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Compact All-Fiber Polarization Coherent Lidar
Based on a Polarization Modulator
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Abstract— A compact all-fiber polarization coherent Lidar
is demonstrated to simultaneously measure the velocity and
depolarization ratio. In the Lidar system, a dual-polarization
light beam is generated in a polarization modulator (PolM). The
light beam consists of a linearly polarized optical carrier and an
optical sideband with an orthogonal polarization state. If the light
is depolarized, the polarization directions of the optical carrier
and the sideband are rotated. Both of them can be detected
along the polarization direction of the original optical carrier.
In the receiver, the backscattered light along the polarization
direction of the original optical carrier is selected and beats
with a frequency-shifted optical local oscillator (LO) signal at
a photodetector. A beat signal consisting of two single-frequency
components will be generated. The velocity is extracted from the
frequencies of the two single-frequency components, while the
depolarization ratio can be extracted from the intensity ratio of
the two single-frequency components. An experiment is carried
out, in which a 159-MHz signal is applied to the PolM, and an 80-
MHz signal is used to produce the frequency-shifted optical LO.
Two single-frequency signals at 80 and 79 MHz are generated
at the receiver and used to simultaneously measure the velocity
and depolarization of a target in real time.

Index Terms— Depolarization effect, heterodyne, laser Doppler
velocimetry, Lidar, polarization modulator (PolM).

I. INTRODUCTION

INCE the early demonstrations in the 1960s, various Lidar

systems have been developed for applications in areas
such as ranging [1], meteorological observation [2], remote
sensing [3], 3-D imaging [4], and automatic drive [5]. Espe-
cially, Lidars are widely used for atmospheric characterizations
in the meteorological observation area. Many atmospheric
parameters, including the wind velocity [6], backscattered
coefficient [7], absorption coefficient [8], type of aerosols [9],
and temperature [10] are measured using different Lidars.
A polarization Lidar is a type of Lidar that measures the
depolarization ratio of the backscattered light to determine
the type of aerosols [11], since the light backscattered from
polyhedral ice crystals is more depolarized than that from
spherical water droplets [12]. By analyzing the polarization
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states of the backscattered light, the polarization Lidar has
been widely applied in appilcations to discriminate between
the ice and water in clouds and to characterize vegetation [13],
soils [14], and insects [15].

In the polarization Lidar system, the light along two orthog-
onal polarization directions has to be separately measured so
that the depolarization ratio can be extracted [16]. A direct
approach is to use a polarization beam splitter (PBS) and two
detectors to separately measure the light in two different chan-
nels [17]. However, it requires calibration of the differences
between the two detectors. Another approach is to measure the
orthogonally polarized light with only one detector, in which
the lights along two orthogonal polarization directions are
alternately measured in different time slots [18], [19]. For
example, the polarization of the incident light can be peri-
odically alternated by a rotating polarization filter in front of
the receiver. Hence, the lights along the copolarization and the
cross-polarization directions are separately measured [18]. The
polarization state of light can also be changed in the transmitter
by an actively controlled liquid crystal retarder [19]. As a
result, the linearly polarized light and circularly polarized
light are alternately transmitted so that the depolarization ratio
can be measured. Nevertheless, free-space optical components
including a liquid crystal retarder plate and a PBS are used
in the systems, which make the system complicated. More-
over, in [18] and [19], the lights along the two polarization
directions are measured in different time slots which makes it
difficult to measure the rapid changes in the atmosphere.

Recently, all-fiber Lidar systems have been developed
and widely used for meteorological observations due to
the advantages in terms of compactness, robustness, and
low cost [20]-[23]. Especially, for a polarization Lidar,
mature all-fiber polarization-diversity front-ends and receivers
make it easier to change the polarization state of light.
In [22], the polarization direction of light is switched by a
polarization-diversity optical front-end so that the light along
the p-polarization and s-polarization directions are alternately
transmitted. The polarization-diversity receiver can also be
used to build an all-fiber polarization Lidar [23]. A time-
division multiplexing module is used to introduce a time
delay between the copolarization and the cross-polarization
backscattered lights so that they are detected in different
time slots. Due to the all-fiber coherent detection, both Lidar
systems have the feasibility to measure the velocity of the
target. However, the copolarized and cross-polarized light
are still measured in different time slots which makes it
impossible to measure the rapid changes in the atmosphere. In

0018-9456 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on August 12,2020 at 08:39:45 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0003-2620-7272

2194

addition, the two Lidar systems need either the polarization-
diversity optical front-end or polarization-diversity receiver,
which make the architecture sophisticated.

In this paper, we propose and demonstrate a compact all-
fiber coherent polarization Lidar system to simultaneously
measure the velocity and depolarization ratio of a target.
The key component of the proposed system is a polarization
modulator (PolM). If a linearly polarized optical carrier with
its polarization direction at an angle of 45° to the prin-
cipal axes of the PolM is injected, the PolM will output
a dual-polarization light consisting of the residual carrier
and an optical sideband with orthogonal polarization states.
In the receiver, a frequency-shifted optical local oscillator (LO)
signal is produced via modulating the optical carrier with an
acousto-optic modulator (AOM). The optical LO is combined
with the backscattered light and directed to a balanced pho-
todetector (BPD). If the light is depolarized, both the optical
carrier and the sideband are present along the polarization
direction of the original optical carrier. A beat signal consisting
of two single-frequency components will be generated. The
frequencies of the two single-frequency components can be
used to estimate the velocity. Since the optical carrier and the
optical sideband respectively represent the copolarization and
cross-polarization components, the intensity ratio of them can
be applied to obtain the depolarization ratio. An experiment is
carried out. The velocity and depolarization ratio of the light
backscattered by a moving mirror is simultaneously measured.
Since the lights along the two polarizations are concurrent,
the proposed polarization Lidar can implement real-time mea-
surement without using any polarization-switching device.
Moreover, if another BPD is adopted, both the optical rotation
effect [24] and the depolarization effect can be distinguished.

II. PRINCIPLE AND SYSTEM

Fig. 1 shows the schematic of the proposed all-fiber polar-
ization coherent Lidar system, in which a dual-polarization
light beam is generated by a PoIM. A continuous-wave (CW)
light from a laser diode (LD) is first split by an optical
coupler (OC). One part of the light is modulated in the
PolM by a single-frequency signal, while the other part is
frequency-shifted by an AOM and serves as the optical LO.
The PolM is a special phase modulator, in which lights
along the TE and TM modes are modulated with opposite
phase modulation indices [25]. If the incident light is oriented
with an angle of 45° to one principal axis of the PolM,
two complementary phase-modulated signals can be generated
along the principal axes of the PoIM. In this condition, the even
order optical sidebands of the modulated light are along the
+45° direction, while the odd order sidebands are along
the —45° direction [26], [27]. If the axes along the +45°
directions are chosen as the coordinates, the electrical field
of the dual-polarization light beam can be written as

Ain Joct Jo(ﬂ)
E4(t) o Ee Ji (ﬂ)(ejwf’ _ e—jwet) (D
where Aj, is the magnitude of the input light, o, and w,
are the angular frequencies of the optical carrier and the
single-frequency modulation signal, f is the modulation index,
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Fig. 1. (a) Experiment setup of the proposed all-fiber polarization coherent

Lidar system. (b)—(d) Optical spectra at the point A, B, and C shown in (a).
LD: laser diode; OC: optical coupler; PC: polarization controller; PolM: polar-
ization modulator; CL: circulator; Tel: Telescope; PBS: polarization beam
splitter; EDFA: erbium-doped optical fiber amplifier; AOM: acousto-optic
modulator; and BPD: balanced photodetector.

and J,(f) (n = 0, 1) is the nth-order Bessel function of
the first kind. In (1), only the optical carrier and *first-order
optical sidebands are considered by assuming small signal
modulation. As shown in Fig. 1(b), the optical carrier is along
the 4+45° polarization direction, while the +first-order optical
sideband is along the —45° polarization direction. The —first-
order optical sideband is not shown in Fig. 1(b) because it will
not be used in the measurement of velocity and depolarization
ratio and will not affect the performance of the system.
Backscattered from the atmosphere, the dual-polarization
light beam may suffer from the depolarization effect due to
the polyhedral particles [12], so that the polarization state of
the dual-polarization light beam is changed, which is given by

Ain
Ep(r) o« —= el @ctont
() V2

% [(M)JO(ﬂ) + \/ﬁjl(ﬂ)(efiwef _ e—j:wet)i|
VPIoB) + (JT=p)i(B) (et — e—iwet)
2

where p is the power proportion of the light whose polarization
is changed from the copolarization direction to the cross-
polarization direction, and w, is the Doppler frequency shift.
As we can see in (2), both of the optical carrier and +first-
order optical sidebands are presented along the +45° polar-
ization directions, which is shown in Fig. 1(c). In the receiver,
one polarization component (taking the +45° as an example)
is selected by a PBS and beats with the optical LO in a BPD.
The electrical field of the optical LO can be written as

ELo(t) o Apgel @ctest 3)

where Ap o is the magnitude of the LO light, w; is the angular
frequency of the modulation signal applied to the AOM.
An electrical signal will be generated in the BPD, which is
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given by

1(#) < AinALoR[(v/'1 — p)Jo(B) cos(ws — wgt)oo
+ /PJ1(B) cos(ws — we — wqt)
— /PJ1(B) cos(ws + we — wat)]  (4)

where R is the responsibility of the BPD. By choosing suitable
values of w; and w,, the frequency of the third term in (4) can
be much higher than that of the first and the second terms so
that it can be filtered out. The velocity can be extracted from
the frequencies of the first and the second terms according to
the Doppler Effect. Moreover, in (4), the first term is originated
from the optical carrier and the second term is from the +first-
order optical sideband. As a result, the first term is related to
the copolarization backscattered light and the second term rep-
resents the cross-polarization backscattered component if only
the backscattered light along the +45° polarization direction is
detected. Because the depolarization ratio is extracted from the
power ratio between the copolarization and cross-polarization
backscattered lights [18], [19], it is reasonable to calculate the
depolarization ratio p according to the intensity ratio of the
first and the second terms in (4), given by

_ JPI(B) )
W1 —=p)Jo(B)
B [Jo(B)r]? o
p= (6)

Jo(B)yr P+ 1B r2+13

where r is the intensity ratio of the first and the second
terms, ro = J1(f)/Jo(ff), which can be measured in the
calibration stage. Since the two single-frequency components
are concurrent, the velocity and depolarization ratio can be
simultaneously measured in real time.

III. EXPERIMENTS AND DISCUSSION

An experiment is carried out to demonstrate the pro-
posed polarization coherent Lidar system. A 1550-nm narrow
linewidth LD [PureSpectrum (PS)-TNL] is used as the light
source. One part of the light is modulated in a 40-Gb/s elec-
trooptic PolM (Versawave, PL-40G-5-1550) by a 159-MHz RF
signal. The other part is modulated at a fiber-coupled AOM
(Gooch & Housego) by an 80-MHz RF signal to generate a
frequency-shifted optical LO. In the receiver, a 2 x 2 3-dB
fiber coupler is used to combine the backscattered light and
the optical LO. The two output ports of the fiber coupler are
connected to a BPD (Thorlabs PDB450C). The bandwidth of
the BPD is 150 MHz. The output of the BPD is analyzed by an
electrical spectrum analyzer (ESA, R&S FSV40). In addition,
a high-resolution optical spectrum analyzer (OSA, APEX
AP2040D) is employed to monitor the optical spectra.

Fig. 2 shows the optical spectra after the PolM. To evaluate
the orthogonality of the optical carrier and sidebands, a PBS
is inserted before the high-resolution OSA. The intensity of
the optical carrier is much higher than that of the +first-order
optical sidebands along the 4+45° polarization direction (blue
line), while along the —45-polarization direction (red line) the
intensity of Zfirst-order optical sidebands are much higher
than that of the optical carrier. The power ratio of the +first-
order optical sidebands along the two orthogonal polarization
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Fig. 2. Optical spectra of the dual-polarization light beam. Blue line: optical

spectrum measured along the +45° polarization direction. Red line: optical
spectrum measured along the —45° polarization direction.
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Fig. 3. Electrical spectra of the beat signals when the PBS in the

receiver is configured to select the optical signal along the +45° polarization
direction (blue line) or the —45° polarization direction (red line). There is not
depolarization effect in the backscattered light. The modulation frequencies
are set to (a) 159 MHz and (b) 200 MHz, respectively.

directions is around 25 dB, which might be restricted by the
polarization extinction ratio of the PBS.

In the receiver, a PBS is used after the circulator (CL),
so that only the backscattered light along one polarization
direction (either the +45° or the —45°) beats with the
frequency-shifted LO in the BPD. Fig. 3(a) shows the spec-
tra of the beat signals. If there is no depolarization effect,
cross-polarization component does not exist in the backscat-
tered light. Only an 80-MHz (or 79-MHz) beat signal is
generated when the optical signal along the +45° (or —45°)
polarization direction is selected. The 3-dB bandwidth of the
beat signal is limited by the resolution of the ESA, which is
around 2 kHz. Cross-polarization signals can still be observed
because of the limited polarization extinction ratio of the PBS.
The intensities are more than 35 dB lower than the copolariza-
tion signal. It indicates that the minimum measurable depolar-
ization ratio is less than 0.0003. Moreover, the frequency of the

Authorized licensed use limited to: NANJING UNIVERSITY OF AERONAUTICS AND ASTRONAUTICS. Downloaded on August 12,2020 at 08:39:45 UTC from IEEE Xplore. Restrictions apply.



2196
——80MHz |44
0k ——79 MHz
10 o
P k=]
£ 15 ©
m 05 £
B )
> -20 E
o 25 & <
- T 20
= = 05 &
@ 40 o
-30 2 -
£ piidl 141.0
78 7! 80 8
Frequency (MHz)
.35 N A 1 M 1 N 1 .
0 20 40 60 80 100
Time (s)
Fig. 4. Intensities of the 80- and 79-MHz frequency components when the

PBS in the receiver is configured to select the optical signal along the +45°
polarization direction during 100 s. The real-time depolarization ratio (black
dashed line) is calculated from the measured intensities. Inset: the electrical
spectrum of the beat signal.

driving signal for the PolM can be changed to measure targets
with higher velocities (i.e., larger Doppler frequency shift). For
example, we change the frequency from 159 to 200 MHz, and
two beat signals at 80 and 120 MHz are observed in Fig. 3(b).

If the backscattered light is depolarized, there exists
cross-polarization component, so both of the two single-
frequency components can be observed when the optical
signal along the +445° or —45° polarization direction is
selected in the receiver. As we can see in the inset of
Fig. 4, the beat signal along the +45°-polarization direction
has two single-frequency components at 80 and 79 MHz,
respectively. The 80-MHz component represents the copolar-
ization backscattered light, while the 79-MHz one is from
the cross-polarization component. The depolarization ratio can
be calculated according to the intensity ratio between them.
In the experiment, a depolarization plate is used, which is
composed of two cemented quartz wedges. When a linearly
polarized light passes through the plate at different positions,
the polarization directions of the transmitted light are rotated
by varying amounts. As a result, the polarization state of the
backscattered light can be continuously changed by moving
the depolarization plate. It is difficult to get the expected
values of depolarization ratio at different positions of the
plate, due to the fabrication-uncertainty of the plate. In the
experiment, the depolarization of the backscattered light is
measured according to the intensities of the two frequency
components. The modulation index of the PolM is adjusted to
let ro = 1. The intensities of the two frequency components
are recorded over a period of 100 s. The recorded intensities of
the 79- and 80-MHz components are shown as the red and blue
lines in Fig. 4, respectively. The corresponding depolarization
ratio can be calculated according to (6), which is shown as
the dashed line in Fig. 4.

To demonstrate the simultaneous measurement of the depo-
larization ratio and the velocity in real time, a moving mir-
ror is used as the target. The depolarization ratio of the
backscattered light is continuously changed while the mirror
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Fig. 5.  Simultaneous measurement of the velocity and the depolariza-

tion ratio. (a) Component originated from the cross-polarization component.
(b) Component originated from the copolarization component. (c) Calculated
depolarization ratio during the uniform motion. The shadow presents the range
of the calculated values at different frequencies.

is moving. First, the mirror moves forward with a constant
acceleration of 10 mm/s? until the velocity reaches 50 mm/s.
Then, the mirror moves forward with a constant velocity
of 50 mm/s for 3 s followed by a deceleration section with
acceleration of —10 mm/s%. Fig. 5(a) and (b) show the spectra
of two single-frequency components of the beat signal. The
frequencies vary according to the velocity of the mirror due to
the Doppler Effect. The frequency of the beat component orig-
inated from the optical carrier increases to 80.066 MHz during
the uniform motion, while the frequency of the beat component
originated from the +first-order optical sideband decreases
to 78.934 MHz. The corresponding velocities are calculated,
which can be read from the top axis in Fig. 5(a) and (b). The
constant velocity of the mirror in the uniform motion section
is calculated to be around 51.15 mm/s.

Except for the changes in the frequencies, both of the two
single-frequency components show the continuous changes of
intensity, since the backscattered light is depolarized during
the motion. As we can see in Fig. 5(a) and (b), the intensities
of the two frequency components show opposite changes.
The depolarization ratio during the uniform motion section
is calculated and shown in Fig. 5(c). The intensities at all
frequencies within 3-dB bandwidth are recorded and used to
calculate the depolarization ratio. The symbol and line are the
mean value, and the shadow presents the range of calculated
depolarization ratio. For practical measurements, the value
of the depolarization ratio is around 0. In this condition,
the measurement-uncertainty is relatively low. The frame rate
of the measurement is 4 Hz, which is much higher than the
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Fig. 6. Intensities of the two frequency components in the beat signal over

a period of 30 min. Blue dashed line: calculated intensity ratio.

previous polarization Lidar [18]. The frame rate is limited by
the ESA and can be further enhanced if it is replaced by a
high-speed data acquisition card. It is notable that the two
frequency components respectively originated from the copo-
larization and cross-polarization components are concurrent.
As a result, the proposed polarization coherent Lidar system
is able to implement a real-time measurement.

To verify the polarization stability of the Lidar, the inten-
sities of the two frequency components in the beat signal
are recorded over a period of 30 minutes in the condition of
no depolarization effect. In Fig. 6, the intensities of the two
frequency components remain stable during the measurement.
The fluctuations in the intensity ratio are smaller than 0.003.
To enhance the measurement sensitivity, a system with stable
polarization states is required.

In the proposed Lidar, the depolarization ratio is
defined as the power ratio between the copolarization and
cross-polarization backscattered light, which was widely used
in the previous Lidar system. However, the measurement does
not isolate the optical rotation effect from the depolarization
effect. The depolarization effect makes the light nonpolarized
so that the optical power is equally distributed along all the
polarization directions. On the other hand, the optical rotation
effect only rotates the polarization direction of light, which is
mainly caused by the Lidar system [24]. The electrical field
of the rotated optical signal is projected on the two orthog-
onal polarization directions. In our proposed Lidar system,
the depolarization effect and the optical rotation effect can be
distinguished, if another BPD is adopted to detect the optical
signal along the —45° polarization direction.

In that condition, the intensities of the beat signals can be
given by

110 o T 1=+ [ 2L+ prcosed
I (1) « \/?—f-\/ﬁsine
Ii(t) o< /1 — py —p2+\/§+\/ﬁsin9
Ii(1) \/?—i— /p2cost

@)
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where p; is the power proportion of the nonpolarized light,
p2 is power proportion of the polarization-rotated light, 0 is
the angle between the polarization direction of the rotated light
and the +45° polarization direction. /1(t) and I>(t) are the
beat signals originated from the backscattered light along the
+45° polarization direction, while /3(t) and I4(t) are the beat
signals originated from the backscattered light along the —45°
polarization direction. The ratio between the intensities of the
beat signals can be given by

JB + Jpasing
a1_61m+@+MCose
. «/1—P1—P2+\/§+\/ﬁ5in9 ®
T T+ B + yprcosd
\/g—i—\/ﬁcos@
aa_e3m+\/§+mcow

where ¢, ¢, and c¢3 are constant coefficients that can be
obtained in the calibration. It is sufficient to obtain the values
of p1, p2, and 6 with the three equations in (8). As a result,
the optical rotation effect and depolarization effect would be
distinguished.

IV. CONCLUSION

We have proposed a compact all-fiber polarization coherent
Lidar based on a PolM. Since the copolarization and cross-
polarization backscattered lights are concurrent, the proposed
Lidar system can implement simultaneous measurement of
the velocity and depolarization ratio in real time. Moreover,
since the copolarization and cross-polarization components
produce beat signals with different frequencies, the Lidar does
not require polarization-diversity transmitter or receivers to
switch the polarization of light, making the system compact.
An experiment is carried out. The velocity measurement error
is around 2% and the depolarization ratio is simultaneously
measured in real time. The minimum measurable depolariza-
tion is around 0.003, and the frame rate of the measurement
is 4 Hz. The frame rate can be further enhanced using a
high-speed data acquisition card. With a slight modification,
the proposed polarization Lidar system can be used to distin-
guish the optical rotation effect and the depolarization effect.
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