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Requirements for next-generation integrated
photonic FMCW LiDAR sources
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We introduce a framework for the design of
photonic integrated laser sources for FMCW
LiDAR, evaluating trade-offs in key laser metrics
such as linewidth, chirp linearity and rate, based
on laser-system co-design metrics. We review
the main performance requirements for mid-
range applications, with the goal of guiding
ongoing research and commercial development.

Frequency-modulated continuous-wave (FMCW) LiDAR offers sig-
nificant advantages over direct time-of-flight (ToF) LiDAR systems,
including enhanced resistance to external interference, superior range
resolution, and the ability to detect object velocity by directly mea-
suring the Doppler shift. These characteristics make FMCW LiDAR
particularly well-suited for applications requiring high precision and
robustness, such as autonomous vehicles, robotics, remote sensing,
and industrial metrology. Its capability to operate in challenging
environments with reduced susceptibility to ambient light and multi-
path interference further extends its appeal to aerospace, defense, and
advanced manufacturing sectors. In addition, Doppler-based velocity
measurement provides instantaneous and direct velocity data for each
point in the scene, which is advantageous in autonomous applications
to enhance safety, decision-making, and real-time control, as well as in
specific aerospace applications that demand direct high-speed mea-
surements, such as rover landing and space debris avoidance and
removal.

Implementing an FMCW LiDAR system presents several techno-
logical challenges, particularly regarding the laser source, which plays
a critical role in determining the system's performance as well as its
cost and size. The laser must exhibit low phase noise and high coher-
ence in order to achieve high range resolution and minimize signal
degradation. Additionally, highly linear frequency chirping is required
to ensure accurate distance measurements, typically demanding
advanced modulation or linearization techniques and feedback con-
trol mechanisms. Maintaining a balance between tuning range and
phase noise while optimizing for wavelength selection remains a key
challenge in the development of practical and high-performance
FMCW LiDAR systems.

Integrated photonics offers a promising solution to many of the
challenges associatedwith FMCWLiDARbyproviding compact, stable,
and scalable laser sources with unmatched performance character-
istics. Monolithic integration of photonic integrated circuits (PIC)
enables precise control over chirp linearity and phase noise, addres-
sing two of the most critical factors for high-resolution ranging and
velocity measurement. Furthermore, integrated photonic platforms
facilitate the on-chip integration of photonic components for

modulation, stabilization, and beam steering, reducing the need for
bulky external components while enhancing reliability and manu-
facturability. Finally, the potential for large-scale wafer-level produc-
tion also supports cost reduction, making high-performance FMCW
LiDAR systems more accessible for applications such as autonomous
driving, industrial automation, and remote sensing.

Despite their advantages, integrated photonic laser sources for
FMCW LiDAR still face several limitations that must be addressed for
widespread adoption. Power output and efficiency are some of the
main constraints, as integrated photonic lasers typically provide lower
output power than bulk legacy sources, often requiring external
optical amplification. Furthermore, the hybrid integration of active
and passive components, such as semiconductor gain sections with
PIC, presents fabrication and packaging challenges that impact yield
and scalability, currently limiting the technology readiness level (TRL)
of these systems. Finally, the constant drive for performance
improvement of photonic integrated lasers in terms of noise and
tuning characteristics should be guided by design principles based on
system-level considerations in order to effectively benefit FMCW
LiDAR applications.

In this commentary, we introduce a simple theoretical framework
for evaluating performance trade-offs in PIC-based FMCW sources,
such as chirp linearity versus linewidth, validated against recent laser
designs. We also propose a deployment road-map for mid-range
autonomous and aerospace applications, based on laser-system co-
design metrics. These design principles are intended to provide gui-
dance for the design and implementation of photonic integrated lasers
for FMCW LiDAR. Researchers and technologists can use the models
summarized in this commentary to estimate the range resolution and
refresh rates of a related LiDAR instrument and compare them against
the performance requirements of the envisioned application to better
focus development efforts to the area of major benefit for system
performance.

FMCW metrics
FMCW LiDAR operates by transmitting a laser signal with a con-
tinuously varying frequency (chirp) and measuring the coherent beat
frequency between the signal received after reflection from a target
and a local oscillator (LO). The time delay is encoded into the detected
frequency shift, providing range information, while the target’s velo-
city can be simultaneously extracted from the Doppler shift. The most
common implementation of this LiDAR scheme entails a triangular
chirp, as shown in Fig. 1a: the generated beat notes from the ascending
anddescending ramps enable to simultaneously retrieve the range and
velocity information1.

Laser linewidth and chirp linearity. Since the range information is
encoded in the detected beat note, as shown in Fig. 1a, the range
resolution is therefore determined by the spectral linewidth of this
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Fig. 1 | The effect of photonic integrated laser characteristics on FMCW LiDAR
performance. a Conceptual schematic of FMCW LiDAR for a triangular chirp
scheme. The return signal is delayed in time and shifted by the Doppler effect,
resulting in two distinct beat notes detected in a chirp period, simultaneously
encoding the range and velocity information. b Simulated spectral distribution and
linewidth of the detected beat note for different laser source characteristics (line-
width and chirp linearity), assuming a 100-m target range, 1-ms chirp period, and
150MHz chirp range. The thinner horizontal lines indicate the full width at half
maximum (FWHM) of each detected beat note, whose value is also reported in the
legend. cMeasured frequency noise spectra for three state-of-the-art laser sources
for FMCW LiDAR: a commercial DFB laser, an external cavity photonic integrated
laser based on extended distributed Bragg reflector (E-DBR) in lithium niobate8,
and a tunable self-injection locked photonic integrated laser based on silicon
nitride5. d Chirp non-linearity measured for the first two lasers analyzed in panel c):
the top panels show the frequency chirp measured using an imbalanced

Mach-Zehnder interferometer (MZI), while the bottom panel shows the extracted
deviation from an ideal linear chirp. e Simulated FMCWLiDAR range resolution as a
function of laser linewidth and chirp linearity, assuming a 30-m target range,
100-ms chirp period, and 5-GHz chirp range. The same three lasers as in (c) are also
included in this analysis, with their characteristics represented by color-coded dots
on the performance map: the arrows represent technological improvements in
laser linewidth (horizontal arrows) or chirp linearity (vertical arrow), with the solid
arrow showing the preferred direction for best performance improvement, and the
dashed arrow the direction with only marginal improvement. f Maximum unam-
biguous range (MUR) as a function of chirp rate, assuming a detector bandwidth of
25GHz: the blue shaded area represents the ranges that can be targeted with a
given chirp rate (i.e., resulting in a maximum detected beat note lower than the
limit of 25 GHz). The same color coding was used in panels (c–e) to represent the
three laser sources analyzed.
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beat note. For an ideal laser transmitter, the range resolution is
ultimately limited by the speed of light c and the total chirp range B,
as δR = c/2B2. In non-ideal scenarios, however, the range resolution
is also affected by two key parameters of the laser source: the phase
noise of the laser and the chirp linearity. In the example proposed in
Fig. 1b, a 1% non-linearity of the chirp (defined as the normalized
RMS deviation from the linear chirp) has the same detrimental effect
on the range resolution as a fivefold increase in laser linewidth.

Integrated photonics can offer unique advantages on both these
fronts. On the one hand, the extremely high quality factor resonators
demonstrated in integrated photonic platforms enable the imple-
mentation of compact external cavity lasers (ECL) reaching phase
noise levels well below those of state-of-the-art lasers3, as showcased in
Fig. 1c. On the other hand, these laser architectures can leverage the
monolithic integration of frequency-tuning element to achieve fast
and highly linear tuning by maximizing the actuation efficiency and
bandwidth while minimizing the coupling to external mechanical and
electrical noise sources4. As an example, Fig. 1d shows the chirp line-
arity of a photonic integrated ECL based on lithium niobate compared
to that of a state-of-the-art commercial DFB laser.

In order to effectively guide the ongoing research and advance-
ments in photonic integrated laser technology and to ensure that
trade-offs between improving laser phase noise and chirp linearity are
carefully evaluated5, awell-directeddevelopment approach is essential.

The range resolution formula discussed above can bemodified to
account for the effects of laser linewidth and chirp linearity (see Sup-
plementary Information). Assuming a quadratic non-linearity, the
depth resolution can be expressed as:

δR = c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ffiffiffi
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� �2
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where τ is the round-trip delay, T and β are the chirp period and rate,
σRMS is theRMSchirpnon-linearity and γ0 is the averaged laser linewidth.

Figure 1e showcases an example of the combined effect of laser
linewidth and chirp linearity on the range resolution of a 100-m ran-
ging FMCW LiDAR instrument with a 1-ms repetition period, obtained
using the model derived in the Supplementary Information. As vali-
dation of the model presented in equation (1), we included in this
performance map the three laser sources analyzed in Fig. 1c, d, sum-
marized in Table 1, and representedby the three coloreddots in Fig. 1e.

This performance estimation underscores the importance of a
well-guided development effort. For instance, the ultra-narrow-
linewidth self-injection locked laser5 (represented by the red dot in
Fig. 1e), would see limited gains in range resolution from a further
reduction in phase noise. In contrast, an improvement in its chirp
linearity can be highly beneficial to its performance.

Ambiguity range and chirp rate. The monolithic integration of
frequency-tuning elements in integrated photonic lasers enables
extremely fast and wide wavelength tuning capabilities, with recent
demonstrations of chirp rates reaching the exa-hertz-per-second6–8.
While of interest for applications requiring fast switching of the laser
wavelength, these extremely high chirp rates are of limited benefit to
most FMCW LiDAR applications. In fact, despite facilitating fast signal
acquisition and broad tuning range, they offer no improvement to the
range resolution. This is because of the range ambiguity that occurs
when the round-trip delay is greater than the chirp repetition rate. The
chirp repetition period T is therefore limited by the maximum unam-
biguous range (MUR), which is given by MUR = cT/4 for a triangular
chirped FMCW LiDAR. The highest beat note frequency that the sys-
tem must be able to measure is therefore set by the chirp rate β as
fmax = βT/2. In most FMCW LiDAR applications, this frequency is lim-
ited to a few tens of gigahertz at most, in order to limit the cost, size,
and complexity of the required detectors and acquisition electronics.
As a result of this limitation, Fig. 1f shows the highest useful chirp rate
as a function of MUR, assuming a detector bandwidth of 25GHz: it is
evident that chirp rates exceeding 1017 Hz/s are only useful for very
short-range FMCW LiDAR applications.

Output power and signal-to-noise ratio. Transmitted power is a
fundamental parameter in FMCW LiDAR, as it directly influences both
the signal-to-noise ratio (SNR) and carrier-to-noise ratio (CNR), as
described by the LiDAR equations9,10. The development of photonic
integrated lasers with high output power remains a significant chal-
lenge due to the constraints imposed by their integrated architecture,
such as optical coupling losses and complicated thermalmanagement,
as well as to the low maturity of hybrid assembly technologies.

Off-chip amplification of highly coherent laser sources has
enabled FMCW ranging over distances of few kilometers11. However,
the corresponding increase in complexity, size, weight, and power
(SWaP) may diminish the appeal of a fully photonic integrated solu-
tion. For this reason, increasing efforts have been devoted to the
monolithic integration of III-V gain media on photonic integrated cir-
cuits, both for high-power lasers and for on-chip amplification12–14. In
addition, the advent of novel hybrid integration technologies such as
photonic wire bonding15 is one of the most promising avenues for
improving the power output of photonic integrated lasers16.

Incidentally, received power and signal-to-noise ratio are addi-
tional factors limiting the repetition rate used in realistic FMCW sce-
narios. This is because in continuous-wave techniques such as FMCW,
the number of transmitted and return photons is directly proportional
to the duration of the repetition period (for a fixed CWoutput power).
Similar to the case of range ambiguity discussed above, this in turn
results in limiting the range of maximum useful chirp rates.

Application requirements
FMCW technology has attracted increasing interest across a variety of
sectors, ranging from robotics to security and agriculture17. Here we
will primarily focus on the requirements for the major application
cases for mid-range FMCW LiDAR: terrestrial automation and aero-
space sensors.

Terrestrial applications. FMCW LiDAR holds significant promise for
terrestrial mid-and long-range applications, including for automotive,
advanced robotics, industrial automation, and infrastructure mon-
itoring. In particular, this technology has garnered considerable

Table 1 | Key performance metrics of commercial and PIC-
based lasers used in the range resolution performance esti-
mation in Fig. 1e

Laser architecture Material Linewidth (1ms) Non-linearity

DFB InP/InGaAs 802 kHz 1.8%

E-DBR Lithium
niobate

378 kHz 1.5%

SIL Silicon nitride 42 kHz 0.65%

DFB distributed feedback laser, E-DBR extended distributed Bragg reflector laser, SIL self-
injection locked laser.
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attention from the automotive industry thanks to its inherent back-
ground noise rejection, a key advantage of coherent detection that
ensures robust sensoroperation acrossmultiple independent vehicles.
In addition, Doppler velocitymeasurement enabled by FMCWLiDAR is
highly valuable for automation because it enables direct, real-time
detection of relative motion, allowing for faster and more accurate
decision-making than relying solely on positional changes between
successive frames. Finally, low-SWaP FMCW LiDAR instruments
deployed on the ground or onboard autonomous airborne platforms
(e.g., drones or balloons) can find application in earth science, for
topographical measurements such as tree canopy mapping, rock
morphometry, and structural monitoring.

This interest has further intensified with the advent of integrated
photonics, which promises compact FMCW instruments that can not
only be manufactured at scale, but can also monolithically integrate
additional instrument functionalities such as non-mechanical beam
steering optics and coherent receivers on the same platform17–20. In
recent years, a plethora of PIC-based FMCW LiDAR instrument con-
cepts have been demonstrated17,21, ranging from scanning systems22–25

to integrated multi-channel receivers26–28 and AI-enabled multi-sensor
fusion29,30.

Typical requirements for automation entail measurement
range up to 300-m ranges, cm-scale resolution, and ~0.1° angular
resolution31. In addition, automotive applications typically require the
ability to measure relative velocity up to 140km/h at a distance of
200m, with a frame refresh rate of 30Hz32. In many applications, such
as automotive, finally, these requirements are accompanied by eye
safety and refresh rate constraints, which lead to a set of system trade-
offs which characterize the main current research challenges for PIC-
based FMCW LiDAR:

• Eye safety operation vs achievable range
• Field of view & lateral resolution vs refresh rate
• Doppler velocity vs speed of digital readout
• Point rate vs computational workload

Some of these trade-offs can be quantitatively assessed by using a
modified form of the LiDAR equation for carrier-to-noise ratio33:

CNR=
Ptr

Eph

ρη
F NHNV

AR

πR2 ð2Þ

where Ptr is the average transmitter power, Eph is Photon’s energy, F is
the frame rate, ρ the reflectivity of the target, NH, NV are respectively
the number of scene points in the horizontal (H) and vertical (V)
direction, AR is the area of the receiving optics, R is the range, and η an
overall efficiency accounting for system transmission and channel
effects (atmospheric attenuation, speckle effects).

As demonstrated by equation (2), achieving higher resolution or
faster scene refresh rate requires a corresponding increase in received
optical power. This requirement becomes even more pronounced
when extending the maximum range, which demands a quadratic
increase in optical power. This additional power can only be supplied
through optical amplification—although ultimately constrained by eye
safety regulations—or by employing a larger aperture optical system,
hence increasing the overall mass and volume of the instrument. As a
result, themaximumattainable resolution, range, and refresh rate for a
given application scenario are fundamentally constrained, regardless
of the specific FMCWLiDARarchitecture. This limitation also applies to
integrated FMCW receivers featuring arrays of optical channels

enabled, for example, by optical phased arrays (OPA)34, as discussed in
more detail in the Supplementary Information. The constraint holds
true irrespective ofwhether the channel arrays are implemented in the
transmission or receiver side, and whether a point-scanning, line-
scanning, or flood illumination technique is employed.

Ultimately, the feasibility of a given design is dictated by the net
energy balance in a specific application scenario, which remains
independent of the specific detection and scanning scheme used. The
primary challenge in achieving an effective PIC-based FMCW LiDAR
implementation is increasing output power and enhancing optical
collection efficiency, which would enable longer-range operation as
well as faster scene refresh rates.

Aerospace. The unique ability of photonic integrated FMCW instru-
ments to provide a combined measurement of the range and speed of
targets within a low-SWaP platform has attracted increasing interest in
the aerospace sector, for applications such as debris removal, ren-
dezvous, and docking for in-orbit servicing35.

Due to the limited output power of photonic integrated FMCW
sources, their use cases are constrained to maximum ranges of a few
hundreds of meters, namely:

• altimetry (≤1 km)
• rendezvous and docking—including for in-orbit servicing or space
debris removal

• landing
• rover navigation
• shape monitoring of large deployable antennas and telescopes

Doppler velocitymeasurement is sought after in applications such
as spacecraft landing, in-orbit servicing, debris removal, and vibration
monitoring, where instantaneous velocity information is critical for
safe maneuvering, fine control, and dynamic response in space envir-
onments where traditional inertial or optical methods may be limited.
In these contexts, even more advanced scientific measurements, such
as wind and dust speed and exhaust plume mapping, could become
feasible as the performance of integrated photonic FMCW LiDAR
improves over the next years. Table 2 presents the approximate gen-
eric requirements for the main FMCW LiDAR applications men-
tioned above.

The interesting overlap of these ranging requirements with those
of the automotive sector indicates a potential synergy between the two
application fields, which can help propel the maturity of photonic
integrated FMCW technology. As an example, an FMCW LiDAR
instrument for lunar descent payload, with a field of view (FoV) of
25 × 25 degrees, with a maximum measurement range of 1 km and a
point accuracy of 5.8mm at 500m, was demonstrated using a com-
bination of a fiber laser with a PIC-based receiver array, such as those
developed in the automotive sector35.

TheTRL formost integratedphotonic FMCWLiDAR for aerospace
applications is currently at the early demonstrator phase (TRL4 to
TRL5). Several prototypes demonstrated satisfactory ranging perfor-
mance in line with the above-mentioned requirements of the auto-
motive and aerospace sectors, but only a few started the de-risking of
critical functions or the qualification of components for real use case
scenarios. PIC-based instruments are yet to demonstrate their
robustness against vibrations, shock, and radiation. The stability of the
optical path and thermal load management are also crucial for the
deployment onboard autonomous platforms for the aerospace appli-
cation mentioned above.
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Market and economic considerations
FMCW LiDAR systems based on integrated photonics hold significant
promise for large-scale deployment, particularly by enabling mass
production through established microelectronics fabrication techni-
ques, which can drastically reduce per-unit costs. This is especially
appealing for automotive applications, where cost and scalability are
key drivers. The resulting reduction in costs would largely benefit the
deployment of PIC-based FMCW LiDAR in other, more niche applica-
tions and markets. Nonetheless, the photonic packaging of mass-
manufactured PIC components can still drive considerable per-unit
cost, encouraging the development of simple architectures with
minimal relianceondelicate optical interfaces such asfiber couplingor
individual hybrid integration with semiconductor gain chips, in order
to maximize robustness and manufacturability at scale.

Another important consideration on the price and mass-scale
deployment of photonic integrated FMCW LiDAR systems is their
intrinsic complexity and reliance on intense data processing. The
sophisticated control and acquisition electronics required can sig-
nificantly contribute to the total cost and power consumption of the
overall instrument, especially when targeting very lowper-unit cost for
mass-scale deployment.

In contrast, for space and aerospace applications, cost is often a
secondary concern compared to the ability to minimize payload mass
and volume, given the inherently high expenses associated with
launching and operating equipment in such environments. In these
contexts, the substantial reduction in size and weight offered by PIC-
based LiDAR can be far more critical, potentially justifying a
higher cost.

Prospects and challenges
In this commentary, we introduced a framework for guiding
future research and development efforts in lasers for FMCW
LiDAR based on laser-system co-design metrics. The models and
analyses highlight areas of focus for technological development
and common performance trade-offs. Most notably, the com-
bined effect of laser linewidth and chirp linearity on the FMCW
LiDAR range resolution implies that some recently reported
photonic integrated lasers can benefit significantly more from
improving the chirp linearity rather than the laser linewidth, or
vice versa. Similarly, the analysis revealed that the chirp rates
achieved in recently reported photonic integrated lasers are
more than sufficient for the needs of most FMCW LiDAR systems.

Moreover, a review of the main performance requirements for
mid-range autonomous and aerospaceapplications, reveals that future
research and development efforts in photonic integrated lasers for
FMCW LiDAR should focus on output power and robust co-packaging
of the photonic and electronic components, able to handle the

stringent environmental requirements, while still maintaining a low
SWaP. The integration of complementary technologies, such as free-
form optical design, can allow for extending the maximum range or
resolution by incorporating large collecting apertures for better opti-
cal collection efficiency. While PIC integration can enable a reduction
in system SWaP, the need for a large collecting aperture and compu-
tationally intensive architectures may offset these gains, making the
success of PIC-based FMCW LiDAR dependent on advancements not
only in photonics and optical design, but also in electronics, firmware,
and their seamless integration.
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