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Abstract: Light detection and ranging (lidar) is widely accepted as an indispensable sensor for
autonomous vehicles. There are two fundamental challenges in a lidar system: optical beam
steering technique and ranging method. Optical phased array (OPA) is considered as one of the
most promising beam steering schemes due to its solid state, compact size, and high reliability.
As for ranging method, time-of-flight and frequency-modulate continuous-wave (FMCW) are
commonly utilized in numerous research. However, they are impractical to commercial OPA
lidar due to either requiring excessive optical power or the poor stability, high complexity,
and high insertion loss of the FMCW source. As a result, the development of OPA lidars is
significantly hindered by the lack of a feasible ranging method. In this paper, we present a
phase-modulated continuous-wave (PhMCW) ranging method with excellent ranging accuracy
and precision. Ranging error as low as 0.1 cm and precision on the order of 3.5 cm are achieved.
In addition, theoretical and experimental study on simultaneous velocity measurement is carried
out and velocity error as low as 0.15 cm/s is obtained. Finally, we develop a proof-of-concept
OPA-PhMCW lidar and obtain a point cloud with excellent fidelity. Our work paves a novel
approach to solid-state, cost-effective and high-performance OPA lidars.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

It’s been widely accepted in scientific community that light detection and ranging (lidar) is
indispensable for autonomous vehicle due to its long range, superior accuracy and high angular
resolution [1–17], compared with its counterpart operating at radio frequency. Optical beam
steering and ranging are two fundamental challenges in a lidar [4]. Among various beam steering
approaches, optical phased array (OPA) is regarded as one of the most promising solid-state
beam steering technology due to its compact size, high reliability and compatibility to CMOS
fabrication technology [2,4–10,18–24]. Much effort has been made to improve performances
of OPA including field of view (FOV) [8,10,18–20], beam divergence [9,10,21], steering speed
[7,22] and power efficiency [7,21–23]. Recently, state-of-the-art OPA achieves aliasing-free
180-degree FOV and beam divergence as low as 0.08 degree, applicable to autonomous vehicles
[18].

As for the ranging mechanism, time-of-flight (ToF) is one of the most popular ranging methods.
Hyunil Byun et al. demonstrated 3D depth scan up to 20 m using a ToF system accompanied
with an OPA chip [4]. Zhang et al. also developed an OPA-ToF lidar capable of 20-m ranging
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[9]. However, due to strong two-photon absorption in OPA chips, the peak transmitting power is
limited to 720 mW [8], which is two orders of magnitude lower than that required to detect a
target locating at hundreds of meters. Therefore, long-range OPA lidar based on ToF method is
theoretically infeasible. As a result, more recent research interest moves on to frequency-modulate
continuous-wave (FMCW) method [2,6,9–13,15] due to relaxed requirement for optical power,
low electronic bandwidth, simultaneous measurement of distance and velocity and intrinsic
rejection to ambient light. C.V. Poulton et al. for the first time developed an OPA-FMCW lidar
operating at a range of 185 m [7]. Li et al. embed an OPA into a FMCW system and achieved
100-m distance measurement [10]. Although FMCW sources based on pre-distortion [11–13],
optical phase-locked loop [14], IQ modulator [15,25] and self-injection locking [26] have been
developed, they generally suffer from low stability, high system complexity and high insertion
loss, making them impractical to commercial applications.

In this paper, phase-modulated continuous-wave (PhMCW) ranging method is proposed,
through which distance information is demodulated from the time-varying optical phase. Firstly,
theoretical study on the PhMCW ranging mechanism is carried out. Moreover, excellent accuracy
and precision of the PhMCW method are experimentally demonstrated. Ranging error as low as
0.1 cm and precision on order of 3.5 cm are achieved. A modified precision model is proposed as
well. Furthermore, theoretical and experimental study on simultaneous velocity measurement
is carried out. Velocity error as low as 0.15 cm/s is achieved. Finally, a proof-of-concept
OPA-PhMCW lidar is developed and point cloud with exceptional 3D fidelity is obtained. Our
work also paves a novel way approaching to solid-state, cost-effective and high performance OPA
lidars.

2. Phase-modulated continuous-wave ranging mechanism

Light is electromagnetic field operating at optical frequency [27]. Conventional ranging methods,
such as ToF and FMCW, acquire ranging results via amplitude and frequency modulation
[1–13,15,18,28], respectively, whereas optical phase is generally considered constant. However,
time-varying phase can be utilized to demodulate timing information as well.

The mechanism of the proposed PhMCW method is illustrated in Fig. 1. The laser phase φT(t)
is modulated by a rectangular waveform, where φ0 is initial optical phase, ∆φ is modulation
depth, n is an integer and T is period of phase modulation.

φT (t) =
⎧⎪⎪⎨⎪⎪⎩
φ0,

(︁
nT ≤ t< T

2 + nT
)︁

φ0 + ∆φ,
(︁ T

2 + nT ≤ t<(n + 1)T
)︁ (1)

A portion of the modulated laser is coupled as local oscillator (LO) and the rest is transmitted
into free space (TX). Assuming there is no phase delay between TX and LO, the electric field of
LO is ELO(t) = ALO cos[ω0t + φT(t)], where ALO is amplitude of the electric field of LO and ω0
is optical frequency. The TX signal is back-scattered by the target and is collected by the receiver.
Therefore, the received signal (RX) is a delayed and attenuated version of TX and its electric
field is given by Eq. (2), where AR is amplitude of the electric field of RX and τ is time of flight.

ER(t) = AR cos[ω0(t − τ) + φT (t − τ)] (2)

The RX and LO are subsequentially mixed in optical domain and intermediate frequency
(IF) signal equals to the envelop of the total electric field [27], i.e., IIF(t) = ⟨|ER(t)+ELO |

2⟩t,
where ⟨•⟩t denotes to the time average of •. Considering a stationary target, the IF signal can be
expressed as Eq. (3). Please note that although there may be phase delay between LO and TX, it
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is constant and has no influence on the pulse width of the IF signal.

IIF(t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

ALOAR cos(ω0τ + ∆φ), (0 + nT ≤ t<τ + nT)

ALOAR cos(ω0τ),
(︁
τ + nT ≤ t< T

2 + nT
)︁

ALOAR cos(ω0τ − ∆φ),
(︁ T

2 + nT ≤ t< T
2 + τ + nT

)︁
ALOAR cos(ω0τ),

(︁ T
2 + τ + nT ≤ t<(n + 1)T

)︁ (3)

Figure 2(a)-(d) show the simulated IF waveforms with ω0 = 193.55 THz, ∆φ = π/2 and
τ =26.76 ns, 26.82 ns, 23.39 ns, and 25.15 ns, respectively. Figure 2(e)-(h) are the corresponding
experimentally measured IF signals. It is obvious that the IF signal is bound to be a stream of
pulses whose pulse width equals to τ, although its shape transforms with τ. Therefore, we can
obtain the distance information by measuring the pulse width of the IF signal and then multiply it
by c/2, where c is the speed of light.

Fig. 1. Schematic of the working mechanism of the PhMCW ranging method. Inset:
Waveforms of (a) optical phase of LO and RX, and (b) IF signal. LD: Laser. PM: phase
modulator. BS: beam splitter. OC: optical coupler. PD: photodetector.

Fig. 2. (a)-(d) Simulated IF waveforms with τ = 26.76 ns, 26.82 ns, 23.39 ns, and 25.15 ns
respectively. (e)-(h) The corresponding experimentally measured IF signals. Insets are the
zoomed-in waveforms of a single pulse.
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3. Ranging experiment

In order to demonstrate the validation of the proposed PhMCW method, we built a PhMCW
system based on a mono-static configuration, as shown in Fig. 3. The light source (Connect
CoSF-D) is a 1550-nm CW 15-kHz-linewidth laser followed by an erbium doped fiber amplifier
(Thorlabs EDFA100S). A LiNbO3 phase modulator driven by an arbitrary function generator
(AFG) is used to modulate the optical phase. The modulated laser is split into LO and TX
by a 10:90 beam splitter. The TX signal is then collimated and emitted into free space. The
received RX signal is routed to a 2× 2 optical coupler, where LO and RX signals are mixed
together. The mixed optical signal is converter to electrical IF signal by a pair of balanced
photodetectors (Thorlabs PDB470C-AC) whose noise equivalent power is 77 pW. Finally, the
IF signal is monitored, stored and digitally processed by an oscilloscope (Tektronix MSO54).
The sampling interval, sampling rate and analog bandwidth of the oscilloscope are 160 ps, 6.25
Gsps, and 500 MHz, respectively, and the time window is 200 ns during time-domain analysis.
The target is an off-the-shelf diffused reflection board with a reflectivity of 90%. The actual
distance is measured via a commercial laser rangefinder with an accuracy of 1 mm. According
to IEC 60825-1:2014 [29], the maximum permissible exposure at 1550 nm with a CW laser is
1000W/m2. Given that the pupil range of human eye is 3-7 mm, the corresponding optical power
is 7-38 mW. Therefore, the optical power at the collimator is maintained to be 10 mW. Distance
to the target is varied from 1 m to a maximum of 8 m, which is limited by laboratory area.

Fig. 3. Schematic of the PhMCW system. LD: Laser. EDFA: erbium doped fiber amplifier.
PM: phase modulator. AFG: arbitrary function generator. OC: optical coupler. CIR:
circulator. COL: collimator. BPD: balance photodetector. OSC: oscilloscope.

Figure 4 shows a typical waveform of the IF signal with the target locating at 7 m. The pulse
width is 69.398 ns. Multiplying the pulse width by c/2, the measured distance is calculated to be
10.41 m. The discrepancy between the actual distance and the measured distance is due to that
fiber optics such as circulator and fiber unintentionally introduce a phase delay between LO and
RX, and therefore result in a ranging offset. In our system, the ranging offset is calibrated to
be 3.41 m. The calibration process is as follows: Firstly, the measured distance is obtained by
averaging the pulse widths of 20 consecutive IF signals. This excludes any influences resulting
from short-term mechanical vibrations or thermal fluctuations. Then, the measured distance is
linear fitted with the actual distance. The 3.41-m distance offset is obtained by the y-intercept of
the linear fitting. This whole calibration process is finished as fast as possible to exclude any
long-term influencing factors such as thermal variation. In the remaining of this paper, all ranging
results have excluded the aforementioned ranging offset without further notice. The measured
distance as function of actual distance is shown in Fig. 5. The linear relationship between
the measured distance and the actual distance indicates the validation of the PhMCW method.
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In addition, the minimum and maximum ranging error are 0.1 cm and 4.7 cm, respectively,
suggesting excellent accuracy.

In Fig. 4, the signal level (the height of the rectangular waveform) is measured to be 71 mV and
the noise level (the standard deviation of the noise floor) is measured to be 1.9 mV. Therefore, the
SNR at 7 m is calculated to be 36.01. Given the SNR is proportional to the reciprocal of distance
for heterodyne detection, the maximum ranging distance for the current setup is calculated to
be 100.8 m assuming a reasonable SNR of 2.5. Increasing the aperture size of the receiver and
reducing the bandwidth of the detectors could further increase the maximum ranging distance of
the PhMCW lidar.

Fig. 4. Waveform of the IF signal with the target locating at 7 m. Inset: Waveform of the IF
signal spanning two phase modulation period.

Fig. 5. Measured distance as function of actual distance.

4. Ranging precision

So far, we have experimentally demonstrated the excellent accuracy of the PhMCW method.
In addition to accuracy, precision is another important criterion. High precision is necessary
[1,3,5,7] for numerus applications, such as autonomous vehicles, aerial mapping and robotics.
Therefore, we will thoroughly explore the precision model of the PhMCW method.
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Theoretically, ranging precision σ is inversely proportional to the square root of signal-to-noise
ratio (SNR), i.e., σ2 ∝ 1/SNR [3,30,31]. In our ranging system as shown in Fig. 3, the power of
LO is on order of 1 mW, which is orders of magnitude higher than the power of RX. Therefore,
the noise of the system can be reasonably believed to be dominated by the shot noise of LO,
which is constant no matter what the power of RX is. On the other hand, according to Eq. (3), the
IF signal level is proportional to the amplitude of the electric field of RX signal AR, i.e., square
root of the RX power 2√PRX . Assuming a Lambertian surface, power of the RX signal at normal
incidence can be expressed as:

PRX = PTX
ρ

π

ARX

d2 (4)

where PTX is the transmitted power, ρ is the reflectivity, ARX is the area of the RX aperture and
d is the distance to the target. According to Eq. (4), PRX is primarily affected by ρ and d2 [2].
Therefore, σ is derived to be proportional to 2√d and inversely proportional to 4

√
ρ, as given by

Eq. (5).

σ ∝
1

2√SNR
∝

2√Noise
2
√︁

Signal
∝

Constant
4√PRX

∝

2√d
4
√
ρ

(5)

We conducted two sets of experiments. In the first set, the reflectivity of the target was fixed
at 90% with the distance to target varying from 2 m to 8 m with a step of 1 m. In the second
set, the target was located at 5 m while the reflectivity varied from 10% to 90% with a step of
20%. In each ranging measurement, we acquired about 30 successive IF signals and formed
ranging distribution figures with bin size of 2 cm. The time span of each ranging measurement
was within 1 ms, excluding any long-term influences on the ranging results, representing the
best-case precision of the PhMCW system.

Figures 6 and 7 show the distribution figures with varying distances and reflectivity, respectively.
The dashed curves indicate Gaussian fits. All of the distributions confirm to Gaussian distribution.
In addition, the minimum and maximum standard deviations are 2.8 cm and 3.3 cm, respectively,
demonstrating exceptional precision of the PhMCW system.

Fig. 6. Distribution figures of the ranging results with the distance to target varying from 2
m to 8 m with a step of 1 m. Dashed lines indicate Gaussian fits.

According to Eq. (5), σ is proportional to 2√d/ 4
√
ρ theoretically. However, considering a

realistic application environment, which is neither vibration-isolated nor thermally stabilized, we
modify the model of σ as given in Eq. (6), where A is a constant representing the systematic
ranging jitter caused by vibrations or thermal fluctuations, and B is a coefficient representing the
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Fig. 7. Distribution figures of the ranging results with the reflectivity varied from 10% to
90% with a step of 20%. Dashed lines indicate Gaussian fits.

linear relationship between σ and 2√d/ 4
√
ρ.

σ = A + B ×

2√d
4
√
ρ

(6)

Figure 8(a) and (b) respectively illustrate precision as function of distance and reflectivity.
The precision values are extracted from Figs. 6 and 7, and orange lines are fitting curves
according to Eq. (6). The fitted precision formulas using data acquired from Fig. 8 (a) and
(b) are σ = 2.42 cm + 0.27 cm/ 2√m ×

2√d/ 4√0.9 and σ = 2.32 cm + 0.24 cm/ 2√m ×
2√5/ 4

√
ρ,

respectively. The relative differences of the fitted A and B are 4.1% and 12.5%, respectively.
Such excellent accordance of the fitting results acquired from two independent experiments
indicates the correctness of the modified model. According to such model, a vehicle with 10%
reflectivity locating at 100 m would result in a precision of 6.62 cm, which is comparable to
commercial lidars [16], suggesting promising application prospect of the PhMCW method.

Fig. 8. Precision as function of distance (a) and reflectivity (b). Orange curves are fitting
results according to Eq. (6).

5. Simultaneous velocity measurement

Simultaneous velocity measurement is also critical, since it will significantly ease post-processing
algorithms such as object recognition and classification [2,6,32]. In general, ToF lidars utilize
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multiple ranging frames to calculate the averaged velocity during a specific period of time.
However, such multi-frame distance-differential algorithm would convert any ranging error
into velocity error [33]. For example, a ToF lidar with 5 cm precision and 20 Hz frame rate
may produce 1 m/s velocity error which solely originates from ranging uncertainty. This may
cause failure to pedestal recognition and may result in hazardous consequences. On the other
hand, coherent detection methods [2,6,33,34], such as FMCW or the proposed PhMCW, can
resolve the instantaneous radial velocity by measuring the Doppler frequency, which is given by
fd = k · v/2π, where k is the wave vector of incidence and v is the motion vector of the target
[2,6,32,35]. Please note that the Doppler frequency is generally on orders of hundreds of kilohertz,
which is within the spectrum range of the pronounced 1/f noise of high-speed hardware, and
thus may be easily overwhelmed in noise. Furthermore, high-speed analog-to-digital converters
(ADCs) are so vulnerable that high-pass analog frontends (AFEs) are generally required [36].
Therefore, the low-frequency Doppler component may also be filtered by the high-pass AFE
[37,38]. Hence, simply measuring the Doppler frequency may not be adequate to analyze the
instantaneous velocity, and high-frequency components of the IF spectrum must be taken into
considerations as well.

In this section, we will semi-quantitively explore the capability of velocity measurement of the
PhMCW method. According to Eq. (2), the electric field scattered off a stationary target is given
by ER(t) = AR cos[ω0(t − τ) + φT (t − τ)]. Its instantaneous frequency, which is the derivative
of the phase with respect to time, equals to ω0 + φT

′(t − τ). Taking into account the Doppler
frequency, the instantaneous frequency is modified to be ω0 + ωd + φT

′(t − τ), where ωd is the
Doppler frequency in radian unit. Furthermore, the phase of the RX electric field, which is the
time integration of frequency, equals to ω0(t− τ)+ωd(t− τ)+ φT (t− τ). Therefore, the IF signal
for a mobile target Id(t) can be expressed as Eq. (7).

Id(t) = ALOAR cos{−ωdt + ω0τ + ωdτ + [φT (t) − φT (t − τ)]} (7)

Since the phase of the laser is modulated by a rectangular waveform, it can be considered as
the summation of the fundamental frequency component and its harmonics [39], i.e., φT (t) =∑︁∞

n=1 an cos(nωmt + φn), where ωm is the phase modulation frequency and n is a positive integer.
By combining the general term, Eq. (7) is therefore arranged as

id(t) = AIF cos

[︄
ωdt +

∞∑︂
−∞

ap cos(pωmt + φp)

]︄
(8)

where AIF = ALOAR is the amplitude of the IF signal and p is an integer. By recursive method
and expanding the formula by Bessel series, Eq. (8) is further arranged as

id(t) = A0 cos(ωdt) +
∞∑︁

n=1
an cos[(nωm + ωd)t] +

∞∑︁
n=1

bn sin[(nωm + ωd)t]

+
∞∑︁

n=1
cn cos[(nωm − ωd)t] +

∞∑︁
n=1

dn sin[(nωm − ωd)t]
(9)

where A0, an, bn, cn, dn are constants. For more detailed deduction, please refer to Supplement 1.
Figure 9(a) shows an image of the experimental setup. The target is a reflective disk with a

diameter of 20 cm and is driven by a precision motor rotating at a calibrated angular velocity.
The radial velocity vr sensed by the PhMCW system varies with the incident angle and can be
easily calculated by vr = ωd sin θi/r, where ω is the angular velocity, d is the distance between
the collimator and the center of the disk, r is the radius of the disk and θi is the incident angle, as
shown in Fig. 9 (a).

According to Eq. (9), when the target is stationary, the spectrum of the IF signal is composed
of the fundamental frequency and its harmonics, as shown in Fig. 9 (b). Whereas, when the
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Fig. 9. (a) Image of the setup for velocity measurement. (b)-(c) Spectrum of the IF signal
for a stationary target (b) and for a mobile target (c). fd denotes the Doppler frequency. H1
denotes the fundamental frequency. H2, H3 and H4 denote the 2nd, 3rd and 4th order of
harmonic, respectively. HkP and HkN represent the positive and the negative satellite peaks
of the kth order of harmonic, respectively.

target is mobile, additional Doppler frequency peak appears at ωd, and each of the fundamental
and the harmonic peaks split into two satellite peaks locating at nωm ± ωd, as shown in Fig. 9
(c). The remaining fundamental and odd order of harmonics in Fig. 9 (c) is due to the residual
amplitude modulation of a realistic phase modulator, since they are the spectrum components of
a rectangular waveform that is used for phase modulation. The frequencies of all peaks in Fig. 9
(c) are summarized in Table 1.

Table 1. Summarization of the frequency components in the IF spectrum for a mobile target.

Peak index fd H1N H1 H1P H2N H2P H3N H3 H3P H4N H4P

Frequency (kHz) 24.5 75.5 100 124.5 175.5 224.5 275.5 300 324.5 375.5 424.5

As mentioned above, the low-frequency Doppler peak per se may be overwhelmed in noise
or be filtered. We can also obtain the Doppler frequency by (HkP − HkN)/2, where HkP and
HkN are frequencies of the kth pair of the satellite peaks locating at higher frequency regime.
Taking the 3rd order of harmonic as an example, H3P and H3N are 324.5 kHz and 275.5 kHz,
respectively, and the Doppler frequency is calculated to be 24.5 kHz, which is consistent with the
frequency of the Doppler peak.

Figure 10 shows the measured radial velocity as function of incident angle. Dashed orange
line indicates the calculated velocity. The velocity error ranges from -0.17 cm/s to 0.15 cm/s,
suggesting exceptional velocity measurement accuracy.

The PhMCW method measures velocity based on the frequency shift of satellite peaks.
The frequency shift can be resolved as long as ωd is greater than the resolution bandwidth
(RBW) of the spectrum, i.e., 2π/λ × ∆vres = RBW. Therefore, the radial velocity resolution is
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Fig. 10. Actual and measured velocity as function of incident angle.

∆vres = RBW × λ/2π, where λ is the incident wavelength. In our experiment, the RBW is set to
be 100 Hz. Therefore, the velocity resolution is as low as 2.5× 10−3 cm/s.

6. OPA PhMCW lidar

The proposed PhMCW ranging method is particularly suitable for OPA lidars since OPA chips
are specialized in phase manipulation. In this section, we will perform a proof-of-concept
demonstration of an OPA-PhMCW lidar.

The schematic of the OPA chip we used is illustrated in Fig. 11. The chip is fabricated on a
SiN-on-SOI substrate. Laser from a lensed fiber is coupled into the SiN waveguide through an
adiabatic spot-size converter (SSC). Then the input laser is split into 64 waveguides by an array
of Y-branch beam splitters. Afterwards, laser is coupled to Si waveguides through vertically
stacked SiN-to-Si transition couplers. Thermo-optical modulators are patterned to independently
control the phase of laser in each waveguide. Finally, the Si waveguides are routed to an array of
gratings through which light is emitted into free space. In the horizontal direction (θ), beam
steering is achieved by controlling the phase of the optical array. In the vertical direction (φ),
beam steering is achieved by changing the laser wavelength due to the dispersion property of the
grating antennas.

Fig. 11. Schematic of the OPA chip. For simplicity, only 8 channels are illustrated.
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For a one-dimensional OPA with uniform antenna spacing, the far-field is given by T(θ) =∑︁N−1
n=0 An exp(−jβ) exp(−jk0nΛ sin θ), where An is amplitude at the nth antenna, β is phase

delay between adjacent antenna, k0 is wave vector, N is dimension of OPA and Λ is antenna
spacing [40]. If optical phase at each antenna is modulated by φ(t) simultaneously, An is
therefore replaced by An exp[−jφ(t)]. In such case, the far-field is modified to be TPM(θ) =∑︁N−1

n=0 An exp[−jφ(t)] exp(−jβ) exp(−jk0nΛ sin θ) = exp[−jφ(t)]T(θ), suggesting that not only the
angle of the far-field beam is steered but also the optical phase is modulated, which is fundamental
in the PhMCW ranging method. In addition, the global phase modulation can be readily achieved
by integrating a phase modulator right before the beam splitter array which is shown in Fig. 11.

A global search algorithm is utilized to optimize the far-field pattern of the OPA chip by
maximizing the side-lobe suppression ratio. Figure 12(a) shows images of the far-field beams
steered at various θ directions. The field of view (FOV) in θ direction is 94° and the FOV
in φ direction is 14.4° with laser wavelength swept from 1540 nm to 1620 nm (CoBrite DX1,
linewidth= 100 kHz), as shown in Fig. 12(b). The divergence in θ and φ directions are 1.41° and
1.49°, respectively. For more detailed information of the OPA chip, please refer to our previous
work [9].

Fig. 12. Two-dimensional beam steering in (a) θ direction and (b) φ direction.

The setup of the OPA PhMCW lidar is based on a bistatic configuration in which laser beam is
emitted and steered by the OPA chip and RX signal is collected by a lens. Figure 13(a) shows
a camera image of the experimental setup, including the packaged OPA module, controlling
electronics, RX optics and the target. The OPA module includes the OPA chip, lensed fiber and
electrical connectors packaged on a home-made printed circuit board, as shown in Fig. 13(c). The
main-lobe power is estimated to be 3.5 mW. The target is composed of two letters in respective
planes separated by 22.5 cm, as shown in Fig. 13(b). The reflectivity of the target is 95%. In
order to achieve a 3D point cloud, the phase of the OPA and the laser wavelength are set to
predetermined values. Consequently, laser beam is steered to a specific angle. At this angle, the
PhMCW ranging is performed. Once we have mapped all resolvable angles, 3D point cloud is
formed. The bright spots in Fig. 13(b) indicate the 2D steered laser beams. The measured point
clouds are shown in Fig. 13(d). Excellent 3D image fidelity is achieved. The averaged distance of
each letter are 44.16 cm and 65.48 cm, respectively. The differential distance between the letters
is 21.32 cm, which is in accordance with the experimental setup.
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Fig. 13. (a) Image of the experiment setup. (b) Infrared image of the target. Bright spots
indicate 2D steered laser beams. (c) Front image of the packaged OPA module. (d) Point
clouds of the target. The point clouds are color-coded by the distance values.

7. Discussion

7.1. Maximum ranging distance and maximum velocity

According to Fig. 1, it is obvious that the maximum time of flight is half of the period of
phase modulation, beyond which distance cannot be measured unambiguously. Therefore, the
unambiguous range of the PhMCW method is determined by dmax = (T × c)/4 = c/4ωm. On the
other hand, in order to prevent spectrum aliasing, the Doppler frequency should be lower than
ωm/2 so that satellites peaks (HkP and HkN) always neighbor the corresponding harmonic Hk.
Therefore, the maximum velocity is determined by vmax = (ωm × c)/4ω0. Consequently, there is
a tradeoff between the unambiguous range and the maximum velocity. In our experiment, the
phase modulation frequency is 100 kHz. The corresponding unambiguous range is calculated
to be 750 m and the maximum radial velocity is 3.875 cm/s. This tradeoff can be solved by
alternatively modulating the optical phase at two frequencies with the higher frequency for
velocity measurement while the lower one for ranging. Alternatively, it can be solved by analyzed
the velocity via the aliased spectrum in conjunction with ranging frame. The time-differentiated
ranging frames provide coarse velocity range while the aliased spectrums give possible velocities
with fine resolution. The one that coincides with velocity range is thus the true velocity.

7.2. Ranging resolution

Ranging resolution of the PhMCW method is theoretically determined by the timing resolution
of the receiver. In our experiment, the sampling interval of the oscilloscope is 160 ps, which
corresponds to a ranging resolution of 2.4 cm. However, the ranging resolution is rarely
determined by the timing resolution practically. Even when we are measuring a stationary target,
the measured distance jitters due to random noise. If the distance between two targets is so large
that the measured distances of the two targets do not overlap, the two target can be resolved in a
single ranging frame. On the contrary, similar to the Rayleigh Criterion in optics system, if the
distance between two targets is smaller than precision, the two target cannot be resolved since we
cannot distinguish the measured distance difference results from ranging jitter or real distance
difference.

7.3. Effect of phase noise on maximum detection range

When considering the optical phase noise, the electric field of LO can be written as ELO =

cos[ω0t + φm(t) + φn(t)], where φm(t) is the modulated optical phase and φn(t) is the zero-mean
gaussian-distributed optical phase noise. Ignoring the DC term, the IF signal can be written as
iIF = A cos[ω0τ + ∆φm(t, τ) + ∆φn(t, τ)], where τ is the time-of-flight, ∆φm(t, τ) is a stream of
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pulses as shown in Fig. 1(b) and ∆φn(t, τ) is the accumulated phase noise difference. When τ is
smaller than the coherence time, ∆φn(t, τ) is much smaller than ∆φm(t, τ). Therefore, the optical
phase noise has negligible influence on the IF pulse width. As τ increases, ∆φn(t, τ) increases as
well. The presence of phase noise adds jitters to the IF signal and consequently degrades the
ranging precision.

The PhMCW ranging method resembles phase-shift keying (PSK). In PSK optical communi-
cation, data transmission over distance exceeding the coherence length is feasible. Therefore, the
PhMCW ranging method will function properly even when the round-trip distance is greater than
the coherence length of the laser source, as opposed to the FMCW ranging method.

7.4. Differences between AMCW and PhMCW

The electric field of light is expressed as E = A cos[ωt + φopt], where A is the amplitude, ω is the
frequency and φopt is the optical phase. Optical power is proportional to envelop of the electric
field. Therefore, the modulation of optical power is essentially the modulation of the amplitude.

ToF ranging method modulates the transmitted optical power. For example, amplitude-
modulated continuous-wave (AMCW) method modulates the optical power in sine- or rectangular
fashion. The phase of the optical power φpwr of reflected signal is compared with that of the
local oscillator. The phase difference of optical power ∆φpwr is used to estimate distance [41–43].
Please note that the “phase” throughout this paper is the optical phase φopt. The optical power of
the PhMCW method is constant.

Although AMCW ranging method can reach high precision, the maximum ranging distance is
limited by the power of laser source. Ranging as long as 100 m would require prohibitively high
power. Therefore, AMCW method is popular for short-range applications such as smart phones,
robotics, etc. One the other hand, the PhMCW method modulates the optical phase φopt while
the optical power is constant (10 mW in our experiment). The local oscillator acts as an amplifier
and therefore long-range distancing can be achieved.

8. Conclusions

In conclusion, we have proposed the phase-modulated continuous-wave (PhMCW) ranging
method. Ranging error as low as 0.1 cm and precision on order of 3.5 cm are achieved. Moreover,
we modified the precision model. In addition, theoretical and experimental study on simultaneous
velocity measurement is carried out and the velocity error as low as 0.15 cm/s is obtained. Finally,
we developed a proof-of-concept OPA-PhMCW lidar and achieved point cloud with exceptional
3D fidelity. The PhMCW method paves a new way approaching solid-state, cost-effective and
high performance OPA lidars.
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