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Coherent Doppler Lidar
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In coherent Doppler lidar we send pulses of light out
to interact with aerosols in the atmosphere. If the
aerosols are moving with respect to the light source
(i.e. due to wind) then the scattered light will have
experienced a Doppler shift. The goal is to measure
this Doppler shift and turn it into a velocity product.

* Transmitter & receiver paths usually share common optics
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Return signal processing

* Return signal mixes with local-oscillator creating the beat
frequency + offset signal. fuiccea = So = S0 = Spopy + S opses

« This beat signal is optically detected, analog filtered,
demodulated, and sampled... but not necessarily in that

order.
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Return signal processing

* This beat signal is optically detected and then...
— Analog filtered
— Demodulated (analog or digital)
— Sampled (one or two channels)

...but not necessarily in that order.

HRDL MOPA

« Complex analog  Analog Filtering
demodulation « Sampling

* Analog filtering (2 - Digital demodulation
channels)

« Sampling — (2 channels)




Return Signal Processing
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* Break into gates (equal to laser pulse length)

* Find spectrum for each gate

» Average spectra for same range gate from different pulses

 Find frequency peak for each gate to find Doppler shift and
intensity as a function of range




nal Processing & Analysis: Averaging Spectra
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» Average the spectra and THEN estimate the frequency/velocity
* Why not the other way around?
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Signal Processing & Analysis: Averaging Spectra

Spectra for range gates

Individual noisy
spectra

Frequency (MHz)

Average of all 05k
spectra

0 1 1 — 1
-5 -4 -3 -2 -1 0 1 2 3 4

Frequency (MHz)

Result: Average CNR does NOT change
-but velocity estimate precision improves
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Example Data

Single beam range resolved

estimates: 150m / 2X sec
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Doppler lidar data displays

- Depend on scan type

- versus range or altitude

- colormap: Cool = toward the lidar
Warm = away from the lidar
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Signal Processing: Real Data Example

This data comes from an instrument called the
Twin Otter Doppler Wind Lidar (TODWL). It flies
in an aircraft and points down at the earth.

The figure below contains a visual plot of the raw
data (3900 samples per pulse) signal counts vs.
range and pulse #.

Range for this plot (and all other plots we’ll show
here) is line-of-sight (LOS) range.

Goal: Calculate velocity and CNR versus range
for this data set.

TODWL Parameters Value
Wavelength 2.05 microns
Energy/pulse 5md
Receiver Aperture Diameter 9cm
PRF 80 Hz
Sampling Rate 100 MHz
Search bandwidth 50 MHz
Points per gate 64
Gate Width 96 meters
#ptsin FFT 256
# bins in signal BW 11 =43 MHz
# bins in search BW 128 = 50 MHz

Return from ground (Hard Target)
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Return Signal Processing: Steps for processing example data

1. Diyide each pulse into range gates
i
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2. Fmd the spectrum for each range gate of each pulse. (Spectrum is the squared
magnitude of the FT of the data — not just the FT)
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3. Average the spectrum for each range gate, with the spectra from the same range gate
in all the other N pulses
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4. The frequency axis should be 0 to 50 MHz.

s
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Find the peak in the spectrum at each range gate. This gives the measured frequency.

Find the offset from the center by subtracting 25 MHz to get the Doppler induced offset
Af.



Return Signal Processing: Steps for processing example data

Recall that the frequency shift
corresponding to the LOS wind ool

is given by
Af = v O
A

So, the velocity corresponding
to the peak frequency is given
by:

Questions related to processing

« What happens to the bandwidth when the range gate is shortened/lengthened?
« Why can’t the range gate be shorter than the pulse length?
« What happens to the noise floor when you average the spectra?

« What happens to the velocity estimates if you average only 10 pulses worth of
spectra per beam? How about 1007?

* Does the peak intensity value change much when you average the spectra?

* Notice that the noise floor in this example is not flat (white). How does this affect the
velocity estimates when there is no return signal? Estimate this noise floor shape.



Processing example
data: Averaged
spectra for different
range gates
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Return Signal Processing: Processing example data — Noise floor whitening

Notice the increased signal levels in lower frequencies. We need to flatten/whiten
the noise floor.

Find the
average
spectrum in an
area where
there is no
return signal.
This is the
estimated
spectral noise

/ floor
15000

Then divide all of the
other spectra by this
noise floor estimate
before estimating the
peak frequency.

10000 |- Individual spectra and averaged ]

spectrum (thick black line)
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Processing example
data: Whitened &
Averaged spectra for
different range gates

*
»
s

signal BW—> ‘h—

6
arch BW

WW—.

50

25

R

20, | \
RIS

15} | ‘5 | ‘\‘
T

‘.'I w.b

25

201

151

10!

25

201

151

10!

0 10

E— Y

—o— o
e

o

e

25

201

151

10

25

201

151

10!

25

201

151

10!

Note difference in how the “peak” |
is chosen after whitening when
there is no signal present.
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Return Signal Processing: Processing example data — noise floor whitening

Without noise floor whitening 51

%o

20  -10 0 10 20

Note that when the noise floor is not flat, then velocity estimates in areas of low signal will be
biased toward the noise floor peaks.
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Return Signal Processing: Processing example data (CNR)

Return Signal Figures of Merit
I
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To calculate CNR of real data, first sum the values in the frequency P = , (k)
SI St
bins within the signal bandwidth (+/- 5 bins from the peak ¢ kes,-gnalBWg
frequency) of the spectrum for the given range gate.
. . Pfsi - NsigBWIDnS
The Wideband CNR is then calculated as follows: CNR , = —=
waPns

Where P, is the average noise power, N g,y is the number of bins in the signal bandwidth
and N, is the number of bins in the spectrum (N, = NFFT/2 = 128). The N,,,/NFFT/2 is
equivalent to the signal BW to total search BW ratio.
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Velocity Péecision (m/s)

Velocity precision vs CNR
and various pulse widths from mini-MOPA

o, (9 vs CNR(1), 0.5 sec. avg.

300 ns/45 m
400 ns/60 m
500 ns/75 m
600 ns/90 m
1 us/150 m

CNR(dB)

Return signal

Tradeoffs between:

« detection bandwidth
and CNR

* range gate length
(range precision)

« velocity precision

« time resolution




Doppler Lidars: Calculating wind profile from PPl scans
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Wind Profiles
 The dotis “now” (profile time).

« Wind is coming from the direction corresponding to the line angle.
« Color indicates wind speed according to the colorbar.

HRDL RV Brown - TexAQS 2006
Wind Speed and Direction Profiles
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Wind Profiles: Info

 Down to 5 m above the surface/water —
variable separation increasing with altitude
to 30 m.

* Precision for wind speed estimates

— LOS estimates < 20 cm/s

— Profiles — depends on turbulence, usually
better than LOS estimates.

* Precision for wind direction: usually
depends on wind speed.



Wind Profiles: Uses

Observation of

— sea-breeze/land-breeze conditions,
— low level jet

— shear & mixing

— diurnal cycles

Help in understanding changes in atmospheric
conditions

Previously sheared layers started mixing down. From
which direction did the stuff in that layer come?

Diurnal cycles: patterns in wind speed and direction at
all altitudes






Improving Wind Turbine Performance
and Reliability

« Wind turbines are getting larger
as the demand for alternative
energy increases

* As wind turbines get larger,
effects of wind shear and
turbulence on efficiency and
reliability becomes an important
ISsue

* Doppler lidar ideal for
investigating these effects

60 m




Great Plains wind resource
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Instrumentation — Lamar, Colorado,
NREL-ESRL Low-Level Jet Study

High Resolution
Doppler Lidar
(HRDL)

HRDL technical parameters

Wavelength

Pulse energy
Pulse rate

Range resolution
Velocity resolution
Time resolution
Minimum range
Maximum range

Beam width range
cm

2.02 um
1.5 mJ
200/s
30 m
~0.1m/s
0.5s
0.2 km
3 km
6 to 28
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Lamar, Colorado

ESRL-NREL collaboration — September 2003

Doppler Lidar wind profiles
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HRDL measurements
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Documenting evolution of LLJ through the night

09/15/03 u (ms™)
5 / 10 15

4: 00 6:00
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Motion Compensation
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HRDL: Boundary Layer Mixing height

TexAQS 2006 HRDL Data Products

Mixing height: Defined as
the height of the layer of the
atmosphere in turbulent
connection with the surface
of the earth.

« Combine height information
from

— 0\? (turbulence)
profiles

— mean wind (shear)
profiles, and

— aerosol backscatter
profiles

to generate MH estimate
once every 15 minutes.

Horlzontal mean wind speed\8§ direction
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Doppler Lidar mixing height and

location
O Little diurnal
variation in the Gulf
of Mexico (except 15 ; :
during rare offshore Gulf of Mexico
flow) * Galveston Bay

¢ Near Houston

O Strong diurnal
variation near
Houston — sea-
breeze observed.

Average Height (km)

O Small variations
over Galveston Bay . . . .
(mixture of land and 0 5 10 15 20
Gulf influences) Time of Day (UTC)




Measuring wind and moisture fields
aircraft




IHOP Measurement Configuration

Falcon payload during
IHOP 2002




Vertical velocity measurements

IHOP 7 JUN 2002

VERTICAL VELOCITY (m/s)
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Vertical Velocity Spectra
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Height , m ASL

Vertical velocity variance and
skewness

IHOP 06/07/02

HRDL 18:46 — 18:52 UTC
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Estimated errors in the vertical
velocity variance ~ 15-30%
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altitude agl (km)

altitude agl (km)

Simultaneous water vapor and
winds
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Moisture flux profiles
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