of the upper and
lower arms, enabling wavelength-selective modulation. Given
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Fig. 1. Schematic and operation principles of the proposed DFS measurement
system. MRR: micro-ring resonator; PM: phase modulator; EDFA: erbium-
doped fiber amplifier; PD: photodetector.

that the transmission characteristics of the MRRs in the two arms
are distinct, the source module must generate multi-wavelength
coherent light, with two specific wavelengths aligned with the
resonant peak of the corresponding MRR in each arm. The
source module can be implemented using various methods, such
as external modulation techniques, mode-locked fiber lasers, and
optical frequency combs.

In this section, the external modulation technology is taken
as an example to elaborate on the dual-wavelength coherent
light generation. An external light with a central frequency
of f. is input into an MZM, which is biased to operate in
the carrier-suppressed double-sideband (CS-DSB) mode. Under
small signal modulation, the optical output of the MZM can be
described by

Ein (t) = EoJ1 () lexp (j2m f1t) + exp (52 fot)], (1)

where Ej denotes the amplitude of external light, v represents the
modulation index of MZM. The frequencies f; and f correspond
to the =1*-order sidebands, explicitly defined as f; = f. — f; and
fo =fc +fo, where f is the frequency of the radio frequency (RF)
signal applied to the MZM. Note that f. and f, are determined
by the wavelength separation of the resonance peak between the
two MRRs.

After coupling into the chip, the +1%-order optical sidebands
are split into two paths by a 1x2 multimode interferometer
(MMI). The MRREs filter the signals, selecting one sideband in
each arm. The electric field can be expressed as

Eupper (t) o< EoJ1 () [ rr1 exp (727 f1t) +exp (527 fat)]
(2)

FEiower (t) o< EgJy (7) [exp (127 f1t) +anrrr2 exp (527 fat)],
(3)

where the loss coefficients ayrr1 and ayrre indicate the
amplitudes of unwanted sidebands after MRRs filtering, which
are both approach zero in an ideal condition. The subsequent
analysis of the modulation process in this section is based on
this ideal condition.
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In the upper path, the transmitted signal f; is modulated onto
the +1° optical sidebands by PM1; in the lower path, the echo
signal f, is modulated onto the —1* optical sidebands by PM2.
The mathematical expression can be written as

Eupper (t) o< EgJy (7) exp (27 fat) - exp [j 51 cos (27 fit)]
“4)

Ejower (t) x EgJy () exp (j27 f1t) exp [j P2 cos (27 fot+ )] ,
&)

where (51 and (35 are the modulation index of PM1 and PM2,
respectively. ¢ is the relative phase difference between echo and
transmitted signal.

Owing to the Doppler effect, a slight frequency shift arises
between f, and f;, such that the DFS is expressed as

fd:fe*fta (6)

where fy takes a positive value when the moving target ap-
proaches the observer and a negative value when it recedes.

The two modulated optical signals are first combined using
a 2x1 MMI and subsequently amplified by an erbium-doped
fiber amplifier (EDFA). This composite signal is then fed into
a PD, generating a low-frequency electrical signal that can be
expressed as

i o< Rcos [2rAft — (p + )], (7)

where ¥ is the responsivity of the PD. The beat frequency Af
can be mathematically represented as

Af = fo—fi—ft — fes
= farn—2ft — fa 8

where (fo—f1) represents the frequency difference between the
two wavelengths, denoted as fa;. fq can then be obtained from
(8) as

fa=far=2ft = Af, ©))

Theoretically, given the known values of fa, and f;, an un-
ambiguous DFS detection can be achieved by comparing the
magnitudes of Afand (fay —2f;). When Afisless than (fa; —2f;),
indicating a positive f3, the moving target is approaching the
observer; conversely, when Af exceeds (fa;—2f;), indicating
a negative fgy, the target is receding. Furthermore, as Af is
significantly lower than the transmitted signal f;, the system
achieves the mapping of DFS information to a low-frequency
regime, thereby substantially alleviating the back-end signal pro-
cessing pressure. More importantly, this frequency conversion
effectively excludes transmitted and echo signal interference
caused by leakage between the two modulated optical paths.

III. EXPERIMENT
A. Device Fabrication and Characterization

Fig. 2 presents the fabricated LNOI chip, occupying a compact
footprint of 11.3 mm x 2.3 mm. The device was fabricated by
IOPTEE using an x-cut wafer supplied by NANOLN. Fig. 2(b)
provides a zoomed-in view of the MRRs. Each MRR has a race-
track circumference of 51.6 m, a half-ring radius of 149.88 pm,
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Fig. 2.

Microscope image of the fabricated LNOI chip.
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Fig. 3. Optical transmission responses of the MRRs.

and a 400 nm gap to the bus waveguide, resulting in a calculated
optical path length of approximately 1045.45 pm. For active
control, a thermal tuning electrode is integrated on each MRR,
allowing for flexible adjustment of the resonance peak. Other
key components, Fig. 2(c) and (d) present the GSGSG-type RF
electrodes and 50-ohm impedance-matched electrodes designed
on two parallel PMs, respectively. Fig. 2(e) shows the arrayed
grating couplers (GCs), used for optical input/output, with their
ports labeled 1-6 in Fig. 1.

Firstly, the optical transmission responses of the MRRs were
characterized. To ensure long-term operational reliability and
suppress MRRs wavelength drift caused by environmental tem-
perature fluctuations, the chip was mounted on a thermoelectric
cooler (TEC) during the experiment and its temperature was
stabilized at 25 °C. The drop-port optical paths of MRR1 and
MRR?2 correspond to the routes from input port 2 to output port
4 and from input port 3 to output port 5, respectively, as shown
in Fig. 1. In the experiment, an amplified spontaneous emission
source (ASE-CL-100-SM-B) served as the optical input, and
the drop port transmission spectra for the two MRRs were
recorded using an optical spectrum analyzer (OSA, Yokogawa
AQ6370D). The results are presented in Fig. 3. It can be observed
that the free spectral range (FSR) for both MRRs was approx-
imately 0.972 nm. The extinction ratio (ER) was measured to
be ~25 dB for MRR1 and ~22 dB for MRR2, while their 3-dB
bandwidths were approximately 7 GHz and 5 GHz, respectively.
Furthermore, the wavelength separation between the resonance
peaks of the two MRRs, denoted as AA, was characterized at
two distinct values: 0.242 nm and 0.73 nm. These correspond to
frequency separations fa; of approximately 31 GHz and 94 GHz,
respectively. As observed in Fig. 3, a difference in insertion loss
exists between MRR1 and MRR?2. This is primarily attributable
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Fig. 4. (a) Spectrum of the generated dual-wavelength light source; drop-port
output spectra of (b) MRR1 and (c) MRR2; (d) combined modulated spectrum
of the two paths.

to minor fluctuations in process parameters during fabrication,
such as waveguide width, etching depth, and coupling gap, as
well as factors like the alignment accuracy between the fiber
array and the GCs during testing.

To validate the mode-selection performance of the MRRs, a
dual-wavelength coherent light was generated using an external
electro-optic modulator. A continuous-wave light at 14 dBm
from a tunable laser source (Yenista TUNICS-T1005-HP) was
injected into a MZM (Fujitsu FTM7938). Simultaneously, an RF
signal (fy) from a microwave source (Anapico APMS40G-4) was
applied to the MZM, which was biased to operate in CS-DSB
mode. To obtain a high-power new carrier, the £1%-order side-
bands were precisely aligned with the resonance peaks of the two
MRRs. The optical carrier wavelength was set to 1532.383 nm
and fy was set to 15.5 GHz (corresponding to half the frequency
separation between the MRRs). The spectrum of the generated
dual-wavelength coherent light is shown in Fig. 4(a). In practice,
the MRRs function as optical filters within the system, and their
3-dB bandwidth allows for flexible adjustment of f; within a
range of several GHz.

The off-chip light was then passed through a polarization
controller and vertically coupled into the GCs on the chip via
a fiber array. Fig. 4(b) and (c) illustrate the spectra of the
dual-wavelength coherent light exiting through the drop ports
of MRR1 and MRR2. The wavelength selection functionality of
the MRRs is clearly observed: the suppression ratios for the
non-selected wavelengths were measured to be 16.5 dB and
20 dB, which are lower than the ERs of the individual MRRs.
This performance degradation is attributed to the partial spectral
overlap between the two resonance peaks, leading to incomplete
suppression of non-selected wavelengths. From a theoretical
standpoint, this overlap means that the loss coefficients for the
non-selected wavelengths, ayirr1 and avrre (see (2) and (3)),
do not approach zero.

B. DFS Detection

In the proof-of-concept experiment, two microwave signal
generators (Rohde&Schwarz SMA100B) were employed to
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Fig.5. Measured electrical spectrafor: (a) 15 GHz, fg = —1 MHz; (b) 15 GHz,
fa=+1MHz; (c) 12GHz, f3 = —1 MHz; (d) 12 GHz, fq = +1 MHz; (¢) 18 GHz,
fa = —1 MHz; (f) 18 GHz, f3 = +1 MHz.

generate both the transmitted signal (f;) and the simulated echo
signal (f,,), each with an output power of 15 dBm. These two sig-
nals were then independently modulated onto two on-chip sub-
PMs via an RF probe (MPI T26D-GSGSGO0100). The off-chip
light was coupled into the chip through input port 1, and after
being combined by a 2 x 1 MMI, the modulated optical signal
was coupled out from output port 6. The modulation spectrum is
shown in Fig. 4(d). It was first amplified by an EDFA (Amonics
AEDFA-PA-35-B-FA) for power compensation, followed by
optoelectronic conversion via a PD (CETC GD45220R). Finally,
the resulting electrical signal, containing DFS features, was
measured using an electrical spectrum analyzer (ESA, Keysight
NO9020B). f; was set to 15 GHz, and f, was set to 14.999 GHz
and 15.001 GHz, respectively, in order to simulate a DFS of +1
MHz. According to (8), when fy is —1 MHz, Afis 1.001 GHz;
whenfy is +1 MHz, Afis 0.999 GHz. The corresponding spectral
results are shown in Fig. 5(a) and (b).

In addition to the desired beat frequency Af, two clutter
signals, denoted as fjx and fi,,;, were also observed in the output
spectra. These signals arise due to the limited suppression ratio
of the MRRs at non-selected wavelengths (corresponding to
Fig. 4(b) and (c)). This incomplete suppression causes a portion
of f; to modulate the undesired —1% order optical carrier, and
similarly, a portion of f, to modulate the +1% order carrier. As a
result, these clutter components are generated according to fgx
=fa,—2ft and fing = far—2f.. However, these clutter signals do
not impair unambiguous DFS detection. Since fgzy is a known
and constant value (1 GHz in this case), the direction of the
target motion can be determined by comparing the position of
Af relative to fgy. For a negative DFS (f; > f.), the frequency
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Fig. 6. Measured DFS and DFS error.

relationship is fint > Af > fax; conversely, for a positive DFS
(fy < fo), it becomes finy < Af < fax.

To further extend the operational bandwidth, the frequency
spacing fa, of the dual-wavelength coherent light was tuned
by leveraging the 3-dB bandwidth of the MRRs. Specifically,
by configuring fa; at 25 GHz and 37 GHz to match transmit
signals of 12 GHz and 18 GHz, respectively, the system achieved
unambiguous detection of DFS within a range of £1 MHz, as
illustrated in Fig. 5(c)—(f).

As illustrated in Fig. 5, the power levels of the three signals
exhibit varying intensities across the transmitted frequencies.
Specifically, Af reaches its maximum power at the 15 GHz
transmitted signal, which is primarily attributed to the opti-
mized resonance matching and superior filtering efficiency of
the MRRs at this frequency. The observed non-uniformity in
the power consistency of frx and fin¢ stems from the disparate
filtering slopes of the two MRRs, power imbalances between
the dual-wavelength light and contact losses from the RF probe.
Because the detection principle relies on the frequency ordering
of the three signals rather than their power amplitudes, unam-
biguous DFS detection does not require high suppression ratios
for the clutter components. The direction of the target can be
correctly identified as long as the signal peaks are discernible,
regardless of their relative power.

To quantify the DFS discrimination error, the system’s per-
formance was evaluated using transmitted signals at 12 GHz,
15 GHz, and 18 GHz. The simulated DFS was swept over a
range of +100 kHz in 10 kHz increments. Using an ESA with
both resolution and video bandwidths set to 1 Hz to ensure high
precision, the measured discrimination errors were within +0.47
Hz, +0.58 Hz, and +0.6 Hz for the three respective carriers,
as illustrated in Fig. 6. These minimal error margins confirm
the high accuracy of the proposed architecture and demonstrate
excellent consistency with theoretical expectations.

To evaluate the system’s receiving sensitivity, the power of the
simulated echo signal (f.) was varied from —15 dBm to 15 dBm,
while the transmitted signal (f;) was maintained at 15 GHz with
a constant power of 15 dBm. Fig. 7 plots the measured power of
the resulting frequency components and the signal-to-noise ratio
(SNR) of Af. It can be observed that the power of fi;, remained
consistently stable across the entire input power range, since

3927

Power (dBm)
|
3

-110F
-120 1
—130} 120
“15-12-9 6 -3 0 3 6 9 12 15
The Power of f, (dBm)

Fig. 7. Receiver sensitivity test results.

its generation is independent of the power of f.. This stability
in both frequency and power renders fgx an ideal benchmark,
providing a constant reference value for comparison with Af.
By analyzing the difference between fg; and Af, the sign of the
DFS can be unambiguously determined. In contrast, the power
levels of both Af and fi,; rose proportionally with the power
of f.. Notably, when the power of f, was less than 3 dBm, the
power of Afis substantially higher than that of fi,,;. This large
power margin is highly advantageous, as it ensures reliable and
high-fidelity DFS detection even for weak echo signals. As f.
power increases, the power gap between Af and f;,, narrows.
Concurrently, the SNR of Af steadily improves, surpassing 30
dB once the echo power exceeds —3 dBm.

This experiment confirms that the detection principle is fun-
damentally robust, as it relies on the fixed frequency relationship
among the three spectral components (Af, finy and fgy), not
their absolute power. Consequently, the DFS information can
be unambiguously determined from the relative positions of
any two of these signals, underscoring the system’s resilience
to power fluctuations.

V. DISCUSSION
A. MRR Performance Optimization

The performance of MRRs is critical to the overall system
capability, as it directly influences the spectral purity of the
measured signal, the flexibility of the operating frequency range,
and the system stability.

Spectral purity is contingent upon the filtering characteristics
of the MRR, which are in turn closely related to the MRR’s qual-
ity factor (Q-value) and ER. As evidenced by prior experiments,
the finite suppression ratio of MRRs induces the generation of
clutter signals (fx and fi, ). Although these artifacts do not com-
promise single-target DFS detection, their presence complicates
the output spectrum and could lead to detection ambiguity in
more complex scenarios, such as multi-target detection. There-
fore, mitigating these clutter signals is essential for advancing
the system’s capabilities.

Fundamentally, this issue can be addressed by co-optimizing
the MRR’s Q-value and ER: increasing the Q-value enhances
the selectivity for the target wavelengths and reduces spectral
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overlap and improving the ER suppresses the response at non-
selected wavelengths, thereby yielding a purer signal component
in the beat-frequency spectrum. This section focuses on analyz-
ing the suppression of target signals relative to clutter signals as
the extinction ratio increases.

The simulation parameters were configured to strictly align
with the experimental conditions: the transmitted and echo
signal frequencies were set to 15 GHz and 14.999 GHz, re-
spectively. The ER was varied from 10 dB to 40 dB in 5
dB increments. Notably, this simulation adopts idealized as-
sumptions, disregarding potential asymmetries in power and
extinction ratios between the two MRRs. Thus, the powers of fqx
and f;,,; are considered equal, and fi; is used as the reference for
evaluating clutter suppression. Asillustrated in Fig. 8, increasing
the MRR ER effectively suppresses interference from the f;,,;, and
fax clutter components. In practice, a higher ER can be achieved
by optimizing the MRR coupling region design or by cascading
multiple MRRs.

The working bandwidth of the system can be expanded and
optimized through the tunability of the MRR resonance peak.
This is achieved by integrating thermal tuning electrodes onto
the MRRs, which allows for precise adjustment of the frequency
separation (fa;). This capability enables the system to accom-
modate a wide range of transmitted signal frequencies, thereby
supporting future scalability to broader bandwidth applications.

When the thermal tuning function of MRRs is engaged in
system measurements, the potential issues of thermal crosstalk
and wavelength drift merit significant attention. Significant
wavelength drift or thermal crosstalk in the system would in-
troduce uncertainty in both the wavelength spacing of the multi-
wavelength light source and the frequency configurations of
the transmitted signal, thereby restricting functional versatility
and undermining long-term operational stability. Consequently,
ensuring reliable performance requires the simultaneous mit-
igation of wavelength instability and the suppression of ther-
mal coupling. Future research efforts will proceed along the
following two parallel directions: on the one hand, maintain-
ing resonant wavelength stability through real-time wavelength
locking or TEC-based temperature control strategies; on the
other hand, optimizing the chip layout design by increasing
ring separation or incorporating thermal isolation structures to
minimize crosstalk effects.
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Fig. 9. Multi-moving targets detection results.

B. Multi-Targets DFS Detection

With an adequately optimized MRR suppression ratio, the
proposed scheme can achieve simultaneous detection of multiple
moving targets. A key advantage of this system is its capability
to unambiguously distinguish between targets moving at the
identical speed but in opposite directions. This section verifies
this multi-target detection capability through a series of simu-
lations. In the simulations, multiple echo signals were injected
into the PM via an Nx1 coupler. The results for dual-target
and triple-target detection scenarios are presented in Fig. 9. For
the dual-target case, as shown in Fig. 9(a), two echo signals at
14.999 GHz and 15.001 GHz were used, corresponding to the
DEFS of +£1 MHz. For the triple-target case shown in Fig. 9(b),
three echo signals at 14.998 GHz, 14.999 GHz, and 15.001 GHz
were simulated, corresponding to DFS of —2 MHz, —1 MHz,
and +1 MHz, respectively.

C. Compare With Previous Works

In order to provide a visual illustration of the features of
the DFS measurement scheme presented in this paper, Table I
compares our work with previous approaches in terms of sys-
tem architecture, technology, working bandwidth, measurement
eITor.

As summarized in Table I, compared to existing schemes,
this work proposes a novel on-chip integrated architecture that
represents a departure from the simple migration of discrete
systems. Based on a parallel “MRR-PM” configuration, the
architecture enables wavelength-selective as well as independent
modulation of transmitted and echo signals. By synergizing opti-
cal frequency comb technology with the tunability of MRRs, this
wavelength-selective modulation architecture achieves a wide
operational frequency range without requiring high-frequency
electrical local oscillators. Furthermore, the streamlined archi-
tecture exhibits strong robustness against signal power fluctu-
ations and system performance interference. It facilitates the
mapping of DFS information to a low-frequency regime, thereby
alleviating the back-end signal processing load and supporting
simultaneous multi-target detection. This approach not only ef-
fectively addresses the inherent constraints of discrete systems,
including excessive bulk, high cost, substantial power consump-
tion, and instability, but also demonstrates compatibility across
various material platforms.

V. CONCLUSION

In conclusion, this work introduces and experimentally vali-
dates an unambiguous DFS detection method based on coherent
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TABLE I
COMPARISON OF PREVIOUS WORKS AND THIS WORK
Ref. Size Architecture Technology )g(;lridng bandwidth Ie\/r[:;s/lll-lr:ment
[10] Discrete device PloM+MZM-+Optical hybrid 1/Q 10-38 +5.8
[13] Discrete device PM*2+ dispersion medium 1/Q 10-14 —
[14] Discrete device DPMZM+DDMZM+3*90° hybrid Reference signal 7-16 +0.05
[16] Discrete device DPMZM Reference signal 15 +0.8
[20] Discrete device PM1+AOM+PM2 Optical frequency shift 10-12 0.7
[22] Partial integration (SOI) DDMZM*2+MRR 1/Q 10-20 +0.028
[23] Partial integration (LNOT) DPMZM Optical frequency shift 5-30 +0.3
[24] Partial integration (LNOI) DPMZM+DPMZM Reference signal 16 —
This work  Partial integration (LNOI) MRR*2+PM*2 Wavelength selective modulation ~ 12-18 +0.6

Note: PloM: polarisation modulator

wavelength-selective modulation. Fabricated on a LNOI plat-
form, the proposed integrated chip incorporates a Mach-Zehnder
interferometer-like structure with cascaded MRRs and PMs in
a parallel configuration. An advantage of this architecture is
its enhanced robustness. The detection scheme determines the
DFS by relying on invariant relationships among frequency com-
ponents rather than absolute power levels, thereby exhibiting
strong immunity to both signal power fluctuations and resid-
ual interference from imperfect wavelength selection. System
validation was conducted using transmitted signals at 12 GHz,
15 GHz, and 18 GHz, achieving measurement errors within
+0.6 Hz over a 100 kHz range. Simulation results indicate
that enhancing the performance of the MRRs enables precise
discrimination of DFS for multiple targets, including those mov-
ing at identical speeds but in opposite directions. Furthermore,
combining optical frequency combs with the tunability of MRRs
provides the system with extensive frequency scalability. With
most functional elements integrated monolithically, the system
offers substantial benefits in compactness, cost efficiency, and
power consumption, providing a practical and scalable solution
for highly integrated DFS measurement applications demanding
high performance.
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