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Abstract: We present a detailed analysis of techniques to mitigate the effects of phase noise
and Doppler-induced frequency offsets in coherent random amplitude modulated continuous-
wave (RAMCW) LiDAR. The analysis focuses specifically on a technique which uses coherent
dual-quadrature detection to enable a sum of squares calculation to remove the input signal’s
dependence on carrier phase and frequency. This increases the correlation bandwidth of the
matched-template filter to the bandwidth of the acquisition system, whilst also supporting the
simultaneous measurement of relative radial velocity with unambiguous direction-of-travel. A
combination of simulations and experiments demonstrate the sum of squares technique’s ability to
measure distance with consistently high SNR, more than 15 dB better than alternative techniques
whilst operating in the presence of otherwise catastrophic phase noise and large frequency offsets.
In principle, the technique is able to mitigate any sources of phase noise and frequency offsets
common to the two orthogonal outputs of a coherent dual-quadrature receiver including laser
frequency noise, speckle-induced phase noise, and Doppler frequency shifts due to accelerations.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Light detection and ranging (LiDAR) is a remote sensing technology used to generate high-
resolution three-dimensional maps of the environment. LiDAR is used in a variety of applications
including aerial surveying [1], remote asset inspection [2], wind velocimetry [3-5], and
autonomous vehicle navigation [6,7]. LiDAR sensors estimate distance by measuring the
round-trip time-of-flight of a specific time-varying attribute of a laser.

LiDAR sensors which use incoherent (or direct) detection are sensitive only to the intensity of
the received light, and thus the time-varying attribute for these types of systems is laser intensity.
Examples of incoherent LiDAR include pulsed [8,9], amplitude-modulated continuous wave
(AMCW) [10,11], and random modulation continuous wave (RMCW) [12,13].

Sensors that use coherent (or interferometric) detection are sensitive to not just intensity, but
also the phase (and thus frequency) of the received light. Coherent LiDAR is therefore capable
of measuring both distance and relative radial velocity caused by relative motion between the
illuminated object and the sensor which introduces a measurable Doppler shift to the light.
Examples of coherent LiDAR include amplitude modulated pulse train [14], frequency modulated
continuous wave (FMCW) [15-19], and chirped pulse compression [12,20-22].
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Random modulation continuous wave (RMCW) LiDAR using incoherent detection was first
proposed by Takeachi et al. in 1983 [23], in which time-of-flight is measured by calculating
the correlation between the received light and a pseudo-random pattern that is modulated onto
the intensity of the outgoing light. Light returning to a receiver is captured via direct detection,
for example using an avalanche photodetector or photomultiplier tube. One advantage of
RMCW LiDAR over pulsed LiDAR is an improved immunity to interference, as the correlation
measurement is relatively insensitive to spurious light (e.g., light from other LiDAR sensors, glint
from the sun). A further advantage is RMCW LiDAR’s ability to resolve multiple time-separated
objects within a single measurement. Other examples of incoherent RMCW LiDAR can be found
in [13,24,25].

RMCW LiDAR estimates distance by correlating the received signal with a local copy of the
pseudo-random bit sequence used to encode the outgoing light [26]. This process is also referred
to as matched-template filtering. Maximal length sequences (or m-sequences for short) are often
used in RMCW LiDAR for their excellent auto-correlation properties including high peak-to-side
lobe ratio (PSLR), and efficient generation in digital signal processing [27]. Other sequences
including Legendre sequences [28,29] and A* sequences [25,30] have also been demonstrated.

The work presented in this article focuses on a technique called coherent Random Amplitude
Modulated Continuous Wave (RAMCW) LiDAR in which a pseudo-random pattern is encoded
onto the amplitude of the laser, and received light (referred to as the probe) is interfered with
a local oscillator at a photodetector [31]. Interfering the probe with a bright local oscillator
coherently amplifies the received probe signal, allowing measurement sensitivity to be limited by
quantum effects rather than technical noise sources such as photodetector thermal noise. In this
regime, the shot noise from the local-oscillator is the dominating noise source, and is referred to
as shot-noise limited detection.

A key property that differentiates coherent RAMCW LiDAR from incoherent RMCW LiDAR
is its sensitivity to the relative phase between the probe and local oscillator fields. This makes
coherent LiDAR sensitive to relative motion between the sensor and the illuminated object,
which introduces a Doppler frequency shift to the probe relative to the local oscillator. With
knowledge of the laser wavelength, a measurement of the Doppler frequency shift can be used to
estimate relative radial velocity. Sensitivity to phase also makes coherent LiDAR sensitive to
laser frequency noise and random phase fluctuations in the optical system [32-34].

Whilst carrying potentially valuable information about relative velocity, frequency offsets are
known to degrade the correlation properties of pseudo-random sequences and the reliability with
which distance can be measured [28,35,36]. One approach proposed by Holmes et al. in [36]
involves decoding the received signal at every delay in the pseudo-random bit sequence, and then
calculating the fast Fourier transform (FFT) for each decoded signal to simultaneously identify the
correct delay and frequency offset. In [28] Shemer et al. suggest calculating the root-mean-square
sum of the four outputs of a dual-polarization 90 degree optical hybrid receiver, albeit without
thorough analysis. In [37] Scotti et al. use a sum of squares approach to recover instantaneous
power for a coherent RAMCW LiDAR sensor, but do not extend or analyse the technique’s use
for mitigating phase noise and frequency offsets. A similar solution is presented by Yang et al. in
[21] to overcome random phase fluctuations in coherent amplitude pulse-compression LiDAR to
improve SNR, reduce false alarm rate, and improve measurement precision.

In this article, we analyse four different techniques that can be used to overcome the effects
of Doppler-induced frequency offsets and phase noise (e.g., due to laser frequency noise, and
speckle-induced phase noise [34]) in coherent RAMCW LiDAR. The analysis converges on
one technique in particular, in which the in-phase and quadrature signals produced by a dual-
quadrature coherent optical receiver (e.g., a 90 degree optical hybrid) are squared and summed to
remove sensitivity to carrier phase.
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The paper is structured as follows: Section 2 provides an overview of different coherent
RAMCW LiDAR configurations using both homodyne and heterodyne detection. Section 3
motivates the need for phase noise and frequency offset compensation in coherent RAMCW
LiDAR. Section 4 introduces and analyses the performance of four different techniques that may
be used to compensate for the effects of frequency offsets in correlation measurements. Section 5
introduces the sum of squares technique for mitigation of phase noise, accompanied by a detailed
comparison with the techniques presented in Section 3. Section 6 presents results from a series
of experimental demonstrations of the techniques introduced in Sections 4 and 5. The conclusion
is presented in Section 7.

2. Coherent optical configurations

Coherent LiDAR is based on the principles of laser interferometry, which can be separated into
two broad detection classifications: i) heterodyne detection; and ii) homodyne detection.

2.1. Heterodyne detection

Heterodyne detection works by introducing an intentional frequency shift wy, to either the probe
or local oscillator fields, forcing their interfered waveform to oscillate at the heterodyne frequency.
The example optical configuration of a coherent random amplitude modulation LiDAR sensor
with heterodyne detection is shown in Fig. 1, where an acousto-optic modulator (AOM) is used
to shift the frequency of the local oscillator by wj, = 2xf},.

Pseudo-random
bit sequence

Distant object
Telessope &J

% — EOM = :}—ﬂ
Fiber laser Circulator ‘
AOM ‘f:| Eja—meal

3dB "
fr o coupler Photodetectors

Fig. 1. Example optical configuration of a coherent RAMCW LiDAR sensor employing
heterodyne detection. An electro-optic modulator is used to encode a pseudo-random bit
sequence onto the amplitude of the probe signal (upper arm in the figure). An acousto-optic
modulator (AOM) is used to shift the frequency of the local oscillator (lower arm) relative to
the probe. The interference of the received probe electric field and the local oscillator at a
balanced photodetector produces a heterodyne beatnote which oscillates at the heterodyne
frequency wy, = 27f},.

The electric field equation describing the frequency shifted local oscillator as it arrives at the 3
dB coupler can be expressed as

Ero(t) = ELOej(w’1t+¢L0),

where Ej is the electric field magnitude, wj, is the heterodyne frequency, and ¢ represents its
phase.

The amplitude of the probe electric field Ep(f), which is encoded with a pseudo-random bit
sequence denoted by c(7) € [0, 1] with modulation depth & € [0, 1], travels to and from an object
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before arriving at the 3 dB coupler after some time delay 7

Ep(1) = Ep(1 — ac(t — 1))/ B¢

where ¢p represents the phase of the received probe field and Aw represents a constant Doppler
frequency shift due by relative motion between the sensor and illuminated object.

Interfering the probe and local oscillator fields at a balanced photodetector produces a voltage
waveform

Vpp(t) « PLOPP(] —ac(t— T)) cos ((wh —Aw)t + ¢ro — ¢p),

where P and Pp represent the power of the local oscillator and probe at the detector. Distance
information is contained within the time delay 7, whereas velocity information is contained
within the Doppler frequency component Aw.

The velocity and direction-of-travel of an illuminated object can be unambiguously resolved by
observing the frequency of the beatnote produced by the photodetector relative to the heterodyne
frequency.

2.2. Homodyne detection

With homodyne detection, no intentional frequency difference is introduced between the probe
and local oscillator. The optical configuration for a coherent RMCW LiDAR sensor with
homodyne detection is shown in Fig. 2. A dual-quadrature receiver (e.g., a 90 degree optical
hybrid) is used to produce waveforms that are out of phase by 90 degrees, allowing velocity
and direction-of-travel to be unambiguously resolved as demonstrated by Abari et al. in [5].
Dual-quadrature detection is also referred to as complex detection (e.g., [5,18,20]). Other
techniques for dual-quadrature detection such as the time-separated dual-quadrature detection
scheme presented by Sutton et al. in [38] may also be used.

The electric field equations describing the local oscillator and probe signals arriving at the
dual-quadrature receiver are

Ero(t) = ELoeo

and _
Ep(f) = Ep(1 — ac(t — 7))/ A ¢r)
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Fig. 2. Example optical configuration of a coherent RMCW LiDAR sensor with dual-
quadrature detection. The amplitude of the probe signal (upper arm in the figure) is encoded
with a pseudo-random bit sequence. The interference of the received probe light and local
oscillator by a pair of balanced photodetectors located at the output of a dual-quadrature
coherent receiver (e.g., a 90 degree optical hybrid) produces in-phase and quadrature
projections of the probe field relative to the local oscillator. A dual-quadrature coherent
receiver is required with homodyne detection to resolve both the velocity and direction of
travel caused by relative motion between the sensor and a distant object.
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respectively. Interfering the two outputs of the dual-quadrature receiver at a pair of balanced
photodiodes produces voltage waveforms proportional to the in-phase and quadrature projections
of the probe field relative to the local oscillator:

V[([) oc PL()PP(I - CZC(Z - T)) cos (Aa)t + ¢ro — ¢P),
VQ(Z‘) o PLOPP(I —ac(t— T)) sin (Aa)t + ¢ro — ¢P)

As with heterodyne detection, distance can be estimated by measuring the delay 7, and velocity
can be estimated by measuring the Doppler frequency component Aw.

3. How frequency offsets affect measurement performance

Random amplitude modulated continuous wave LiDAR estimates distance using matched-
template filtering, in which the received signal is effectively correlated with a locally stored
template waveform. The output of the matched-template filter is an estimate of signal correlation.
Distance is extracted from the correlation by identifying the delay that corresponds to a specific
correlation peak.

Matched-template filtering requires a minimum degree of similarity between the received
signal and template waveform. Distortion of the received waveform due to amplitude and phase
noise degrade the performance of matched-template filters. In particular, large frequency offsets
due to relative motion between the LiDAR sensor and the illuminated object can have a significant
impact on correlation, since the frequency modulated received signal no longer matches the
template. In addition to Doppler, disturbances in optical phase due to laser frequency noise,
fiber phase noise and random phase fluctuations imposed by diffuse scattering all contribute to a
degradation in matched-template filtering performance.

The degradation in correlation due to frequency offsets is well described by the ambiguity
function y(k, #) of a pseudo-random bit sequence, which represents correlation as a function
of both delay and offset frequency. The normalised ambiguity function for a particular 10-bit
m-sequence is shown in Fig. 3 (top), along with constrained illustrations of correlation as
a function of delay with zero frequency offset (bottom left) and correlation as a function of
normalised offset frequency at zero delay (bottom right).

For zero offset frequency, the normalised auto-correlation function resembles that of an N-bit

m-sequence:
1 fort=0
A(7) = N
—-1/2% = 1) elsewhere

At zero relative delay the normalised correlation function as a function of relative offset
frequency follows a sinc profile which is expected because correlation acts as a filter and thus has
a predictable frequency response. The correlation R(7) of a sequence with zero frequency offset
x[nT] and the same sequence with a relative frequency offset y[nT}] is

RT

RKT) = Y x{nTM(n = K)TS], (M

k=0

where the index k € Z represents relative delay, T represents the discrete-time sampling period,
and R represents the length of the sequence. Equation 6 shows that the correlation calculation
includes a summation over the period RTs, which is mathematically equivalent to an constant
coefficient averaging filter. Normalized correlation as a function of offset frequency, assuming a
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Fig. 3. (Top) Correlation ambiguity function of a 10-bit m-sequence as a function of delay
index k and relative offset frequency 6. The frequency axis is normalised to the period of the
m-sequence (feode) in units of cycles per code period. (Bottom left) Normalized correlation
profiles extracted from the ambiguity function for frequency offsets of zero and 1.5fqe as
indicated by the solid vertical lines in the top figure. (Bottom right) Numerically simulated
and analytically predicted normalized correlation as a function of offset frequency at a
relative delay of k = 0. The green and red markers at offset frequencies 0 and 1.5 correspond
to the equivalent markers in the top plot.

relative delay T = 0, can thus be described by the equation
sin (7Rf /f;) ) e_jn(R_1)f£S
sin (nf /f;) ’

where f; = 1/T, is the sampling frequency and f represents offset frequency. According to
Eq. (2), the magnitude of the correlation equals zero whenever sin(zRf/f;) = 0. This occurs
whenever the offset frequency is an integer multiple of the code repetition frequency:

fs
2

A(f)r=0 = )

fCOde =3

As an example, consider a pseudo-random bit sequence with duration Tcpge = 1/fcode = 10 ps.
According to Eq. (2), the correlation function will experience nulls at relative offset frequencies
equal to integer multiples of fioge = 100 kHz. At a laser wavelength of A = 1550 nm, a Doppler
frequency shift of Af = 100 kHz corresponds to a relative radial velocity of

_ Afeode _ 1550 nm x 100 kHz

2 2
= 0.0775 m/s

Av
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highlighting just how sensitive coherent RAMCW LiDAR is to relative motion. The Doppler
response of the sensor is dependent on f;,4., Which is proportional to the length of the code and
inversely proportional to code chip rate. Increasing f.,4. Will provide more inherent immunity
against Doppler since the null in the Doppler response will be increased. However, this requires
either a shorter code (which would decrease maximum unambiguous sensing range) or faster code
rate (which will also require faster front-end electronics and sampling rates). Equation 2 reveals
that even small frequency offsets can produce large side-lobes in the correlation measurement. It
is therefore crucial to compensate for frequency offsets due to laser frequency noise and Doppler
to maintain an acceptable measurement quality.

4. Compensating for frequency offsets

In this section, we present an analysis of three different methods that can be used to compensate
for frequency offsets, presented in comparison to the case where offsets are not compensated.
These techniques include: 1) dual-quadrature demodulation of the input signal; 2) modulation of
the template; and 3) complex conjugate demodulation of the input signal. For the purposes of
this analysis, we assume total and perfect a priori knowledge of the received signal’s phase and
frequency.

Figure 4 illustrates the signal processing diagram for the reference case when frequency offsets
are not compensated. In this case, the input signal is correlated against the pseudo-random bit
sequence that is encoded onto the amplitude of the received signal.

Fast Correlator
. Fr— = = = = — = = = = = = q
Input signal I |

sil(n—=7)T] + jsel(n — )T — F{} FHY M abs(-) | sleiifh AT
' [

| | R(r)
st[nTy] : F{LY = () : Correlation = Complex
Template 5 ——> Real

Fig. 4. Signal processing diagram of a matched-template filter implemented using a fast
correlator [39] where the in-phase and quadrature input signals are correlated against a
template pseudo-random bit sequence.

4.1.  Input signal demodulation (1)

The first method that can be used to compensate for frequency offsets is to demodulate the
input signal at the carrier’s offset frequency as shown in Fig. 5. This method relies on precise
knowledge of the carrier frequency to down-shift the input signal to baseband (which in this case
is DC).

Demodulation

reference
cos(wnT,) —> Complex
—> Real
Input signal r—-— - - = 1
s1l(n — 7)T.] + jsql(n — T)T:] ! o
| Fast Correlator —— abs() ) o, 5 AT
sr[nT|— |
Te late o - — — — _—
emplate L a R(r)
Correlation

Fig. 5. Signal processing diagram illustrating input signal demodulation (technique 1) of
the input signal at the offset carrier frequency w.
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Consider two discretely sampled orthogonal in-phase and quadrature signals with pseudo-
random bit sequence c[nT] € [0, 1] encoded into the amplitude with modulation depth @, angular
frequency w and phase ¢, and where n and T represent sample index and period respectively:

si[nTs] = (1 — acl(n — )T]) cos (wnTs + ¢),
solnTs] = (1 - acl(n - 7)Ty]) sin (wnTs + ¢)

Demodulating these signals with a reference signal sg[nTy] = cos(wnTy) yields:

(1 = acl(n — 7)T4]) (cos(¢) + cos(wnTy + ¢)), 3)

| =

sp[nTs)sg[nT,] =

solnTs]sg[nTs] = %(1 — ac[(n — 7)T,]) (sin(¢) + sinQuwnT; + ¢)). 4)

A consequence of demodulation is the generation of an up-shifted component containing
half the total amplitude of the demodulated signal, and which carries the same pseudo-random
bit sequence encoded into its amplitude but at a higher frequency. We refer to the decrease in
amplitude of the down-shifted component by a factor of two as heterodyne loss. When correlated
with a baseband template of the pseudo-random bit sequence, the up-shifted component will
introduces side-lobes to the correlation measurement (as described in Section 3.) and thus
contribute to a reduction in signal-to-noise ratio.

4.2. Template modulation (2)

The second method to compensate for frequency offsets is to modulate the template pseudo-
random bit sequence at the carrier’s offset frequency. The modulated template is then correlated
with the modulated input signal as shown in Fig. 6. The phase of the modulated template signal
is unimportant as the in-phase and quadrature components of the input signal are available. The
modulated template signal thus has the form

st[nTy] = P[”Ts] cos (wnTy),

where w represents the offset frequency and p[nT;] € [—1, 1] is the pseudo-random bit sequence.
The template signal s7[nTs] uses an antipodal sequence with a range from —1 to +1 to maximise
energy in code harmonics by minimising power at the carrier frequency w to maximise correlation.

Input signal F— - - - — 4
srl(n —7)Ts] + jsgl(n — 7)Ts] = [ —
| Fast Correlator } 3 abs(:) Sea;Ch S AT
ST[nTs'] | \
Template T o _ _ _ _ _
p ) " OR(M
Correlation ——> Complex
cos(wnTy) o
Modulation
reference

Fig. 6. Signal processing diagram illustrating template modulation (technique 2) at the
offset carrier frequency w.

4.3. Complex demodulation (3)

The final way to compensate for frequency offsets (and any form of phase noise) is to demodulate
the complex representation of the input signal with a complex conjugate of the unencoded carrier
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Fig. 7. Signal processing diagram showing the demodulation of the input signal with a
complex carrier (technique 3) assuming total knowledge of both offset frequency w and
signal phase ¢.

[Fig. 7]
(s1[nTs] + jsolnTy]) e 7T = 1 — ae[(n - T)T,],

where |
si[nTy] + jso[nTy] = (1 — ac[(n — 7)T;]) & @s+9),

This technique has the advantage of not producing an up-shifted frequency component and
the side lobes that come with it. Despite this advantage, this technique requires total knowledge
of the input signal’s frequency and phase which may be difficult to measure depending on, for
example, input carrier-to-noise ratio.

4.4. Performance comparison

Numerical simulations of the techniques presented above were performed to investigate and
compare their normalised correlation as a function of frequency offset with assumed perfect
knowledge of the carrier’s offset frequency and phase.

The results for each technique are presented in terms of correlation signal-to-noise ratio, which
is defined as the ratio of the power in the signal S? (in this case the peak correlation) to the total
power in the noise (which is defined as the mean-square value of the noise floor in the delay
space) E[n*(7)], as is standard for matched-template filtering [40]:

2
SNR = S—
E[n*(7)]

The simulation assumes a 10-bit maximal-length sequence of length 2'© — 1 = 1023 and a
chip frequency of fehip = 62.5 MHz. The code repetition frequency is feoge = 61.095 kHz.

Monte-Carlo simulations were performed with a carrier-to-noise ratio of 0 dB, with additive
white Gaussian noise used to simulate shot-noise limited detection. The results are presented
with no averaging, however we acknowledge that averaging the measurement N times is expected
to improve SNR by a factor of VN.

The results of these simulations is presented in Fig. 8 where SNR is normalised to the length
of the pseudo-random bit sequence.

At a frequency offset of 100 Hz (which is close to DC), the four techniques are mathematically
equivalent and thus result in the same SNR. The SNR of each technique begins to diverge as the
frequency offset approaches the repetition frequency of the pseudo-random bit sequence, feode-

In the reference case (i.e., no compensation), nulls appear at integer multiples of fiode = 61.095
kHz as predicted by Eq. (2). Noise power increases as the frequency offset increases beyond
feode due to the presence of sidelobes introduced by the correlation of a frequency offset carrier
with a DC template as presented in Fig. 3.
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Fig. 8. Simulation results for the first 3 potential frequency correction techniques in
comparison to the reference case with no compensation were undertaken with complete
a priori knowledge of the signal phase, frequency and amplitude to allow for a perfect
demodulation template to be constructed for each technique to identify the optimum signal-
to-noise ratio. All simulation were undertaken at a carrier-to-noise ratio of 0 dB, 10-bit
M-sequence modulated at a chip rate of 62.5 MHz, shot-noise limited detection and a
sampling rate of 250 MS/s. The frequency axis is presented in Hz, but can also be considered
in terms of integer multiple of the FFT period (PRBS code period) which is f,,4. = 61.094
kHz or 0.047 m/s of relative radial velocity.
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When the input signal is demodulated (technique 1) using a frequency offset carrier (Section
4.1), the peak correlation power decreases by 6 dB (a factor of two in amplitude) as the frequency
offset increases beyond f.o4e due to heterodyne loss. Oscillations in the observed SNR around
—6 dB are caused by the correlation of the up-shifted product of the demodulation with a DC
template as expected from Fig. 3.

In the case where the template is modulated (technique 2) with a frequency shifted carrier
(Section 4.2), we observe the same reduction in peak power due to heterodyne loss as for input
signal demodulation. However, because this approach effectively correlates two carrier-modulated
pseudo-random bit sequences, it does not fully exploit the sequence’s auto-correlation properties.
As a consequence, the peak correlation power fluctuates unpredictably due to sidelobes introduced
by the correlation of two up-shifted sequences.

In the optimal case when the input signal is demodulated using a complex carrier (technique 3)
with full knowledge of the input signal’s frequency and phase (Section 4.3), there is no generation
of an up-shifted component and thus no heterodyne loss. The peak correlation power therefore
remains uniform across all simulated offset frequencies.

5. Mitigation of phase noise and frequency offsets via sum of squares (4)

An alternative approach to overcoming the effects of frequency offsets is to remove any dependence
the dual-quadrature input signal has on phase and frequency. With a complex representation
of the input signal, this can be done by summing the squares of the in-phase and quadrature
components as shown in Figs. 9 and 10:

sp[nT] + splnT] = (1 = ac[(n = D)T;])* (cos*(wnT + ¢) + sin*(wnT + ¢)),

) ®)
= (1 - acl(n-)T,)?.

(1 — acl[(n —1)Ts))

In-phase

(1 — acl(n — 7)Ts)) cos(wnTs + ¢) — ()2 Lfr T 1 —> Real
|
. + I

(1 — acf(n — 7)Ts)) sin(wnTs + ¢) —f ()2 Peak
Quadrature : Fast Correlator ‘}— Search AT
sp[nTs) —) |
Template L — — — — — R(T)
Correlation

Fig. 9. Signal processing diagram for the sum of squares frequency mitigation technique
which is used to eliminate common phase terms shared by the in-phase and quadrature input
signals.

The sum of squares technique was originally proposed in 1988 by Kazovsky et al. in
[41] to enable wide-bandwidth phase-diverse coherent homodyne reception for coherent laser
communication systems. The same approach has since been used to overcome sensitivity to phase
in coherent LiDAR sensors—for example by Scotti et al. in [37]—however they did not present
an analysis of the technique’s performance under different phase noise conditions and frequency
offsets. A similar concept was demonstrated in 2019 by Yang et al. in [20] to overcome sensitivity
to phase fluctuations in coherent amplitude pulse-compression LiDAR which was shown to
increase SNR, reduce the probability of false alarm, and improve measurement precision.

Summing the squares of the orthogonal input signals is similar in principle to complex
demodulation presented in Section 4.3, however it has the considerable advantage of not requiring
prior knowledge of the phase and frequency of the input carrier.
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Fig. 10. Time-domain measurement of in-phase (light blue) and quadrature (dark blue)
waveforms modulated at approximately 10 times the code repetition frequency, fofset =
10fz0de- The data was averaged on device over 1000 simultaneous correlation measurement
frames to clearly resolve the psuedo-random bit sequence. Taking the sum of squares of
the in-phase and quadrature signals produces the unmodulated pseudo-random bit sequence
(orange).

The correlation SNR of the sum of squares technique was simulated using the same parameters
as in Section 4.4 for offset frequencies ranging from 100 Hz to 1 MHz at an input carrier-to-noise
ratio of 0 dB. As can be seen in the results presented in Fig. 11, summing the squares of the
in-phase and quadrature input signals effectively mitigates the effects of frequency offsets. The
results show consistently high SNR across all simulated offset frequencies, with fluctuations
caused by noise being more pronounced at higher frequencies due to the logarithmic scale on
which the data is plotted. However, whilst summing the squares is demonstrably a promising
technique, a comparison with the results shown in Fig. 8 reveals an SNR penalty of approximately
4 dB compared to the techniques presented in Section 4 due to this technique’s increased
susceptibility to noise at low input carrier-to-noise ratio.

Sum of squares (4) feode = 61.095 kHz
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e~ Peak correlation
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Fig. 11. Simulation results with novel frequency correction using sum of squares (4)
showing uniform pass-band response without prior knowledge of the signal phase, frequency
and amplitude. Simulation was undertaken at a carrier-to-noise ratio of 0 dB, 10-bit M-
sequence modulated at a chip rate of 62.5 MHz, shot-noise limited detection and a sampling
rate of 250 MS/s with a resultant f.,qe = 61.095 kHz.
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5.1.  Sensitivity to input carrier-to-noise ratio

The sum of squares method presented was compared to the techniques presented in Section 4
using Monte-Carlo simulations. The correlation SNR for each technique (including the reference
case without compensation) was measured for a range of carrier-to-noise ratios spanning -10
dB to 30 dB at two specific offset frequencies: DC and 100 times f.oge. The DC frequency
offset was selected for analysis as it provides valuable insight into comparative performance at
low carrier-to-noise ratios. A frequency offset of 100 times the code repetition frequency was
selected because it is arbitrarily far away from DC. The results of the Monte-Carlo simulations is
presented in Fig. 12.

60

T T T T T T 60 T T T T T T —
Frequency offset = 0 Hz ~° Frequency offset = 6.1095 MHz (100 f¢o4e) w,-—"'
o

o

50

5ol e

& 40t

30} -

20f -

Correlation SNR (dB;
N\
Correlation SNR (dB

10k - — - Reference / no compensation (0)

--------- Input signal demodulation (1)
Template frequency modulation (2)

--------- Complex demodulation (3)

- = - Sum of squares (4)

10 5 0 5 0 15 20 25 30 10 5 0 5 0 15 20 25 30
Carrier-to-Noise Ratio (dB) Carrier-to-Noise Ratio (dB)

Fig. 12. Simulation results for the comparison of the correlation signal-to-noise ratio
performance of the novel sum of squares frequency correction technique (4) and the
aforementioned techniques as a function of input carrier-to-noise ratio. Frequency analysis
at 0 Hz offset is shown to demonstrate the negative SNR effects of the squaring operation,
with a frequency offset of 100 times the code repetition frequency selected because it is
arbitrarily far away from DC. For the 0 Hz offset analysis, techniques (0-3) appear overlaid
since they perform the same. The complex demodulation (3) technique is assumed to have
priori knowledge of the signal frequency and phase for optimal correction.

At zero frequency offset, fogser = 0 Hz, signal demodulation, template modulation and complex
demodulation all yield the same correlation SNR across all input carrier-to-noise ratios, whereas
the SNR for the sum of squares frequency mitigation technique begins to decrease more rapidly
for CNRs below ~10 dB. Assuming shot-noise limited detection, a CNR of 0 dB corresponds to
approximately to ~3 pW of received input signal power. This power level was inferred based on
the correlation noise profile that had been calibrated against prior higher received optical powers.

At fofiset = 100fcode, the signal demodulation and template modulation compensation techniques
plateau due to the presence of correlation side-lobes introduced by modulated code terms (e.g.,
the up-shifted higher frequency components in Eqs. (3) and 4). The reference technique has low
correlation SNR that is due to additive white Gaussian noise for CNR below ~5 dB, and code
side-lobes for CNR above 5 dB. In contrast, both the complex demodulation and sum of squares
techniques result in ideal correlation SNR at high input CNRs. However, as was observed for
zero frequency offset, the correlation SNR of the sum of squares technique degrades more rapidly
compared to the other techniques as input CNR falls below 10 dB.

The divergence is caused by an effect referred to as squaring loss [42] which results from the
summing and squaring of the in-phase and quadrature input signals. Whilst the sum of squares
technique reduces sensitivity to frequency offsets and phase noise, the correlation SNR decreases
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at lower carrier-to-noise ratio relative to the other techniques. This implies that the sum of
squares technique will be less sensitive at lower received optical powers.

6. Experimental demonstration

The frequency correction and mitigation techniques presented in Sections 4 and 5 were demon-
strated experimentally using the optical configuration for a coherent RAMCW LiDAR sensor
shown in Fig. 13.
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Fig. 13. Experimental configuration used to investigate the sum of squares technique’s
ability to mitigate large frequency offsets. A fiber laser with a <1 kHz spectral linewidth is
separated into two arms: probe (top) and local oscillator (bottom). Acousto-optic modulators
(AOMs) are placed in each arm to simulate positive and negative frequency offsets, and
are not required for normal operation of the sensor. An electro-optic modulator (EOM) is
used to encode the amplitude of the probe with a pseudo-random bit sequence. An optical
circulator is used to separate transmitted and received light. A 40% Lambertian surface
was interrogated at a distance of ~8.5 meters. The in-phase and quadrature voltage signals
produced by the balanced photodetectors are amplified, high-pass filtered and then digitized
at 250 MSa/s for processing on a field-programmable gate array.

Light from a narrow line-width 1550 nm laser (Koheras Basik Mikro E15) is separated into
two paths, one serving as a probe and the other as a local oscillator. The amplitude of the light
propagating in the probe arm (upper arm in Fig. 13) is encoded with a 10-bit m-sequence using
an fiber-coupled electro-optic modulator (Thorlabs LN82S-FC). The amplitude modulated light
passes through an optical circulator to a 1" telescope where it propagates into free-space. Light
scattering back from a distant object is collected by the same telescope and passes back through
the circulator to a 90-degree complex coupler (Kylia COH28). The received probe signal and
local oscillator are then interfered at a pair of balanced photodetectors (Insight BPD-1 with
bandwidth from DC-400 MHz and a noise-equivalent power of < SpW/ VHz) to produce voltage
waveforms proportional to the real and imaginary projections of the probe signal relative to the
local oscillator. Balanced detection removes any common-mode noise present in both fields such
as relative intensity noise. The photodetector outputs are amplified using low-noise amplifiers
(Stanford Research Systems model SIM914) with an input voltage noise of 6.4 nV/vVHz.

The voltage waveforms produced by the two balanced photodetectors were digitized using two
14-bit, 250 MSa/s analog-to-digital converters (NI-5782) connected to a National Instruments
FlexRIO FPGA (PXIe-7966R). The ADCs were DC coupled with a -3 dB analog input bandwidth
of approximately 330 MHz. One of two 500 MSa/s digital-to-analog converters (DAC) was used
to generate the 10-bit m-sequence at a chip frequency of 62.5 MHz. The DACs were DC coupled
with a -3 dB bandwidth of 180 MHz.

Fiber-coupled acousto-optic modulators (AOMs) (Gooch & Housego Fiber-Q T-M080-0.4C2J-
3-F2P and T-M080-0.5C8J-3-F2P) were installed in both the probe and local oscillator arms of
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the interferometer to emulate arbitrary frequency offsets. The AOMs are not required for normal
operation of the sensor. Both AOMs had a centre frequency of 80 MHz and a bandwidth of
approximately 8 MHz. The AOM in the local oscillator was driven at fixed frequency of 80 MHz
by a waveform generator (Agilent A33250). The AOM in the probe arm was driven by the second
500 MSa/s DAC using a numerically controlled oscillator implemented on the FPGA. The 180
MHz bandwidth of the DAC allowed the relative frequency offset between the probe and local
oscillator fields to be tuned over the full +8 MHz bandwidth of the AOMs. A consequence of
using dual AOMs as frequency offset emulators is that the reflected light due to prompt leakage
through the optical circulator and Fresnel reflections from the telescope are also frequency shifted.
This would not occur if it were not for the frequency offset emulator architecture.

Light exiting the telescope was directed onto a 40% reflectivity Lambertian reference target
(Lake Photonics) located approximately 8.5 meters from the telescope.

6.1. Simultaneous measurement of distance and frequency

An example of a single measurement of correlation and frequency offset is presented in Fig. 14.
The measurement shows an estimated range of 8.4 meters in the presence of a carrier frequency
offset of approximately 180 kHz. A smaller peak is visible at O meters which is caused by prompt
leakage through the optical circulator and Fresnel reflections from the end of the optical fiber
(FC/APC) and telescope. The distance axis has been shifted such that the output of the telescope
appears at 0 meters.
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- 08 —— Sum of squares (4) _|
S 06 g
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Fig. 14. Single measurement of correlation (top) and frequency (bottom) using a Lambertian
surface with 40% reflectivity located ~8.5 m from the sensor and with a simulated Doppler
shift of —158.48 kHz. The sum of squares (4) frequency mitigation produces a clear peak at
arange of 8.4 meters (orange), with a smaller peak visible at 0 m range caused by leakage
through the optical circulator and Fresnel reflection from the telescope optics. Without
correction there is no discernible peak (blue). The distance axis has been shifted such
that the telescope reflection appears at 0 meters. A frequency offset of —183.284 kHz was
measured by calculating the two-sided FFT of the in-phase and quadrature input signals.

The resolution of the distance measurement in air is to a first approximation related to the
sampling frequency of the ADC fapc by

c

OR =
2fapc
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where ¢ represents the speed of light. The coarse measurement resolution for fapc = 250 MSa/s
is OR =~ 0.6 meters. There exists a number of ways to improve the range resolution of the
sensor. The first is to increase the sampling rate of the ADC and associated bandwidth of the
sampling electronics. Increasing the ADC sampling frequency to 5 GaS/s will lead to 3 cm
distance resolution. Alternatively, signal processing techniques that manipulate the shape of
the correlation profile coupled with interpolation functions have been shown to further increase
ranging resolution [43]. A delay-locked loop could also be used as demonstrated by Sutton et al.
in [44].

A frequency offset of —183.284 kHz was measured by calculating the fast Fourier transform
of the complex signal formed by the in-phase and quadrature input signals, demonstrating
dual-quadrature homodyne detection’s ability to resolve absolute relative frequency as originally
demonstrated by Abari et al. in [5]. In a practical setting, this allows the sensor to resolve
both velocity and direction of travel due to relative motion between the LiDAR sensor and the
illuminated object.

The resolution of the frequency measurement is, to a first approximation, equal to the code
repetition frequency, feode. In this measurement f.oge = 61.095 kHz. Frequency resolution can be
improved via interpolation or by increasing the time period over which the FFT is calculated.

6.2. Correlation SNR vs. frequency offset

The relative performance of the various frequency correction techniques presented in Sections 4
and 5 was investigated by performing a series of correlation measurements over a wide range
of frequency offsets. This was done by stepping the frequency of the numerically controlled
oscillator driving the probe AOM from 100 Hz to 1 MHz in 600 logarithmically spaced increments.
At each frequency, 100 correlation measurements with zero dead-time between them was recorded
to obtain useful measurement statistics. The data was not averaged.

The results of this experiment are presented in Fig. 15, showing the mean correlation SNR
for no correction (blue), signal demodulation (red), template modulation (orange), and sum of
squares (green). Results for complex demodulation (Section 4.3) are not presented as we did not
have accurate knowledge of the carrier’s phase.

The shaded regions indicate +o- (one standard deviation) error bounds. The results for signal
demodulation and template modulation represent the best case scenario as they assume perfect
knowledge of the exact frequency offset for each measurement, which is held constant for the
duration of each measurement. Whilst it would be difficult to obtain perfect knowledge of the
carrier frequency in a realistic setting, it is possible (at least in principle) to compensate for errors
in offset frequency estimation by using a bank of matched-template filters to interrogate multiple
frequencies simultaneously.

As predicted by the simulated results in Section 4.4, the correlation SNR of the reference
technique decreases with increasing frequency offset, with the first null at the code period f.ode of
61.094 kHz with a shape described by Eq. (2).

Signal demodulation (1) and template modulation (2) converge toward a 6 dB reduction
in correlation SNR due to heterodyne loss. The SNR of the template modulation technique
fluctuates over a wider range than signal demodulation, primarily because the correlation is
taking place at the modulated carrier frequency and not at DC, thus resulting in lower correlation
efficiency and greater sidelobe activity.

The sum of squares (4) frequency mitigation technique yields relatively uniform correlation
SNR above 20 kHz, rolling off below this frequency due to AC-coupling caused by DC blocks
placed at the input to the ADCs. According to the results in Fig. 12, a correlation SNR of 32 dB
corresponds to a carrier-to-noise ratio of approximately 4 dB.

We speculate that the increased variance in the sum of squares correlation SNR (depicted by
the shaded green region in Fig. 15) is caused by the inter-modulation between the received light
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Fig. 15. Experimental correlation SNR results for ranging to a Lambertian surface with
40% reflectivity at a range of 8.5 m using a narrow line-width 1550 nm laser. Correlation
SNR using sum of squares (4) is uniform across all tested Doppler frequencies. Signal
demodulation (1) and template modulation (2) converge toward a 6 dB reduction in correlation
SNR due to heterodyne loss. The mean correlation SNR is calculated over 100 consecutive
measurement frames, with the standard deviation over the sequences represented by the
shaded regions. Results for complex demodulation (Section 4.3) are not presented as we did
not have accurate knowledge of the carrier’s phase.

from the distant Lambertian surface and spurious returns caused by leakage through the optical
circulator and Fresnel reflection from the telescope optics. We refer to other sources of light that
originate within the optical system and arrive at the detector as prompt reflections.

In the optical system used in this experiment, the two prompt reflections were separated by
~30 cm of optical fiber, and as such were located within one chip length of the pseudo-random
bit sequence which is related to the chip frequency fehip by

c

Lenip = ——,
ap nfchip

where c is the speed of light in vacuum and n represents the effective refractive index of the
glass fiber. Because these signals overlap within what is referred to as the range gate of the
PRBS [45], their electric fields coherently interfere at the photodetector producing fluctuations in
detected optical power. These prompt reflections appear as a secondary peak in the correlation
measurement, the amplitude of which changes over time. It was observed that environmental
noise (e.g., temperature fluctuations, vibrations) caused the interference power of the prompt
reflections fluctuate, most likely due to fiber phase noise.

One way to alleviate issues caused by the interference between optical circulator leakage and
telescope Fresnel reflections is to increase the length of optical fiber between the circulator
and telescope beyond Lcpip. This would prevent the two prompt reflections from coherently
interfering, thus producing two distinct peaks with relatively consistent magnitude in the
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correlation measurement. Another solution is to use polarization sensitive optics (e.g., a
polarizing beamsplitter in place of the optical circulator).

6.2.1. Sensitivity to DC offsets

Sum of squares (4) frequency mitigation was observed to be sensitive to DC offsets on the input
signals. This sensitivity is due to the mixing between the frequency shifted encoded signals (s;(¢)
and so(f)) and their corresponding DC offsets during the sum of squares calculation:

80) = \ (510 + Inc) + (s0(0) + Qo)

(6)
- \/s;(t) +55(1) + 25(0)lpc + 259()Qpc + Ly + O

As can be seen in Eq. (6), the presence of a DC offset produces additional signal terms that
maintain their original frequency offsets. When these terms are correlated with a DC template
they produce side lobe noise (as described in Section 3.) which degrade SNR.

To illustrate the effect that DC offsets has on the sum of squares measurement, the correlation
SNR was simulated over a range of frequency offsets (100 Hz to 1 MHz) for six DC offset ratios
(i.e., DC offset divided by the amplitude of the PRBS encoded signal). The simulations assumed
an input carrier-to-noise ratio of 0 dB and a carrier phase of 0 radians (i.e., all of the signal power
is in the in-phase component). The results from this simulation are presented in Fig. 16.
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Fig. 16. Simulation results showing the effects of different relative DC offsets on the
correlation SNR for the sum of squares (technique 4) with a carrier-to-noise ratio of 0 dB.
The term offset ratio is defined as the ratio of the DC offset to the zero-to-peak amplitude of
the signal. The presence of a DC offset produces additional signal terms that maintain their
original frequency offsets, which when correlated with a DC template contribute additional
noise. These terms coherently combine for frequencies below f,,4, Which results in improved
correlation SNR in that frequency region.

At frequency offsets much lower than fcode, the modulated terms introduced due to DC offsets
combine with the sum of squares term s%(t) + SZQ(Z‘), leading to an SNR gain that depends on the
magnitude of the DC offset, as well as the amplitude and phase of s;(¢) and sp(#). Despite the
SNR gain at low frequencies, the SNR penalty at higher frequencies is unacceptable.
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A DC block with a specified high-pass cutoff frequency of approximately 10 kHz was placed
at the inputs to the ADCs to remove DC offsets introduced by the balanced photodetectors and
amplifiers. The DC blocks mitigated the SNR penalty caused by DC offsets at higher frequencies,
but decreased SNR at frequencies below the DC block cutoff frequency. This is due to the loss of
information carried at low frequencies which is necessary for the sum of squares technique to
function. This effect can be explained mathematically by recognising that when high-pass filtered,
the amplitude modulated pseudo-random bit sequence c[nTy] € [0, 1] becomes an antipodal
sequence p[nTy] € [-0.5,0.5]. This means that Eq. (5) becomes

s%[nTS] + sé[nTS] — (ap[nT;])* = 0.25a

where p[nT]*> € [-0.5,0.5]% = 0.25. At carrier offset frequencies greater than the high-pass filter
cutoff there is no conversion from c[nTy] to p[nT,] which is why the correlation SNR plateaus
at the expected value above this frequency. One way to compensate for the loss in correlation
SNR at low frequencies when using the sum of squares (4) frequency mitigation technique is
to calculate a second correlation without frequency compensation as described in Fig. 4. The
selection between the two correlation results can be made using a combination of estimated SNR
and a measurement of detected frequency offset as shown in Fig. 14.

6.3. Suppression of laser frequency noise

According to Eq. (5), the sum of squares technique should mitigate any sources of phase noise
that are common to both the in-phase and quadrature outputs of the dual-quadrature receiver.
Sources of common-mode phase noise include laser frequency noise coupling in due to relative
optical path length differences between the local oscillator and received probe; fiber phase noise
caused by environmental disturbances; and atmospheric phase noise introduced by scintillation
and speckle [34]. Sources of uncommon phase noise include shot noise and electronic noise,
which are not mitigated by the sum of squares technique and thus limit SNR.

To demonstrate the sum of squares technique’s ability to mitigate common-mode phase noise,
the narrow line-width (Av = 1 kHz) laser used in the previous experiments was replaced by a
polarization maintaining distributed feedback (DFB) laser (Gooch & Housego AA1401) with a
line-width of Av = 1.2 MHz as measured using a delay-line interferometer. The optical power of
the DFB laser was configured such that ~10 mW was transmitted from the telescope.

The experimental configuration shown in Fig. 17 was used to measure the distance to a 10%
reflective Lambertian surface located ~8.5 meters from the telescope over a range of frequency
offsets. To simulate extreme laser frequency noise coupling, a 500 m spool of optical fiber
(SMF-28e) was added to the local oscillator path to produce a large relative optical path length
difference far exceeding the coherence length of the laser (Leop = ¢/(ndv) = 80 meters). A
polarization controller was included in the local oscillator path to optimise interference power at
the detectors.

To overcome the issues of prompt reflections, the optical circulator was replaced with a high
return loss polarizing beamsplitter and quarter-wave plate located at the output of the telescope.
The combination of polarizing beamsplitter and quarter-wave plate reduces the received power
from the Lambertian surface by on average 3 dB by rejecting one polarization, but was observed
to reduce the prompt reflected power to below the measurement noise-floor.

Figure 18 shows the correlation profile for no correction and sum of squares (middle); and
two-sided FFT of the carrier frequency (bottom) at a carrier offset frequency of approximately
600 kHz. These results demonstrate the sum of squares technique’s ability to mitigate both severe
phase noise and large frequency offsets. The resolution to which velocimetry measurements may
be resolved is still limited by the laser line-width, as can be seen by the frequency broadening of
the peak shown in Fig. 18 (bottom).
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Fig. 17. Experimental configuration used to demonstrate the sum of squares technique’s
ability to mitigate phase noise. A distributed feedback (DFB) laser with a 1.2 MHz spectral
linewidth is separated into two arms: probe (top) and local oscillator (bottom). Acousto-optic
modulators (AOMs) are placed in each arm to simulate positive and negative frequency
offsets, and are not required for normal operation of the sensor. An electro-optic modulator
(EOM) is used to encode the amplitude of the probe with a pseudo-random bit sequence. A
polarizing beamsplitter is used in combination with a quarter-wave plate to serve as an optical
circulator to reduce the magnitude of prompt reflections at the detectors. A 10% Lambertian
surface was interrogated at a distance of ~8.5 meters. The in-phase and quadrature voltage
signals produced by the balanced photodetectors are amplified, high-pass filtered and then
digitized at 250 MSa/s for processing on a field-programmable gate array.
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Fig. 18. Single measurement of correlation (top) and frequency (bottom) using a DFB laser
with a spectral linewidth of 1.2 MHz to range to a 10% Lambertian surface. The frequency
offset for this measurement was 614.3 kHz. The correlation measurement (top) reveals a
clear peak at the expected distance of 8.4 meters. The two-sided FFT (bottom) reveals the
1.2 MHz linewidth of the laser.

The frequency offset was stepped from 100 Hz to 5 MHz in 600 logarithmically spaced
increments across three separate measurements. The results of these measurements have been
stitched together and are presented in Fig. 19, showing correlation SNR vs. frequency offset for
no compensation (0), signal demodulation (1), template modulation (2), and sum of squares (4)
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techniques. Complex demodulation is not presented as we did not have accurate knowledge of the
carrier’s phase for the duration of the each measurement. Both signal demodulation and template
modulation techniques were calculated assuming perfect knowledge of the true frequency offset
at each measurement (i.e., the best case scenario).

Reference / no compensation (0) Template modulation (2)
- |nput signal demodulation (1) Sum of squares (4)
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Fig. 19. Experimental results of the broad line-width DFB laser with injected Doppler
frequency to a free-space 10% Lambertian target at 8.4 m. The shading represents +o- of the
correlation SNR as observed over 100 repetitions. A 500 m relative path length difference
between the LO and probe paths which exceeds the laser’s coherence length was used which
resulted in a measured line-width of 1.2 MHz. A 10-bit M-sequence modulated at a chip
rate of 62.5 MHz, shot-noise limited detection and a sampling rate of 250 MS/s is used. The
frequency axis is presented in Hz, but can also be considered in terms of integer multiple of
the FFT period (PRBS code period) which is 61.094 KHz or 0.047 m/s of relative radial
velocity.

Figure 19 shows that even in the presence of significant phase noise and large frequency offsets,
the sum of squares technique produces a consistently high correlation SNR, ~15 dB higher
than signal demodulation and template modulation. The shaded regions represent the +o (one
standard deviation) error bounds estimated over 100 consecutive measurements captured with
zero dead time.

Both input signal demodulation (1) and template modulation (2) techniques had near uniform
correlation SNR below 10 dB. This is due to the large line-width of the laser spreading the
PRBS over a much larger frequency range than the single injected Doppler frequency. The large
variance in correlation SNR for these techniques may be due to demodulation at the injected
frequency offset, which may not be the true instantaneous frequency due to laser frequency noise.
This would result in a reduction in correlation SNR due to correlation occurring at the incorrect
frequency. The reference technique (0) has reduced correlation SNR than was observed with the
narrow line-width laser in Fig. 15 due to power being spread out. Conversely, the signature nulls
at multiples of f.o4e are not visible since some of the power at these frequencies is pulled down
near DC where some correlation against the reference can occur. To reduce the correlation SNR
degradation for techniques 0-2 in broad line-width environments the correlation bandwidth could
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be increased by increasing the PRBS code repetition frequency. A trade-off of this is a reduction
in the ambiguity range of the sensor.

The decrease in correlation SNR present in Fig. 15 due to the DC block was not observed
in these measurement since the severe coupling of laser frequency noise into the measurement
effectively spread the signal’s energy outside the DC block’s high-pass cutoff frequency. As such,
only a small fraction of the signal’s energy is suppressed by the high-pass filter.

7. Conclusion

We have presented a signal processing technique to mitigate the effects of frequency offsets and
phase noise in coherent random amplitude modulated continuous wave (RAMCW) LiDAR. The
technique uses a sum of squares calculation to remove the input signal’s sensitivity to phase
fluctuations and frequency offsets, requiring the use of a coherent dual-quadrature receiver
to produce in-phase and quadrature waveforms which share common phase and frequency
information. By eliminating correlated phase noise from the dual-quadrature input signal, it is
possible to measure distance using a single matched-template filter without needing to actively
compensate for frequency offsets (e.g., due to Doppler) and phase noise (e.g., due to laser
frequency noise, speckle, and environmental noise).

A combination of simulations and experiments demonstrated the sum of squares technique’s
ability to overcome frequency offsets and phase noise under a variety of conditions. Impressively,
the technique was used to mitigate severe laser frequency noise while the sensor was operating
far beyond the coherence length of a distributed feedback laser, revealing a measurement SNR
that was consistently better than alternative techniques by more than 15 dB across a wide range
of frequency offsets. One implication of this result is that the sum of squares technique should
also be capable of achieving high SNR measurements of absolute distance in the presence of
otherwise catastrophic phase noise caused by speckle, accelerations, and environmental noise. It
also demonstrates that the technique can support high precision ranging beyond the coherence
length of the laser, assuming the bandwidth of the detection system is greater than than the laser’s
spectral linewidth and maximum expected frequency shift.

Fund ing . Australian Research Council Centre of Excellence for Gravitational Wave Discovery (OzGrav)(CE170100004),
Centre of Excellence for Engineered Quantum Systems (EQUS)(CE170100009).

Acknowledgments. The authors would like to acknowledge the ARC Centre of Excellence for Engineered Quantum
Systems (EQUS) for their support through the Translation Research Lab fund, and the ARC Centre of Excellence for
Gravitational Wave Discovery (OzGrav) for their support through the Research Translation Seed fund.

Disclosures. The authors declare no conflicts of interest.

References

1. P.J. Kinzel, C. W. Wright, J. M. Nelson, and A. R. Burman, “Evaluation of an experimental lidar for surveying a
shallow, braided, sand-bedded river,” J. Hydraul. Div., Am. Soc. Civ. Eng. 133(7), 838-842 (2007).

2. W. Uddin and E. Al-Turk, “Airborne lidar digital terrain mapping for transportation infrastructure asset management,”
in Proceedings, Fifth International Conference on Managing Pavements (2001), pp. 11-14.

3. C.J. Karlsson, F. A A. Olsson, D. Letalick, and M. Harris, “All-fiber multifunction continuous-wave coherent laser
radar at 1.55 um for range, speed, vibration, and wind measurements,” Appl. Opt. 39(21), 37163726 (2000).

4. R. Frehlich and L. Cornman, “Estimating spatial velocity statistics with coherent doppler lidar,” J. Atmospheric
Ocean. Technol. 19(3), 355-366 (2002).

5. C.F. Abari, A. T. Pedersen, and J. Mann, “An all-fiber image-reject homodyne coherent doppler wind lidar,” Opt.
Express 22(21), 25880-25894 (2014).

6. P. Church, C. Grebe, J. Matheson, and B. Owens, “Aerial and surface security applications using lidar,” in Laser
Radar Technology and Applications XXIII, vol. 10636 (International Society for Optics and Photonics, 2018), p.
1063604

7. H. Gao, B. Cheng, J. Wang, K. Li, J. Zhao, and D. Li, “Object classification using cnn-based fusion of vision and
lidar in autonomous vehicle environment,” IEEE Transactions on Ind. Informatics 14(9), 4224-4231 (2018).

8. A.Ben-David, S. L. Emery, S. W. Gotoff, and F. M. D’ Amico, “High pulse repetition frequency, multiple wavelength,
pulsed co 2 lidar system for atmospheric transmission and target reflectance measurements,” Appl. Opt. 31(21),
4224-4232 (1992).


https://doi.org/10.1061/(ASCE)0733-9429(2007)133:7(838)
https://doi.org/10.1364/AO.39.003716
https://doi.org/10.1175/1520-0426-19.3.355
https://doi.org/10.1175/1520-0426-19.3.355
https://doi.org/10.1364/OE.22.025880
https://doi.org/10.1364/OE.22.025880
https://doi.org/10.1109/TII.2018.2822828
https://doi.org/10.1364/AO.31.004224

9.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. S. Gao, M. O’Sullivan, and R. Hui, “Complex-optical-field lidar system for range and vector velocity measurement,’

Optics EXPRESS

B. Behroozpour, P. A. Sandborn, M. C. Wu, and B. E. Boser, “Lidar system architectures and circuits,” IEEE
Commun. Mag. 55(10), 135-142 (2017).

. A. D. Payne, A. A. Dorrington, M. J. Cree, and D. A. Carnegie, “Improved measurement linearity and precision for

amcw time-of-flight range imaging cameras,” Appl. Opt. 49(23), 4392-4403 (2010).

. M.-C. Amann, T. M. Bosch, M. Lescure, R. A. Myllylae, and M. Rioux, “Laser ranging: a critical review of unusual

techniques for distance measurement,” OptEn 40(1), 10-19 (2001).

. S. Royo and M. Ballesta-Garcia, “An overview of lidar imaging systems for autonomous vehicles,” Appl. Sci. 9(19),

4093 (2019).

. J. E. Campbell, B. Lin, A. R. Nehrir, F. W. Harrison, M. D. Obland, and B. Meadows, “Advanced intensity-modulation

continuous-wave lidar techniques for ascends co2 column measurements,” in Lidar Technologies, Techniques, and
Measurements for Atmospheric Remote Sensing XI, vol. 9645 (International Society for Optics and Photonics, 2015),
p. 964504.

. B. Haylock, M. Baker, T. Stace, and M. Lobino, “Fast electro-optic switching for coherent laser ranging and

velocimetry,” Appl. Phys. Lett. 115(18), 181103 (2019).

. A. Martin, D. Dodane, L. Leviandier, D. Dolfi, A. Naughton, P. O’Brien, T. Spuessens, R. Baets, G. Lepage, P.

Verheyen, P. De Heyn, P. Absil, P. Feneyrou, and J. Bourderionnet, “Photonic integrated circuit-based fmcw coherent
lidar,” J. Lightwave Technol. 36(19), 4640-4645 (2018).

. N. Kuse and M. E. Fermann, “Frequency-modulated comb lidar,” APL Photonics 4(10), 106105 (2019).
. C. V. Poulton, A. Yaacobi, D. B. Cole, M. J. Byrd, M. Raval, D. Vermeulen, and M. R. Watts, “Coherent solid-state

lidar with silicon photonic optical phased arrays,” Opt. Lett. 42(20), 4091-4094 (2017).

>

Opt. Express 20(23), 25867-25875 (2012).

. S. Gao and R. Hui, “Frequency-modulated continuous-wave lidar using i/q modulator for simplified heterodyne

detection,” Opt. Lett. 37(11), 2022-2024 (2012).

J. Yang, B. Zhao, and B. Liu, “Coherent pulse-compression lidar based on 90-degree optical hybrid,” Sensors 19(20),
4570 (2019).

J. Yang, B. Zhao, and B. Liu, “Distance and velocity measurement of coherent lidar based on chirp pulse compression,”
Sensors 19(10), 2313 (2019).

J. Doylend and S. Gupta, “An overview of silicon photonics for lidar,” in Silicon Photonics XV, vol. 11285
(International Society for Optics and Photonics, 2020), p. 112850J.

N. Takeuchi, N. Sugimoto, H. Baba, and K. Sakurai, “Random modulation cw lidar,” Appl. Opt. 22(9), 1382-1386
(1983).

X. Ai, R. Nock, J. G. Rarity, and N. Dahnoun, “High-resolution random-modulation cw lidar,” Appl. Opt. 50(22),
4478-4488 (2011).

C. Nagasawa, M. Abo, H. Yamamoto, and O. Uchino, “Random modulation cw lidar using new random sequence,’
Appl. Opt. 29(10), 1466—1470 (1990).

S. F. Ahamed, G. S. Rao, and L. Ganesh, “Fast acquisition of gps signal using fft decomposition,” Procedia Comput.
Sci. 87, 190-197 (2016).

B. Buttgen, M. El Mechat, F. Lustenberger, and P. Seitz, “Pseudonoise optical modulation for real-time 3-d imaging
with minimum interference,” IEEE Transactions on Circuits Syst. I: Regul. Pap. 54(10), 2109-2119 (2007).

K. Shemer, G. Bashan, H. H. Diamandi, Y. London, T. Raanan, Y. Israelashvili, A. Charny, I. Cohen, A. Bergman, N.
Levanon, and A. Zadok, “Sequence-coded coherent laser ranging with high detection sensitivity,” OSA Continuum
3(5), 1274-1282 (2020).

K. Shemer, G. Bashan, H. H. Diamandi, Y. Lodnon, A. Charni, T. Raanan, Y. Israelashvili, I. Cohen, N. Levanon,
and A. Zadok, “Sequence-coded coherent laser range-finder with hundreds of photons sensitivity,” in 2019 Asia
Communications and Photonics Conference (ACP) (IEEE, 2019), pp. 1-3.

A. Rybaltowski and A. Taflove, “Superior signal-to-noise ratio of a new aal sequence for random-modulation
continuous-wave lidar,” Opt. Lett. 29(15), 1709-1711 (2004).

E.Ip, A.P.T. Lau, D. J. Barros, and J. M. Kahn, “Coherent detection in optical fiber systems,” Opt. Express 16(2),
753-791 (2008).

E. W. Mitchell, M. S. Hoehler, F. R. Giorgetta, T. Hayden, G. B. Rieker, N. R. Newbury, and E. Baumann, “Coherent
laser ranging for precision imaging through flames,” Optica 5(8), 988-995 (2018).

X. Shi, J. Sun, P. Jang, W. Lu, Q. Wang, and Q. Wang, “All-fiber coherent laser image lidar based on phase correction,”
Opt. Express 27(19), 26432-26445 (2019).

E. Baumann, J.-D. Deschénes, F. R. Giorgetta, W. C. Swann, I. Coddington, and N. R. Newbury, “Speckle phase
noise in coherent laser ranging: fundamental precision limitations,” Opt. Lett. 39(16), 4776-4779 (2014).

F. Yang, Y. He, W. Chen, and Y. Zhan, “Laser altimeter based on random code phase modulation and heterodyne
detection,” IEEE Photonics Technol. Lett. 26(23), 2337-2340 (2014).

J. F. Holmes and B. J. Rask, “Coherent, cw, pseudo-random code-modulated lidar for path-resolved optical remote
sensing,” in Atmospheric Propagation and Remote Sensing 111, vol. 2222 (International Society for Optics and
Photonics, 1994), pp. 20-28.

>


https://doi.org/10.1109/MCOM.2017.1700030
https://doi.org/10.1109/MCOM.2017.1700030
https://doi.org/10.1364/AO.49.004392
https://doi.org/10.1117/1.1330700
https://doi.org/10.3390/app9194093
https://doi.org/10.1063/1.5114655
https://doi.org/10.1109/JLT.2018.2840223
https://doi.org/10.1063/1.5120321
https://doi.org/10.1364/OL.42.004091
https://doi.org/10.1364/OE.20.025867
https://doi.org/10.1364/OL.37.002022
https://doi.org/10.3390/s19204570
https://doi.org/10.3390/s19102313
https://doi.org/10.1364/AO.22.001382
https://doi.org/10.1364/AO.50.004478
https://doi.org/10.1364/AO.29.001466
https://doi.org/10.1016/j.procs.2016.05.147
https://doi.org/10.1016/j.procs.2016.05.147
https://doi.org/10.1109/TCSI.2007.904598
https://doi.org/10.1364/OSAC.386816
https://doi.org/10.1364/OL.29.001709
https://doi.org/10.1364/OE.16.000753
https://doi.org/10.1364/OPTICA.5.000988
https://doi.org/10.1364/OE.27.026432
https://doi.org/10.1364/OL.39.004776
https://doi.org/10.1109/LPT.2014.2356333

Vol. 29, No. 6/15 March 2021/ Optics Express 9083 |

Optics EXPRESS

37. F. Scotti, D. Onori, C. Porzi, F. Falconi, V. Sorianello, A. Alves, M. Imran, S. Pinna, A. Cerqueira, M. Romagnoli,
and A. Bogoni, “Dual use architecture for innovative lidar and free space optical communications,” Appl. Opt. 56(31),
8811-8815 (2017).

38. A. J. Sutton, O. Gerberding, G. Heinzel, and D. A. Shaddock, “Digitally enhanced homodyne interferometry,” Opt.
Express 20(20), 22195-22207 (2012).

39. D. Lyon, “The discrete fourier transform, part 6: Cross-correlation,” J. Object Technol. 9(2), 17-22 (2010).

40. Y. C. Yoon and H. Leib, “Maximizing snr in improper complex noise and applications to cdma,” IEEE Commun.
Lett. 1(1), 5-8 (1997).

41. L. Kazovsky, R. Welter, A. F. Elrefaie, and W. Sessa, “Wide-linewidth phase diversity homodyne receivers,” J.
Lightwave Technol. 6(10), 1527-1536 (1988).

42. C. Strassle, D. Megnet, H. Mathis, and C. Burgi, The squaring-loss paradox, in Proceedings of the 20th International
Technical Meeting of the Satellite Division of The Institute of Navigation (ION GNSS 2007) (2007), pp. 2715-2722.

43.J. FE. Campbell, B. Lin, A. R. Nehrir, F. W. Harrison, and M. D. Obland, “Super-resolution technique for cw lidar
using fourier transform reordering and richardson—lucy deconvolution,” Opt. Lett. 39(24), 6981-6984 (2014).

44. A. Sutton, K. McKenzie, B. Ware, and D. A. Shaddock, “Laser ranging and communications for lisa,” Opt. Express
18(20), 20759-20773 (2010).

45. P. G. Sibley, R. L. Ward, L. E. Roberts, S. P. Francis, and D. A. Shaddock, “Crosstalk reduction for multi-channel
optical phase metrology,” Opt. Express 28(7), 10400-10424 (2020).


https://doi.org/10.1364/AO.56.008811
https://doi.org/10.1364/OE.20.022195
https://doi.org/10.1364/OE.20.022195
https://doi.org/10.5381/jot.2010.9.2.c2
https://doi.org/10.1109/4234.552140
https://doi.org/10.1109/4234.552140
https://doi.org/10.1109/50.7912
https://doi.org/10.1109/50.7912
https://doi.org/10.1364/OL.39.006981
https://doi.org/10.1364/OE.18.020759
https://doi.org/10.1364/OE.388381

