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1.8 m/0.5 s Resolution Coherent Doppler Wind Lidar
Using Continuous Phase Modulation

Yunpeng Zhang , Yunbin Wu, Jingjing Dong, and Haiyun Xia

Abstract—A high-spatial-resolution coherent Doppler wind lidar
(CDWL) with high modulation efficiency is reported. The pseudo-
random phase coding (PRPC) links the spatial resolution to the
modulation rate but suffers from the non-rectangular transition
caused by the limited bandwidth. With the help of continuous phase
modulation (CPM), the abrupt phase switching between successive
bit intervals is avoided, thus significantly reducing the bandwidth
requirement. By mapping the binary sequence into different transi-
tion states rather than phase levels, a 10-fold modulation efficiency
improvement is realized. In experiments, the performance of the
proposed lidar is compared with lidars in the PRPC method and
conventional non-coding method. Continuous radial wind profile
measurement of 800 m is demonstrated with spatial and temporal
resolution of 1.8 m and 0.5 s, which is the highest spatial resolution
realized by a pulsed CDWL to our best knowledge.

Index Terms—Coherent doppler lidar, continuous phase
modulation, spatial resolution.

I. INTRODUCTION

THE remote sensing of wind velocity by the Doppler fre-
quency shift is an established technique. Under this prin-

ciple, the Doppler wind lidar is a quite promising candidate
with advantages including large scan volume, movability, pro-
vision of 3-dimensional wind measurements and relatively high
temporal and spatial resolution [1]. It has been widely used in
scientific research and engineering applications, such as gravity
waves monitoring [2], [3], boundary layer detection [4], [5],
wind resource assessment [6], [7], weather forecast [8], [9], and
air pollution analysis [10], [11]. Boosted by the development
of coherent detection, a coherent Doppler wind lidar (CDWL)
further provides the range resolved atmospheric backscattered
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spectra, promoting the Doppler lidar towards versatility. Besides
wind profiling, spectrum analysis based applications of the
CDWLs like precipitation observation [12], [13] and cloud phase
identification [14] have been reported.

Among all the applications, areas like aviation safety [15],
[16] and turbulence detection [17], [18] raise higher require-
ments on spatial resolution. Typically, the wingspan of the
aircraft is on the order of ten meters, meter-scale detection of
the wind field can be beneficial for the wake vortex parameters
estimation [19], [20]. In atmospheric boundary layer turbulence
detection, the fine wind profiles are usually got by the radiosonde
[21]. Though a quite high spatial resolution can be realized by the
continuous wave lidar [22], [23], [24], it’s still not comparable
with the pulsed CDWL in aspect of wide-range wind profiling.
The high-spatial-resolution CDWL is expected to provide a
high-efficiency and low-cost remote sensing approach besides
the in-situ measurement.

Recently, several methods are reported to enhance the spatial
resolution of the pulsed CDWL to sub 5 meters [25], [26],
[27]. In the differential correlation pair (DCP) method [25],
pulses composed of a common pulse and a probing pulse are
employed in pair while the spatial resolution is determined by
the duration of the short probing pulse. To further increase the
spatial resolution, it could be challenging to amplify a short
probing pulse without distortion at high power. Meanwhile, the
pseudo-random phase coding (PRPC) method [27] decouples
the spatial resolution and pulse duration by the pseudo-random
phase modulation. Thus, the high spatial resolution can be real-
ized without shortening the pulse amplitude envelope. However,
a very high modulation bandwidth is required to support the
fast phase transition between modulation bits. Under a specific
bandwidth, the non-instantaneous transition with rising and
falling edges would hinder the improvement of spatial resolution
[27].

In this work, we propose a novel method incorporating
pseudo-random continuous phase modulation (PR-CPM) to
avoid the mentioned high bandwidth requirement. Considering
that the analog bandwidth is mainly increased by the abrupt
phase switching [28], a significant modulation efficiency im-
provement can be achieved by mapping the pseudo-random
binary sequence (PRBS) into different transition states rather
than phase levels. In demodulation, the digital interferometry
[29] and spectrum difference [27] technique are employed to
extract the distributed backscattered signals with different time
delay and reconstruct the range resolved spectra. In Section II,
the principle of the PR-CPM lidar is illustrated by theoretical

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/

https://orcid.org/0000-0003-0255-3226
https://orcid.org/0000-0001-5542-4802
mailto:zyp110@mail.ustc.edu.cn
mailto:wuyunbin@mail.ustc.edu.cn
mailto:850444@nuist.edu.cn
mailto:hsia@ustc.edu.cn


6047706 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 5, OCTOBER 2022

Fig. 1. Modulation and demodulation scheme of the PR-CPM lidar. The “0”
and “1” are mapped to the operations of keeping the phase unchanged and
smoothly reversing the phase, respectively.

analysis and simulation. Then the system setup is described in
Section III. The proposed method is experimentally compared
with the PRPC and conventional non-coding methods in Sec-
tion IV. In experiments, the PR-CPM shows similar performance
with the PRPC method at much lower bandwidth requirement.
Finally, the high-resolution wind profiling at 1.8 m/0.5 s is
demonstrated in a range of 800 m.

II. PRINCIPLE AND SIMULATION

The principle of the proposed PR-CPM method is illustrated
in Fig. 1. In the transmitter, a PRBS is used to generate the phase
signal. The “0” and “1” are mapped to the operations of keeping
the phase unchanged and smoothly reversing the phase to avoid
the discontinuity. Specifically, when the current bit is “0”, the
phase keeps unchanged as 0 or π according to the previous phase
state; when the current bit is “1”, the phase reverses in a bit
interval Tb. One can design the reversing process as a raised
cosine function with roll-off factor of 1 [30]. As the bits and
modulated phase sequences are denoted as b[i] and θi(t), during
(0, Tb], this mapping can be summarized as:

θi (t) = θi−1 (Tb)+b [i] cos [θi−1 (Tb)] · π
2

[
1− cos

(
π

t

Tb

)]
,

(1)
where θ−1 is set to be zero as the initial condition. According to
(1), the phase within the ith bit interval is listed in Table I under
different conditions.

After phase modulation, the electric field of the lightwave is:

E (t) =A (t) exp [j2πfct+ jθ (t)] , (2)

TABLE I
MAPPING FROM BITS TO PHASES

where A(t)is the amplitude envelope of the unmodulated pulse,
fcis the carrier frequency, and θ(t) =

∑
θi(t− iTb) is the con-

tinuous phase signal constructed by the sum of phases within
each bit interval.

According to the classical layered model of atmospheric
scattering [31], the backscattered signal can be modeled as the
superposition of random atmospheric reflections from different
slices. After heterodyne detection, the received signal is:

r (t) =

∫
A

(
t− 2z

c

)
κ (z)

× cos

{
2π [fd (z) + fIF ] t+ θ

(
t− 2z

c

)}
dz, (3)

where fIF= fc − fLO is the intermediate frequency (IF) with
fLO being the frequency of the local oscillator, fd(z) is the
Doppler frequency shift caused by the motion of aerosols, c is the
speed of light in the atmosphere, and κ(z) is a random variable
representing the random scattering feature of the atmosphere.
(3) indicates that the heterodyne signals originate from differ-
ent distances share the same phase pattern but have different
time delay τ = 2z/c. Though the signals generated by adjacent
locations partly overlap in time, they can be separated by the
auto-correlation property of the pseudo-random phase θ(t).

To isolate the backscattered signal from distance z0 = ct0/2,
the delayed phase signal θ(t− t0) is used as the reference phase.
As shown by the cyan-solid line and red-dash line in Fig. 1,
only the signal having the same delay as the reference signal
could show a constant phase after demodulation, otherwise, the
phase remains random. In demodulation, the received IF signal
is first truncated by a delayed window function W (t− t0) and
then digitally interfered with a digital reference signalR(t− t0).
Usually, the window function is set to be the same as the pulse’s
amplitude envelope A(t). Considering that the received signal
is real, the reference signal is defined as [32]:

R (t) = cos [θ (t)] . (4)

In frequency domain, the spectra of the non-aligned signals
are spread across a broad bandwidth, while the spectrum of the
aligned signal is narrow [33]. Therefore, the backscattered signal
around z0 is separated with the spatial resolution ofΔz = cTb/2
[27].

To further reduce the interference introduced by the non-
aligned signals, the spectrum difference technique can be used
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Fig. 2. Illustration of the demodulated, un-demodulated and differential spec-
tra in (a) PR-CPM (b) PRPC method. Demod, demodulated; Un-demod, un-
demodulated; and PSD, power spectral density. Spectrum of the phase signal in
(c) PR-CPM (d) PRPC method.

[27]. The difference between the spectra before and after demod-
ulation could eliminate the spectra of the non-aligned signals.
To compare the spectra of the PRPC and PR-CPM methods,
a numerical simulation is conducted based on (3) and (4). In
both methods, the pulse shapes are set to be truncated Gaussian
function with full width at half maximum (FWHM) of the
amplitude envelope being 240 ns. The modulation bit interval
of the PRBS is 40 ns. As shown in Fig. 2(a) and (b), the spectra
of the un-demodulated signals are spread by the pseudo-random
modulation. After demodulation, the spectrum of the aligned
signal is despread by interfering with the reference signal while
those of the non-aligned signals are still wide due to the random
phase. Thus, the spread and despread portions constitute the
main part of the demodulated signal’s spectrum. In addition, the
harmonic components corresponding to the modulation rate of
Rb = 1/Tb are introduced in the demodulated spectra. Since the
abrupt phase transition is avoided in the PR-CPM method, the
harmonic components in Fig. 2(a) are much smaller compared
to those in Fig. 2(b). Though the backscattered spectra of the two
methods are similar, the spectra of the phase signals in Fig. 2(c)
and (d) are quite different. Note that the spectrum of the phase
signal is directly linked to the bandwidth requirement of the
modulation related devices. The Fig. 2 implies a much lower
bandwidth requirement of the PR-CPM method under similar
performance with the PRPC method.

III. SYSTEM SETUP

The system setup of the proposed PR-CPM lidar is shown in
Fig. 3. In the transmitter, a continuous-wave laser (CW, Amonics
ALiDAR-150-Seed) is split into two parts. The major and minor
portions are used as the master oscillator (MO) of the transmitted
signal and the local oscillator (LO), respectively. The MO is
frequency shifted by 80 MHz and chopped into pulses with
repetition rate of 10 kHz by an acousto-optic modulator (AOM).
The pulses are phase modulated by an electro-optic phase mod-
ulator (EOPM, iXblue MPZ-LN-20) with the half-wave voltage

Fig. 3. System setup of the PR-CPM lidar. CW, continuous-wave laser; BS,
beam splitter; Iso, isolator; AOM, acousto–optic modulator; EOPM, electro-
optic phase modulator; EDFA, erbium-doped fiber amplifier; Cir, circulator;
BPD, balanced photodetector; ADC, analog-to-digital converter; AWG, arbi-
trary waveform generator; and PC, personal computer.

TABLE II
SUMMARY OF KEY SYSTEM PARAMETERS

of 7 V. To generate the pseudo-random phase signal, a 12-bit
M-sequence [34] is used. A high-power erbium-doped fiber
amplifier (EDFA, Amonics ALiDAR-150-AMP) is employed to
amplify the modulated pulses. The peak power is limited below
the stimulated Brillouin scattering threshold [35] to avoid the
distortion induced by the nonlinear effects.

A monostatic configuration with a 100-mm telescope is used
as the transceiver. In the receiver, the backscattered optical signal
is guided by a circulator to mix with the LO, and then down con-
verted into electrical signal in IF band by beating on a balanced
photodetector (BPD). To avoid frequency aliasing, the analog
bandwidth of the receiver is limited to 220 MHz. After digitized
by an analog-to-digital converter (ADC), the raw data are stored
in a computer for further processing. The AOM, EOPM and
ADC are synchronized on a common reference provided by the
arbitrary waveform generator (AWG, Keysight 33622A). The
key system parameters are summarized in Table II.

In data processing, a window function matched to the am-
plitude envelope of the pulse’s electric field is used to achieve
optimum receiving [36]. After demodulation, the backscattered
spectra from multiple pulses are incoherently accumulated to
improve the estimation accuracy of the Doppler frequency shift
[37]. We set the temporal resolution as 0.5 second here, aver-
aging the backscattered spectra of 5k pulses. For each pulse,
the range resolved backscattered spectrum is obtained by the
periodogram [38], where the fast Fourier transform (FFT) length
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Fig. 4. Eye diagram of the modulated lightwave with Tb = 40 ns in (a) PR-
CPM (b) PRPC method. Spectrum of the EOPM’s driving signal in (c) PR-CPM
(d) PRPC method.

is extended to 2048 through zero padding, corresponding to
the frequency sampling interval of 0.244 MHz. The Gaussian
fit is used to estimate the Doppler frequency shift from the
backscattered spectrum and the wind velocity is finally derived
from the estimated Doppler frequency shift.

IV. EXPERIMENT AND DISCUSSIONS

During the experiments, the system is placed on the 9th
floor of the laboratory building (32.20 °N, 118.72 °E) with the
telescope pointing to the south at an elevation angle of 15°.
In each measurement, the continuous storage of the digitized
backscattered signal can last for at most 8 seconds, limited by
the size of the onboard memory.

A. Proof-of-Concept Experiment

To validate the proposed PR-CPM method, its performance is
compared with a CDWL based on the PRPC method at the same
spatial resolution. In both methods, the FWHM of the pulsed
lightwave’s envelope and the modulation bit interval are set to
be 240 ns and 40 ns, respectively. For brevity, the two systems
will be referred to as CPM-40 ns and PC-40 ns, according to the
time parameter directly related to spatial resolution.

The modulated lightwave is first observed by homodyne
detection with a 180° optical hybrid. Fig. 4(a) and (b) show
the eye diagrams of the modulated signals in the two methods,
which are formed by overlaying the in-phase component [39] of
the pulses’ electric field. In the PR-CPM method, the rising edge
can last for the whole bit interval Tb, while that of the PRPC
method is usually limited to no more than 0.1Tb to avoid the
degradation of the range resolved signal. Since the bandwidth
of a practical step signal is inversely proportional to its rise
time [40], compared to the PRPC method, 90% modulation
bandwidth is saved by the CPM. In other words, a 10-fold
modulation efficiency improvement is achieved. As shown in
Fig. 4(c) and (d), the power spectra of the modulating signals

Fig. 5. (a) Narrowband CNR and (b) Radial wind velocity profiles of the
PR-CPM lidar and the PRPC lidar.

Fig. 6. Normalized spectra of the PR-CPM and PRPC lidar at (a) 300 m and
(b) 800 m.

feeding to the EOPM are measured by a spectrum analyzer (R&S
FSVR7) with the resolution bandwidth (RBW) being 100 kHz.

In the wind profiling, measurement results got by the two
methods are plotted in Fig. 5, where the blue solid line and orange
dash line stand for the CPM-40ns and PC-40ns, respectively. As
shown in Fig. 5(a), the narrowband CNR [41] of the two methods
are close as they share the system specification listed in Table II.
In Fig. 5(b), the radial wind velocity profiles measured by the
two methods are quite consistent within 800 m, confirming the
PR-CPM lidar’s spatial resolution. Between 800 and 1000 m,
the profiles slightly fluctuate around each other due to the lower
CNR.

The differential spectra of the two methods are shown in Fig. 6.
At 300 m where the CNR is high, the spectra are similar with
the simulation results in Fig. 2. The harmonic components in the
PR-CPM method are smaller than those in PRPC method. In both
methods, the spectrum broadening is avoided as the width of the
main spectral peak is determined by the pulse envelope rather
than modulation rate [27], which is beneficial to the estimation
accuracy of the Doppler frequency shift [42]. At low CNR region
shown in Fig. 6(b), though the differential spectra deviate from
the ideal shapes due to the noise, the signal peaks can still
be discriminated from the noise. Nevertheless, the estimation
accuracy will inevitably decrease, which leads to the fluctuation
in Fig. 5(b).

The comparative experiment of the two methods leads to
a conclusion that the PR-CPM method can realize the same
performance as the PRPC method at much lower bandwidth
requirement.
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Fig. 7 (a) Eye diagram of the modulated lightwave with Tb=12 ns in PR-CPM
method. (b) The intensity envelope of the phase modulated pulse.

Fig. 8. Radial wind velocity profiles obtained by continuous observation of
4 s. Insert: Enlarged wind profiles from 360 to 390 m, where the span of the
velocity axis is 8.5 m/s.

B. High-Spatial-Resolution Wind Profiling

To further demonstrate the performance of the PR-CPM
method, a high-spatial-resolution experiment is carried out. The
modulation bit interval is configured as 12 ns to realize the
spatial resolution of 1.8 m. The eye diagram of the modulated
lightwave in the CPM-12ns is shown in Fig. 7(a). Since the
phase modulation doesn’t affect the intensity, the modulated
pulses share the same intensity envelope as shown in Fig. 7(b),
where the FWHM of the intensity waveform is measured to
be 170 ns. Meanwhile, to validate the measurement by the
PR-CPM lidar, a conventional non-coding lidar with the same
pulse intensity envelope is used as a reference, which would
be referred to as NC-170ns. It should be noted that the cur-
rent hardware described in Section III (mainly the AWG) can-
not support the PRPC method working at such a high spatial
resolution.

Fig. 8 shows the wind velocity profiles obtained by the two
methods, where the blue solid line and black dash line stand
for the CPM-12ns and NC-170ns, respectively. The evolution
of the wind field is continuously profiled for 4 s with the

Fig. 9. Spectra continuously measured by the (a) CPM-12ns and (b) NC-170ns
at 380 m.

spatial/temporal resolution of 1.8 m/0.5 s. The high spatial
resolution wind profile CPM-12ns varies around the NC-170ns
continuously over time. Differences between the two sets of
profiles can be observed at some distances (like around 380 m,
shaded by yellow in Fig. 8), which can be attributed to the spatial
smoothing effect [43] caused by the low spatial resolution of the
NC-170ns.

Fig. 9 shows the backscattered spectra at 380 m, where the
curves corresponding to the spectra at different time are shifted
in the y-axis for clarity. The spectra change continuously through
time, which further suggests that the difference is more likely
to be the time-varying characteristics of the fine wind field than
the random measurement noise. The width of the main spectral
peak in the CPM-12ns is close to the spectrum width of the
NC-170ns, though the spatial resolution of the two method are
quite different. The signal power of the NC-170ns is higher,
as its low spatial resolution equivalently increases the diversity
number [37].

V. CONCLUSION

A coherent Doppler wind lidar based on pseudo-random
continuous phase modulation is proposed and experimentally
demonstrated. With the help of the spectrum spreading prop-
erty, the range resolved signals are separated through differ-
ent time delays. By eliminating the abrupt phase switching
between successive bit intervals, the new method provides
higher modulation efficiency and avoids the degradations related
to the non-instantaneous transition edges. In experiments, the
performance of the proposed method is compared with the
PRPC method at the same spatial resolution, showing a 10-fold
modulation efficiency improvement. Continuous radial wind
profile measurement of 800 m is demonstrated with spatial and
temporal resolution of 1.8 m and 0.5 s, which is the high-
est spatial resolution realized by a pulsed CDWL to our best
knowledge.

Considering that the phase modulation doesn’t change the
intensity envelope of pulses, the PR-CPM method is inherently
compatible with the conventional pulsed CDWL. By upgrading
the deployed systems, the proposed method is promising to
provide a high-efficiency and low-cost remote sensing approach
for areas like aviation safety and aerodynamic research.
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