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ABSTRACT

Over the past years, light detection and ranging (lidar) technologies have been investigated and commercialized for various
applications such as autonomous vehicles, terrestrial mappings, and precision measurements. Currently, the frequently
used ranging methods are the pulsed time of flight (PToF) and frequency modulated continuous wave (FMCW) lidars that
relies on frequency sweeping to capture range and velocity information. We have previously developed and demonstrated
the multi-tone continuous wave (MTCW) that operates by employing amplitude modulation via multiple radio frequencies
(RF) and coherent detection. Here, we present a theoretical and experimental study on phase-based MTCW lidar that can
detect the range and velocity of objects with arbitrary velocities. The experiments demonstrate that the phase and frequency
of the Doppler-shifted fixed RF tones can be used to extract the range and velocity information in a single shot
measurement. We show that a <z1cm resolution in the ranging, limited by the temporal resolution of the detection system,
and a 0.5cm/s speed resolution is limited by the frequency resolution of the detection system are achievable. Moreover,
the proposed approach has the potential to mitigate the requirement for a narrow linewidth laser for coherent detection.
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1. INTRODUCTION

The light detection and ranging (lidar) market is rapidly expanding due to the vast demand for various applications such
as self-driving cars, airborne altimetry, precision measurements, and robotics**. Nowadays, lidars are built by using two
different optical backbones, namely time-of-flight (ToF) or coherent detection®¢. The ToF lidars rely on the time
information encoded in the propagation of a high peak power laser pulse. The echo signal returns to the detector with a
certain delay of A compared to the master clock; hence the target distance (L) can be estimated as L =c x At / 2with respect
to the speed of light (c)”. The necessity of short pulse generation and high temporal resolution limits the ToF lidars by
requiring fast electronics®. Moreover, the ToF lidars are inherently handicapped to perform simultaneous velocimetry. To
acquire the target speed as well as the distance, the ToF architecture utilizes multiple frames of the target to compute the
speed (v) as v =dx/dt, where dx and dt represent the change in position and time between frames, respectively.

The second school of lidars utilizes coherent detection by employing continuous wave (CW) lasers. The general
principle of the CW-based lidars is realized through the beating of the echo signal with a local oscillator, which is generally
a fraction of the light before leaving the lidar architecture®. There are various kinds of CW lidars such as amplitude-
modulated (AMCW), frequency-modulated (FMCW), phase-based, and modulation-based lidars'®*2. Among all, FMCW
is currently the most trendy and attention-grabbing coherent ranging technique. In this method, the frequency of a narrow
linewidth CW laser is modulated, and a chirp is realized on the signal. The modulated light is split into two to realize the
local oscillator before leaving the transmission collimator. The phase-delayed echo signal beats with the local oscillator to
generate a beat note as f,_. =Atx2B/T , where B and T are bandwidth and frequency sweep period, respectively. Thus,

it is possible to acquire the target location. FMCW lidars can perform simultaneous velocimetry by exploiting the Doppler
effect. Compared to the ToF alternatives, FMCW lidars have better detection sensitivity and the ability to perform
velocimetry®, However, FMCW lidars require chirp linearization and narrow linewidth laser sources that make the
implementation of the coherent lidars very challenging*2°.

As an alternative to the coherent lidars, previously, we introduced the Multi-Tone Continuous-Wave (MTCW) lidar
that employs multiple radio-frequency (RF) modulations on a CW laser*6’. The individual sidebands realize different
amounts of phase shifts during their propagation. A portion of the modulated light is also kept as a local oscillator to realize
interference with the echo signal. The interference of both lights yields variations over the amplitudes of the sidebands that
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can be used to compute the target distance. We have already demonstrated stationary and dynamic-target ranging with the
amplitude-based MTCW lidar!®-20, We also showed a technique to improve the ranging via MTCW lidar for fast dynamic
targets by utilizing the actual tone phases®. In this work, we present the phase-based MTCW lidar (PB-MTCW) that
provides a solution to both chirp linearization and narrow linewidth laser requirements of FMCW lidars. The renewed
configuration along with the range triangulation algorithm enables the PB-MTCW lidar to perform ranging without
employing any form of phase, frequency, or amplitude sweep by solely comparing the individual tone phases that enable
coherent ranging beyond the coherence length of the laser.

2. THEORETICAL MODELLING OF THE PB-MTCW LIDAR
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Figure 1. Schematic of the proposed PB-MTCW lidar.

The proposed schematic of the PB-MTCW lidar is shown in Figure 1. Here, a CW laser is split into two with a coupling
factor of B. One arm is kept as a local oscillator through polarization-maintaining fibers (PMF) to prevent any polarization

issues. The electric field (E-field) of the local oscillator can be formalized as E, = Aj, \/ﬁexp(ja)ot + jé, + i@, (1)) Where
Ao =\Poyt is the amplitude, wo is the angular frequency, ¢ is the initial phase of the source laser, o is the attenuation inside
the fiber and ¢n(t) represents the laser phase noise at the local oscillator branch. Moreover, the second branch after the

coupler is modulated via a Mach-Zehnder modulator (MZM) with push-pull configuration under quadrature bias by RF
synthesizers. A total of N RF tones are fed to the MZM with the following E-field _ _iARF cos(at+ 4™ ) where w;j is
RF — = 1 i

the modulation tone frequency and ¢IRF is the initial phase of the i RF tone. The light inside the fiber is carried to free
space through a collimator and a circulator is used to separate the transmission and reception signals. Each modulation
tone and the optical carrier frequency realize a phase shift proportional to the target distance. The time delay due to
propagation can be formalized as 7 = 2L / C, where Ly, is the range of target-under-test (TUT) and c is the speed of light.

The expected E-field equation of the echo signal is given in Eq.(1) for a stationary target. Here, m is the modulation depth
and an is the linear attenuation coefficient representing the potential scattering losses in the measurement path.
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The collected light is combined with the local oscillator via a coupler and the square-law detector with a responsivity R,
yields the photocurrent as | od = R(Em +E, ) . ( E,+E, )* The Iy equation of a stationary target is shown in Eq.(2),

where the laser phase noise difference of En and Eio is represented as ®(t,7) =g, (t) -4, (t—7).
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In the case of a dynamic target with a velocity v, the echo signal will realize a Doppler frequency shift based on the target
speed as wq = (2v/C)wo. Similarly, each modulation frequency will realize a Doppler shift ) , as well. The echo signal E-

field of a dynamic TUT is shown in Eq.(3).
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The forward propagating and echoed light acquire different phases during their propagation due to the induced Doppler
frequency shift. It is possible to assume o, +a)f, =@, —a)f, =@, by comparing we>>wi. Unless the target is moving at
extreme velocities, this assumption is always true for most practical applications. Therefore, the resultant 1,4 of a moving
target is given in Eq.(4).
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3. POST-PROCESSING

After acquiring the phase-shifted RF modulation tones via photodetector, it is possible to extract the range and velocity
information by comparing individual tone phases and frequencies. In particular, by considering the impact of potential
scattering losses in Eq.(2), the equation of the tones can be simplified as 2A cos(a)or+¢,RF +c1)(t,z-)) cos(mt +mr)

where A; is the tone amplitude, the first cosine term depicts the amplitude, and the second cosine term indicates the
frequency and phase of the detected RF modulation. Similarly, for a dynamic TUT, a single tone can be defined by

analyzing the witwq sidebands and the definition is A cos((a} +o,)t+ (a, +w )T +w, Ty P + q)(t T)] . To generate
1 0 1 2 1 '

the distance of the TUT, we mix the individual RF tones at wi and w; (i # j). The result of the digital or electronic mixing

yields intermediate frequencies (IF) as AAJ. cos(Aa), J.tJ_rA¢I J.), where Agij, and Awi; corresponds to the phase and

frequency difference of i and j tones, respectively. This inter-tonal process allows eliminating the common phase and
frequency terms related to the optical carrier and Doppler shift, thus the noise-free IF tones can manifest the range of the

TUTas | = (2””+A¢| ,-)C/Aa’. r where n is an integer pointing out the 2z-modulo cyclic behavior of the phase.
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Figure 2. Illustration of data matrix Mk, for a 3-tone PB-MTCW lidar with w1, w2, and ws. The k values in the matrix represent the value
ofnin L, = |_'0J +(2;mc / Aw i ) The repetitive terms, where the k values are equal in the consecutive rows are indicated in the matrix

as repeat.

The utilization of multiple RF tones allows the PB-MTCW lidar to generate the TUT distance by triangulation.
For a given Agij, only the initial range of the target can be found as L'O’J = CA¢5”- /Aa),’j . It is possible to acquire a total

of (g ) possible L'O’ for a stationary target, whereas the targets in motion will yield (EN ) results. Then the target distance

can be computed as L, = L'0’ +(27an/Aa)”.). There will be multiple solutions of L for each integer value of n.

However, the resultant L, should have a common solution for each A, which will be the actual target distance. To realize

this, n is scanned, and all the resultant Ly, are concatenated in a data matrix My, where k is equal to nmax and | is the

number of available Awij. Here, we set the maximum anticipated range of a target by selecting the maximum value of n

(nmax). In practice, this range is determined by the optical system loss or the application. The standard deviation of each
! — \2 — _

row is computed as 0} = \/Z(M kr M k) /1, where M« is the mean value of the k™ row. The M  of the row that

r=1
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yields the minimum standard deviation corresponds to the actual measurement distance. For illustration, a sample My
matrix is presented in Figure 2 for a 3-tone system with nmax assumed to be 500, and the repetitive terms are indicated in
the matrix. The computed standard deviation will follow a certain pattern based on the sweeping limits. The minimum o

will repeat itself in an interval of Ocm to Lrep =2nc/ Wyeq » where wgcq Stands for the frequency equal to the greatest

common divisor of the used Awi; in the algorithm. The selection of the RF tones in a fashion to maximize the Lye, will
improve the maximum measurement range. Moreover, the introduction of a quasi-CW pulsation through an additional
optical modulator to the measurement branch will facilitate higher signal-to-noise ratio measurements, as well as potential
time gating to generate coarse range information to limit the scanning of n. Hence, it can alleviate the repetitive behavior
of the minimum standard deviation point to acquire Ly through the triangulation algorithm.

4. METHODOLOGY
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Figure 3. The PB-MTCW experimental setup. Mach-Zehnder Modulator (MZM), collimator (CL), beamsplitter (BS), and
photodetector (PD).

Figure 3 illustrates the experimental setup to perform ranging and velocimetry of static and dynamic targets. Here, we
modulate a <100kHz linewidth 1064nm CW laser with an MZM. The four modulation frequencies are 500, 700, 850, and
950MHz. The tones are carefully selected to prevent the cross-beating or second harmonic overlaps in between the tones.
Tones are generated through phase-locked RF synthesizers and triggered by a common clock that also triggers the
oscilloscope. The greatest common divisor of the selected tones is 50MHz that results in ~3m Ly, of the minimum standard
deviation to obtain the target distance. Thus, the target is placed ~102cm away from the output facet of the beamsplitter
(BS) for static target ranging. After being combined in a 4-way RF power splitter, the tones are transmitted to the MZM,
which is biased around the quadrature voltage. The modulated light is delivered to free space by a collimator to perform
the ranging and velocimetry. Furthermore, an additional collimator is utilized to establish the local oscillator in free space.
The two collimators are stationed in a manner to crisscross the light beams from two branches. A 50/50 BS is positioned
at the intersection point of two beams. The free space light detection is accomplished by a high-speed PIN photodetector
and the coupling is optimized via a microscope lens. A target reflector is carried by a motorized translational stage and
aligned away from the output facet of the BS. In addition, to acquire the initial tone-phases due to the RF synthesizers and
the fiber path, a calibration mirror is placed closed to the BS. The post-processing algorithm first generates a pseudo
measurement distance at the calibration mirror that is set as the zero-point for the lidar system before performing actual
measurements of the TUT.

After the acquisition, measurement data is interpolated to 22° data points to improve the resolution that significantly
decreases potential distortions, since there is a high dependency of the phases on the time resolution during the data
processing. The time-domain data is converted to the frequency domain using fast Fourier transform (FFT) to locate the
sidebands and obtain the Doppler shifts for the dynamic target. A digital second-order bandpass Butterworth filter with a
1MHz bandwidth is used around each measured modulation tone. Zero-phase distortion filtering of the data is achieved by
applying the filter in both forward and reverse directions to compensate for the phase of the filter?2. Then the phases of the
individual tones are acquired by comparing the filtered tones with their frequency-matched zero-phase digital cosine
equivalents. Finally, the triangulation is performed by setting the scan length of the integer n to 20, which extends the
scanning range of the lidar up to ~15m.
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5. RESULTS AND DISCUSSION

The first experiment is performed by placing the target around 102cm away from the BS. The coarse distance of the target
is measured via measurement tape for a sanity check before performing the ranging. The result of the triangulation
algorithm is presented in Figure 4 as the black solid line and minimum standard deviation value is indicated with the red
circle. The minimum o corresponds to a target distance of 102.3cm. After 10 trials the standard deviation of all the
measurements is <1cm indicating the ranging accuracy of the PB-MTCW methodology. This can also be attributed to the
temporal resolution of the measurement by affecting the phase measurements as AL =cxdt, which is ~0.7cm in our
measurement?l, Moreover, to show the theoretical expectation, we performed a numerical simulation of the same system
by setting the measurement distance to 102.3m. The final output of the triangulation algorithm by using the simulated g
is presented in Figure 4 by the blue dashed line. The minimum ¢ matches with the experimental results by yielding a ¢
very close to 0. In a noise-free or ideal environment, the expected minimum o is 0, however, due to the small distortions
over the RF tones caused by the synthesizers and detection electronics, the experimental minimum is found as 0.235.
Increasing the number of modulation frequencies will improve the response of the triangulation algorithm by expanding
the number of potential RF mixing combinations.
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Figure 4. Experimental and simulation results of stationary target ranging for a target positioned at Lm=102cm.

We performed the second experiment by setting the translational stage to oscillate at a certain speed. The stage is
set to operate at a speed <10cm/s, which is verified by the specs of the motor. The data is captured at the instant when the
target is at the midsection of the stage that corresponds to ~103cm. It is not possible to conduct a sanity check by physical
measurement methods due to the motion of the TUT. However, we limited the measurement range to £5cm of the middle
portion of the translational stage. The acquired I, spectrum is shown in Figure 5(a), where the modulation and Doppler-
shifted frequencies are indicated. By utilizing the shifted frequencies at the baseband, it is possible to recover the velocity
information of the target that is 8.65cm/s, which matches with the specs of the motorized stage. Also, the measured Doppler
shift is 162.5kHz. The speed resolution of the PB-MTCW lidar depends on the frequency step size (dw) as
Av:(ida)/a)o)c. In our case, this is 0.53cm/s due to the 5kHz frequency resolution due to the measurement settings.

Moreover, Figure 5(b) represents the result of the triangulation of the moving target by using the phases of witwq. The
minimum o is found at L,=106.1cm, which is within the predetermined target range. Therefore, the PB-MTCW lidar is
capable of performing single-shot ranging and velocimetry.
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Figure 5. (a) Acquired lIpa spectrum of the dynamic target with 4 RF tones. Inset shows the magnified spectral region in the vicinity of
500MHz to show the +fq, which are used to estimate the target speed. (b) Experimental result of the triangulation algorithm, where the
minimum ¢ corresponds to Lm=106.1cm.

6. CONCLUSION

In this work, we demonstrate the theoretical background of the PB-MTCW lidar for single-shot static and dynamic target
ranging and velocimetry. We explain the required post-processing and triangulation algorithms to realize ranging.
Similarly, we show the Doppler shifts realized by the RF tones and the optical carrier can yield the target velocity. The
experimental and simulation results for the stationary target ranging are presented, as well as the dynamic target ranging
and velocimetry measurements. As a result, we demonstrate the capability of PB-MTCW lidar that provides solutions to
two important limitations of FMCW lidar, which are the sweeping linearity and the coherence length of the CW laser. PB-
MTCW uses multiple phase-locked individual RF tones that don’t require any form of frequency or phase sweeping. In
addition, the RF mixing of the acquired sidebands eliminates the common noise terms, which pave the way to overcome
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the limitations of the laser phase noise. Therefore, PB-MTCW lidar can be a competitive alternative when integrated with
quasi-CW pulsation for long-range remote sensing applications.
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