Office de la Proprieté Canadian

CA 2953696 A1 2017/09/21

Intellectuelle Intellectual Property

du Canada Office (21) 2 953 696
v organisme An agency of 12y DEMANDE DE BREVET CANADIEN
d'Industrie Canada Industry Canada

CANADIAN PATENT APPLICATION
13) A1

(22) Date de depot/Filing Date: 2017/01/04

(41) Mise a la disp. pub./Open to Public Insp.: 201/7/09/21
(30) Priorité/Priority: 2016/03/21 (US15/075,735)

51) Cl.Int./Int.Cl. GO7S 71/7/95(2006.01),
B640D 15/20(2006.01)

(71) Demandeur/Applicant:
ROSEMOUNT AEROSPACE INC., US

(72) Inventeurs/Inventors:
ANDERSON, KAARE JOSEF, US;
RAY, MARK, US

(74) Agent: NORTON ROSE FULBRIGHT CANADA
LLP/S.E.N.C.R.L., S.R.L.

(54) Titre : PARAMETRES RELATIFS AUX NUAGES DETECTES OPTIQUEMENT AU MOYEN DE MESURES
D~ECHANTILLONNAGE ANALOGIQUE DE LA REFLEXION LUMINEUSE

(54) Title: OPTICALLY DETECTING CLOUD METRICS USING SAMPLED ANALOG MEASUREMENTS OF LIGHT

REFLECTION
10
ANALOG OPTICAL ﬂ/
< CHANNEL » RECE(VER
#1 22 H1 16
P _
ANALOG OPTICAL
WITH < : CHANNEL » RECEIVER
24 18
A/D #2 #2 18
e ANALOG OPTICAL 30
28 < | CHANNEL < | RECEIVER | € ~
CLOUD
#3 26 g3 20
A
v OPTICAL
COMMUNICATIONS TRANSMITTER
TO AIRCRAFT #1 12
OPTICAL
TRANSMITTER
4y 14
(57) Abréegée/Abstract:

Apparatus and associated methods relate to determining metrics of water particles in clouds by directing light pulses at a cloud and
measuring a peak. a post- peak value and a high-frequency fluctuation of light signals reflected from the cloud. The light pulses
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(57) Abrege(suite)/Abstract(continued):

Include: a first pulse having circularly polarized light of a first wavelength; and a second pulse of a second wavelength. The
reflected light signals include: a first reflected light signal having left-hand circular polarization of the first wavelength; a second
reflected light signal having right-hand circular polarization of the first wavelength; and a third reflected light signal of the second
wavelength. An extinction coefficient and a backscatter coefficient are determined based on the measured peak and post-peak
slopes of the first and second reflected light signals. The measured high-frequency fluctuations of the three reflected light signals
can be used to calculate cloud particle sizes.
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OPTICALLY DETECTING CLOUD METRICS USING SAMPLED ANALOG
MEASUREMENTS OF LIGHT REFLECTION

ABSTRACT

Apparatus and associated methods relate to determining metrics of water particles
in clouds by directing light pulses at a cloud and measuring a peak. a post-peak valuce and a high-
[requency fluctuation of light signals reflected from the cloud. The hight pulses include: a first
pulse having circularly polarized light of a first wavelength; and a second pulse of a second
wavelength.  The reflected light signals include: a first reflected hight signal having left-hand
circular polarization of the first wavelength; a second rcflected light signal having right-hand
circular polarization of the first wavelength; and a third reflected light signal of the second
wavelength, An extinction cocetficient and a backscatter cocfficient are determined based on the
measurcd peak and post-peak slopes of the first and sccond reflected hight signals. The measured
hieh-frequency fluctuations of the three reflected light signals can be used to calculate cloud

particle sizcs.
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OPTICALLY DETECTING CLOUD METRICS USING SAMPLED ANALOG
MEASUREMENTS OF LIGHT REFLECTION

BACKGROUND
(0001] When an aircraft travels through clouds, there may be a potential for ce formation

on the atrcraft. If the ice forms on control surfaces and/or lift surfaces, the aircraft’s flight may
be jeopardized. Not every cloud, however, presents a dangerous risk of ice formation on an
aircraft. Ditferent clouds and different atmospheric conditions may be accompanied by various
water droplet size distributions,  different 1ce/liquid ratios. cte. Such water droplet size
distributions and 1ce/liquid ratios may be measured as cloud metrics using various instruments.
[0002] Many aircraft arc cquipped with these mstruments to detect and/or measure such
cloud metrics. These detected and measured cloud metrics may be used to predict whether a
particular cloud can have conditions conducive to 1ce formation on control or [tft surfaces. Such
cloud metrics may cven be used to predict the location(s) on the atreralt where such ice
formation could be expected. One such system for measuring cloud metrics 1s catled an Optical
[cing Conditions Detector (OICD). Some OICD systems may direct one or more pulsed lasers
mto a cloud formation. The OICD system may then measure a light signal reflected by the cloud
formation.

[0003] Complex signal analyses of these reflected light signals may be performed to
determine the various cloud metrics being measurcd. Such complex signal analyses may require
powerful computers and extensive computations.  Such powerful systems and cextensive
computations may result in voluminous and/or heavy svstem components. high power-

consuming clectronics, and/or cxpensive aircralt avionics.

SUMMARY
[0004] An Optical Icing Conditions Detector (OICD) includes a pulsed laser system
configured to generate a first pulse of circularly polarized light having a first wavelength. The
optical icing conditions detector includes two analog channels. Each of the two analog channels
includes a peak detector configured to gencrate a signal indicative of a peak of a light signal
reflected by a cloud.  Each of the two analog channels mcludes a post-peak slope detector
configured to generate a signal indicative of a rate of decav of the hight sienal reflected by the
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cloud. The rate of decay corresponds to a uime following a time of the detected peak. A first of
the two channels 1s configured to operate on a first reflected light signal corresponding to hght of
the first pulse reflected by the cloud.  The first reflected hight stenal has a left-hand curcular
polarization. A second of the two channelis is configured to operate on a sccond reflected hght
signal corresponding to light of the first pulse reflected by the cloud. The second reflected light
stgnal has a right-hand circular polarization.

[0005] A method of determining an ice/liquid ratio in a cloud includes dirceting a first
pulse of circularly polarized light having a first wavelength at a cloud. The method includes
sampling and holding a peak and a post-peak slope of a first reflected light signal corresponding
to light ot the tirst pulse reflected by the cloud. The first retlected hight signal has a left-hand
circutar polarization. The method includes sampling and holding a peak and a post-pcak slope of
a sccond reflected hight signal corresponding to light of the first pulse reflected by the cloud.
The sccond reflected hight signal has a right-hand circular polarization. The method includes
determiming, for at least one of the first and sccond reflected light signals. an extinction
cociticient. The method also includes determining, for cach of the first and second reflected

Lioht signals. a backscatter cocflicient.

BRI DESCRIPTION OF THE DRAWINGS
[0006] IF1GL 1 as a schematie diagram of an exemplary optical icing conditions detection
system using two-color itllumination and three channel detection.
(0007] F1G. 2 1s a schematic view of a single detection channel of an exemplary optical
icing conditions detection system.
10008} FIG. 3 1s a schematic view of cxemplary analog channel, in which signal
processing wavcetorms are depicted

10009] F1G. 4 1s a block diagram of an exemplary optical icing conditions detector.

DETAILLED DESCRIPTION
10010} Apparatus and associated mcthods rclate 1o an optical 1cing conditions detector
that uses a reduced number of signal values to determine cloud metrics. By using a reduced
number of signal values, a low-speed  analog-to-digital converter and/or a  low-speced

microprocessor can be used for calculating various cloud metrics. Instead of using a high-speed
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analog-to-digital converter for sampling of light signals reflected from clouds. only a limited
number of samples of the reflected light signals arc taken at specific times. The number of

orcater than or equal to the number of model parameters to be calculated. The

| N—_—

samples taken 1s
calculated model parameters then can be used to determine the various cloud metrics.

[0011] IF1G. 1 as a schematice diagram of an exemplary optical icing conditions detection
system using two-color (c.g.. ¢lectromagnetic waves of two ditferent wavelengths) tliumination
and three channel detection.  In FIG. 1, optical icing conditions detection (OICD)Y svstem 10
ncludes: two optical transmitters 12, 14; three optical receivers 16, 18, 20: three analog channels
22,24, 206, and a microprocessor and/or microcontroller 28. [zach of the two optical transmitiers
12, 14 are configured to direct a pulse of light encrgy into a cloud 30.

[0012] IFirst optical transmitter 12, tor example, can be contigured to direct a first laser
pulse having a first wavelength and having a first polarization mto the cloud 30. Sccond optical
transmitter 14 can be contigured to direct a sccond laser pulse having a sccond wavelength into
the cloud 30. In some embodiments, a first polarization may be a lincar polarization. In some
cmbodiments a tirst polarization may be a circular polarization, such as, for example a right-hand
circular polarization or a left-hand circular polarization.  In some combinations the first
polarization can be a combination of these polarizations.

[0013] [lach of the three optical receivers 10, 18, 20 1s configured 1o receive light
dirceted into cloud 30 by onc of optical transmitters 12, 14 and reflected by cloud 30, A
polarization of the hight reflected by cloud 30 can change as a result of intcraction with water
droplets and/or ice crystals that makcup cloud 30. Each of optical receivers 160 18, 20 can be
tuncd to detect hlight of a specitic wavelength and of a specific polarization.  The
wavelength/polarization tuning of cach of the three optical receivers 16, 18, 20 can be unique to
It and can be different from onc another.

[0014] irst optical recerver 16, for example, can be configured to receive a first reflected
light signal corresponding to hight directed into cloud 30 by first optical transmitter 12 and
reflected from cloud 30. The first reflected light signal can have the first wavelength and the
first polarity.  In some c¢mbodiments the first wavelength can correspond to light having a
relatively low water absorption coeftictent. For example, vartous embodiments may have a first

wavcelength corresponding to light having a water absorption coctlicient of less than 100 m™, less

(o
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than 30 m™". or less than 10 m™'. In an exemplary embodiment. the first wavelength may be
about 905 nm.

(0015] Sccond optical receiver 18 can be configured to receive a second rellected hight
signal corresponding to light directed into cloud 30 by first optical transmitter 12 and reflected
from cloud 30. The second reflected light signal can have the first wavelength and the polarity
different from the first polarity.

[0016] Third optical recciver 20 can be configurced to recerve a third reflected hight signal
corresponding to light directed into cloud 30 by sccond optical transmitter 14 and reflected from
cloud 30. In some embodiments, the third reflected light signal can have the sccond wavelength.
In some ecmbodiments the sccond wavelength can correspond to light having a relatively high
water absorption coefficient. For example, various embodiments may have a first wavelength
corresponding to light having a water absorption coefficient of grcater than 300 m, greater than
1000 m™'. or greater than 3000 m™'. In an exemplary embodiment, the second wavelength may
be about 1550 nm.

[0017] [-ach of the three analog channcls 22, 24, 26 corresponds to a different one of the
three optical recervers 10, 18, 20, respectively. Analog channels 22, 24, 26 can perform analog

stenal processing to each of the signal pulses reccived by optical receivers 16, 18, 200 Each of

N

the three analog channels 22, 24, 26 can perform analog signal processing and can sample and

{J

hold a limited number of analog signals. For example, cach of analog channels 22024, 26 can

L _—

have a peak detector, one or more sample and hold circuits and a high-frequency signal power

detector. In some embodiments, cach of the analog channels 22, 24, 26 can provide five or fewer
analog stgnals per reccived pulse for subscquent processing by microprocessor 28,
(0018] Microprocessor 28 can have a low-speed analog-to-digital converter  for

converting the analog signals provided by the analog channels 22, 24, 26. Processing all of the

Y-,
-’

analog signals provided by all three analog channcels 22, 24, 26 can require as few as fifteen

)

) s1enals are provided to

U

analog-to-digital conversions, for example. Because so few analo
microprocessor 28, and because analog channel 22. 24, 25 can perform some of the signal
processing necessary to calculate could metrics. microprocessor 28 can be a low cost component
and/or a low power component.

[0019] As tllustrated in FIG. 1, optical icing conditions detection system 10 can include

microprocessor 10, respectively. Microprocessor 10, in one example, 1s configured to implement
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functionality and/or process mnstructions for exccution within optical icig conditions detection
system 10, respectively.  For instance, microprocessor 10 can be capapic ol processing
mstructions stored m program memory. Lxamples ol microprocessor 10 can include any once or
morc of a microproccessor, a controller, a digital signal processor (DSP), an application specific
intcgrated circuit (ASIC), a field-programmable gate array (IFPGA). or other cquivalent discrete
or integrated logic circuitry.

[(0020] F1G. 2 1s a schematic view of a single detection channel of an exemplary optical
icing conditions detection system. FIG. 2 depicts a single analog channel (c.g.. analog channcl
22) corresponding to a single optical receiver (c.g., Optical receiver 16) of OICD system 10
depicted in FIG. 1. Optical receiver 16 generates an clectrical output signal m response to
receiving a light signal reflected from cloud 30. Optical receiver 16 then outputs the generated
clectrical output signal to analog channel 22, Analog channcl 22 includes peak detector 52,
Sample and hold component 34 and high-pass filter and mtegrator 36.

[0021] Peak detector 32 can detect a peak of the received clectrical output signal. Peak
detector 32 can generate and provide a signal indicative of the dcetected peak.  In some
cmbodiments, peak detector 32 can also gencrate and provide a signal indicative of a ume
corresponding to the detected peak.

[0022] Sample and hold component 34 can sample and hold the clectrical output signal at
onc or more specific times subscquent to the time corresponding to the detected peak or to a laser
pulse cmitted from an optical transmitter.  For example, sampic and hold component 534 can
sample and hold the clectrical output signal at two distinct times following the time of the
detected peak or the laser pulsc. In somc cmbodiments, sample and hold component 34 can
sample and hold the electrical output signal at only onc time tollowing the time of the deteeted
pcak. In an excmplary embodiment, sampic and hold component 34 can generate a signal
corresponding to a time dertvative of the clectrical output signal. Sample and hold component
34 can then act as a peak detector and detect a peak in the time derivative of the clectrical output
signal. In some embodiments, sample and hold component 34 measures a time mterval between
when the signal drops below two different threshold vatues. Sample and hold component 54
then provides electrical signals corresponding to the electrical signals saimpled and held 1o

microprocessor 28 and/or an analog-to-digital converter for further processing.
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10023] FHligh-pass filter and mtegrator 36 also operates on the clectrical output sighal
provided by optical receiver 16. High-pass filter and intcgrator 36 gencrates a signal indicative
of a high-frequency fluctuation of the clectrical output signal. Various methods of measuring the
high-frequency fluctuation of the electrical output signal can be emploved.  FFor example. the
clectrical output signal can be high-pass filtered and the power of the resulting signal can be
mcasurcd.  Various methods can be used to measure the power of a signal.  [or example, the
high-pass filtered signal can be squared (¢. g.. multiphied by itsell) and then the resulting signal
can be integrated over a predetermined time period.  In an exemplary embodiment, a peak
detector can simply detect the peak of the high-pass filtered signal.  This detected peak can be
indicative of a magnitude of the high-frequency fluctuation of the clectrical output signal.

[0024] Various embodiments may mcasure reflection fluctuations in various manners. In
some embodiments, reflection fluctuations can be detected without using a high-pass filter. In an
exemplary embodiment, for example. a reflection [luctuation detector can detect variations
between detected peaks in a sequence of reflected pulses that can be used as a metric indicative
of high-frequency fluctuations. In some embodiments, variations in the detected peaks of a
serics of reflected light signals, variations m detected sample and hold signals from a series of
reflected light signals or a combination of both can be used to determine high-trequency
Tuctuations of the electrical output signal in a channel.  In such ecmbodiments, cven fewer
sampled signals per reflected light signal pulse would require analog-to-digital conversion. In an
exemplary embodiment, a detected peak and a detected peak slope can be sufficient to determine
both a backscatter coefficient and an optical extinction cocfficient. The backscatter coctficient
and the optical extinction coefficient will be described below.

[0023] F1G. 3 is a schematic view of exemplary analog channcl, v which signal
processing waveforms are depicted. In FIG. 3, exemplary analog channel 22 1s depicted along
with exemplary waveforms and exemplary analog measurements.  Analog channel 22 reccives
analog reflection signal 38 from optical recciver 16 (depicted in FIG. 1), Analog reflection
signal 38 1s then provided to cach of pecak detector 32. analog sample and hold component 34,
and signal high-frequency detector 30.

(0020] Pecak detector 32 detects and gencrates a signal indicative of peak 44 of analog
reflection signal 38, Analog sample and hold component 34 generates two sampled signals 40,

42 of analog reflection signal 38. Lach of the two sampled signals 40, 42 corresponds 1o a time
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that ts subscquent to a time of the detected peak. High-frequency detector 36 generates a signal
indicative of a magnitude ol high-frequency fluctuations 46 superimposed on reflection signal
38. Lach analog reflection signal 38 can be fit to a model cquation. such as ¢quation (3) of
paragraph [0026] disclosed by Ray ct al. in U.S. published application 2013/0103317, tiled
October 25, 2011, utled “Methods of Determining the Liguid Water Content of a Cloud.™ the
cntire  disclosure (henceforth referred to as “the 317 publicaton™) of which 1s hereby
incorporated by reference. Peak 44, and once or more sample and hold signals 40. 42 can be uscd
to calculate a backscatter cocfficient and an optical extinction coctticient.
[0027] [n the *317 publication, the model cquation 1s given by:

N(R) = Be " (1)
Here, N(R) 1s the normalized corrected echo mtensitics as a function of range R. Range R can be
corrclated to time in the analog reflection signal 38, as increasing time of reflection 1s indicative
of a reflection from an increasing range. In equation (1), 3 1s the backscatter cocthicient. and o 1s
the optical extinction coefficient. Becausce both the backscatter cocfticient § and the optical
extinction coefticient a are unknown coctficients to be fit to anatoe reflection sienal 38, at least
two analog signal values must be supplicd by analog channcel 22, For example. a peak and a
single sample and hold signal 1s sufficient to obtain both the backscatter cocelficient 3 and the
optical extinction coefficient . Or two sample and hold signals 1s sufficient to caleulate both the
backscatter coclticient B and the optical extinction coctiicient a.
(0028 The 317 publication also discloses how the model can be used to calculate
vartous cloud metrics, such as liquid water content (ILWC), droplet size distributions, and
ice/hiquid water ratios. For example, use of both [eft-hand circularly polarized reflection signals
and right-hand circularly polarized reflection signals can be used to calculate an ice/liquid water
ratio. Purthermore, the high-frequency fluctuation of an analog reflection signal can be used o
detect large droplets in a cloud formation, as disclosed by Ray et al. in U.S. published application
2014/0379263. filed June 21, 2013, titled ~Targe Droplet Detection by Statistical Fluctuations in
[.LIDAR Backscatter.” the entire disclosure (hencetorth referred to as “the “263 publication™) of
which is hereby incorporated by reference.

029 Yaracraph (00241 of the "263 publication discloses that both spaual fluctuations
grap | P P

fluctuations (l.e. from one laser pulse to the next) can be used to calculate a metric indicative of
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high-frequency fluctuations. Tigh-frequency fluctuations can be indicative of large particles n
the reflecting cloud.  Particles having an average diameter larger than certamn values can be
problematic for an aircralt.  For cxample particles having an average diameter larger than 40
microns, 100 microns, or 200 microns can present problems for an aircraft cngine.

(0030] Temporal fluctuations can be measured by comparimg sample and hold signals
taken at substantially the same relative times from a series of analog retlection pulses 38, For
example, peak 44 of analog reflection signal can be taken as a reference time. and substantially
the same relative times for cach of a scrics of reflected light signals can be measured with respect
to cach peak 44. In some embodiments, a referenee time can be the specific time at which
Optical transmitter 12 gencrates a laser pulse and directs the laser pulse to cloud 30, Relative
times for cach of a series ol reflected light signals then can be measured with respect to the
reference times determined by the gencration and direction of the laser pulses.

0031] An ice/liquid ratio of the water droplets in a cloud can be determined, as disclosed
by Ray et al. in U.S. patent 7,986,408, filecd November 5. 2008, titled “Apparatus and Method for
In-Flight Dectection of Airborne Water Droplets and Ice Crystals.” the entire disclosure
(henceforth referred to as “the 408 patent™) ol which is hereby incorporated by reference. “The
408 patent discloses: “Water droplets ideally act like perfect mirrors and scatier the reflected
laser light back on itself without altering the polarization state. [ the incident light 1s horizontally
or vertically polarized, the reflected light is likewise horizontally or vertically polarized.
Theretore, a backscatter polarization with a relatively low degree of depolarization 1s indicative
of a liquid water cloud. In the case of circular polarization. the direction of the rotating electric
ficld does not change upon reflection. but the change in Poynting vector of the incident wave
changcs the sense of circular polarization. Hence, an incident beam which 1s right hand circularly
polarized becomes left hand circularly polarized upon reflection, and vice versa.” (Col. 4., lines
4-24). Thus a ratio of reflected light of left-hand circular polarity to reflected light of right-hand
circular polarity can be indicative of an ice/hquid ration of cloud water droplets.

[0032] lce crystals, on the other hand, tend to alter the polarization state of retlected
lioht, duc in part to multiple internal reflections from their facets and i part to the birefringence

of ice. Reflected light from airborne ice crystals becomes a muxture of two orthogonal

polarization states when the incident light 1s a pure polarization state. By monitoring both
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orthogonal polarization states of the backscattered light, 1t 1s possible to distinguish water
droplets from ice crystals.

[0033] 1G4 1s a block diagram of an exemplary optical icing conditions detector.  In
FI1G. 4. optical 1icing conditions detector 48 includes: two pulsed laser illuminators 50, 52; three
light detectors 34, 56, 38; microprocessor 60; memory 62 having data memory locations 64 and
program memory locations 66; 1ce/liquid calculation engine 68; droplet size distribution
calculator 70; and nput/output interfacc 72. lLach of the two pulsed laser tllummators 30, 52
gcnerate a laser pulse of a specified wavelength and direct the generated pulse to a cloud.  Each
of the three light detectors 54, 56, 58 is then configured to receive Light corresponding to one of
the gencrated pulses and reflected from the cloud. lach of the three hight detectors includes
analog elcctronic systems o generate a limited number of analog signals to be converted to
digital format by a digital processing system such as microprocessor 60.

[0034] Microprocessor 60 then reccives the Imited number of analog signals from the
three hight detectors 54, 56, 38 and converts the recetved analog signals to digital format. In

o signals include binary signals indicative of when the

o

some embodiments, the reccived analo
reflection of the optical signal falls below predetermined thresholds.  Microprocessor 60 then
calculates model  paramecters bascd on the received analog  signals.  Microprocessor
communicates with data memory locations 64 and program memory locations 66 of memory 62.
Microprocessor 60 communicates calculated model paramcters to cach of droplet size
distribution calculator 70 and ice/liquid calculation engine 68, Droplet size distribution
calculator 70 calculates, based on the calculated model parameters, a size distribution of water
particles in the cloud.  Droplet size distribution calculator 70 then communicates the calculated
droplet size distribution to microprocessor 60, In some embodiments. droplet size distribution
calculation 1s performed by microprocessor 60.

[0035] lce/liquid calculation engine 68 calculates. based on the calculated modcl
parameters, an ice/liquid ratio of water particles in the cloud formation.  [ee/hiquid calculation
cngine 68 then communicates the calculated ice/liquid ratio to microprocessor 60, In some
cmbodiments, calculation of an ice/liquid ratio i1s performed by  microprocessor 60,
Microprocessor 60 in turn communicates both calculated droplet size distribution and 1ce/water
ratio 10 a remote system via input/output interface 72, An exemplary remote system can be a

cloud parameter indicator located in a cockpit of an arrcralt.
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[0036] The following are non-exclusive descriptions of possible embodiments of the
present ivention.

[0037] An optical 1cing conditions detector mcludes a pulsed laser system conhigured to
oencrate a fhirst pulse of circularly polarized light having a first wavelength. The optical cing
conditions detector ncludes two analog channels. Lach of the two analog channels includes
peak detector configured to generate a signal indicative of a peak of a hight sienal reflected by a
cloud. Lach of the two analog channcis includes a post-pcak stope detector conligured to
ocnerate a signal indicative of a rate of decay of the light signal reflected by the cloud. The rate
ol dccay corresponds to a time following a time of the detected peak. A first of the two channels
Is configured to operate on a first reflected light signal corresponding to hight of the first pulse
reflected by the cloud. The first reflected light signal has a left-hand circular polarizaton. A
sccond of the two channels 1s configured to operate on a sccond reflected light signal
corresponding to hight ot the first pulse retlected by the cloud. The scecond reflected light signal
has a right-hand circular polarization.

10038] A further embodiment of the foregoing optical icing conditions detector. wherein
the pulsed laser system 1s further configured to gencrate a sccond pulse of light having a sccond
wavelength,  Any of the forecgoing optical 1cing conditions detectors can optionally include,
additionally and/or alternatively, any one or more of the following features. contfigurations
and/or additional components: 1) a third analog channcl; 1) a microprocessor: and/or 1) an
analog-to-digital converter. The third analog channcl can include a peak detector contigured 10
ocnerate a signal indicative of a peak of a light signal reflected by a cloud. Tace third analog
channe!l can a post-peak slope detector configured to generate a signal indicative of a rate of
decay of the light signal rellected by the cloud. The rate of decay can follow the time of the
pcak.

10039] A further embodiment ot any of the foregoing optical 1cing conditions detectors.
wherein cach of the two analog channels can turther include a reflection fluctuation detector
contrgured to measure a magnitude of high-frequency fluctuation of the light signal reflected by
the cloud. A further embodiment of any of the forcgoing optical icing conditions detectors.,
wherein the microprocessor can be configured to calculate, based on the signal mdicative of the
rate of dccay. an optical extinction coctficient. A further embodiment of any of the forcgoing

optical icing conditions detectors, wherein the microprocessor can be configured to calculate,

1 0
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based on thc signal indicative of the pcak and the signal indicative of the rate of decay. a
backscatter coctlicient. A further embodiment of any of the forcgoing optical icing conditions
detectors, wherein the microprocessor can be configured to calculate. based on a ratuo ol
calculations based on signals from the first channcl to calculations bascd on signals from the
sccond channel, an tce/liquid ratio of the cloud. A further embodiment of any ol the foregoing
optical icing conditions detectors, wherein the microprocessor can be configured to calculate,
basced on the magnitude of high-frequency of {luctuation, a mcasure of a density of large particles
in the cloud. A further embodiment of any of the foregoing optical 1cing conditions detectors.
wherein the first wavcelength can correspond to light having a water absorption cocefficient less
than 50 m™". A further embodiment of any of the forcgoing optical icing conditions detectors.
wherein the second wavelength is 1550 can correspond to light having a water absorption
coefficient ereater than 1000 m™. A further embodiment of any of the foregoing optical icing
conditions detectors, wherein the post-peak slope detector can mclude two sumple and hold
circults cach configured to sample and hold a value of the light signal retlected by the cloud at
different times subsequent to the time of the peak. A furthcr embodiment of any of the foregoing
optical 1cing conditions detectors, wherein the post-peak slope detector includes a differentiator
contigured to gencrate a signal indicative of a time derivative of the light stgnal reflected by the
cloud. A turther embodiment of any of the forcgoing optical icing conditions detectors, wherein
the post-peak slope detector includes a peak detector configured to generate a signal indicative of
a peak of the signal indicative of the time derivative of the light signal reflected by the cloud.

10040] A mecthod of determining an ice/liquid ratio mn a cloud mcludes directing a first
pulse of circularly polarized light having a first wavelength at a cloud.  The method includes
sampling and holding a pcak and a post-pcak slope of a first reflected hight signal corresponding
to light of the first pulse reflected by the cloud. The first reflected hght signal has a lett-hand
circular polarization. The method mcludes sampling and holding a peak and a post-pcak slope of
a sccond reflected light signal corresponding to hght of the first pulse reflected by the cloud.
The sccond reflected light signal has a right-hand circular polarization. The method mcludes
determining, for at least onc of the hirst and scecond rveltlected hght signals. an extinction
cocfficient.  The method also includes determining, for cach of the first and second retlected

light signals, a backscatter coctficient.
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[0041] The method of the preceding paragraph can optionally include, additionally
and/or alternatively, any one or more of the following featurces. configurations and/or additional
components: 1) directing a second pulse of light having a sccond wavelength at the cloud: 1)
sampling and holding a pcak and a post-peak slopc of a third reflected light signal corresponding
to light of the sccond pulsc reflected by the cloud; iit) measuring a magnitude of high-frequency
fluctuation of at lcast one of the first and sccond reflected light signals; 1v) caiculating. based on
the extinction cocetlicient, a density of particles; v) calculating, based on the measured magnitude
of high-frcquency fluctuation. a density of large particles i a sparse cloud, wherein large
particles have an average diameter greater than 40 microns; and/or vi) calculating, bascd on the
backscatter coetticients ot the first and second channels, a droplet size distribution.

[0042] A further embodiment of any of the forcgoimng optical wcing conditions detectors.
wherein sampling and holding the post-pecak slope of the first reflected Tight signal can include
sampling and holding two values of the first reflected light signal by the cloud at different tmes
subscquent to the measured time of the peak. Sampling and holding a post-pcak slope of the
sccond reflected light signal can include sampling and holding two values of the second retlected
licht signal at different times subsequent to the measured time of the peak. A further
embodiment ol any of the foregoing optical icing conditions detectors. wherein sampling and
holding the post-peak slope of the first reflected light signals can include measuring a time
derivative of the first reflected light signal by the cloud and determining a peak of the measured
time derivative of the first reflected light signal. Sampling and holding a post-pcak slope of the
sccond reflected hight signal can include measuring a time derivative of the sccond reflected hght
sienal by the cloud and determining a pecak of the measured ume derivative ot the second
reflected light signal.

[0043] While the invention has been deseribed with reference to an exemplary
cmbodiment(s), it will be understood by those skilled 1n the art that various changes can be made
and cquivalents can be substituted for clements thereof without departing {from the scope of the
invention.  In addition, many modifications can be made to adapt a particular situation or
material to the teachings of the invention without departing from the essential scope thereol.
Therefore, it 1s intended that the invention not be hmited 1o the particular embodiment(s)
disclosed, but that the invention will include all embodiments falling within the scope ol the

appended claims.
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CLLAIMS:
| An optical icing conditions detector comprising:
a pulsed laser system configured to generate a first pulse of circularly polarized
light having a first wavelength; and
two analog channels, cach of which includes:
a peak detector conligured to generate a signal indicative ol a peak of a
light signal reflected by a cloud: and
a post-peak slope detector configured to generate a signal indicative of a
ratc ol decay of the light signal reflected by the cloud, the rate of
decay corresponding to a time following a time of the detected
pcak;
wherein a first of the two channels i1s configured to operate on a first reflected
ltght signal corresponding 1o light of the first pulsc reflected by the cloud.
the first reflected light signal having a left-hand circular polarization,
wherein a second of the two channels 1s conficured to operate on a second
reflected light signal corresponding to light of the first puisce retlected by
the cloud, the second reflected hight signal having a right-hand circular
polarization.
2. The optical 1cing conditions detector of claim 1. further comprising a third analog

channel which includes:
a peak detector configured to generate a signal indicative of a peak of a light
stenal reflected by a cloud: and
a post-peak slope detector configured to generate a signal indicative ol a rate of
decay of the hight signal reflected by the cloud. the rate of decay following

the time of the peak.

3. The optical 1cing conditions detector of claim 2, whereimn the pulsed laser system s
further configured to generate and a sccond pulse of light having a sccond wavelength, and
wherem the third analog channel 1s contigured to operate on a third reflected light signal

corresponding to light of the second pulse retlected by the cloud.
|3
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4 The optical icing conditions detector of claim 1, wheremn cach of the two analog channcels
further mcludes:
a reflection fluctuation detector configured to measure a magnitude of high-

frequency fluctuation of the light signal retflected by the cloud.

—

5. The optical icing conditions detector of claim [, further comprising a microprocessor
configured to calculate, based on the signal indicative of the rate of decay. an optical extinction

cociticient.

0. The optical icing conditions detector of claim 1. further comprising a microprocessor
contioured to calculate, based on the signal indicative of the peak and the signal indicative of the

rate of decay. a backscatter coefficient.

7. The optical 1cing conditions detector of claim 1. further comprising a microprocessor
configured to calculate, based on a ratio of calculations based on signals from the first channel to

calculations based on signals from the second channel. an ice/hiquid ratio of the cloud.

8. The optical icing conditions detector of claim 4, further comprising a microprocessor
configured to calculate, based on the magnitude of high-frequency of tHiuctuation. a measure of a

density of farge particles in the cloud.

9. The optical icing conditions detector of claim 1. wherein the [irst wavelength

: : : : g | - -
corresponding to light having a water absorption cocfficient less than 50 m-

1 0. The optical icing conditions detector of claim 1. wherein the second wavelength 1s 1550

: - _
corresponding to light having a water absorption coefficient greater than 1000 m.

| 1. The optical icing conditions detector of claim 1. wherein the post-peak slope detector
include two sample and hold circuits cach configured to sample and hold a value of the hight

sienal reflected by the cloud at different times subsequent to the time of the peak.

|4
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The optical 1cing conditions detector of claim 1. whercin the post-peak slope detector

includes:

| 4.

16.

a differentiator configured to generate a signal indicative of a timie derivative of
the light signal reflected by the cloud; and
a pcak detector configured to generate a signal indicative of a pecak of the signal

indicative of the time derivative of the light signal reflected by the cloud.

A mecthod of determining an 1ce/liquid ratio in a cloud. the method comprising:

directing a tirst pulsc of circularly polarized light having a first wavelength at a
cloud:

sampling and holding a pcak and a post-pcak slopc of a first reflected light signal
corresponding to light ot the first pulse reflected by tne cloud. the first
reflected hight signal having a left-hand circular polarization;

sampling and holding a pcak and a post-pcak slope of a second reflected light
signal corresponding to light of the tirst pulse reflected by the cloud. the
sccond reflected light signal having a right-hand circular polarization;

determining, for at lcast onc of the first and sccond retlected light signals. an
extinction coefticient: and

determining, for each of the first and sccond reflected light stgnals, a backscatter

coetticient.

The method of claim 13, further comprising:
directing a second pulse of light having a second wavelength at the cloud: and
sampling and holding a peak and a post-peak slope of a third retlected light signal

corresponding to light of the second pulse reflected by the cloud.

The method of ¢latm 13, further comprising:

measuring a magnitude of high-frequency fluctuation of at least one of the first

and sccond reflected light signals.

The method of claim 13, further comprising:

calculating, based on the extinction cocflicient, a density of particles.

F

15
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1 7. The method of claim |5, further comprising:
calculating. based on the measurcd magnitude of high-frequency fluctuation, a
density of large particles in a sparse cloud, wherein large particles have an
average diameter greater than 40 microns.
| 8. The method of claim 14, further comprising:
determining, for the third reflected hght signal, a backscatter coefficient: and

calculating, based on the backscatter coeflicients of the first, sccond, and third

reflected Light signals, a droplet size distribution.

q

19. The method of claim 13, wherein sampling and holding the post-pcak slope of the first
reflected hight signal comprises:
sampling and holding two values of the first reflected hight signal by the cloud at
different times subsequent to the measured time of the peak.
wherein sampling and holding a post-peak slope of the second reflected heht
signal comprises sampling and holding two values of the second retlected

lieht signal at different times subsequent to the measured time of the peak.

20, The method of claim 14, wherein sampling and holding the post-peak sfope of the first
reflected light signals comprises:
mcasuring a time derivative of the first reflected light signal by the cloud and
determining a peak of the measured time derivative of the first reflected
light stgnal,
wherein sampling and holding a post-pcak slope ol the sccond reflccted hght
signal comprises measuring a time derivative of the sccond reflected hight
signal by the cloud and determining a peak of the measured time

derivative of the sccond reflected light signal.

16
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