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Abstract: Suppo1ted by NASA's Eluth Science Technology Office (ESTO), a new lidar 
transmitter system is developed under the Wind-Space Pathfinder coherent wind lidar 
project. It is an efficient Ho:LuLiF master oscillator power amplifier system (MOPA) that 
is capable of generating 15 watts power and 180 ns pulse width at 200 Hz PRF with 
excellent beam quality. The laser is injection seeded to provide stable single longitudinal 
frequency output. The laser beam polarization can be switched between "S" and "P" 
alternatively. Thus, the "S" and "P" beams can be directed to two separate telescopes at. 
different directions to provide true horizontal wind measurement without a moving part in 
the lidar system. The laser power, pulse width and beam quality fulfill the space lidar 
system's figure-of-merit (FOM) and measurement accuracy requirements. 

Keyword: Coherent Laser Radar, 2-micron Laser 

1 Introduction 

High energy, Q-switched 2-µm laser sources have been developed for many applications including 
environmental and climate monitoring. The DAWN airborne coherent lidar system developed at NASA 
Langley is for measuring 3D wind profiles [l]. The DAWN laser transmitter produces 2-µm pulses with an 
output energy of 250 mJ and 180 ns pulse width at 10 Hz pulse repetition frequency (PRF) and it has 
successfully demonstrated its capability through multiple airborne campaigns. To make effective wind 
profile measurements, laser parameters such as output energy, pulse width, and pulse repetition frequency 
need to be carefulJy valued to meet the sensitivity and accuracy of the wind lidar system requirements. The 
DAWN laser was designed to meet the space borne coherent lidar requirements at low pulse repetition rate. 
A moderate high repetition lidar system clearly offers better science prospective and system reliability 
advantages. The Wind-Space Pathfinder coherent wind lidar (Wind-SP) at moderate high repetition rate is 
developed to advance the space lidar technologies. The Wind-SP laser specification is derived to match or 
exceed the DAWN instrument performance. 

A significant advantage of using the moderate high pulse rate laser is the improved science product from 
space. Many simulations of space performance by wind lidar proponents have not considered ea1th's 
ubiquitous regions of significant cloud cover. Almost all candidate space wind lidars plan to average laser 
shots over approximately an 80-km long ground track for each vertical profile of wind. For many wind lidar 
concepts, laser shots blocked by clouds will greatly increase wind measurement error. In some concepts, 
the corruption by clouds will invalidate the calibration of the entire measurement. Coherent detection is 
unique in that the wind measurement accuracy is not degraded as increasing laser shots are blocked by 
clouds. Rather the wind accuracy continues to be excellent while the required aerosol concentration 
increases. Cloudy regions have many holes for laser beams to pass through and measure lower altitude 
winds. The 200 Hz pulse rate laser will increase the probability of passing through these cloud holes by a 
factor of 20 vs. the DAWN pulse rate of IO Hz. Similarly, there will be more cloud top winds measured, 
which are crucial to NWP and cal/val of cloud tracked winds. 
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2 SP Laser Requirements  

The coherent lidar SNR is proportional to the laser pulse energy and pulse width described by equation (1) Figure Of Merit (FOM) ∝ E√𝑓 τ0.285 21+(M2)2       (1) 

where E is output energy in J, f is pulse repetition rate, τ is pulse width in ns, and M2 is the beam quality

factor. If the DAWN is operated at 10Hz, the FOM is 3.14 which is defined as baseline or goal value for 

Wind-SP laser design.  The FOM is 2.22 when the DAWN is at 5 Hz which is defined as threshold value. 

Table 1.  Key Parameters for DAWN and Wind-SP Lidar System 

DAWN Wind-SP 

Laser Material LuLiF LuLiF 

Laser Wave Length (nm) 2053.495 2052.92 

Pumping Method Side Pumping End Pumping 

Energy (mJ) 250 56/42 

PRF (Hz) 10/5 200 

Pulse Width (ns) 180 180/150 

Beam Quality  M2 1.1 1.1 

Figure Of Merit 3.14/2.22 for PRF 10/5 Hz 3.14/2.22 for Energy 56/42 mJ 

The four key parameters in the equation (1) need be carefully selected to build a practical and effective lidar 

system for space missions. The figure-of-merit (FOM) of the DAWN system applied to the Wind-SP 

system.  For scaling the airborne wind lidar system into a space borne system, it was suggested by the 

airborne campaign results and simulation studies that the lidar transmitter with higher repetition frequency 

would enhance wind profile measurements. Since the measurement error of wind velocity increases with 

shorter pulse width, the pulse width of the laser shall be maintained at 180ns or wider. Table 1 listed the 

key parameters for DAWN and Wind-SP system. The third column in Table 1 are the Wind-SP laser energy 

(baseline/threshold), pulse repetition rate, pulse width, and beam quality to achieve the space coherent wind 

lidar FOM baseline and threshold values.  

3 Laser Transmitter Development 

There are, in general, two laser architectures for the Wind-SP laser.  One is a power oscillator (PO) and 

another is master oscillator power amplifier (MOPA) architecture. The power oscillator architecture offers 

simplicity in system structure and laser power stability. A major technical challenge to meet the wind lidar 

requirement listed in Table 1 is to achieve high power output energy while maintaining long pulse width to 

ensure both sensitivity and accuracy of the measurements. These two parameters usually work against each 

other. The output energy and the pulse width relation of a Q-switched laser is well described in the literature. 

A trade study and experimental validation was performed in early stage of the development. It was shown 

that it was difficult to meet the laser energy and pulse width requirement simultaneously in the power 

oscillator design.  It could reach the desired energy, but the pulse width is too narrow, or vice versa. In 

addition, the efficiency of the laser was very low when the required energy was reached.  It was decided 

early on that the MOPA architecture is the only appropriate approach to make the Wind-SP laser meets all 

the laser requirements with high laser efficiency.  

The schematic of the laser setup is shown in Figure 1. The laser oscillator is comprised of cavity mirrors 

CM1 to CM7, an output coupler (OC), a laser crystal and a Q-switch (QS).  The pump laser is a 

Jirong Yu 21st Coherent Laser Radar Conference Mo0201
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commercially available Tm:fiber laser manufactured by IPG photonics. Its maximum output power is 100 

W in continuous wave mode and random polarization at the wavelength of 1.938 µm. The size of the pump 

beam was reshaped with two-mirror telescope optics before being coupled into the oscillator crystal through 

the CM1 cavity mirror.  The CM1 is a dichroic mirror coated for high reflection at 2.053 µm and high 

transmission at 1.938 µm. The oscillator was built in a ring cavity configuration and a retro-reflector PrM6 

was placed after the output coupler to make the laser output unidirectional. A  Ho:LuLiF crystal 

was used as laser gain medium. An acousto-optic modulator (AOM) 

manufactured by Gooch & Housego was installed for Q-switching. The main objective in determining the 

oscillator design was to maintain the pulse width longer than 180 ns, while producing enough output energy 

and leftover pump energy so that the final laser parameters after amplification would satisfy the lidar 

transmitter FOM requirements at 200 Hz PRF. It was determined that ~5 kW/cm2 of pump density with 3.6 

m cavity length sufficed the condition. The design approach using the pump density above 5 kW/ cm2 either 

hindered it from meeting the pulse width requirement or decreased the overall system power consumption 

efficiency. 

Figure 1 Wind-SP laser diagram 

The amplifier was set up using a single pass geometry.  The amplifier crystal is also made of Ho:LuLiF 

crystal. The unabsorbed pump beam in the oscillator crystal was redirected to pump the amplifier crystal. 

The c-axis of the amplifier crystal is orthogonal to that of the oscillator and the polarization of the 2-µm 

oscillator output was rotated 90° with a half wave plate before it enters the amplifier crystal. Both pump 

beam and the 2-µm beam sizes were reshaped for better overlapping within the crystal to obtain optimum 

amplifier gain. 

Figure 2 shows the laser oscillator performance.  The laser power achieved larger than 6 W (30 mJ) and 

pulse width larger than 180 ns at the total pump power 60 W.  The oscillator crystal absorbed ~35 W of the 

total pump power and leaves ~25 W for pumping the amplifier.  Figure 3 plots the amplifier power output 

and pulse width as function of pump power.  It shows that at pump power 65 W, it meets the laser energy 

and pulse width requirements listed in Table 1. The output energy of ~ 75 mJ and 180 ns pulse width at 200 

Hz was achieved at the pump power of 76.2 W. The corresponding amplifier gain was ~ 2 and the optical-

to-optical efficiency of the system was ~ 20 %. The lidar transmitter FOM is ~ 4.34, exceeding the FOM 

of 3.14 of the baseline requirement. To our best knowledge, the efficiency of the system is the highest 

among other reported equivalent systems, considering the power, pulse width, and repetition frequency. 
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The laser is injection seeded to provide single longitudinal frequency. The seed beam is introduced into 
cavity through the first order of the AO Q-switch. The seeding is remarkably stable in both time and 
frequency domain. The jitter is estimated less than ~50 ns in time and less than l MHz in frequency. The 
beam quaJity is measured at M2 value of 1.07. 

The output laser beam from the amplifier is directed into a Pockels cell by mirrors PrM4 and PrMS. The 
PrM4 and PrMS mirrors are dichromic mirrors which are highly transmitting the pump beam and highly 
reflecting the 2-micron beam. Thus, the laser beam after the PrM4 and PrMS is purely at 2-micron 
wavelength. The left-over pump beam after PrM4 is directed into a beam dump. The laser beam passes 
through a Pockels cell which is used to change the laser beam polarization. When the Pockels cell voltage 
is off, the laser beam is at P polarization state. The laser beam polarization is turned to S 
polarization state when the Pockels cell is charged. The P and S polarized beam are separated by 
a thin film polarizer (TFP). The P and S beam exit the Wind-SP transceiver enclosure through an 
AR coated window side by side with 18 mm between them. The P and S beams are directed to 
respective identical beam expanders. The beam expanders transmit the pulsed laser beam into 
atmosphere and collect the atmospheric return signals. The P and S beam expanders can be set to 
an azimuth angle difference of 90° so that horizontal wind profile can be deduced. Thus there is 
no heavy mechanical moving part, which for DAWN is a wedge scanner. It offers great system 
integrity advantage for a space system. 

4 Conclusion 

An advanced coherent-detection Doppler aerosol Wind-Space Pathfinder lidar system (Wind-SP) at 
moderate high repetition rate is developed to demonstrate the technologies needed for a potential first 
Pathfinder, coherent-only space mission to measure global 3-D winds. The Wind-SP lidar transmitter 
parameters meet or exceed the requirements for such a space mission listed in Table I. It is built from the 
successful Doppler Aerosol WiNd (DAWN) airborne coherent wind lidar heritage to advance the new 
moderate high pulse rate 2-micron laser technology, the new transmitter thermal management architecture, 
the new dual beam output arrangement, the new receiver, and the new data retrieval algorithm. The lidar 
system worked very stably and reliably during the finaJ ground atmospheric lidar demonstrations. It is 
being infused into an air-borne lidar system to further test and mature the coherent lidar system. 

5 References 
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Independent Reliability Assessment and Progress Review of the NASA GSFC Laser Transmitter 

for the LISA Program 

Anthony W. Yu, Kenji Numata 

NASA Goddard Space Flight Center, Greenbelt, MD USA 

Upendra Singh 

NASA Engineering and Safety Center, Hampton, VA USA

ABSTRACT 

NASA Goddard Space Flight Center (GSFC) has been actively developing the laser transmitter for the Laser Interferometer 
Space Antenna (LISA) program since the late 2017.  In 2021 we delivered a prototype laser transmitter to the LISA program 
for performance evaluation as well as performed an independent technology assessment on the laser design supported by the 
NASA Engineering and Safety Center (NESC).  We continued to further develop the LISA laser with a goal of advancing the 
technology readiness level (TRL) of the laser to 6 by the end of 2023.  In this paper, we report on the progress we made on the 
laser development for the LISA program as well as the technology assessment findings by the NESC.  

Index Terms— space instrument, laser interferometer, gravitational wave observatory, solid state lasers, fiber amplifier, 
ultra-stable laser, space laser

1. INTRODUCTION AND LASER REQUIREMENTS

The Laser Interferometer Space Antenna (LISA) observatory was selected to be the ESA third large-class mission and will be 
the first space-based GW observatory to address the science theme of the Gravitational Universe.   The LISA observatory 
consists of three spacecraft separated by 2.5 million km in a triangular formation, following Earth in its orbit around the Sun. 
Launch is expected in 2037 [1].  NASA is developing laser transmitters as one of the potential US contributions to LISA.  The 
NASA laser design leverages latest technologies in photonics packaging and reliability engineering to ensure a laser lifetime 
of >16 years covering integration and test through a possible extended mission phase.  

The LISA observatory consists of three spacecraft (S/C) as shown schematically in Figure 1.  Each S/C carries one laser 
system (LS).  The LS is made up of two laser assemblies (LA) and each LA has two laser heads (LH) as shown in Figure 1. 
Only one of the two LHs in an LA will be on at any one time for the mission.  The other LH is a cold spare to meet the mission 
lifetime. Each LH includes a laser optical module (LOM) and a laser electronics module (LEM).  The LH enables the 
interferometric sources for the LISA mission.  LISA will use a heterodyne laser interferometer to measure picometer-level 
length variation between the spacecraft at 1000-sec timescales.  Each spacecraft contains two drag-free test masses, to which 
the spacecraft follows in drag-free mode. The length variation between the free-floating test masses in each spacecraft is 
monitored precisely to observe the passage of the GWs, which are generated, for example, by mergers of super-massive black 
holes.  

Figure 1. LISA Observatory. 

FRS
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The GSFC baseline LOM takes on the master oscillator power amplifier (MOPA) architecture that comprises a low-power, 
low-noise master oscillator (MO) followed by a power amplifier (PA) stage with a nominal output power of ~2 W throughout 
the mission.  Our effort includes advancing the laser from the breadboard concept to space qualified demonstrator in preparation 
for the LISA mission. In the following sections, we describe the progress on the laser development effort for the LISA mission 
and plans to demonstrate a TRL 6 [2] LISA laser demonstrator system by 2024.  The top-level requirements for the LISA LH 
are shown in Table 1. [3] 

The wavelength selected for the precision interferometer is 1064 nm due to availability of high-quality bulk and fiber optic 
components with extensive flight heritage and the traditional low-noise Nd:YAG laser source implemented as an NPRO (non-
planar ring oscillator) [4].  The available laser power sets a shot noise limit on the detection sensitivity of the gravitational 
waves at the high frequency end of the detection band (>~10 mHz). In addition to the standard requirements for mass, power, 
radiation hardness, and other requirements as a space laser, the most challenging requirements are set by the low frequency 
noise (that requires active stabilization using a high finesse optical cavity), by the low intensity noise (that requires active 
stabilization at low Fourier frequency and shot-noise-limited performance at high Fourier frequency), and by the long lifetime 
(~16 years including integration, test, and cruise phases). The GSFC LISA laser has been designed to satisfy these unique 
requirements. 

2. BASELINE LASER ARCHITECTURE

The main optical output of the MOPA laser is a linearly polarized, continuous wave (CW) laser beam. This beam is sent
to the optical bench (OB) of the instrument via a PM1060L polarization maintaining optical fiber (PMF). In a baseline operating 
mode, one of the 6 active lasers is frequency-locked to a high finesse cavity, which is designed as the Frequency Reference 
System (FRS) shown in Figure 1, as a master laser for the rest of the system, while the other five active lasers are offset phase-
locked to the master laser as transponder lasers, acting as an amplifying mirror at far spacecraft.   The laser is frequency-locked 
to an optical reference cavity that is the main function of the FRS.  In each of the MO path inside the LH, a tap coupler is used 
to provide input to the FRS for frequency locking.  The LOM also includes a high-power optical switch (HPSW) after the high-
power output isolator (HPIS) for turning the laser output either to the distant S/C for normal operation or to deep space during 
the S/C acquisition.  This allows the laser to remain in a constant thermal state throughout the mission life.  The functionalities 
and key features of key subsystems within the LOM and nominal power levels are shown in Figure 2 [5,6]. 

Figure 2. Functions of subsystems – MO, PM, and PA for the LISA laser. 

Table 1. Top-level LISA laser requirements.

• Dimensions 330 × 330 × 250 mm3

• Mass 12kg
• LH dissipated power <75W (TBR)
• LH operating temperature 20±5°C (TBR)
• LH non-operating temperature -20°C to +40°C (TBR)
• LOM Output Power >2W on optical bench (OB) at end of life (EoL)
• Wavelength 1064.50, -0.05/+0.10 nm
• Polarization extinction ratio (PER) >20dB (TBC)
• Lifetime >16 years 
- 6 years - 1 year for on-ground integration and testing, plus 5 years (TBC) of storage 
- 1.5 years TBC OFF state in operational environment (cruise phase)
- 5 (TBC) years continuous operation in nominal science mode (nominal mission lifetime)
- 11 (Goal) years continuous operation in nominal science mode (extended mission lifetime)

CLRC 2022, June 27 – July 1
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The MOPA laser consists of a MO laser source (the ‘seed’), a PA for power scaling, and a Phase Modulator (PM) for 
imprinting clock noise transfer, ranging, and data information on the main laser carrier.  Each MO has a PM, which is an 
electro-optical phase modulator (EOM) within the optical path to transmit reference clock information between spacecraft using 
the phase-modulation sideband at ~GHz. Without the clock noise transfer (exchange), the small gravitational wave signal would 
be buried in the clock noise on the three spacecraft. Practically, GHz-level phase-modulation can be added only by a waveguide-
based EOM, which is known to handle less than ~200 mW of optical power.  

The LEM interfaces with the LOM and the payload computer as shown schematically in Figure 3: (a) LH drive electronics 
(LHDE) provides the main control of the laser system, e.g., coarse setting of the laser power and frequency, as well as health 
monitoring; (b) LH frequency control electronics (LHFC) processes the control signal for coarse frequency setting signal and 
the external/pre-stabilization frequency change commands; (c) LH laser modulation control electronics (LHMC) accepts 
modulation waveforms from the frequency distribution system (FDS), and applies them with appropriate modulation index 
(amplitude) to the laser light. The LHMC may also accept phase modulation required for the Pound-Drever-Hall (PDH) locking 
to FRS, depending on the frequency noise reduction scheme chosen; (d) LH Power Control electronics (LHPC) is responsible 
for the relative intensity noise (RIN) suppression at ~10-kHz bandwidth, by acting on the PA. 

Figure 3. Interfaces between LOM and LEM within LH and payload and on-board computer (ICC/OBC) 
to receive S/C Event Time (SCET) and RF and pseudo-noise (PN) modulation signals for the laser. 

3. PACKAGED LASER DESIGN EVOLUTION

The TRL4 packaged LOM is designed to be a two-sided enclosure where an optical bench in the middle of the enclosure
serves as the common mounting surface for either side, as seen in Figure 4 (left).   In this approach, the two MO’s, PA and the 
high-power isolator (HPIS) are assembled on one side of the box and the PA, HPIS and HPSW are on the other side.  We have 
done extensive finite element analysis (FEA) on this enclosure design based on the LISA environmental requirements.  The 
FEA results showed potentially damaging amplification of the random shock and vibration levels on critical components on 
the PA.  We, therefore, updated our TRL6 LOM design as well as the LEM enclosure to that shown in Figure 4 (right).  Initial 
FEA shows promise, and we are in the process of finalizing this TRL6 design and proceed to build this demonstrator for full 
environmental testing.   

Figure 4. (Left) TRL4 LOM Hardware and (Right) TRL6 LOM Concept in top and side views. 
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4. NESC INDEPENDENT TECHNOLOGY ASSESSMENT

As part of the laser development process, we requested support from the NASA Engineering and Safety Center (NESC) to 
independently assess the technical approaches of the GSFC LS design. The independent assessment included the following 
tasks: (a) assess the design for weaknesses and suggest improvements to mitigate risks, (b) assess the laser reliability plan for 
weaknesses and suggest improvements to mitigate risks and improve effectiveness, and (c) assess the current redundancy plan 
on laser subsystems for weaknesses and suggest improvements to mitigate risks and improve effectiveness.  The NESC team 
comprised of a team of subject matter experts (SMEs) and performed a 12-month review of every aspect of the laser design.  

In summary, the overall SME team’s assessment conclusion is that there is no fundamental problem or major design issue 
that will prevent the LISA team from meeting the ESA requirements for the TRL 6 demonstrator.  The findings showed the 
LISA team has established a technically sound risk mitigation plan, but recommended a few areas that will need further 
consideration, including: (1) several design alternatives to improve performance and reliability; (2) improve tracking of 
requirements and hardware configuration in the LS subsystems to ensure that the design closes; (3) testing protocols for 
components and subsystems needs to be developed (e.g., functionality, aging, thermal, radiation, etc.) to ensure required 
measurements are made and that the design is not affected; and (4) flight components lead times and obsolescence may affect 
the design’s viability in the future.  All these are being considered as the laser team continues the maturation of the laser for 
the LISA mission. 

5. CONCLUSIONS

GSFC has been developing the laser transmitter for the LISA mission since late 2017.  We are working toward delivering a 
TRL6 LH and FRS to ESA for evaluation in late 2023.  The NESC assessment is mostly positive, and we acknowledge the 
review team’s recommendations and incorporate them for the flight laser development effort.  This laser, once launched, will 
be one of the most stable lasers ever flown in space to realize the LISA GW observatory as noted by the recently released 2020 
Astrophysics decadal survey [7]. 
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Abstract: We present a four channel cw-Laser-Doppler-Anemometer for flight 

instrumentation. The system measures the full wind vector with respect to the airplane. 

In terms of aviation systems (air data systems) our system is capable to measure and 

reconstruct the airspeed, the angle of attack and the sideslip angle. It is implemented 

using a 1550 nm cw Erbium doped fiber laser system with four 1 W outputs as laser 

source for a four channel cw-Laser-Doppler-Anemometer. The measured signals are 

processed in real time by a FPGA FFT signal processor. We also acquire statistical data 

like signal detection rate of the system during flight operation to evaluate the 

performance of the system. We will show first results of our flight experiments.  

Keywords: Coherent Laser Radar, etc. 

1. Introduction

Laser Doppler anemometers used as air data systems have certain advantages compared to the traditional 

sensors present in an airplane. The optical systems are nearly calibration free compared to pitot tubes 

and can give a feedback regarding the correct operation of the system. Laser doppler anemometers have 

the drawback that they measure the Doppler shift of particles which pass the focus of the system, which 

might be problematic with very clean air, but this can be diagnosed by the system. The pressure sensors 

of the pitot static system usually have no self-diagnostic function. 

Laser Doppler anemometer systems used as air data systems were demonstrated and evaluated in many 

airborne projects (DANIELA/NESLIE[1]/AIM2) before. Two different approaches in data processing 

can be noted: 1. Spectral averaging 2. Spectral triggering of single events.   

Spuler et. al. [2] demonstrated a cw-Laser-Doppler Anemometer with a measurement distance of 30m. 

The data processing was performed using spectral averaging. Spectral averaging usually requires a small 

signal portion to be always present in the measured signal, which should be the case for bigger beam 

diameters. 

The DANIELa/NESLIE [1] project used the spectral triggering approach and a smaller beam diameter. 

Smaller beam diameters usually generate more single particle events, rather than a volumetric scattering 

background. 

We implemented both evaluation strategies in our system, to be capable to compare the system 

performance. Furthermore, we record raw data for off-line optimization of the real time hardware. 

2. Experimental Setup

Our airborne four channel LDA system uses a 1550 nm NKT Koheras BASIK DFB fiber laser as master 

oscillator. The laser is split into 3 channels, one serves as homodyne/heterodyne local oscillator 

reference channel and the other two are fed into two 2 W Er:doped fiber amplifiers (NKT BOOSTIK). 

The two amplified channels are split into four 1W channels. Each amplifier output is guided through a 

fiber-optic circulator to a transceiver optical system, which images the fiber facet into the air. The 
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backscattered signals are brought to interference with the local oscillator using a 50:50 fiber coupler, 

and the signal is detected using an avalanche photodiode balanced receiver. As local oscillator reference 

channel we can either use the master oscillator or the 80 MHz frequency shifted master oscillator. This 

enables us to do homodyne or heterodyne signal detection. The fiber setup with all couplers is depicted 

in Figure 1. 

The signal is then digitized by a high-speed analog-to-digital converter (ADC) with 250 MS/s and 16 

bit vertical resolution. The resolution was chosen to have a maximum dynamic range of about 70 dB 

from shot noise to large signals. The sampling rate is suitable to sample signals with doppler shifts in 

the range of 20-90 MHz.  Processing of the signal streams is performed in real time using a 4 XILINX-

ZYNQ 7100 FPGA. The FPGA is used to perform interleaved streamed fast Fourier transforms of the 

signals [3], enabling spectral triggering and further real time processing. The spectral triggering is used 

as means to reduce the recorded data. When the scattered light of a particle generates a trigger event, 

the signal is stored and further processed. This reduces the data storage rate of the system. For system 

optimization we included full stream data storage of single channels to test and optimize the trigger 

algorithms implemented in the FPGAs with measured data. As processing system, we chose a 

MicroTCA computer. The backplane of this system is capable to handle the maximum data transfer of 

2Gbyte/s of the setup. 

Figure 1: Schematic of the laser Doppler anemometer and the processing system. 

The DLR Falcon 20 research aircraft has dedicated view ports at the bottom of the fuselage of the 

airplane. We constructed a special flange with four windows with an angle of 15° with respect to the 

floor of the airplane. For homodyne detection the flange is rotated by 45°, so each channel has a doppler 

shift during flight.  Onto this flange four different transceiver telescopes can be mounted. The telescopes 

are interchangeable to study the effect of different optical configurations on the signal. We implemented 

two different measurement distances, focusing the beam 0.5 m and 1 m away from the hull of the 

airplane. The airplane is equipped with a Rosemount 585 nose boom five-hole sensor system which is 

used for performance verification. Figure 2 shows the nose boom and the integration of the transceiver 

telescopes in the air plane. 

3. Flight experiments

A flight campaign took place in April 2022. We tested different flight situations regarding the angle of 

attack, air speed and side slip in different air masses (aerosol content). In the flight experiments we 

observed mostly systematic deviations between the nose boom measurements and the vector 

reconstruction of the laser Doppler anemometer. In Figure 3 a processed quick look of one flight is 

shown. The laser Doppler anemometer data shows a good agreement with the nose boom data. Some 

artificially induced noise due to temporal regularization is still present in the LDA, the process of signal 

analysis is ongoing. 
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Figure 2: Left: The Rosemount 585 nose boom  Middle: DLR Falcon F20 D-CMET  Right: Telescope 

transceiver assembly 

Figure 3: Comparison of the Laser-Doppler Anemometer with the nose boom. 
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Abstract: NOAA’s Chemical Sciences Laboratory (CSL) has developed a ground-based, 
mobile Doppler lidar capable of motion-stabilized vertically staring and conically scanning 

operation while driving. Building upon earlier efforts that developed this capability for aircraft 
and ship-based measurements, this application uses the same umbilically connected transceiver 
design and a motion stabilization platform optimized to fit in the back of a pickup truck.  The 

real-time, Field Programmable Gate Array (FPGA) based processor uses a tunable intermediate 
frequency (IF) digital demodulation design to remove the effect of the platform motion 

projected into the line-of-site velocity measurements as the heterodyne signal is mixed down to 
baseband. The Pickup-based Urban Atmospheric Sounder (PUMAS) participated in the month 
long Southwest Urban NOx and VOC Experiment (SUNVEx) to characterize horizontal and 
vertical wind fields and turbulence in the atmospheric boundary layer in the Los Angeles Air 
Basin.  The goal of operating PUMAS during this campaign was to study the spatial structure 
and evolution of complex coastal flows, basin transport and upslope flow into the mountains, 
and urban heat island and canopy effects around downtown LA.  PUMAS results are being 
used to help interpret chemical measurements made at a super site in Pasadena, CA and are 

being compared to regional air quality models. 

Keywords: Doppler lidar, motion compensation, mobile platform, scanning lidar 

1. Ground-based, mobile, Doppler lidar

NOAA’s Chemical Sciences Laboratory (CSL) has developed a solid-state, coherent, Doppler lidar that 
utilizes an erbium-doped fiber amplifier (EDFA) and MOPA configuration with a free-space 
transmit/receive switch and folded telescope[1]. The transceiver components are mounted in a compact 
optical head attached via a 3 m umbilical to a small instrument rack that houses the processor and control 
and detection electronics, MO and pulse formation optoelectronics. This makes the transceiver compact, 
rugged and relatively insensitive to vibration and temperature changes.   Combined with an integrated 
Inertial Navigation Unit (INU), the FPGA-based real-time processor can account for projected line-of-
site (LOS) platform motion contamination in the signal by shifting the intermediate frequency during 
digital demodulation of the heterodyne signal.  This allows the system to accommodate a large range of 
platform speeds but still maintain a relatively narrow (±24 m/s) search bandwidth. Limiting the search 
bandwidth increases the wideband signal to noise ratio (CNR) and improves sensitivity in low signal 
regimes. 

Over the last four years, this transceiver, optimized for mobile platforms, has been deployed on-board 
NOAA aircraft[1][2], ocean going research vessels[1], and now is being used in the initial testing of  

Mo0304

12



Wm Alan Brewer 21st Coherent Laser Radar Conference 

CLRC 2022, June 27 – July 1 

 the Pickup-based Urban Atmospheric Sounder (PUMAS).  For the PUMAS application, the transceiver 
is mounted in a gimbal-based, motion stabilization system that mounts in the back of a standard pickup 
bed (Figure 1). The motion stabilization system actively stabilizes the pointing of the system to better 
than 0.2 degrees while staring vertically and, in its initial deployments, also scans the entire transceiver 
to direct the beam in up to a 30 degree off-zenith cone to measure horizontal wind profiles via the 
Velocity Azimuth Display (VAD) technique.  Operating in this manner, PUMAS acquires fully motion 
compensated LOS velocity measurements while the vehicle is underway and does so while operating in 
any scanning mode. Without the design considerations discussed in this section, a Doppler lidar on a 
moving platform would have limited bandwidth capability for atmospheric measurements and reduced 
pointing accuracy if it utilized non-inertial tilt sensors to determine orientation.  When making vertical 
velocity measurements if it did not have precise active stabilization, it would suffer from horizontal 
wind and platform motion contamination of the resulting w’2 profiles. 

2. The 2021 SUNVEx campaign

The month-long, Southwest Urban NOx and VOC Experiment (SUNVEx) took place during the summer 
of 2021 in Los Angeles Air Basin.  NOAA/CSL made continuous static and episodic mobile NOx and 
VOC measurements (together with university partners), ran regional air quality models, and deployed 
the PUMAS system.  The combination of chemical and dynamics measurements was used to study 
chemical VOC emission sources; to quantify the flux of anthropogenic nitrogen oxides in the LA Basin; 
and to better understand how these results are impacted by evolving onshore coastal flows, basin 
transport, upslope flow into the mountains, and urban heat island effect.  The data collected with 
PUMAS are also being used to evaluate regional air quality models. 

The PUMAS system operated at SUNVEx from 5 Aug to 2 Sept 2021, performed 17 drives and logged 
more than 87 hours of operation. A map of all drives is shown in the upper left portion of Figure 2.  The 
system typically operated in a scanning mode to measure horizontal wind fields, but occasionally, near 
downtown Los Angeles, operated in a vertical mode to study the urban heat island. Example profiles 
from both modes of operation are shown in Figure 2.  A transect of horizontal wind profiles are shown 
on the right side.  The arrows point in the direction of flow, their length and color correspond to wind 
speed.  Green is approximately 5 ms-1.  A transect around downtown LA of vertically staring velocity 
measurements are shown in the lower left plot.  Warm colors represent upward motion  

 with full range being ±5ms-1.  For scale, 1 km is marked in both plots in white.  The horizontal wind 
example shows the presence of the sea breeze as southerly flow from the surface to a height of 500 m 
(one vertical tick).  Above that height, the winds are from the SE and peak in strength at 750 m.  The 
vertical resolution of the PUMAS system for this experiment was 60 m.  The along path resolution 

Figure 1. The PUMAS system. The motion stabilization system, holding the optical 
transceiver, is mounted with a generator in the bed of the pick up while a half rack in the back 
of the crew cab contains the rest of the lidar’s electronics.
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depended on traffic speed. Horizontal wind profiles were typically completed every 300 m while vertical 
measurements have a 15 m along track resolution.  

 The PUMAS drives during SUNVEx can be categorized by the dynamic features they were designed 
to study.  There were generally 5 major types that were repeated when conditions were correct to build 
statistics. (1) North/South loops were driven to study sea breeze evolution in the region between 
downtown LA and Long Beach.  (2) East/West transects were performed from Sana Monica to Palm 
Springs to study onshore flow and basin transport of pollution eastward and out of the basin through 
Banning Pass and northward through Cajon Pass in the late afternoon. (3) Complex terrain and upslope 
flow were studied in drives to Mt Wilson - North of Pasadena. (4) Loops around downtown LA were 
driven to investigate the urban heat island and surface roughness effects due to the taller buildings. And, 
finally, (5) PUMAS did coordinated drives 
with the mobile chemistry van to provide 
contextual dynamics information during 
their drives. 

 Figure 3 Shows an example from a basin 
transport drive taken on Aug 28th 2021. 
The bottom plot shows westerly flow 
transporting pollution through the basin 
converging with eastward flow just before 
the top of Banning Pass. In the area of 
convergence, vertical motions loft the 
pollution and eastward transport continues 
at higher altitudes.  The easterly portion of 
the drive was repeated approximately an 
hour later and showed that the 
convergence front had propagated 
easterly, over the top of the pass, and 
descended towards Palm Springs initiating 
uniform easterly transport at all heights.  

Figure 2. Map track and wind direction profiles from a 
basin transport drive during SUNVEx.  Distance in the 
lower plot is to the East.

Figure 3. Map of all drives in the Los Angeles Air Basin (upper left) and examples of vertical velocity 
(lower left) and horizontal wind speed (right side) profiles.  All results are shown in Google Earth 
and were taken during the SUNVEx campaign.
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3. Incorporating a two-channel design

 With a single channel, the initial operation of PUMAS was limited to be either vertically staring- ideal 
for turbulence profiling and estimating boundary layer heights in convective conditions, or conically 
scanning to estimate the horizontal wind. Many applications require continuous coverage of both 
measurement types, especially those utilizing turbulence quantities such as TKE and momentum 
fluxes[3].  With this in mind, the PUMAS transceiver has been modified to incorporate two channels, 
one vertically staring and the other 
continuous scanning.  The Power Output 
(PO) of the EDFA is split, using a half wave 
plate and polarizing beamsplitter, and an 
additional telescope and receive optics have 
been added together with a 30 degree optical 
wedge scanner. The transceiver optical 
breadboard and all-weather enclosure is 
shown in Figure 4. 

Currently, another FPGA card with digitizer 
has been added to the real-time processor to 
accommodate the new channel, but, 
ultimately, we envision two digitizer 
channels on a single FPGA card.  Both 
channels are compensated for platform-
motion and the motion stabilization system 
would be dedicated to maintaining the 
pointing of the transceiver for the vertical 
beam while the wedge scanner directs the 
scanning beam.  

Initial field tests with the two-channel 
transceiver and a new truck are currently 
underway. We expect to present initial 
results at the conference.   

4. Conclusion

The PUMAS system has been developed, tested, and demonstrated several times over the last two years 
utilizing an existing mobile transceiver unit developed at NOAA.  A new dual-beam transceiver and 
real-time processor has been developed to provide simultaneous coverage of horizontal winds and high-
resolution vertical velocity as the system drives.  PUMAS is an ideal observational system to study the 
temporal evolution and regional structure during complex wind conditions.  The system will be deployed 
in Aug and Sept of 2022, together with an airborne NOAA Doppler lidar[2] and other ground based 
mobile Doppler lidar and radar systems, to study coupled wind/fire behavior and plume dynamics 
associated with wildland fires in California during the California Fire Dynamics Experiment (CalFiDE). 
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1. Introduction

There is a strong need for additional observations in the vicinity of deep convective systems, due to their 
severe impacts and low predictability. Deep convection is a very localized phenomenon in space and time, 
which is strongly interlinked with boundary layer and meso-scale processes. Thus, to investigate flow in 
the vicinity of deep convective systems, high resolution targeted observations covering the meso-scale are 
required [1,2].  

Airborne Doppler lidar (ADL) measurements present a valuable tool for meteorological research, as they 
allow targeted and spatially resolved observations of atmospheric flow phenomena with high resolution. 
Many studies utilize ADL systems on high and fast flying jet-aircraft [3,4]. However, ADL measurements 
on jet aircraft provide both limited wind profile resolution in the horizontal (O(10 km)) and operational 
flexibility. Thus, their applicability for targeted measurements of atmospheric boundary layer and meso-
scale phenomena such as deep convection is limited. To close the gap between ground-based lidar 
observations with limited spatial coverage and those on jet aircraft with limited spatial resolution, ADL 
systems on aircraft flying slow and low are required. Such ADL systems can provide much higher resolution 
of wind profiles (O(1 km)) and at the same time cover the spatial extent of meso-scale phenomena (O(100 
km)). However, only very few studies have reported such ADL measurements [5,6], none of them targeting 
deep convective systems.  

To extend airborne observational capabilities, also for 
the study of deep convection, a new airborne Doppler 
lidar system has been developed by the Karlsruhe 
Institute of Technology (KIT) in collaboration with TU 
Braunschweig (TUBS). Associated with the Dornier 
128-6 research aircraft [7], the new system offers
higher spatial resolution for boundary layer and meso-
scale studies, as well as more flexibility for targeted
measurements.

This contribution presents airborne Doppler lidar 
observations from the Swabian MOSES (Modular 
Observation Solutions for Earth Systems) field 
campaign, which took place in south-western Germany 
in summer 2021 [8]. Located in a hotspot for deep 
convection and hail, Swabian MOSES was dedicated to 
explore the processes responsible for the initiation and 
sustenance of deep convection. During Swabian 

Figure 1: Overview of Doppler lidar network and 
Do128 flight path to test flow convergence 
hypothesis, figure modified from [12]. 

Upper Neckar 

region 

 Baden-Baden 
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MOSES the first measurements with the new KIT ADL were conducted, providing wind observations in 
the vicinity of deep convective systems at previously unavailable resolution.  

2. Measurement overview

During May-July 2021 the integrated atmospheric measurement system KITcube [9], was deployed to the 
upper Neckar River region, located between the Black Forest and Swabian Jura mountain ranges (Figure 
1). This region, which was already part of the COPS campaign [10], has been identified as a climatological 
hotspot for hail events [11]. Previous studies postulate that for Froude numbers Fr < 1, favoring flow around 
the Black Forest, low-level meso-scale convergence of flow in the lee of the Black Forest aides the initiation 
and development of severe convective storms in the upper Neckar region [12]. To test this hypothesis, five 
additional Doppler lidar measurement sites were set-up with a distance of approximately 30-50 km to each 
other, surrounding the main KITcube site. 

To extend the coverage of the ground-based stations and provide spatially resolved meso-scale information, 
two research aircraft operated by TUBS were deployed by KIT for a duration of three weeks. A total of ten 
flights were conducted on four flight days, each lasting more than 2.5 hours. Seven flights were performed 
by the Dornier 128-6 (Do128) which also hosted the new KIT ADL. During three of these flights a Cessna 
F406 (F406) research aircraft, which is the successor aircraft for the Do128, was flying simultaneously to 
add an in-situ wind reference and provide other quantities such as humidity profiles. 

The new ADL onboard the Do128 consists of a Lockheed Martin WindTracer WTX Doppler lidar and a 
dedicated 2-axis scanner developed for the aircraft by Arges GmbH. Owing to the high lidar measurement 
frequency of 10 Hz, the fast scanner moving at 30° s-1 and the slow aircraft speed of 65 m s-1, profiles of 
the mean wind can be obtained every 750 m, which corresponds to a factor of two higher resolution than 
previously available. 

3. Measurement example – deep convective

system on 17 June 2021

In the following, a measurement flight performed on 17 
June 2021 is analyzed. Isolated deep convection was 
forecast to occur in the upper Neckar region during the 
afternoon of 17 June and a flight targeting convective 
initiation was scheduled. After take-off at Baden-Baden 
airpark at 11:30 UTC the Do128 performed multiple 
transects across the target region to capture the meso-
scale variability of the wind field. The timing and 
location of the Do128 flight path as well as the radar 
reflectivity measured by the radar network of the German 
weather service (DWD) is displayed in Figure 2.  

During the duration of the flight, deep convection 
developed in the southern part of the target area, which 
was sampled at two times by the Do128. Especially the 
east-west transect from 13:09–13:28 UTC coincided with 
the development of a deep convective cell in the 
immediate vicinity of the flight path. Thus, these 
measurements present a successful airborne targeting of 
deep convective systems. 

Figure 2: Time and location display of Do128 flight 
trajectory as well as reflectivity from the DWD radar 
network on 17 June 2021. The 45 dBZ radar 
reflectivity contour is outlined. 

Mo0305

17



Philipp Gasch 21st Coherent Laser Radar Conference 

CLRC 2022, June 27 – July 1 

The associated in-situ and ADL wind measurements obtained during the flight are displayed in Figure 3. 
The ADL measurements provide a detailed extension of the in-situ measurements towards the ground. The 
ADL and Do128 in-situ measurements correspond well, which is also confirmed by a comparison of in-situ 
measured winds from the Cessna F406 and ADL retrievals (not shown).  

Significant meso-scale wind field variability is recognizable in the measurements. While the wind speeds 
are higher and from a westerly direction above the Black Forest, the Neckar and Swabian Jura region shows 
lower wind speeds from southerly to north-easterly directions. Individual convective updrafts appear in the 
vertical wind measurements above the Neckar region, despite the challenging vertical wind retrieval the in-
situ and ADL measurements agree well. Associated with the weaker wind speeds some of the updrafts 
exhibit northerly wind directions in their vicinity. 

The most remarkable feature is a region where strong veering of the horizontal wind occurs across a short 
spatial distance in the southern part of the measurement domain. This veer region is the convergence zone 
associated with the deep convective cell, which developed in the vicinity of the flight path during passage. 
Due to the developing clouds, flight altitude had to be decreased to 2000 m to maintain the cloud-free 
conditions required. The convergence zone associated with the horizontal wind direction veer is very 
localized within a region less than 10 km wide above the southern Black Forest. West of the convergence, 
winds are blowing from the Rhine valley at southerly to westerly directions, whereas east of the 
convergence, winds are blowing from southerly to easterly directions. The location of the convergence 
suggests its triggering by flow around the southern Black Forest. A small part of the convergence zone also 
exhibits north-westerly flow directions, which align well with a deep valley in that region. 

As can be expected, the convergence zone is associated with a pronounced updraft exceeding 3 m s-1. 
Compared to the convective thermals present in the rest of the measurement domain the updraft associated 
with the convergence zone is noticeably wider. Providing a great level of detail and added value, the ADL 
observations also show that the updraft is linked to the location of the convergence zone at the surface, not 
at flight altitude. In-situ measurements of the Do128 show the strongest horizontal wind veer much further 
towards the east, where only weak vertical winds are measured. It should be noted that the trajectory of the 
flight did not pass directly beneath the developing deep convective cell, which was located a few kilometers 
towards the north. In this region, rain and lightning was present already, prohibiting flight. As such, the 
updraft associated with the convergence zone is probably not measured at the location of highest intensity 
and can be expected to be even stronger beneath the core of the deep convective cloud. 

Figure 3: ADL and Do128 in-situ wind measurements along the flight path on 17 June 2021. The three 
subpanels show (a) wind speed, (b) wind direction and (c) vertical wind speed. The thin line shows the 
Do128 in-situ wind measurements and includes a wind vane display, the curtain below is obtained from the 
ADL wind profile retrievals. The viewing direction is towards the north-east, from left to right the Rhine 
valley, Black Forest, upper Neckar region and Swabian Jura are visible. 

(a) (b) (c) 
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4. Conclusions

This contribution presents first results obtained using a new scanning ADL aboard a medium-range 
turboprop aircraft. Targeted ADL observations in the vicinity of deep convective systems were conducted 
at unprecedented resolution during the Swabian MOSES field campaign in summer 2021. It is shown that 
the ADL measurements are capable of providing unique, spatially resolved insight into the flow dynamics 
on the meso-scale. The combination with radar observations provides context for the thunderstorm activity 
associated with the flow field. Thus, the combination of targeted airborne Doppler lidar measurements with 
ground-based remote sensing networks proves to be a suitable and promising technique to gain new insights 
into flow phenomena in the vicinity of convective systems. 
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Abstract: The application of coherent Doppler Lidar has a tradition for over three 
decades at DLR. It started with the cw-CO2 laser based lidar system ADOLAR 
(Airborne DOppler LidAR) followed by the Franco-German Wind INfrared Doppler 
lidar (WIND)-project in which the first airborne wind lidar was developed. Later, in 
1999 a solid state 2-m lidar transceiver was purchased from CTI and supplemented 
with a double-wedge scanner and a data acquisition unit. This system turned out to 
become the working horse of DLR’s wind lidars, being applied in several ground and 
airborne campaigns for over two decades until now. This paper gives an overview of 
the Doppler wind lidar activities at DLR with special focus on the improvements 
achieved by an evolving signal processing.  

Keywords: Coherent Laser Radar, etc. 

1. CO2 lasers for Doppler lidar
In the 1980’s, coherent Doppler lidar at DLR was a synonym for cw-CO2-laser sources. Those lasers, 
either DC or rf excited, operated at 10.6 m wavelength and had an optical output power of typically 
4 W. Together with the liquid nitrogen cooled Mercury-Cadmium-Telluride (MCT) detectors, those 
lidar systems had a rather big size. Consequently, the application was mainly limited to ground-based 
applications as for instance wake vortex-, turbulence- and wind-measurements in the boundary layer. 
The range was typically 50 m to 300 m with the range resolution given by the so-called Rayleigh range 
varying with telescope diameter and range of the optical focus. With the cw-ADOLAR (Airborne 
DOppler LidAR) system a first airborne coherent doppler lidar of DLR was integrated into the DLR 
Falcon 20 research aircraft. This system acted as a precursor experiment for the Franco-German Wind 
INfrared Doppler lidar (WIND), to gain some experience on an airborne Germanium-wedge scanner 
and to test the data acquisition system. By applying conical scan procedures, the ADOLAR system was 
capable of retrieving a 3-dimensional wind vector out of several line-of-sight (LOS) measurements. 
Furthermore, the accuracy of the retrieved wind speeds could be verified by using ground returns as 
zero reference. As the ground signals provided a much higher backscatter compared to the atmospheric 
boundary layer signals, two peaks were present in one Doppler spectrum even though the ground was 
out of the focal plane of the laser beam. In Principal, the rather simple ADOLAR system provided all 
information needed for airborne wind lidar measurements [1]. The knowledge gained in signal 
processing and the correction for the installation orientation within the aircraft was later-on used for the 
larger and pulsed WIND system that was developed by DLR together with the French LMD group at 
CNRS. This pulsed system operated at a laser repetition rate of 10 Hz, offering the possibility of range 
resolved wind profile measurements for the first time at DLR, despite the limitations caused by the gain 
switched pulse profile of the pulsed CO2 laser. At this profile, a huge sharp peak (too short to be used 
for Doppler estimates) is followed by a second pulse of some microsecond duration that is corrupted by 
frequency chirp. Nevertheless, range resolved wind profiles were obtained at several measurement 
campaigns [2] as for instance 1999 at the Mesoscale Alpine Program MAP.  

Another application of the cw ADOLAR system was a precursor experiment for the use of a Doppler 
Lidar as a true airspeed sensor [3]. At this experiment, a Germanium lens with 5 m focal length was 
applied to obtain a small focus close to the aircraft. At this focus the optical power was high enough that 
a few or even singe aerosol particles did produce a high SNR beating signal. Surprisingly, this system 
demonstrated Doppler signals up to the maximum cruising altitude of the Falcon F20 aircraft, that was 
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about 10 km above sea level at this time. Of course, those Doppler events occurred not at the high 
“repetition rate” that was needed for an operational true airspeed sensor. But still, it was remarkable to 
see that even at this altitude, the aerosol load is large enough to retrieve wind speed by coherent 
detection.  

2. Doppler lidar with solid state lasers
Soon after the completion of the WIND System, CTI developed the solid state lidar system MAG1. 
Those Tu:LuAG doped lasers have a nearly gaussian shaped temporal pulse form with a much lower 
frequency chirp compared to pulsed gas lasers. As a result, the spectral width is nearly Fourier limited.  
The repetition rate of 500 Hz is much higher and the pulse energy is about 1.5 mJ. DLR purchased the 
MAG1 transceiver in 1999 and supplemented the transceiver with a data acquisition system and a double 
wedge scanner. Table 1 shows the main specifications of the DLR 2-m Doppler system with the MAG 
1 transceiver. Further information about the system can be found in Witschas et al., 2017 [9].  

Table 1: Key parameter of the 2 m DLR system 
Parameter Value 
Wavelength 2022 nm 
Energy 1.0 to 1.5 mJ 
Pulse width ca. 600 ns 
Repetition rate 500 Hz 
Altitude resolution 100 m 
Measurement volume for 1 scan on 
ground level (@ 10 km flight altitude) 

6.2 km cross track and 
 6.8 to 8.4 km along track 

Scanning mode 18 to 24 LOS with 1s 
accumulation time 

2.1. Wake vortex measurements 
The first application of the CTI transceiver based lidar system were the campaigns C-WAKE as a 
ground-based campaign at Toulouse airport and later I-WAKE where the lidar system was integrated 
into an NLR aircraft. At both campaigns a line scan was used to obtain a picture of wind speed and 
turbulence. The field of view was close to the axis of the wake vortex pair. With this geometry it was 
possible to localize the wake vortex pair of an aircraft, although it remained difficult to obtain a 
quantitative value for the strength of the vortex. 
Later, at ground-based measurements, an elevation scan pointing perpendicular to the vortex axis 
brought excellent velocity profiles of the vortex pair and also enabled estimates of the location of the 
circulation. Those estimates were retrieved by an adapted algorithm from the cw-wake vortex 
measurements.   

With the same scanning strategy, perpendicular to the vortex axis [4], airborne observations of wake 
vortices were obtained from the system with a dual wedge scanner integrated into the DLR Falcon 
aircraft in a downward looking configuration. For those measurements, the seeding of the wake vortex 
with smoke turned out to be essential as soon as you are above of the particle-rich boundary layer. The 
smoke also helped the pilots to align the two aircraft such that the vortex was inside the scanning volume. 
If both aircraft were flying in the same direction the vortex of the generating aircraft is measured at 
nearly constant age respectively distance. In case the aircraft were flying against each other a set of 
vortex measurements at different vortex ages is acquired. At the later case a racetrack patter for both 
aircraft is used. 
Several campaigns were related to the certification of the Airbus A380 with its classification as super 
heavy Aircraft. This business started on top of an airbus building during the first A380 test flights. Once 
it was proved that DLR was capable of reliably performing wake vortex measurements, a set of rather 
exiting campaigns where the A380 was flying multiple approaches dedicated to the lidar measurements, 
quite often back to back with an A340 a B747 and a B777. Later also airborne wake vortex 
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measurements were requested. As the A380 had no smoke generator installed it was a big challenge to 
find an area with high backscatter to obtain good wake vortex measurements at a traveling altitude of 
approx. 8 km. 

2.2. Airborne meteorological campaigns 
At all airborne meteorological campaigns [5-8], the 2-µm Doppler lidar was installed in the DLR Falcon 
aircraft in a downward-looking configuration. During the first measurements, a Silicon single wedge 
scanner was used. This scanner was operated with a conical step and stare pattern with the axis of the 
cone nearly pointing in nadir direction. During the 1 second stare position, the atmospheric return from 
a defined range-gate was Fourier transformed and the resulting frequency spectra were accumulated. 
Those 1-s LOS estimates are the basis for all further processing steps. The easiest thing that can be done 
with those estimates is to use different LOS directions to calculate a three-dimensional wind vector. By 
using more than three LOS directions it is possible to have some statistics of the resultant wind vector. 
Furthermore, more LOS also enables sophisticated outlier control as well as the possibility to 
compensate for not existing LOS estimates e.g. due to low backscatter. Soon, the single wedge scanner 
was replaced by a double wedge scanner that allows to address each LOS position inside a downward 
pointing cone and not only LOS directions on the cone mantel. With this scanner it is possible to address 
attitude corrected LOS directions e.g. Nadir pointing for small scale vertical wind speeds as they occur 
at gravity waves excited by wind flows e.g. over a mountain ridge.  With a more sophisticated signal 
processing coverage and also accuracy could be improved. The easiest thing to be done is zero padding 
before the FFT. This reduces the width of the frequency bins in the resulting spectrum and makes the 
estimation of the spectral bandwidth much easier. Another technique is the so-called accumulation of 
all acquired LOS spectra of one or more scan(s). With this technique the spectra of the different LOS 
directions are shifted due to pointing as well as an assumed wind vector and are finally summed up. If 
the assumed wind matches the real wind the resulting peak near the zero-frequency shift becomes 
maximal. With this technique the coverage of the wind estimates can be increased depending on the 
actual backscatter conditions. Figure 1 shows an example for what can be gained with this technique 
and a more sophisticated signal processing strategy and outlier control. 

Figure 1: Illustration of the evolution of signal processing over the years. Left a scene over Europe from 
2003. Right a recent measurement over Iceland from the AVATARI campaign in 2019. 

Especially for precursor [10] and cal/val-activities [11] for the AEOLUS satellite the accumulation 
strategy demonstrates its potential, as the satellite measurement volume has a rather large horizontal and 
vertical resolution. By a variation of the number of accumulated scans and accumulated vertical range, 
an optimum value of an accumulation of 3 scans and 300 m range was derived. Of course, this technique 
increases the measurement volume to approx. 20 km along track. A further extension of the 
measurement volume to 5 scans and 500 m gains only very little in coverage. Maybe the reason is that 
wind variation in the accumulated volume are resulting in a broader peak in the accumulated spectrum 
with a higher uncertainty respectively error of the resulting estimates.  
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During the last few years the focus of DLR-Doppler lidar activities was on the performance of several 
campaigns related to the calibration and validation of the Aeolus satellite as for instance the WindVal 
III (Nov 2018) and the AVATAR-E campaign (May/Jun 2019) in Europe as well as the AVATAR-I 
campaign in Iceland (Sept/Oct 2019) and the AVATAR-T campaign in the tropics (Sept. 2021, Sal, 
Cape Verde). During these campaigns, the coherent 2-m system was installed onboard the Falcon 
aircraft together with the direct detection Aeolus-pendant ALADIN Airborne Demonstrator (A2D). 
While the A2D lidar has a fixed viewing 20° off-nadir to the right of the aircraft longitudinal axis and 
similar to the AEOLUS LOS direction, the 2-m system performed an attitude corrected conical scan 
with every 4th LOS pointing downward for the estimation of the vertical velocity e.g. due to gravity 
waves. The full quantitative analysis of these measurements as well as its use to correct the LOS 
estimates of the conical scan is still pending. 

3. Actual status and future activities
The last years were filled by AEOLUS related activities. There is still some signal processing left to be 
completed. For the future it is planned to install a 1.6 m system by Lockheed Martin (WindTracer) to 
the German HALO research aircraft together with a new double-wedge scanner and new data acquisition 
system. This will also support the preparation of an AEOLUS follow-on mission which is anticipated to 
be launched in 2030+. Nearly all boundary layer measurements like wake vortex measurements and 
wind energy related activities will be covered by commercially available systems that have the capability 
of autonomous operation. DLR has three Leosphere wind-cubes for those tasks. Also, a new all-fiber-
based Doppler system has been developed at DLR Stuttgart and is foreseen to be operated from an 
aircraft.  
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Abstract: The developments on the laser radar technologies in Mitsubishi Electric have 
been continued in the last 50 years with the wide variety of engineering and wide variety 
of science. Here, we introduce the history of our coherent laser radar (CLR) 
development regarding the wind sensing coherent Doppler lidar (CDL), coherent 
differential absorption lidar (DIAL) for measurement of water vapor and wind, and 
recently developed other CLR technologies. 
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1. Introduction
Mitsubishi Electric Corporation has many track records on the laser radar development from early 1970s. 
The year 2022 is the 50th year anniversary after the first paper on laser radar in Mitsubishi Electric was 
published [1]. Our developments on the laser radar technologies have continued with the wide variety 
of engineering and wide variety of science [1 - 46]. The application is also wide from the underwater 
[43] to the space [6, 7, 27, 38, 46]. Regarding the coherent laser radar (CLR), we started the development
in the middle of 1990s for the laser Doppler speed meter [8]. After that we have continued the
development as the pioneering research group of the 1.5-micron CLR technologies. Here, we introduce
the history of the CLR development in Mitsubishi Electric regarding the wind sensing coherent Doppler
lidar (CDL), coherent differential absorption lidar (DIAL) for measurement of water vapor and wind,
and recently developed other CLR technologies.

2. Wind Sensing CDL
We have provided many world’s first topics on the wind sensing CDL including, (1) wind sensing using 
eye-safe (1.5 micron) wavelength region [9 - 12], (2) instrumentation of compact fiber-based lidar [13, 
14], (3) product release of the fiber-based pulsed lidar [15], (4) middle-range (8 km) wind sensing with 
the high power fiber amplifier [16], and (5) long-range (10 km) and real-time wind sensing using eye-
safe wavelength [17]. 
 In addition to these accomplishments, we have developed several technologies in this decades. We 
developed the high-peak and high-average-power laser amplifier using Er, Yb: glass planar waveguide 
and succeeded to demonstrate the ultra-long-range (>30 km) wind sensing [18, 19]. The lightweight 
athermal optics was developed additionally for the long-range wind sensing for the airborne application 
[20]. We employed the pulsed-serrodyne technique for the size reduction of the optical transceiver [21]. 
We demonstrated the non-mechanical beam scanning using wavelength switching with the above-
mentioned newly developed transceiver [22]. We also developed the new technology of the active beam 
alignment for the recovery from decreasing signal-to-noise ratio (SNR) caused by misalignment [23]. 
By making this alignment technology advanced, we experimentally proved the effect of lag-angle 
compensation in the case of high-speed beam scanning [24]. We invented the intelligent functions to 
improve the data availability in several atmospheric conditions [25]. This lidar will be the trigger toward 
artificial intelligence (AI) based lidar. We additionally developed the signal processing method with 
Mitsubishi Electric Research Laboratory in U.S. to improve the sensing accuracy in complex wind flow 
using computational flow dynamics [26]. The feasibility study for the future spaceborne CDL has been 
started also [27]. In addition to these developments, we derived the semianalytic CDL equation [28] and 
relation between the SNR and wind sensing performance [29]. These academically contributed to the 
simple CDL design. Regarding many parts of the above-mentioned activities, Yoshihito Hirano of 
Mitsubishi Electric was elevated to IEEE fellow as the pioneering researcher of 1.5-micron wind sensing 
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lidar. Further, Mitsubishi Electric has received the Technology Management Innovation Award (from 
Japan Techno-Economics Society) in 2018. 

The above-mentioned technologies have contributed to our products of long-range, compact and short-
range, nacelle-based, and airborne lidars. These lidars have been utilized throughout the world, for 
example, in China (Beijing and Hong Kong), Korea, Singapore, Turkey, France, and Romania including 
some plans. The long-range lidar realized the wind mapping within the planetary boundary layer [47 - 
49] and additionally tested for the wake vortex detection [50]. This lidar has been used also for the wind
monitoring around the airport for the aviation safety [51]. The compact and short-range lidar also
contributed to the wind shear detection at the airport [52], meteorological monitoring within the
planetary boundary layer [53 – 55], and monitoring of the atmosphere around the volcano [56, 57]. The
main application of this lidar is the wind energy, and the lidar has been used for the wind resource
assessment [58 - 60]. The nacelle-based type has been tested for the progressing application of the lidar-
assisted wind turbine control [61, 62]. The airborne lidars have been utilized by the Japan Aerospace
Exploration Agency. They have demonstrated the turbulence detection with step-by-step approach by
improving the measurable ranges. After the first demonstration of the turbulence detection using the
fiber-based lidar [63], the clear air turbulence (CAT) detection in the cruising altitude [64, 65] and wind
shear detection in the landing approach [66] were demonstrated using the lidar with the high-power
planar waveguide amplifier.
We also contributed to the international standardization activities for the widespread of the wind sensing 
CDL. We acted as the registered expert from Japan in the discussion for the publication of ISO-28902
which defines the wind CDL and its performance [67]. We served as the Japanese representative of IEA
Task 32 and contributed as the reviewer of the recommended practices for wind resource assessment
using the ground-based and floating lidars [68, 69]. Partial support for employment of the wind sensing
CDL in IEC 61400-1 was also our work as the Japanese local committee member. This standard now
includes the utilization of wind sensing CDL for the power performance testing of wind turbines [70].
Further, we served as a co-chair in RTCA SC-230 WG11 and contributed to the publishment of the
feasibility study report regarding the airborne lidar for CAT detection [71]. Mitsubishi Electric is the
only organization which has contributed to all above-mentioned activities of ISO, IEA, IEC, and RTCA.

3. Coherent DIAL for Simultaneous Measurement of Water Vapor and Wind
We expanded the wind sensing CDL technologies to the coherent DIAL for water vapor sensing toward 
the early prediction of heavy rain, with the background of the recently increasing extreme weather events. 
Our challenge was in the wavelength selection at the 1.53 micron since the optical absorption strength 
is not so large compared with the conventionally used wavelengths in the water vapor sensing DIALs. 
We found out the feasibility in using this wavelength with careful theoretical study [30]. Following this 
study, we experimentally demonstrated the water vapor sensing performance with the simultaneous 
sensing of wind as the first coherent DIAL at this wavelength [31]. The longer range water vapor sensing 
has been demonstrated [32] using the high-power planar waveguide amplifier [33]. 

4. Recently Developed Other CLR Technologies
Further, we recently developed some unique CLR technologies. The first one is the pulsed range finder
[34] which uses the compact transceiver using the technology of [21]. The second one is the fiber-based
laser Doppler vibrometer using the unique configuration of the double-pass frequency shifter to improve
the demodulation quality [35]. The latest one is the coherent transceiver for underwater application using
visible wavelength. The detail of this development is presented in this conference [36].

5. Conclusions
The CLR in Mitsubishi Electric was introduced regarding the wind sensing CDL, coherent DIAL, and 
recently developed other CLRs. Our activities have not been limited in the various hardware 
development but included the academic contribution in the CLR theory and the international 
standardization activity for the widespread especially of the wind sensing CDL. Mitsubishi Electric has 
50 years history in the development of laser radar. The authors appreciate all of the past works especially 
in the reference list which will support our future developments. 
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Abstract: Fibre-optic based Doppler wind lidars (DL) are able to retrieve vertical 

profiles of kinematic quantities across the lower atmosphere with high spatio-temporal 

resolution. Therefore, these compact systems are promising candidates for operational 

use in future observing networks of meteorological and environmental services. Here, 
we present results from a side-by-side comparison of eight Halo Photonics “Streamline” 
DLs during the FESSTVaL 2021 field experiment. We focus on the characterization of 

the instrumental noise and show its impact on the derived winds. While the most 

common approach filters data via a fixed signal-to-noise ratio (SNR) threshold, we find 

the non-linear consensus method (CNS), already operational in the data processing 
chain of radar wind profilers, to be more efficient in the weak signal regime where it 

increases data availability without reducing data quality. 

Keywords: robust noise filter, wind retrieval, operational observing networks 

1. Introduction

Fibre-optic based Doppler wind lidars (DL) are widely used for both meteorological research and in the 
wind energy sector. These compact systems are able to obtain vertical profiles of the mean horizontal 

wind vector in the atmospheric boundary layer as well as in optically thin cloud layers in the free 

troposphere with high spatio-temporal resolution. Especially short-term forecasting would benefit from 

assimilating their data which renders these compact systems promising candidates for operational use 

in future observing networks of meteorological and environmental services. Therefore, Deutscher 
Wetterdienst (DWD) includes the assessment of DLs in its effort to evaluate ground-based remote 

sensing systems for their operational readiness. 

Nevertheless, a basic prerequisite for the retrieval of atmospheric quantities from Doppler lidar 
measurements is the robust detection of atmospheric return signals in the presence of instrumental noise. 

The most common approach filters the data via a fixed signal-to-noise-ratio (SNR) threshold [1, 2]. 

However, a conservative threshold reduces the data availability while a low threshold degrades the 

retrieval quality with noise. Therefore, the choice of a threshold level influences the retrieval 

performance [6] 

One way to overcome this issue is to consider a filter method, which is independent of the SNR. A well-

established method that is used operationally in the mean wind retrieval of radar wind profilers is called 

the consensus method (CNS) [3, 4]. Here, we measure Doppler velocities with a velocity azimuth 
display (VAD) scan [5]. This scan geometry ensures that the atmospheric returns form a sine wave as 

long as the wind speed is sufficiently large and the wind field is homogenous for the measurement period 

of interest. Noisy data is then distributed randomly across the bandwidth of detection (Figure 1, right). 

For a measurement point (𝛼, 𝑉) the CNS-algorithm (1) counts the number of points inside the

neighborhood (Δ𝛼, Δ𝑉) (red box) and compares it to the total number of points in the given azimuth

region Δ𝛼 (blue plus red boxes). The higher this quotient, the greater the likelihood of the measurement

to be an actual atmospheric signal (Figure 1). (2) all measurements within Δ𝛼 that surpass a specified

consensus threshold, e.g. 60%, are included in the CNS and then averaged. Thus, the CNS filter can be 

viewed as a density-based clustering method that effectively reduces noise. But it produces satisfactory 

results only if the noise characteristic is approximately white and if the signal is sufficiently pronounced. 
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Whenever non-uniform noise is present, e.g., introduced through inhomogeneity of the wind field or 

through detector deficits, noise can pass the CNS filter. 

Here, we first compare one year of retrieved wind profiles at the Lindenberg Meteorological 
Observatory using various SNR thresholds and CNS. We then process with a side-by-side comparison 

of eight Halo Photonics “Streamline” DLs (4 Streamline XR and 4 Streamline systems) during the

FESSTVaL 2021 field experiment by focussing on the characterization of the instrumental noise and 

show its impact on the derived winds. Finally, we introduce a new filter method based on the regular 

CNS that separates signal and noise, even in the presence of non-uniform noise. This more sensitive 

CNS (sCNS) is also independent of the SNR. 

2. Results and Discussion

For the first comparison we use a Streamline XR system that has been tested at Lindenberg since 2012 
and show an approx. uniform noise characteristic. Besides the applied filters, we use a number of control 

parameters to assure that the retrieved winds are of good quality. These control parameters are the same 

for all filters. We choose four different SNR thresholds: “00” (solid), i.e. no threshold at all, -22 dB

(dashed), because it can be considered within the noise region of the lidar [6], -18 dB (dotted-dashed), 

because it is recommended by the manufacturer [1, 2] and as a rather conservative threshold, -15 dB 
(dotted). These are paired with three different CNS thresholds: “00” (red) implies no threshold, 60

percent (blue), because we use this threshold in our quasi-operational setup and 80 percent (yellow), as 

a conservative threshold (see Fig. 2).  

Generally, SNR-filter and CNS-filter perform similar up to approx. 1000 m. But at higher altitudes the 

filter methods differ markedly. On the one hand, Fig. 2 shows that the CNS-filter is very robust and has 

only a small sensitivity to the chosen threshold. On the other, the SNR-thresholds have a large influence 

on the data availability. Even the modest threshold of -22 dB reduces the data availability considerably 

compared to the CNS-filter and for the conservative value of -15 dB hardly any data passes the filter 
above an altitude of 2000 m. Considering that the retrieved winds are of the same quality, the CNS-filter 

improves data availability without reducing data quality. Hence, the presented CNS-method is a good 

alternative to the common SNR-based filter methods and shows potential in operational application as 

well as in situations when the return signals are weak, e.g. regions with overall low aerosol. 

Figure 1 schematic of the VAD scan (left, taken from [1]) and a corresponding 

sinusoidal distribution of radial velocities (right). 
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Figure 2 Comparing data availability profiles using different threshold combinations 

For the next comparison, eight Halo systems have been measuring side-by-side in several scan 

configuration during the FESSTVaL 2021 campaign. First, we use data obtained from purely noisy 

regions of vertical stare scans to characterize the detection noise (n0). Fig. 3 present histograms of the 

velocity distribution in the noisy regions. The upper panel includes only Streamline systems and the 

lower panel only Streamline XR systems. The distributions reveal that especially systems 74 and 172 
suffer from a large noise component around 0 ms-1. Also, systems 78 and 177 show peaks in similar  

locations, but with much smaller frequency of occurrence. The XR lidars have a more uniform noise 

characteristic. Here, only DL 143 has a small and rather wide peak. However, lidars 44 and 161 depict 

higher occurrences near both ends of the detector bandwidth. Lastly, DL 146 even shows a dip around 

0 ms-1. 

The stare comparison reveals that the noise characteristics cannot be considered uniform for the 

Streamline systems and only approximately uniform for the XR system. This has implications for the 

scan strategies and derived products. Therefore, a vertical velocity statistic with systems 74 and 172 will 
have greatly reduced data availability as well as a bias towards the noise peak. Further, the n0 will 

influence the performance of VAD and DBS scans, e.g. by a reduction in wind speed, because some of 

this non-uniform noise will also pass the filter, SNR and CNS, respectively. 

Figure 3 Noise characteristics of eight Halo Photonics DLs derived from vertical stare scans. 

In order to overcome this issue, we introduce a new filter method based on the regular CNS that 

separates signal and noise, even in the presence of non-white noise. This more sensitive CNS (sCNS) 

is also independent of the SNR. The sCNS filter estimates the background noise, assuming that this 

component is independent of the azimuth direction. The necessary calculations are not considerably 
more expensive than the ones needed for the CNS filter.
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Figure 4 Doppler lidar signal mixed with noise using SNR-filter (green) with -18 dB, CNS-filter (blue) 

with 60% and sCNS filter (orange). Solid lines show the least-square fit of the filtered data. 

As an example, Fig. 4 (left) compares the different filter methods using 30 min of measurement data 

from a single range gate with a large noise component around 0 ms-1. The data clearly show that 
atmospheric returns lie on a sine wave, but the noise component has approximately the same point 

density. The SNR filter performs well only for the evenly distributed random noise, but signal and n0 

pass this filter with equal amounts. Concerning the CNS filter, only a small fraction of the 

measurements passes the filter and most of them are in the region, where the sine wave and n0 

overlap. On the contrary, the sCNS filter captures the signal best, even though near the 0 ms-1 
crossing, signal and noise are indistinguishable. The histograms emphasize the improved performance 

of the sCNS filter compared with the other two. It reduces n0 most effectively and keeps most of the 

reliable data (Fig. 4, right). 

Hence, the presented sCNS filter shows potential for operational use. It performs better than the SNR 

filter and the regular CNS filter and it is approximately as computationally expensive as the CNS 

filter. Through this approach, we hope to maximize the data availability of the mean winds while 

maintaining a high retrieval quality. 

3. Challenges

It remains to show that the performance gain from the new filter approach results in a significant impact 

on the data availability and quality. Especially, inhomogeneous, non-stationary wind fields might still 

create unforeseen issues that cannot be accounted for with the presented filter method. 

Further, the non-uniform noise is an important issue for the use of DLs in operational networks, because 

the quality and data availability of different systems in a network should be very similar. This could be 

achieved two ways. First, by improving the system noise characteristic to make the noise more uniform 

and second, by applying algorithms that can successfully filter unwanted noise. 
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Abstract: After defining the Range Weighted Function (RWF) which corresponds to 
the Lidar spatial resolution, we have performed numerical simulations of synthetic 
{Lidar, Atmosphere} systems that emulate a real device on different types of 
atmospheres. Vaisala‘s Windcube scanning Lidars have spatial resolution ranging from
25 m to 200 m depending on the application. We have performed direct measurement 
of those spatial resolutions and compared them to the model. Two Dirac-like interfaces 
of back-scatter coefficient, physically materialized by hard targets were used to perform 
the measurement. The predicted resolution matches the measurement with an error of 1 
to 3.6 % depending on the resolution. The proposed method of measurement could be 
used by academic and industrial Lidar manufacturers to benchmark their spatial 
resolutions.  

Keywords: Coherent Laser Radar, Range Weighting Function, Spatial Resolution 

1. Introduction

Along with frequency resolution, data availability and measurement rate, spatial resolution is a key 
figure of merit for Pulsed Coherent wind Lidars. In the Lidar community, the range weighting function 
(RWF) is recurringly used to define the spatial resolution. Banakh and Smalikho [2] demonstrated that 
the RWF is the convolution between the pulse profile and the time profile of a square measurement gate. 
Knowing the shape of the pulse and the profile of the gate, it is therefore possible to calculate this RWF 
function numerically. Frehlich [1]  used the following definition of lidar distance resolution: 
∆z=c/2(τ+τm). Outside this slice, aerosols do not contribute to the Doppler signal at all. This definition
corresponds to the width at the baseline of the RWF function and is therefore pessimistic for assessing 
the resolution in the sense of the Full Width Half Maximum (FWHM) of the RWF function. 

However, the general definition of the RWF is still not clear. A firsthand approach is to consider two 
spatial resolutions: one for the radial wind speed (Doppler frequency resolution) and one for the 
backscatter of aerosols related to the Carrier to Noise Ratio (CNR resolution). We show here that the 
two resolutions are identical and therefore a generalized Lidar spatial resolution could be derived and 
defined. 

Figure 1: Chronogram of the time signal of the Lidar featuring the pulse amplitude Pamp and the 

time/analysis window w position that determines the position of the range gate. 
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Using the continuous Feuilleté model [4] , one can admit (the full demonstration is too long to be 
presented in this abstract), that the estimated CNRe at position 𝑐𝜏/2 can be expressed as:𝐶𝑁𝑅𝑒(𝑐𝜏 2⁄ ) = ∫ ∫ 𝐶𝑁𝑅(𝑧) |𝑤(2𝑧 𝑐⁄ −𝑡′)|2∫|𝑤(𝑡)|2𝑑𝑡 2𝑐|𝑃𝑎𝑚𝑝(𝜏−𝑡′)|2∫|𝑃𝑎𝑚𝑝(𝑡)|2𝑑𝑡 𝑑𝑡′𝑑𝑧

where w is the time window (see Figure 1), 𝑃𝑎𝑚𝑝  is the pulse amplitude. With, 𝐶𝑁𝑅(𝑧) =𝐶𝑁𝑅𝑎(𝑧) 𝑐 ∫|𝑃𝑎𝑚𝑝(𝑡)|2𝑑𝑡2 , where 𝐶𝑁𝑅𝑎(𝑧) is the unknown local CNR of the slice of atmosphere that
verifies 〈𝑎(𝑧1)𝑎∗(𝑧2)〉 = 𝐶𝑁𝑅𝑎(𝑧1)𝜎𝑏2𝛿𝑧1−𝑧2 where 𝜎𝑏2  is the noise variance and a(z) is the lineic
response of the slice of atmosphere normalized by the power of the laser. 𝛿𝑧1−𝑧2 is the Kronecker delta.〈. . . 〉 is the temporal average operator.  Similarly, the estimated doppler frequency is:

 𝑓𝑒(𝑐𝜏/2) = ∫ ∫ 𝑓𝑑(𝑧) |𝑤(2𝑧/𝑐 − 𝑡′)|2∫ |𝑤(𝑡)|²𝑑𝑡 2𝑐 |𝑃𝑎𝑚𝑝(𝜏 − 𝑡′)|2∫ |𝑃𝑎𝑚𝑝(𝑡)|2𝑑𝑡 𝑑𝑡′ 𝑑𝑧
Where fd is the unknown local doppler frequency of the slice of atmosphere. In both cases, we recognize 
a double convolution of the form: (𝑓 ∗ 𝑔 ∗ ℎ)(𝑥) = ∫(𝑓 ∗ 𝑔)(𝑦)ℎ(𝑥 − 𝑦)𝑑𝑦 = ∫ ∫ 𝑓(𝑧)𝑔(𝑦 − 𝑧)ℎ(𝑥 − 𝑦)𝑑𝑦𝑑𝑧
Where 𝑔(𝑧) = |𝑤(−2𝑧/𝑐)|2∫ |𝑤(𝑡)|²𝑑𝑡 is the normalized squared time gate, ℎ(𝑧) = 2𝑐|𝑃𝑎𝑚𝑝(2𝑧/𝑐)|2

∫|𝑃𝑎𝑚𝑝(𝑡)|2𝑑𝑡  is the normalized 

pulse power profile. In the first case, 𝑓(z) = 𝐶𝑁𝑅(𝑧)  and in the second case 𝑓(z) = 𝑓𝑑(z) . The
important takeaway of this partial demonstration is that the RWF is the same for the CNR and the 
doppler frequency and is defined as  𝑅𝑊𝐹 ≡ 𝑔 ∗ ℎ
Since the convolution of a Dirac distribution with an arbitrary function is the function itself, this RWF 
can be directly measured if the Lidar pulse encounters a Dirac-like CNR or Wind Speed interface. Such 
an interface is difficult to obtain for windspeed but can be achieved with the CNR (see 3). 

2. Simulations

To verify that the RWF is unique and corresponds to the spatial resolution, synthetic time signals were 
constructed with the Feuilleté model (Figure 2). Those signals were then analyzed with frequency 
estimator signal processing (Figure 2c).  

First, two synthetic signals were simulated: 1) an atmosphere with constant CNR and a chirped doppler 
frequency (Figure 2a). 2) an atmosphere with constant doppler frequency and chirped CNR (Figure 2b). 
The chirped signal was used to cover a wide range of spatial frequencies from a few meters to a few of 
hundreds of meters. As Coherent Pulsed Doppler Lidars could be considered as low-pass spatial filters, 
FFT of the estimated doppler frequency fde and CNRe were plotted against the FFT of the RWF (Figure 
2d). The theorical RWF was obtained by taking the numerical convolution between the known time gate 
w and measured laser pulse Pamp with a FWHM of 24 m (160 ns). The 3 FFT are almost identical which 
confirms the theorical demonstration that both CNR and doppler RWF are the same and correspond to 
the convolution of the pulse in intensity h and time gate g. Deviations are attributed to boundary effects 
and simulation random errors.  
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Figure 2: (a, b) Atmospheric simulations of chirped doppler frequency fd (a) and CNR (b). (c) the 

estimated fde and CNRe were obtained with Lidar’s signal processing (S.P.) then FFT of fde and

CNRe were obtained (d) FFT of CNRe and fde normalized by the FFT of input fd and CNR were 

compared in the FFT of the RWF.  

Second, a third and more realistic atmospheric simulation was also created with a Kolmogorov-like 
turbulent atmosphere (Figure 3) and a realistic emulation of the signal processing. We show that the 
turbulence power spectral density versus turbulence size is also well fitted by the FFT of the RWF (i.e., 
the transfer function of the Lidar). 

Figure 3: (a) Synthetic Kolmogorov Wind field plotted versus scanner azimuthal angle and range 

(b) Same Wind field retrieve by the Lidar (c) comparison of retrieved Velocity amplitude versus

structure size plotted along the FFT of the RWF.

3. Measurements

Two experiments were conducted to confirm the matching of the theorical RWF and the CNR profile 
of the Dirac-like interface. The first hard target interface was measured indoor between two low CNR 
media. The second hard target interface was measured outside in the atmosphere on an actual hard target 
(Figure 4).  

Figure 4: top: Indoor measurement on interface 1. bottom: outdoor measurement of interface 2 
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Figure 5: left: Comparison of direct measurement on two interfaces (interface 1 is the solid curve, 

interface 2 is the circles) of RWF compared to the theorical curve (dashed curves). Each group of 

curves corresponds to a spatial resolution of the WindCube Lidar as stated in the legend. Each 

CNR curve have been normalized to the maximum of offset by 10 dB for clarity right: Comparison 

of estimated FWHMs 

On the first 20 dB of the experimental RWF, there is a good agreement with the theorical RWF (Figure 
5). Full-Width Half Maxima of the curves were compared (Table 1) and agree within 5%. 

Table 1. Resolution Measurements 

Nominal 

Resolution 

FWHM 

theory (m) 

FWHM 

interface 1 (m) 

FWHM 

interface 2 (m) 
Average error (m) Average relative error (%) 

200m 169 174 171 3.5 2 

150m 136 140 135 1.5 1.1 

100m 83 85 85 2 2.4 

75m 63 63 67 2 3.2 

50m 42 43 44 1.5 3.6 

25m 22 22 - 0 <1 

4. Conclusion

In this work, we demonstrate that the CNR Lidar’s RWF and the Doppler frequency RWF are the same
function. Simple numerical simulation showed that those functions are the same. A more realistic 
complex wind simulation concurs this result. Finally, we have performed a simple method to directly 
measure the CNR Range Weighting Function using two types of interfaces. The measured FWHM of 
those experimental RWF matches well the theoretical profiles. This method could be used to quickly 
measure the RWF of any pulsed wind Lidar without the need of the unrealistic wind Dirac-like interface. 
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Lidars by master oscillator frequency modulation. 
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Abstract: The frequency response of a semiconductor laser to current steps exhibits 

few tens of microseconds recovery time. We present in this paper a modulation method 

for distributed Feedback Laser (DFB) that allows us to produce a desired target 

frequency modulation pattern. The modulation technique is based on an innovative 

deconvolution Algorithm that provides a high DFB frequency stability. This pattern is 

useful for the ambiguity mitigation in Coherent Doppler Wind Lidars. 

Keywords: Semiconductor modulation, Frequency response, Coherent Doppler Wind Lidars, Lidar 

ambiguity. 

1. Introduction

Fibered pulsed coherent Doppler Lidars usually operate at high pulse repetition frequency (PRF), to 

compensate for their weak pulse energy compared to bulk solid-state lasers [1]. Consequently, distant 

strong echoes from the atmosphere can be detected beyond the maximum measurement distance (> 

c/2PRF, c being the light velocity) (see Fig 1 a)), leading to the so-called distance ambiguity. To 

eliminate these outliers, we propose to modulate the master oscillator (MO) (distributed feedback laser 

DFB) with a controlled frequency jump higher than the lidar detector bandwidth. The echo return signal 

falling out of the detection bandwidth will then be suppressed, after the next pulse is launched. As we 

use a self-heterodyne detection, the local oscillator (DFB) frequency needs to be accurately stable during 

wind lidar measurement. Unfortunately, as shown in Fig 1 b), the semiconductor frequency response to 

current steps exhibits few tens of microseconds recovery time (because of thermal effects or specific 

carrier dynamics in the semiconductor chip) [2]. This MO frequency instabilities during the 

measurement would lead to a strong radial wind velocity error. This shows the difficulty to combine 

frequency agility and stability at the same time. 

We have then designed and implemented an innovative deconvolution algorithm which measures and 

compensates iteratively the response of the modulated laser. This allows to converge rapidly towards a 

target frequency modulation pattern designed to resolve the Lidar ambiguity, as shown in Fig. 1 c). The 

fast frequency jump rise-time (< 0.2 μs) and high DFB frequency stability recovered between the jumps 
make this new algorithm suitable for wind coherent lidar. We demonstrated Radial wind speed precision 

better than 0.1 m/s over all the measurement distance for all kind of PRF.  

2. Laser frequency Stablization

Figure 1(a) shows an ambiguity due to a strong reflection on a cloud at 20 km distance, beyond the 

ambiguity distance (15 km). The Lidar signal processing assumes then that the reflection came from 

the second pulse, and estimates the distance as being of 5 km instead of 20 km.  
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Figure 1. (a) Ambiguity mitigation scheme (b) Experimental MO frequency (blue) measured for a 

perfect square modulation command (without compensation, green curve) (c) Experimental MO 

frequency measured with compensation (frequency jump of 300 MHz) 

Figure 1(b) shows the frequency response of the DFB (blue curve) when receiving a square shape 

(green curve) current modulation (a steep function as modulation command). We can see that the 

frequency response of the semiconductor exhibits a slow recovery. This is due to thermal effects and 

carrier dynamics appearing in the semiconductor [2]. 

Figure 1(c) shows the calculated modulation pattern (green curve) that should be sent to the DFB to 

obtain a stable frequency step with fast recovery and stability between jumps (square shape, blue 

curve). This is calculated using our innovative algorithm. The blue curve (fig.1.c) is the experimental 

frequency pattern measured using a fibered frequency discriminator and corresponding to the desired 

target frequency shape.  

Figure 2 represents the experimental setup used to modulate the frequency of the Master Oscillator. The 

output of the DFB is separated in two arms: The first one goes into the Lidar (and is then split again into 

a reference beam and a signal beam going through the different components and then into the 

atmosphere). The second one goes into a frequency discriminator and the processing loop containing 

the algorithm. The deconvolution algorithm is iterative and approaches the desired target frequency by 

calculating the next modulation pattern applied at the input of the laser.  

Figure 2. Experimental setup used for the ambiguity mitigation 
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3. LIDAR Test

We perform a Lidar test by using an internal Wind simulation bench. Lidar line-of-sight (LOS) 

properties are measured using a patented test apparatus named Simulation of the Atmosphere using 

Fiber Optics (SAFO) [3]. SAFO creates a controlled propagation medium, with motionless scattering 

particles. The scattering medium mimics the atmospheric-distributed target behavior, as well as the 

speckle, without velocity gradient or true atmospheric turbulence. Velocity is estimated on 50 successive 

range gates, each having their own CNR value. Repeated measurements are performed to estimate the 

mean speed and the speed deviation.  

Figure 3. SAFO bench setup 

Figure 4. The figure on the left represents an ambiguity peak in the CNR. The figure on the right 

shows the suppression of this peak when modulating the frequency of the laser. 

Figure 4 shows experimental results confirming the ambiguity removal efficiency using this approach. 

No matter how important the dynamic of the ambiguity peak is, modulating the frequency of the laser 

using our algorithm will remove the ambiguity from the CNR.  

The results of the Lidar Wind speed are also compared with and without DFB frequency modulation 

technique. In figure 5, we see that modulating the frequency of the master oscillator does not degrade 

the standard deviation of the Wind speed measured by our Lidar. On the contrary the modulation actually 

improves the stability. This unexpected benefit is currently under investigation.  

Figure 5. Speed standard deviation with and without modulation. The stability is actually improved by 

our modulation scheme. 
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Abstract: Traditional coherent communication and coherent Doppler lidar systems 

utilized for the application in the atmospheric field employ the laser source of infrared 

wavelengths. In the ocean field, the visible wavelength is suitable owing to minimized 

attenuation effect. Although the most of past studies employ the direct detection method, 

the communication and measurable distance could be limited by low detection 

sensitivity. From these backgrounds, we have been developing the “coherent” 
transceiver at visible wavelength of 532 nm. In this work, we use SHG process based 

on the modulation at fundamental wavelength of 1064 nm. We confirmed the validity 

of the basic performance of the coherent transceiver by observing the beat signals at 

receiver side using a spatially fixed mirror. In addition, to confirm its function as a lidar, 

we observed the Doppler signal from moving diffuse hard and soft targets. 

Keywords: Coherent Lidar, Visible wavelength, Lidar, Laser Radar, Coherent Transceiver 

1. Introduction

In previous development of the coherent Doppler lidar system, wavelengths above 1um have been used 

[1-6]. For underwater applications, visible wavelengths and “incoherent” beams were typically used to

minimized attenuation effect [7]. However, the performance of these direct detection method has been 

limited due to relatively low detection sensitivity. Our objective of this study is to achieve high detection 

sensitivity and to increase the measurable range by confirming the feasibility for coherent Doppler lidar 

system with visible wavelength. As a first step of experiment, we verified the basic operation of the 

coherent transmitter/receiver by obtaining the beat signal from received signal using a spatially fixed 

mirror as a target. In addition, we also demonstrated Doppler shift detection for diffuse reflections from 

the hard target. in a preliminary experiment as the first step for the Doppler lidar. To the best of our 

knowledge, this is the first demonstration on the coherent transceiver at this wavelength. 

2. Basic verification by using fixed mirror

Fig. 1. show the configuration of the coherent transmitter/receiver system. The 1064 nm laser light is 

split into the transmitter and local side using a coupler. On the transmitter side, the light is frequency 

modulated by a LiNbO3 (LN) phase modulator, amplified by a fiber amplifier (FA), and then input to 

the second harmonic generation (SHG) for conversion to 532 nm. The serrodyne modulation technique 

[8] is used to generate the intermediate frequency in the heterodyne-detection. The modulation signal to

the LN modulator was generated by an arbitrary waveform generator (AWG) to produce the saw wave

signal. The signal light is transmitted to a mirror and the reflected light by the mirror is combined with

the local light through a half mirror (H/M). One side of the heterodyne detected signal is obtained by a

single photo detector. The light source, LN and FA are composed of fiber-based components, and the

SHG and the optical components for combining with the local side are composed of a spatial system.

The optical axis angle in the spatial system is aligned using a mirror and window on the local beam side.

The configuration of this optical system is characterized by modulation at 1064 nm wavelength and

separate SHGs for both transmitted and local light. This configuration enables high-speed modulation
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and contributes to the realization not only for high-speed communication systems but also Doppler lidar 

system. 

The interference intensity of received light from fixed mirror and local light was measured with and 

without 1 MHz frequency modulation on the transmitter side. The results of the spectrum are shown in 

Fig. 2. When frequency modulation was applied, the signal intensity was larger than the noise level at 1 

MHz. Since the signal peak disappeared by shading the local light, it was considered that the beat signal 

could be detected at the modulation frequency of 1 MHz. It is noteworthy that the coherent detection is 

successful despite the fact that the SHGs of the transmitted and localized light are different from each 

other. 

Figure 1. (left) Configuration of the coherent transmitter/receiver system and (right) spectrum of 

received signals with and without frequency modulation. 

3. Measurement of Doppler echo and frequency shift

3.1. Configuration

Fig. 2 show the schematic of the coherent transmitter/receiver and equivalent to Doppler lidar system. 

The difference from Fig. 1 is that the fixed mirror and single photo diode were replaced by diffuse hard 

target and balance photo reciever, respectively. The other configuretions are the same as in Fig. 1. The 

target was plased ~1.5 m away from the telescope and transmitted light was focus to the target. 

Figure 2. Schematic diagram of the coherent transceiver. 

3.2. Heterodyne detection 

The spectrum of the heterodyne detected signal obtained by spectram analyzer is shown in Fig. 3. The 

intensity of the heterodyne detection signal was measured with and without frequency modulation at the 

transmitter. The frequency bin spacing is 2 kHz and measurment conditions were a sweep time of 24 

ms and a bandwidth of 10 kHz. The modulation frequency is variable, but was set to 1 MHz to account 

for the bandwidth of the detector. With frequency modulation, the signal intensity became larger than 

the noise around 1 MHz with ~28dB. It was confirmed that the beat signal could be detected at the 

modulated frequency because the signal peak disappeared when the local light was blocked. In this 
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experiment, the modulation frequency was limited to a low frequency due to the limited bandwidth of 

the detector. Since the phase modulator has the ability to modulate in ≳GHz, high intermediate frequency 

could easily be reached by using a high-bandwith detector.   

Figure 3. Spectra of the heterodyne-detected signal with and without modulation. 

3.3. Doppler shift observation 

The demonstration of Doppler frequency shift detection was also performed. The configuration of the 

transmitter side in the experimental system is shown in Fig. 4(a). A stepper-motor driven stage is used 

to move the target at a constant speed. Note that only the visible wavelength part is shown in the figure, 

the 1064 nm part is the same as in Fig. 1. Backscattered light from the target is combined with local 

light via H/M and detected by a balanced detector. In the balanced detector, two signals divided by H/M 

are injected into different ports, and each signal is differentially amplified and detected. Since the target 

in this experiment was a diffuser plate and could not be axis aligned, the optical axis and position were 

aligned in advance using a fixed mirror target. 

The spectrum of the heterodyne detection signal when the target is fixed and moving is shown in Figure 

4(b). The set speed of the stepper-motor driven stage is 50 mm/s. A peak frequency shift of ±0.18 was 

observed when the target was moved back and forth in the optical axis direction. This frequency shift 

corresponds to a Doppler velocity of about 50 mm/s, which is consistent with the set speed.  

Figure 4. (a) Schematic diagram of the heterodyne system with automatic stage. (b) Spectrum of the 

heterodyne-detected signal. 

Figure 5 shows the results of similar Doppler shift measurements performed by changing the setting 

speed of the stepper-motor driven stage from -50~50 mm/s at 10 mm/s intervals. The Doppler velocity 

ΔV is expressed by the following equation: ∆𝑉 = ∆𝑓 𝜆 2⁄ , (1)
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where Δf is the amount of frequency shift from the modulation frequency (1 MHz) and λ is the signal 
light wavelength. Each velocity was measured 10 times and the standard deviation is plotted as error 

bars in Fig.5. The amount of error at set speeds of 50 mm/s and -50 mm/s is larger than at other set 

speeds, because the automatic stage is operating at its highest speed, which makes its operation unstable. 

The good agreement between the set speed and the calculated speed indicates that the frequency shift is 

based on the Doppler measurement. These results clearly show the potential for application to Doppler 

lidar. 

Figure 5. Calculated speed based on Doppler shift vs. setting speed of the stepper-motor driven stage. 

4. Summary

We demonstrated a coherent transmitter/receiver with heterodyne system using visible wavelengths. We 

successfully measured Doppler echo and frequency shift and confirmed the good agreement between 

the predicted speed and the measurement speed. The details will be reported in a conference presentation. 

These results suggest the possibility of high-speed coherent communication and Doppler lidar in 

underwater applications. 
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Abstract: During the first three years of ESA’s Aeolus mission, the German Aerospace 
Center (DLR) conducted four airborne validation campaigns. After having performed 
two campaigns in Europe (Nov/Dec 2018 and Mai/Jun 2019) the Aeolus VAlidation 
Through Airborne LidaRs in Iceland campaign (AVATAR-I) was carried out in the 
arctic region in Sept/Oct 2019, followed by the campaign in the tropics (AVATAR-T) 
conducted from Sal, Cape Verde in Sept 2021. During these campaigns, the DLR Falcon 
aircraft was operated being equipped with two Doppler wind lidar instruments: the 
ALADIN Airborne Demonstrator (A2D), as the prototype of the direct detection wind 
lidar instrument on-board Aeolus, and a high-accuracy, coherent detection Doppler 
wind lidar system (2-µm DWL) that is used as a reference for the Aeolus validation. In 
this paper, airborne 2-µm DWL observations performed during both the AVATAR-I 
and AVATAR-T campaign are presented and used to validate the Aeolus L2B wind 
product and to derive corresponding systematic and random errors in different 
geographical locations and during different meteorological conditions. 

Keywords: Aeolus, space-borne wind lidar, coherent wind lidar, direct detection wind lidar. 

1. Introduction

On 22 August 2018, the first ever spaceborne Doppler wind lidar Aeolus, developed by ESA was 
launched into space to circle on a sun-synchronous orbit at about 320 km altitude. Since then, Aeolus 
has been providing profiles of the component of the wind vector along the instrument’s line-of-sight 
(LOS) direction from ground up to about 30 km in the stratosphere [1], primarily aiming to improve 
numerical weather prediction (NWP) and medium-range weather forecast [2]. Aeolus is carrying a 
single payload, namely the Atmospheric Laser Doppler Instrument (ALADIN), which is a direct 
detection wind lidar operating at an ultraviolet wavelength of 354.8 nm. To determine the Doppler shift 
of the backscattered light from molecules and particles, and with that the LOS wind speed, Aeolus is 
equipped with two different frequency discriminators, namely a Fizeau interferometer that is used to 
analyze the frequency shift of the narrowband particulate return signal by means of the so-called fringe 
imaging technique and two coupled Fabry–Pérot interferometers that are used to analyze the frequency 
shift of the broadband molecular return signal by the so-called double-edge technique.  

The direct detection measurement principle requires regular instrument calibration, a stable instrument 
alignment and post-processing that relates the measured signal levels to a frequency Doppler shift which 
can then be translated into a wind speed. This also means that a validation of Aeolus winds by means of 
independent ground-based and airborne measurements is inevitable to determine the systematic and 
random errors of the Aeolus wind product but also to improve the wind retrieval algorithms. For that 
reason, DLR performed four airborne calibration and validation (CalVal) campaigns since the launch of 
Aeolus. During these campaigns, the DLR Falcon aircraft was equipped with two wind lidar systems. 
In particular, the Falcon hosted the A2D, which is a prototype of the ALADIN instrument with 
representative design and measurement principle [3], as well as a coherent detection reference 2-µm 
DWL with a high sensitivity to particulate returns [4]. Based on these campaign data sets, first insides 
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in systematic and random errors of the Aeolus L2B wind product have been derived as shown by Lux 
et al., 2020 [4] and Witschas et al., 2020 [3]. The results shown therein are based on the data set from 
the first two CalVal campaigns, namely WindVal III (Nov/Dec 2018) and AVATAR-E (May/Jun 2019). 

In this paper, results from the CalVal campaigns AVATAR-I (Sept/Oct 2019) and AVATAR-T (Sept 
2021) are presented. The systematic and random errors of the Aeolus wind product are estimated by 
using 2-µm DWL data. Furthermore, the impact of the different mission time (2019 vs. 2021) and the 
different campaign regions (North Atlantic vs tropics) on the Aeolus data quality are addressed.  

2. Validation campaign overview

After having performed two CalVal campaigns in Europe in 2018 and 2019, it was foreseen to extend 
the CalVal data set to regions where Aeolus is expected to have most significant impact, namely at the 
polar jet stream, over the oceans, in the lower troposphere and in the tropics [5]. Hence, two further 
CalVal campaigns, namely the AVATAR-I campaign (Sept/Oct 2019, Keflavik, Iceland) and the 
AVATAR-T campaign (Sept 2021, Sal, Cape Verde) were performed.  

During AVATAR-I, the quality of Aeolus measurements could be investigated in high wind speed 
regions in the vicinity of the polar jet stream. Furthermore, Aeolus operated with a dedicated range gate 
setting that was applied exclusively in the area around Iceland during the AVATAR-I time-frame, 
increasing the overlap of Aeolus and 2-µm DWL data. Altogether, 10 research flights with Aeolus 
underpasses were conducted during AVATAR-I, covering about 8000 km of the Aeolus measurement 
track and providing a valuable data set for Aeolus validation in the North Atlantic region. The goal of 
the AVATAR-T campaign was to validate the Aeolus wind data quality in the tropical region around 
the Cape Verde archipelago. This operational base allowed to access interesting regions for analyzing 
for instance the tropical dynamics of the usually Saharan dust-laden African Easterly jet. Altogether, 11 
research flights with Aeolus underpasses were conducted, covering about 10600 km of the Aeolus 
measurement track. An overview of all flight tracks performed within the previously conducted Aeolus 
CalVal campaigns by DLR is shown in Figure 1. 

Figure 1. Overview of all flight tracks performed within the previously conducted Aeolus CalVal 
campaigns by DLR. Each color represents a single flight. 

3. The Aeolus CalVal payload by DLR

The Aeolus CalVal payload by DLR is composed of two wind lidar systems mounted within DLR’s 
Falcon research aircraft. In particular, the Falcon hosts the A2D which acts as a prototype of the 
ALADIN instrument with representative design and measurement principle and which is used to 
investigate particular Aeolus hardware and algorithm topics [3]. On the other hand, the coherent 
detection 2-µm DWL is used as a reference system due to its very low systematic and random error. In 
this study, only data from the 2-µm DWL are discussed.  
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The 2-µm DWL is a coherent detection wind lidar system based on a Tm:LuAG laser operating at a 
wavelength of 2022.54 nm (vacuum), a laser pulse energy of 1 to 2 mJ and a pulse repetition rate of 
500 Hz, ensuring eye-safe operation. The system was built by CLR Photonics, Inc. and has been 
deployed at DLR since October 1999. The 2-µm DWL is composed of three units, namely (1) a 
transceiver head containing the laser, a 11 cm afocal telescope, receiver optics, detectors and a double-
wedge scanner; (2) a power supply and the cooling unit of the laser; and (3) a rack containing the data 
acquisition unit and the control electronics, developed by DLR (further details can be found in [6]). 

4. Comparison of Aeolus and 2-µm Doppler wind lidar data

Due to the different horizontal and vertical resolutions of 2-µm DWL measurements (≈ 8.4 km, 100 m 
for one scanner revolution) and Aeolus measurements (≈ 90 km (Rayleigh) and down to ≈ 10 km (Mie), 
0.25 to 2 km), averaging procedures are needed in order to compare respective wind observations. 
Furthermore, as Aeolus only provides HLOS winds, the 2-µm DWL measurements have to be projected 
onto the Aeolus HLOS direction. This procedure is illustrated by means of the Aeolus underflight 
performed on 16 Sept 2019 during the AVATAR-I campaign as shown in Figure 2.  

First, the wind speed (Figure 2, top left) and wind direction (Figure 2, top right) measured by the 2-µm 
DWL are averaged to the Aeolus grid by using the top and bottom altitudes as well as the start and stop 
latitudes given in the Aeolus Level 2B data product. Afterwards, all valid averaged wind speeds and 
directions are projected onto the horizontal LOS of Aeolus by using the range-dependent azimuth angle 
(Figure 2, bottom left). In a next step, the Aeolus HLOS winds are extracted for areas of valid 2-µm 
DWL measurements. Beforehand, the data are filtered by means of an estimated error for the wind 
speeds. In this study, a threshold for the estimated error of 7.0 m/s (Ray) and 5.5 m/s (Mie) was used 
for the AVATAR-I data set, and 8.5 m/s (Ray) and 5.0 m/s (Mie) for the AVATAR-T data set.  

Figure 2. 2µ-DWL wind speed (top, left) and wind direction (top, right) for the AVATAR-I 
underflight on 16 Sept 2019. The corresponding 2µ-DWL projection onto the Aeolus HLOS direction 
is shown in the bottom left, whereas the Aeolus HLOS Rayleigh winds are shown in the bottom right. 

5. Discussions

In Figure 3, Rayleigh-clear winds and Mie-cloudy winds are indicated by blue dots and orange dots, 
respectively. Line fits to the corresponding data sets are depicted by the light blue and the yellow lines. 
The x = y line is represented by the gray dashed line.  

Altogether, the 10 satellite underflights during the AVATAR-I campaign resulted in 1155 data points 
for Rayleigh-clear wind validation and 701 data points for Mie-cloudy wind validation, whereas 18 
(Rayleigh-clear) and 30 (Mie-cloudy) data points are treated as outliers as they exceed a modified 
Z-score threshold of 3. The 11 underflights during AVATAR-T provided 439 (Rayleigh-clear) and 132 
(Mie-cloudy) data points for comparison, with 11 outliers for Rayleigh-clear and 9 for Mie-cloudy 
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winds. The significant reduction of data points was due to a degrading 2-µm DWL performance during 
the campaign’s duration, caused by the high temperature and humidity gradients that induced a 
misalignment of the transceiver unit as well as a non-optimized Aeolus range gate setting during the 
AVATAR-T campaign.   
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Figure 3. Aeolus HLOS wind speed plotted against the 2-µm DWL wind speed projected onto the 
horizontal viewing direction of Aeolus for all underflights performed during AVATAR-I (left) and 
AVATAR-T (right). The wind measurements are separated in Rayleigh-clear winds (blue) and Mie-
cloudy winds (orange), outliers indicated by a modified Z-score larger than 3 are indicated in red.  

It can be seen that Aeolus and 2-µm DWL data are in great accordance, although the spread is larger for 
the AVATAR-T data set. This mainly has to do with the fact, that the overall signal levels during the 
AVATAR-T period were only about half of the one acquired during AVATAR-I, caused by a degrading 
Aeolus instrument performance. Fortunately, on the other hand, the solar background signal during 
AVATAR-T was about a factor of 3 smaller compared to AVATAR-I, partly compensating the negative 
impact of the reduced signal levels on the determined random error.  

In particular, the determined systematic error for Rayleigh clear winds is (-0.8 ± 0.2) m/s (AVATAR-I) 
and (0.0 ± 0.4) m/s (AVATAR-T). The one for Mie-cloudy winds is (-0.9 ± 0.1) m/s (AVATAR-I) and 
(-0.6 ± 0.3) m/s (AVATAR-T). Hence, for both campaign periods and both wind products, the mission 
goal of a systematic error below 0.7 m/s is almost met. The random error for Rayleigh-clear winds, 
represented by the scaled MAD, is determined to be 5.5 m/s (AVATAR-I) and 7.2 m/s (AVATAR-T), 
whereas the significant increase is caused by the lower return signal levels during AVATAR-T. For the 
Mie-cloudy winds, the random error is 2.7 m/s (AVATAR-I) and 2.6 m/s (AVATAR-T) and hence, 
almost identical, as the Mie return signal is not only depending on the alignment of the instrument but 
also on the overall particle content in the atmosphere which was larger during AVATAR-T.  
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Abstract: Wind is one of fundamental meteorological elements describing the 
atmospheric state.  Global wind observation is important to improve the initial 
conditions essential for numerical weather prediction (NWP), climate studies, and 
meteorological studies.  Current space-based passive sensors and micro sensors have 
large coverage and high temporal resolution but low vertical resolution.  A Doppler 
Wind Lidar (DWL) would be a promising approach for global wind profiling.  The 
working group on Japanese space-based DWL is making feasibility study.  To realize 
global 3-D wind observation results of feasibility study of Japanese space-based 
coherent DWL are descried in the paper. 

1. Introduction

Wind is one of the fundamental meteorological elements describing the atmospheric state.  Current 
space-based wind observing system has a problem that it is biased to observation related to temperature 
and water vapor compared with wind observation [1].  The World Meteorological Organization (WMO) 
Integrated Global Observing system technical report (WMO, 2012) states, “Development of satellite-
based wind profiling systems remains a priority for the future global observing system.”.  Wind profiles 
are provided mainly by radiosonde networks and also by aircraft measurements.  The radiosonde 
measurement is mainly performed over populated regions in the northern hemisphere (NH) but not in 
the southern hemisphere (SH).  The number of weather stations observing the upper atmosphere has 
been decreasing.  A lack of wind observations over oceans, SH, and other sparse areas causes non-
uniform errors in the numerical weather prediction (NWP) and subsequent analysis.  Non-uniform errors 
in the NWP and its subsequent are caused by large blank regions of wind observation over oceans, the 
southern hemisphere, and other sparse areas.  A Doppler Wind Lidar (DWL) would be a promising 
approach for global wind profiling.  A Doppler wind lidar (DWL) provides us with a wind profile having 
high vertical resolution, low bias, and good precision.  A space-based Doppler Wind Lidar (DWL) can 
provide global wind profiles, which is a promising technique to fill the current gap.  ESA successfully 
launched the first space-based DWL Aeolus in August 2018 [2, 3].  Aeolus gives us wind profiles.  The 
wind profiles obtained by Aeolus showed many impacts on the NWP.  The working group on Japanese 
space-based DWL has made feasibility study for the space-based DWL for future global wind profiling 
since 2011.  In the presentation, we will report on feasibility studies for the space-based DWL. 

2. Impact study for future space-based Doppler wind lidar

An end-to-end comprehensive simulator for wind measurement from space was developed at the 
National Institute of Information and Communications Technology.  It is based on 3-D representation 
of aerosols and clouds and takes into account the geographical position and the movement of the satellite.  
The objectives of implementation of the lidar simulator are to investigate wind measurement 
performances of a future space-based Doppler wind lidar for various atmospheric conditions with 
conducting trade-off studies, to assess potential impacts on the NWP with the observing system 
simulation experiment (OSSE), and to survey potential utilization of wind product.  The OSSE system 
based on the sensitivity observing system experiment was developed at the Meteorological Research 
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Institute (MRI) using the global NWP system of Japan Meteorological Agency [4,5].  The concept of 
the future space-based DWL is designed to have single look for line of sight (LOS) wind measurement 
with target vertical resolutions of 0.5 km in the atmospheric layer and 1 km in the troposphere and target 
horizontal resolution of <100 km along a satellite.  The candidate altitude and orbit of the satellite are 
300 km and a sun-synchronous polar orbit.  The target design life of this satellite is 5 years owing to the 
fuel of the ion engine, and the target operation of the space-based DWL observation is 3–5 years.  The 
concept of the future space-based CDWL is summarized in Table 1.  Figure 1 shows the numerical 
simulation flow from the space-based DWL simulator to OSSE. 

Instrument (Doppler wind lidar) 

Transmitter 

Wavelength (μm) 1.55 2.05 

Pulse energy (mJ) 55 90 

Pulse duration (nsFWHM) 2000 200 

Pulse repetition frequency (Hz) 150 30 x 2 

Receiver 

Telescope diameter (m) 0.7 0.6 

Detection Heterodyne 

Number of looks 1 

Bus 

Super low altitude satellite 

Orbit / Orbital altitude (km) sun-synchronous 
Polar / 300 km 

DWL wind products and quality information on wind measurement are simulated from a pseudo-truth 
atmospheric field, and clouds and aerosols.  The pseudo-truth field was constructed by correcting an 
original initial (analysis) field using the adjoint sensitivity structure and by merging it with existing 
observations.  Clouds were generated from the global forecast model through data assimilation cycle of 
the pseudo-truth generation process.  Aerosols were calculated using a global chemical transport model 
[3] nudged with the pseudo-truth winds.  The pseudo-truth atmospheric field, clouds and aerosols were
generated hourly and consistent each other.  They are used in the end-to-end comprehensive simulator
to calculate backscattered power, background noise power, signal-to-noise ratio (SNR), noisy Doppler-
shifted signal, retrieved winds in the direction of line-of-sight, and retrieval quality information.  We
conducted the one-month lidar simulation of August 2018 and then assessed the impacts on the NWP

Pseudo-truth 
3D wind, P, T, 
aerosol-cloud 
model 

Lidar simulator 
Altitude, Longitude, 
Latitude, Day, time, wind 
speed, wind speed error OSSE 

Data assimilation and 
evaluation of analysis 
and forecast Current global observing 

system 

Table 1. Conceptual parameters for future space-based Doppler wind lidar. 

Figure 1. Numerical simulation flow of future space-based Doppler wind lidar simulator to OSSE. 
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of the 1.5-µm and 2-µm DWL data simulated by the lidar simulator in a one-month data assimilation 
experiment in August 2018. The data assimilation system was the medium-resolution version of the 
operational global data assimilation system of JMA.  The analysis system was an incremental 4D-Var 
method with an inner loop of horizontal resolution of 60 km and outer loop of 30 km.  We performed 6-
hour data assimilation cycles from July 20, 2018, to September 9, 2018.  We also ran 120 h forecasts at 
12:00 UTC from August 1 to 31, 2018, for the experiment.  Figure 2 shows the relative forecast error 
reduction of global zonal and meridional components, and global mean geopotential height at a pressure 
of 500 hPa as a function of forecasts up to 120 h for 2- and 1.5-µm DWLs.  The relative forecast error 
is defined with root mean square (RMS) difference from PT field and normalized by CNTL RMS 
forecast error.  The data assimilation experiments with the two different laser systems showed a positive 
impact on the global zonal and meridional components, and global mean geopotential height. 
Particularly, positive impact (warm color) can be seen in both the zonal and meridional components in 
the forecast range up to 36 hours (day 1.5) and the geopotential height up to 96 hours (day 5) for 2- and 
1.5-µm DWLs.  We found that the relative forecast error reduction for 2- and 1.5-µm DWLs are 2 and 
3 %, respectively.  Improvement for the 1.5-µm DWL is clearer than for the 2-µm DWL.  Compared to 
the 2-µm DWL experiment, 1.5-µm DWL experiment had a feature that the number of data usage is 
larger in the lower layer and less in the upper layer.  This suggests that there are differences in the 
relative forecast error reduction between the two DWLs. 

3. Summary

The end-to-end lidar simulator is used for the feasibility and trade-off studies of the future space-based 
DWL mission in Japan.  We carried out the one-month lidar simulations of August 2018 for the two 
systems, the 2- and 1.5-µm DWLs and assessed the impacts on the NWP of both the two DWLs data 
simulated by the lidar simulator in a one-month data assimilation experiment in August 2018.  The data 
assimilation experiments for the 1.5- and 2-µm space-based DWL showed a positive impact on the 
global zonal and meridional components, and global mean geopotential height at a pressure of 500 hPa.  
The quantitative assessment showed that the relative forecast error reduction for 2- and 1.5-µm DWLs 
are 2 and 3 %, respectively.  Improvement for the 1.5-µm DWL is slightly clearer than for the 2-µm 
DWL.  Note that 1.5-µm DWL experiment had a feature that the number of data use is larger in the 
lower troposphere and less in the upper layer. than the 2-µm DWL experiment.  We investigate the 
complementarity between DWL and atmospheric motion vectors derived from tracking successive 
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Figure 2. Relative forecast error reduction (%) of (a, d) zonal, (b, e) meridional, and (c, 
f) mean geopotential height (Z500) as a function of forecasts up to 120 h for (upper) 2-
and (lower) 1.5-µm DWLs.  Warm and cold colors show positive and negative impacts
for the NWP, respectively.
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imageries of passive infrared and visible imagers [6].  We are studying its feasibility from the technical 
and scientific points to enhance the feasibility of the space-borne CDWL. 
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Abstract: A novel compact, flexible and robust wind lidar module (LiTra S) is 

presented. With its flexibility and compact design, it can well be integrated with other 

sensors on mobile platforms. The adjustable pulse repetition rate and pulse length 

allows the users to choose the settings best suitable for their application. 

As an example, we show how the compact wind lidar module was installed in a 

stabilized gimbal mount on board of a research vessel to keep it vertically pointing. It 

was operated in combination with the TROPOS Raman-Polarization Lidar PollyXT and 

other remote sensing equipment both on the research vessels “Sonne” and “Polarstern” 
in a variety of climate zones. 

Keywords: Mobile coherent lidar, wind lidar, flexible lidar design 

1. Introduction

In the global climate system, wind is of critical importance. It controls the turbulent distribution and the 

long-range transport of clouds, aerosols, and trace gases. Therefore, the synergetic measurement of the 

atmospheric constituents together with the wind is essential to understand the climate in detail. 

Here, we present an example of synergetic observation of vertical air motion and aerosol properties. To 

achieve this, the Doppler lidar module LiTra S [1], was mounted on a stabilized ship-borne platform. 

Ease of integration on a mobile platform (research vessel or aircraft) is made possible with the compact 

and robust nature of the wind lidar. 

We present first insights into the combined measurements and technical details of the novel Doppler 

lidar and the ship-borne stabilization platform. 

2. Lidar Description

Figure 1 shows a typical simplified setup of a coherent wind lidar based on optical fiber technology. 

The light from a narrow-band continuous-wave (CW) reference laser is cut out and shifted in frequency 

by an acousto-optic modulator (AOM). The resulting pulses of low energy are amplified in a fiber 

amplifier to tens of µJ energy and transmitted into the atmosphere. The light which is scattered back 

from the aerosols is collected by the same telescope and coupled back into the optical fiber. Mixing with 

the reference laser results in a beat frequency, which is the sum of the frequency shift of the AOM and 

the Doppler shift of the light, which can be positive or negative, depending on the direction of the wind 

component along the line of sight of the laser beam. 

Both the optical performance of the telescope and the noise of the detection system have a strong 

influence on the wind measurement performance. In the LiTra S, the optical performance is close to the 

diffraction limit and shot noise is by far the dominating noise source. This means that both the optical 

and the noise performance are close to the physically possible limits. The LiTra S module is realized in 

a compact and robust package of 40 x 28 x 13 cm3, as shown in Figure 2. 
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Figure 1. Simplified diagram of a typical coherent wind lidar based on optical fiber technology. 

Figure 2. The LiTra S coherent wind lidar module. 

The LiTra S has an unprecedented flexibility of choosing the pulse length and independently choosing 

the pulse repetition rate. This makes it suitable for deploying it under different measurement scenarios 

and conditions. A list of the key performance parameters is in Table 1. 

Table 1. Key performance parameters of the LiTra S 

Parameter Value 

Pulse repetition frequency (PRF) Adjustable 8 – 100 kHz

Pulse length (FWHM) 
standard 160 – 640 ns,

more on request 

Wavelength ~1550 nm 

Pulse peak power 60 – 100 W

Pulse energy of 640 ns pulses 40 µJ 

Aperture 71 mm (48 mm optional) 

Typical maximum lidar range 

horizontal with 640 ns pulses 
7 – 10 km

As data acquisition unit, a Waverider from Licel is used [2]. This includes a 12-bit analog-to-digital 

converter (ADC) with 400 MS/s to digitize the analog signal and an FPGA to perform more than a 

million FFT spectra calculations per second, which are averaged internally. 
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A first vertical test measurement was performed at the TROPOS facilities in Leipzig, Germany in 

November 2019. The results of a typical day-time measurement are shown in Figure 3. 

Figure 3. Early test measurements at the TROPOS facilities in Leipzig/Germany (650 ns pulse length, 

2 s averaging time, noise not filtered). 

3. Installation on Research Vessel

To gain first experience operating on a research vessel, LiTra S was operated first on the research vessel 

“Sonne” (cruise no. SO284) and then on “Polarstern” (cruise no. PS127) in combination with the 
TROPOS Raman-Polarization Lidar PollyXT and other remote sensing equipment of the OCEANET-

Atmosphere instrument platform, as shown in Figure 4. In order to compensate for the motion of the 

ship and to measure only vertical wind the lidar module was installed in a stabilized gimbal mount to 

keep it vertically pointing (also shown in Figure 5). The gimbal mount (GSM3000, SOMAG AG) 

allowed a vertical pointing in a range of up to ±5° of the ship’s pitch and roll angles. Because of the 
permanently changing motion rate of the ship a relatively short averaging time period was required. It 

was found that data sampling at 2 Hz or more is favourable if a motion correction of vertical wind is 

desired. During the measurements, the data of the inertial measurement unit (IMU) of the ship was 

stored with a frequency of at least 10 Hz. Especially the ship’s heave velocity as well as the pitch, roll, 
and yaw angles and their angular velocities were stored. With a known location of the lidar with respect 

to the IMU, the ships motion could be subtracted from the dataset (e.g., Griesche et al., 2020). 
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Figure 4. Left: The OCEANET-Atmosphere container platform of TROPOS at the 9th deck on board 

of the German research vessel Sonne. The vertically stabilized Doppler lidar was fixed to the reeling 

next to the container. Right: LiTra S attached to a stabilized gimbal mount installed into an air-

conditioned enclosure together with the data acquisition system and control PC. 

4. Measurements

The impact of the heave correction for the wind lidar data can be seen in Figure 5. Before the heave 

correction, the data are mainly overlaid by the ship’s vertical velocity. Especially in the boundary layer 
(Fig. 5, left) the ships vertical motion is visible as vertical stripes in the data. After correction, turbulent 

structures can be seen up to 1500 m height. Above, at 2.2 km height, vertical motions in an altocumulus 

cloud layer were observed.  

Figure 5: Measurements of the lidar signal (top) and vertical wind component (bottom) in the tropical 

Atlantic on 20 July 2021. Red colors refer to 1 m/s updraft velocities, blue colors to downdrafts. Left: 

uncorrected data as derived for the vertically stabilized lidar. Right: same dataset but corrected for the 

ship’s heave and rotation velocity.

In order to check how well the correction performs the power spectra of the vertical velocities can be 

used. In free turbulence, the slope of the power spectrum follows Kolmogorov’s theorem in a -5/3rd

decay. Figure 6 shows the power spectral density of the altocumulus cloud from Fig. 5. For the 

uncorrected case, the motion of the ship is clearly visible and superimposed to the turbulence spectrum 

of the cloud at frequencies between 0.1 and 0.3 Hz (3 to 10 seconds) which corresponds to the ships 

typical motion frequency. For the corrected data, the vertical-wind power spectrum is free of the ships 

influence.  
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Figure 6. Power spectral densities of the vertical wind of the altocumulus cloud from Fig. 5. Left: 

derived from uncorrected vertical wind data. Right: the spectrum of the motion-corrected vertical-

wind data show the expected -5/3rd slope of free turbulence in the cloud. 

5. Conclusions

For measurements of wind and turbulence at various observational platforms (at land stations, wind 

parks, at sea, for airborne applications) rugged and easy-to-use wind lidars are needed. The coherent-

detection LiTra S module presented here suits these requirements well with its compact and at the same 

time flexible and transparent design. 

For example, for meteorological, cloud, and aerosol-cloud-dynamics-interaction research the knowledge 

of vertical motions at the cloud base are of importance for correct understanding cloud-droplet 

formation. Favorable locations for such measurements are far away from orographic structures as they 

often introduce wave features into a dataset [e.g. 4]. Therefore, measurements of cloud-turbulence at 

open oceans can be beneficial. In this paper, we showed that the LiTra S can be applied without major 

efforts for ship-based measurements. 
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Abstract: The Doppler lidar SKIRON3D is Leonardo’s solution for wind field scanning

and identification of dangerous wind hazards. It’s design allows to detect wake vortices

and wind phenomena like wind shear, gusts, turbulence, and microbursts with a single 

device. The SKIRON3D is a multi-channel eye-safe coherent pulsed Doppler lidar 

system. The system is fully fiber-based and combines perfect beam quality with high 

pulse energy for long-range measurements. It features a figure-of-merit greater than 

120 mJ∙√Hz, an unambiguous range of over 35 km, and an advanced direct-drive

continuously-scanning two-axis scanner without slip-rings. The hydrophobic-coated 

optical window is cleaned by an air-curtain. A camera is coupled onto the beam axis to 

exactly have the field-of-view of the telescope, enabling north alignment by using the 

sun, moon, or any other hard target. The SKIRON3D offers a high degree of setting 

options like individual pulse shape and length adjustments for each wavelength, which 

makes it valuable for scientific research. We will show some recent results from a 

measurement campaign, which took place at Frankfurt Airport.   

Keywords: Fiber-based, high-power, long-range Doppler lidar, unattended remote operation, wind 

measurement, wake vortex  

1. Introduction

A couple of decades now have passed by since the first working lidar system detected signals reflected 

from the moon [1]. Over time, different architectures were utilized, all having their pros and cons [2-4]. 

Systems with free-space optics were very performant containing high pulse energy but less stable 

regarding long-term operation and expensive to maintain. The availability of fiber technology paved the 

way to reliable systems albeit with less performance. Now, the multi-channel technique opened the path 

to high-power fiber-based lidar systems with long detection ranges [5]. 

2. Methodology

The transmitter of a lidar system shown in figure 1 consists of several sub-assemblies: the master 

oscillator unit (MOU), the pulse shape control unit (PSU), the multi-stage amplifier unit (AU), and the 

transceiver unit (TU). The transceiver unit mainly consists of a duplexer, telescope and a scanner. The 

MOU generates high quality continuous-wave laser signals at 1.5 µm on four (N) wavelength-channels 

in the optical C-band. In principle, the number of channels is fully scalable in this design. The 

wavelengths of the different channels are selected near 1.55 µm yielding low extinction by the 

atmosphere. A fraction of that laser signal is used as the local oscillator (LO) while the remainder is 

guided to the PSU, where the laser signal from the MOU is shaped into pulses of adjustable length and 

shape using optical modulators. Additionally, all pulses are frequency shifted by acousto-optic 

modulator (AOM). The frequency-shifted and shaped pulses are pre-amplified and subsequently boosted 

in a very short and large mode area fiber in order to reach the high-energy pulse required for long-range 

observations (not limited by stimulated Brillouin scattering). The duplexer guides the high-energy 

pulses towards the telescope. The telescope expands the laser beam diameter to an optimal width for 

coherent detection. The subsequent scanner unit directs the laser pulse in any direction in the atmosphere 

with the given angle in elevation and azimuth. The receiver of this lidar system consists of a Detection 

Unit (DU) with balanced detectors, a digitizer and a signal processor. Since the lidar system is designed 

in a monostatic configuration, the same scanner and telescope, used also for transmission, collect the 
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light reflected from the atmosphere e.g. from aerosols (backscattered light). The duplexer separates this 

backscattered light and directs it to the fiber collimator. The collimator couples the backscattered light 

into a polarization maintaining fiber in order to guide the light to the detection unit. In the detection unit, 

the local oscillator and the backscattered light are mixed within the balanced detector for each of the 

four channels. The differential amplifier amplifies the heterodyned signal. A subsequent band-pass filter 

defines the bandwidth of the heterodyned signal, which corresponds to the velocity range of the lidar 

system. High-end analog-to-digital converters (ADCs) digitize the heterodyned signal. The signal 

processor handles the high amount of raw data and extracts the information on Doppler velocity and 

backscattered signal power. 

Figure 1. Overview of the multi-channel coherent Doppler lidar system. 

3. Special features of SKIRON3D

The multi-channel architecture introduced above has been integrated in the SKIRON3D Doppler lidar. 

The above mentioned units were included in a shelter design, shown in figure 2.  

Figure 2. Pictures of the multi-channel coherent Doppler lidar system named SKIRON3D. 

The lidar shelter accommodates all necessary units (climate control, chiller, dehydrator, control 

software, built-in test equipment, ...) to run completely unattended and continuously. The shelter design 

was chosen to allow easy local maintenance and repair. In the following, we will highlight some features 

of the lidar system. 

3.1. Pulse Energy and Figure-of-Merit (FOM) 

The Amplifier Unit (AU) consists of a multi-stage fiber amplifier architecture in order to amplify a 

pulsed seed laser with narrow linewidth. The architecture is optimized to obtain amplification of pulsed 

signals with large signal to noise ratio and low relative intensity noise. The fiber amplifier design is 

based on special phosphate fiber technology. The last fiber amplifier stage has a very large mode area 

(LMA) and is very short compared to typical LMA fibers. This fiber design achieves a very high gain, 
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which allows a shorter effective length of the active fiber. This technology enables generation of tens of 

Watts of average power and over one millijoule of energy with minimal impact of nonlinear effects like 

stimulated Brillouin scattering (SBS). In addition, the amplified spontaneous emission (ASE) is 

suppressed by design and with additional filters placed in-between the amplification steps. As seen in 

the right picture of figure 3, the system reaches a SNR of over 35 dB.  

Figure 3. Left: Measured results of the output energy and power in dependence of the pump current. 

Right: Measured optical spectrum of the amplified signal at full power. 

The measurement on the left of figure 3 shows the pulse energy for operation with only one channel. 

For this power amplifier mode, the pulse energy is about 1.1 mJ (at 1550.1 nm, 600 ns FWHM pulse 

width). However, the necessary pulse repetition frequency (PRF) is 16 to 18 kHz to reach such a high 

pulse energy and low ASE. This high PRF results in a very poor unambiguous range. The problem is 

solved by combining this fiber technology with the above-described multi-channel technique. With 

more than one independent wavelength-channel (we use four channels but this technique is principally 

scalable) the unambiguous range can be increased significantly. To reduce ASE and four-wave mixing 

(FWM) the pulses are transmitted interleaved and not simultaneously through the fiber amplifier. With 

four channels, the single channel PRF is reduced to 4 kHz, which results in an unambiguous range of 

37.5 km. This unambiguous range is suitable for long-range measurements and makes second trip echoes 

or interference from clouds very unlikely [6, 7].  

The lidar literature emphasizes that the best parameter to compare the performance of systems with 

different architecture is the basic figure-of-merit (FOM), as the parameter consists of the pulse energy 

and the square root of the PRF. The FOM of SKIRON3D with four channels is about 140 mJ√Hz.𝐹𝑂𝑀 = 𝐸𝑇𝑋 ∙ √𝑁 ∙ 𝑃𝑅𝐹𝐶𝐻 (1) 

Besides the high FOM, the fiber-based amplifier has the advantage of a very good beam quality, since 

only one single transversal laser mode is guided in the fiber and coupled out after amplification. 

Measurement results show that the M²-parameter is better than 1.2 for both axes. This results in a high 

system efficiency, since for coherent detection spatial coherence of the transmitted pulse is fundamental. 

3.2. Two-Axis Scanner 

To cover the whole hemisphere (and lower angles) around the Doppler lidar system, Leonardo designed 

a two-axis scanner. This scanner can guide the laser beam in any direction by continuously turning in 

elevation and azimuth. All angles between 0° and 360° can be reached for both azimuth and elevation. 

Both axes can turn up to 40°/s while measuring and the velocity can be controlled in 0.1°/s steps with 

fast acceleration. The proven angle accuracy of both axes is smaller than 0.03°.  

A direct drive mechanism (blue: figure 4) using torque-motors moves both axes in a coaxial 

arrangement. Therefore, no gears are required except one bevel gear (orange) which changes the rotation 

axis for the elevation head. The tooth bearing ensures a safe form-locked connection between the motor 

and the elevation head. This leads to a high mechanical safety level. Additionally, both axes are equipped 

with two encoders (red). This redundant arrangement combined with redundant laser shutter and safe 

electronics leads to safety performance level d as required by the EU Machinery Directive. This drive 

mechanism is realized without any slip-rings which reduces the need for maintenance and the number 

of failures to a minimum.  

Tu0204

59



Albert Töws 21st Coherent Laser Radar Conference 

CLRC 2022, June 27 – July 1

The scanner has a free beam aperture of 120 mm. The laser beam is guided through the hollow shaft of 

both torque-motors and encoders. One mirror on the azimuth head reflects the laser beam to the mirror 

in the elevation head. This mirror directs the laser beam through the optical window into the atmosphere. 

The high optical quality mirrors are made of Zerodur, which ensures a high surface shape stability for a 

wide temperature range. The optical window is coated with a hydrophobic layer in order to repel water 

droplets. Additionally, the window can be cleaned without any physical contact to the optical window 

by means of an air-curtain. This ensures no scratches even after years of operation and results in long-

lasting maximum range coverage. 

Figure 4. Left: Schematic of the scanner head. Right: Picture during the cleaning process during rainy 

weather. 

3.3. Northing of the system 

A camera system is coupled into the optical transmission line via a dichroic mirror. Therefore, the 

camera system is always fully aligned with the scanner pointing of the lidar system. There is no need 

for additional moving parts and slip rings for the camera system, which results in a highly reliable, low-

maintenance system. As the beam is guided through the telescope and scanner, the camera system’s
view angle is 1.2°, which enables perfect north alignment using the sun, the moon, or unambiguous 

landmarks over tens of kilometers away, as shown in the pictures below.  

Figure 5. Screenshots of the camera pictures of the targets to north the system (tower is 12 km away). 

4. Measurement Examples

After the lidar system had been tested for one year at the roof of Leonardo Germany’s premises in Neuss,

a measurement campaign has been conducted at Frankfurt Airport for a period of one year.  

Figure 6. Picture of SKIRON3D at Frankfurt Airport. 
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During this measurement campaign, we performed different measurement tasks aiming at investigating 

the maximum range as well as the capability for wake vortex, wind shear and turbulence detection. 

Figure 7 shows a measurement series which was performed in April 2021. The scan parameters were 

30 s per PPI-scan (12 °/s), 120 m range resolution, and 2° azimuth angular resolution. The detection 

range varies between 8 km and 14 km due to diurnal cycle and weather changes. The graph on the right 

side of figure 7 shows that the system’s measurement range is around 12 km at optimum visibility.

Figure 7. Right: Measurement of the dtetection range of the system for a month period. Left: Showing 

the measurement range dependency on the visibility. 

Due to the high pulse energy achievable at short pulse length, the system is also well suited for wake 

vortex detection at distances over 3 km away from the lidar system. It has also been shown that this 

holds true even if the lidar line-of-sight is not perpendicular to the runway. Measurements of wake 

vortices at different acute angles are presented during the poster session. The title is “Novel wake vortex 
measurement technique with a long-range Doppler lidar system”.

5. Conclusion

The multi-channel technique enables the use of high-energy fiber-amplifiers with all their advantages 

(beam quality, reliability, cost effective), while maintaining a long unambiguous range. This insight is 

the key that led to a high performant long-range Doppler lidar system for measuring wind phenomena. 

Due to the flexibility of the design chosen, the system is also perfectly suitable for research projects. A 

research project with the Cologne University of Applied Sciences has already been launched to estimate 

turbulence more precisely using the multiple-channel technique. 
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Abstract: Integrated FMCW LiDARs and their application in Advanced Driver 

Assistance Systems besides photonic integration involve meeting the vital requirements 

for accuracy, range detection and objects velocity. Automotive LiDARs need to provide 

a high detection probability of moving objects at distances up to hundreds of meters. 

Precision control of the waveform modulation keeping a high degree of coherency is 

the pre-requisition for reliable ranging. We considered selection criteria of integrated 

laser characteristics and its frequency modulation, which will allow developers to focus 

on the creation of long-distance detection systems. We separate the terms of 

linearization and stabilization of frequency during a modulation, which are responsible 

for the linearity of the detected response, accuracy, and range. Additionally, the 

practical aspects of frequency chirp characterization are demonstrated.  

Keywords: FMCW LiDAR, automotive lidar, coherent detection, laser control, swept source, laser 

frequency stabilization, linear frequency-modulated waveform, optical phase-lock loop, frequency 

chirp. 

1. Introduction

Application of LiDARs in automotive industry imposes specific requirements for a long-range detection 

of objects on a road to be able to provide a quick decision in a rapidly changing traffic situation. The 

state-of-the-art achievements in photonics drive in a scalable low-cost solution in highly integrated 

LiDARs. Integrating data processing blocks, lasers, detectors, and scanning unit in a single 

optoelectronic device on a common substrate provides a breakthrough achievement for FMCW LiDARs 

in the automotive field. The compactness and functionality of FMCW LiDAR fulfill autonomous driving 

requirements and will take a strong place in Advanced Driver Assistance Systems. 

However, there exists still some technical obstacles for the highly integrated FMCW technology to meet 

the customer requirements, such as 300 m ranging with an accuracy of 0.1 m at high repetition rate and 

hundreds of lines. The combination of the photonic integrated chip (PIC) based scanning unit with a 

high-performance laser system is sometimes not possible due to material incompatibility or high optical 

loss on the interconnect. In addition, the development of a high-quality laser frequency integrated 

control systems involves the use of complex and expensive lasers combining varied materials and 

requires a large chip space [1-3], resulting in a solution that is hard to scale and relatively expensive. 

To meet the expectations of the automotive industry, it is quite important to pay special attention to the 

laser performance optimization, especially the laser frequency stabilization and linearization. 

2. Laser frequency stabilization and linearization

One of the traditional types of laser frequency modulation in FMCW technique is represented by the 

linearly modulated wave form (LMWF). Figure 1a shows an example of a frequency modulation ramp 

profile of sent and received signal with a time shift 𝜏 = 2𝑅𝑐 . As a result of the shift, intensity beats appear 

on the detector with frequencies ∆𝑓+,  ∆𝑓− corresponding to the frequency difference determined by the

shift. From here it is not difficult to get the distance to the object R and the speed of its movement v by 

equations (1a and 1b). 
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𝑅 = ∆𝑓++∆𝑓−2 (1a) 𝑣~ ∆𝑓+−∆𝑓−2
. On the other hand, the ability to measure weak signals reflected 

from far objects or highly diffused surfaces is determined by the SNR value, which, among others, is 

strongly determined by the frequency noise of the laser. 

Figure 1. a) Linear modulated wave form of sent and received FMCW signal; b) Nonlinearity of a 

chirp rate; c) Example of a simulated beatnote PSD with non-linear chirp rate. 

The detected beat signal in the delayed self-interferometry (DSI) in equation (2) consists of three major 

parts the amplitude of the beat signal defined by the local oscillator 𝑃𝐿𝑂, the received signal 𝑃𝑅𝑋 and a

relation through a detector conversion coefficient 𝑅ⅆ𝑒𝑡; b) the time dependent phase of a beatnote as

cosine argument: and c) two types of noises: uncorrelated system noise 𝑁𝑠𝑦𝑠𝑡𝑒𝑚, and the shot-noise𝑁𝑠ℎ𝑜𝑡 which are usually considered. However, when working in a shot-noise limited regime, the system

noise becomes insignificant.   𝑢𝐷𝑆𝐼(𝑡) = 𝑅ⅆ𝑒𝑡√𝑃𝑅𝑋𝑃𝐿𝑂 cos[2𝜋(𝑓𝑏0 + 𝑓𝑏(𝑡))𝑡 + 𝜑(𝑡) − 𝜑(𝑡 − 𝜏)] + 𝑁𝑠ℎ𝑜𝑡 + 𝑁𝑠𝑦𝑠𝑡𝑒𝑚  (2)

The two terms of the phase are required to be considered separately. In case of linearly modulated 

waveform with some nonlinearity, the first part could be represented by carrier frequency 𝑓𝑏0 = 𝜏𝐾0
and the second is the time dependent fluctuation of a beat note 𝑓𝑏(𝑡) = 𝜏 𝛥𝐾(𝑡)𝐾0 . Because of the 

nonlinerity of a chirp rate in a time 𝐾(𝑡) = 𝐾0 + 𝛥𝐾(𝑡), we can distinguish target chirp rate 𝐾0 = 𝐵𝑇 and 

the nonlinear part 𝛥𝐾(𝑡). Therefore, we could assume that the left term of a n argument represents

linearization quality while the second term is a frequency noise part of the laser radiation and the phase 

difference 𝜑(𝑡) − 𝜑(𝑡 − 𝜏) could be estimated statistically by the beat note frequency noise spectrum

(FNS) 𝑆𝛥𝜈(𝑓) [4, 5].

On a Figure 1c an example of a beatnote power spectral density (PSD) is represented to demonstrate 

graphically the criteria on the detection probability defined by the peak-to-noise relation (peak amplitude 

to the highest noise floor level) and the measurement range error due to ∆𝑓 uncertainty.

On the one hand, for a quick assessment of the suitability of a laser or for selecting a laser device, the 

linewidth ∆𝜈 can be used. It determines the ratio between the amplitude of a carrier frequency peak and

the noise level around the peak [6]. The detection at short distances usually does not represent significant 

problems due to the high peak-to-noise relation in a range of 30-50 dB. However, considering the DSI 

spectrum for the range of 300 m, we can specify a maximum linewidth of about 70-80 kHz taking into 
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account as a criterion the SNR value crossing a zero and estimated in a band up to 1 GHz (Figure 2b). 

Having the rest peak-to-noise relation from 5 to 13 dB and a mean of 8 dB level (Figure 2c), it is 

considered as lower limit for the reliable detection performance. In Figure 2a the simulated evolution of 

the beatnote spectrum shape with linewidth is represented. This simulation was made with a FNS 

represented by Lorentzian shape, 𝑅 =  300 𝑚 , 𝑇 =  30 µ𝑠 , 𝐾0  =  1014 𝐻𝑧/𝑠 , 𝑃𝑅𝑋  =  10−4 𝑚𝑊 ,𝑃𝐿𝑂  =  1𝑚𝑊 and averaged by 100 times.

Figure 2. Lidar equation simulation, averaged over 100 times, T = 30 µs, R = 300 m. a) Beatnote PSD 

evolution with laser linewidth; b) The SNR curve; c) Peak-to-noise relation. 

On the other hand, there are always secondary noise sources in the laser frequency spectrum causing a 

distortion of the spectral line shape from the ideal Lorentzian distribution. From here, the further 

operating by the linewidth loses its practical meaning. For a more accurate description of the 

contribution to the laser frequency stability, it is better to employ the spectral density of the laser 

frequency noise statistically, which will allow us to estimate the SNR and the probability of signal 

detection in any system at different distances [4].  It is useful to consider the example with a phase 

locking technique for the assessment of the detection performance. The Figure 3a  shows a simulation 

example of the Laser FNS of the ideal Lorentzian distribution (red) of an unlocked free-running laser, 

which equals to 1/f and a locked one (blue) to a reference phase. As a result of locking, Figures 3b and 

3c demonstrate the significant reduction of the central lobe amplitude (more than 20 dB) and the SNR 

which becomes sharply higher (from 20 to 30 dB).   

Figure 3. a) The FNS PSD of unlocked (red) and locked (blue) laser; b) Beatnote spectrogram for 

unlocked laser; c) Beatnote spectrogram of the locked laser. The differences between laser linewidth 

(1, 50, 100, and 200 kHz) are demonstrated.  

Here, we can formulate the first criterion for a laser system for automotive lidars, where the PLL 

bandwidth must be at least 1/𝜏 = 500 𝑘𝐻𝑧 at 300 𝑚 range corresponding to a width of a first lobe, to

provide the necessary and sufficient frequency noise suppression. A further increase in the bandwidth 

will not lead to a significant improvement in the SNR and is technically unfavorable.  
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As it was shown, the free-running linewidth becomes impractical and there is only estimation the 

approximate performance of the laser, but the FNS PSD gives us important information to predict the 

beatnote behavior at different ranges. 

Focusing on the nonlinearity problem, three factors could be distinguished: 

• scale factor error due to chirp shape distortion,

• accuracy decreasing due to the frequency peak splitting,

• additional reduction of SNR.

Since the fluctuation of the instantaneous frequency is asymmetric for free-running lasers, the equation 

(3) can be used to estimate the instant frequency deviation during the measurement time.𝛥𝑓𝑏(𝑡) = 𝜕𝜕𝑡 ((𝑓𝑏(𝑡) − 𝑓𝑏0)𝑡) (3) 

Thus, the non-linear relation between the chirp rate deviation and the instant beat frequency becomes 𝛥𝑓𝑏(𝑡) = 𝜏𝐾0 𝜕(𝛥𝐾(𝑡)𝑡)𝜕𝑡 (4) 

In the case of a standard DFB lasers with exponential decay shape of a chirp rate due to limited 

bandwidth of a frequency response, or self-injected lasers with oscillation period of chirp rate greater 

than the measurement time, the maximum integrated deviation of the frequency ∆𝑓𝑏 𝑚𝑎𝑥  can be

estimated statistically by equation (5) as a most frequent value during measurement time (mode).  ∆𝑓𝑏 𝑚𝑎𝑥 = 𝑚𝑜𝑑𝑒(𝛥𝑓𝑏(𝑡)) (5) 

The blue curve on the Figure 4a  represents the nonlinear chirp rate variation and the red curve 

demonstrate the instant beatnote frequency using equation (4). Based on the fact that, the frequency 

deviation is proportional to the carrier frequency 𝑓𝑏0 and does not depend on the range 
𝛥𝑅𝑅 = 𝛥𝑓𝑏 𝑚𝑎𝑥𝑓𝑏0 =∆𝑅𝑒𝑟𝑟, it can therefore be shown that the maximum frequency deviation can be used to determine a

calibration factor 𝑘 in equation (7) including the range detection error coefficient ∆𝑅𝑒𝑟𝑟.𝑅 = 𝑘𝑓𝑏  (6) 𝑘 = 𝑐2𝐾0 (1 + ∆𝑅𝑒𝑟𝑟) (7) 

Figure 4. a) Chirp rate nonlinear part and instant frequency beatnote variation. b) Absolute 

measurement range error with a range increasing. Blue dots - simulation results, red line – calculated.

The Figure 4b demonstrate absolute measured range error calculated and demonstrate linearity at 

different ranges.  

3. Conclusion

As a result of the present work retaining to the importance of distinguishing the chirp linearization and 

frequency stabilization terms over basic parameters of a laser-sweep source. To estimate the probability 

of detection, the first attention to the effective linewidth of a free-running lasers over the measurement 

integration period is needed. However, using phase locking methods the dominant impact is contributed 
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by the laser FNS distribution which determines the probability of detection and the shape of the beat 

spectrum. Moreover, phase locking bandwidth can be defined at the level 500 kHz for the LiDAR 

systems designed for a high range up to 300 m measurements. Finally, we claim that requirements to a 

laser’s chirp rate linearity for automotive LiDAR could be simplified by linear scaling factor, for the

slow deviations of a chirp rate and free-running laser linewidth below 50 kHz. 

The results of a work will be useful for companies involved in the production of laser systems, as well 

as developing highly integrated low-cost lidars for the automotive industry.  
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Abstract: A high-performance 2-micron wavelength coherent lidar system has been 
developed for measurement of atmospheric winds.  The lidar transceiver incorporates 
several technologies which make an engineered-for-space version of it a candidate for 
future space-based operation.  These technologies include: a high-power in-band-
pumped transmitter; compact highly-stable reference lasers that enable precision wind 
measurement at long range and removal of large orbital-induced Doppler shifts; 
autonomous alignment capability ensuring that both the transmitter and lidar receiver 
maintain alignment after shock or environmentally-induced misalignments; lag angle 
correction to correct for platform rotation between transmit and receive time; and 
electro-optic beam path switching allowing for simultaneous fast switching of the 
transmit and receive beam paths between two independent lidar views.  The lidar has 
been used for ground-based wind measurements and it is planned for airborne operation. 

Keywords: Coherent Laser Radar, Lidar, Wind Measurement 

1. Introduction

Coherent detection wind lidar systems have proven very effective for high-accuracy high-spatial-
resolution wind measurements for many applications from both ground and airborne platforms [1-3]. 
Recently we have developed a high-performance coherent detection wind measurement lidar under the 
Wind–Space Pathfinder (Wind-SP) program funded by NASA’s Earth Science Technology Office 
(ESTO).  In this program, we established performance requirements and advanced several technologies 
needed for space-based implementation of coherent detection wind lidar systems.  The technologies 
include: improved transmitters with high pulse energy and pulse repetition rate for long range wind 
measurements; auto-alignment sensors and actuators for long-term maintenance of peak coherent 
detection lidar performance and for removal of pointing lag angle due to platform rotation; electronic 
control of the transmit and receive beam path allowing for fast switching between two viewing angles 
(allowing vector wind measurements) with no moving parts; compact highly-stable and tunable 
reference lasers allowing for high-precision measurement of velocity at long ranges (>400 km) while 
mitigating the impact of the high velocity satellite platform; and prototype low-mass carbon-fiber-
composite structures to support the lidar system.  

In late 2021 these technologies were combined into a complete Wind-SP ground-based lidar 
demonstration system and initial ground-based wind measurements have been performed demonstrating 
excellent agreement with co-located ground-based wind measurements using the NASA DAWN wind 
lidar.  During 2022, under the NASA ESTO and NASA-LaRC funded Airborne Wind Profiler (AWP) 
program, the ground-based demonstrator system is being improved and converted into an airborne 
sensor with first flights planned to begin later this year.  

With additional TRL advancement a space-based lidar utilizing the Wind-SP developed and AWP-
deployed technologies could allow for measurements of tropospheric winds from space. 

2. Lidar Description and Measurement Capability

The key specifications of the Wind-SP ground-based lidar demonstration system are summarized in 
Table 1.  The transmitter has a high Transmitter Figure of Merit (TFOM) which is important for 
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increasing the coherent detection signal to noise ratio, allowing it to operate at lower aerosol backscatter 
levels or to longer ranges.  For a coherent detection lidar, the signal to noise ratio, after averaging over 
some fixed measurement time, improves linearly with the pulse energy but only as the square root of 
the transmitter pulse repetition frequency (PRF).  For typical weak signal coherent lidar measurement 
scenarios the TFOM also depends weakly on the pulse duration (~ 𝜏0.285).   The Wind-SP TFOM is
about 40-100x larger than that of current commercially available fiber-transmitter-based lidar systems 
and is about 12x larger than that of the Lockheed 1.6 µm wavelength WindTracer transmitter.  For a 
transmitter operating at 10 kHz PRF to have the same TFOM as the Wind-SP transceiver its average 
power would have to be about 7.1 times higher – i.e., ~81 W instead of ~11.4 W (assuming beam quality 
and pulse duration are held constant). 

Table 1. Key Parameters of the Wind-SP Coherent Lidar 

Parameter Value Comments 

Pulse Energy (mJ) 57 variable, 25 mJ – 75 mJ (see J. Yu Paper) 

PRF (Hz) 200 efficient laser with CW pump laser 

Pulse FWHM Duration (ns) 180 at ~57 mJ, varies with pulse energy 

Pulse Spectral Purity Single frequency <1.1 x Transform Limited 

Transmit Beam Quality (𝑀2) <1.1 high coherent detection antenna efficiency 

Transmitter 𝐹𝑂𝑀 > 3.1 𝐽 ∙ √𝐻𝑧 ∙ 𝑛𝑠0.285 𝑇𝐹𝑂𝑀 = 2 (1 + 𝑀22
)⁄ ∙ 𝐸 ∙ √𝑃𝑅𝐹 ∙ 𝜏0.285  

Transmitter Average Power (W) 11.4 up to 15 W demonstrated in lab 

Wavelength (nm) 2052.92 High atm trans., easier near-DL optics 

LO Frequency Jitter < 20 kHz rms over 4 ms 𝛿𝑉𝑟 < 2 𝑐𝑚 𝑠⁄  from space due to LO 

MO1/MO2 Offset Freq. wrt LO ± 0.1 – 5 GHz , tunable correction of space platform motion 

Signal Detector / Preamp Quantum Eff.  > 0.8 Extended 𝜆 InGaAs, Dual Bal., 0.5 GHz BW 

Transmitter Auto-Alignment > 95% osc peak power Auto-alignment of transmitter oscillator 

Transmit/Receive Auto-Alignment > 95% alignment eff. AA of Xmit & Signal, incl. lag angle correction 

T/R Beam Path Dual-path EO Switching Allows for fast switching between two paths 

Telescope Aperture 15 cm x 2 if beam path switching is activated 

Data Acquisition 500 MS/s, 8 bits Sufficient for 250 MHz analog BW 

Figure 1.  Wind-SP High-Power (left) & Low-Power (right) Transceiver Modules which contain 
the laser & optical components of the lidar except for the T/R telescope. 

The Wind-SP transceiver consists of two primary laser/optical modules: the High-Power Transceiver 
Module and the Low-Power Transceiver Module.  The embedded transmitter is described in detail in a 
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separate paper (see the J. Yu, et.al. paper in this conference). Photographs of the HPTM and LPTM 
are shown in Figure 1 and a functional diagram of the HPTM is shown in Figure 2.  The LPTM  is 
connected to the HPTM using single-mode polarization-preserving fibers and contains the low power 
CW lasers, the reference signal detector (whose primary purpose is to measure the frequency of the 
outgoing pulses), and the fiber coupling, routing, and switching components.  The CW lasers within 
the LPTM are a frequency-stable local oscillator, two frequency-offset master oscillators, and a 1.5-
micron wavelength laser diode that is used as part of the transmit/receive auto-alignment subsystem. 

Figure 2.  Functional diagram of the High-Power Transceiver Module. 

The Wind-SP lidar system has already been utilized to measure winds from the ground. One example 
of line-of-sight wind speed and signal-to-noise ratio (aerosol backscatter dependent) profiles measured 
over Hampton, VA during a 2.5-hour period on April 30, 2022, is provided in Figure 3.  For this 
measurement the transmitter power was reduced to about 30 mJ – out of an abundance of caution due 
to a low damage threshold mirror in the lidar system.  The signals for a 10 s period (2000 pulses) were 
averaged for each measurement update in this example.  The lidar line of sight (LOS) throughout these 
measurements was fixed at an elevation angle of about 62 degrees and an azimuth angle of about 27 
degrees east of due north.  Horizontal wind speeds were light (< 5 m/s) and complex layering of wind 
flows are evident. The PBL is approximately 1 km deep, as evidenced by the narrow layer of higher 
winds at PBL top (yellow-red shading, bottom-left).  A layer of enhanced aerosol concentration of 
unknown origin is evident above the PBL at about 2 km altitude (maroon shading, bottom-right). 
Three layers of clouds were observed, two distinct cirrus layers at ~9 and ~11 km in the first 45 mins 
of the measurement, and a very optically thick stratiform layer at 3.5-4 km persisting for the remainder 
of the period.  Prior to the arrival of the stratiform layer, the Wind-SP system retrieved an almost 
continuous wind profile up to the cirrus clouds from the background aerosol conditions even at the 
reduced pulse energy. The vertical line at UTC time of about 18.2 hours indicates the time when we 
switched the lidar from its P polarized beam path to its S polarized beam path both viewing along the 
same LOS.  Both beam paths have the desired nearly identical measurement sensitivity. 

To emulate the space-based vector wind measurement geometry using two look directions, we have also 
directed the two beam paths from Wind-SP along two independent LOS separated by 90 degrees in 
azimuth with both having an elevation angle of about 60 degrees.   The data along these two LOS is 
processed to extract wind speed and direction vs altitude.   The two-look Wind-SP measurement (not 

shown here) shows excellent agreement with independent wind measurements using the NASA DAWN 
lidar system which uses a scanner to scan over 5 azimuth positions for estimation of the wind profiles. 
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Figure 3.  Example line of sight wind measurements from the ground using the Wind-SP lidar. 

We are currently continuing to improve the ground-based Wind-SP demonstrator system and will soon 
be integrating it with other components needed for airborne operation. A diagram of the primary 
assembly of the planned Airborne Wind Profile (AWP) instrument is provided in Figure 4 (left).  Laser 
pulses from the two Wind-SP beam paths are directed downward through parallel 15 cm diameter beam 
expanders.  One beam is sent through a rotating scanner prism where it is directed 30° off-nadir, 
providing for vertical profiles of horizontal winds at selectable height resolution. While the scanner is 
rotating from one azimuth angle to another, the second beam path becomes active which is directed in 
the nadir direction, providing a direct measurement of vertical wind speeds vs altitude. 

Figure 4.  Left:  A diagram of key elements of the Airborne Wind Profiler (AWP) Instrument.  Right: 
Estimated minimum backscatter sensitivity vs altitude, parametric in various telescope focus settings, 
for 32k ft aircraft altitude, compared to aerosol backscatter models. 

The calculated minimum backscatter sensitivity of AWP vs altitude as compared to aerosol backscatter 
models is illustrated in Figure 4 (right).  The instrument is expected to provide continuous coverage 
from the aircraft to the ground in the absence of thick cloud cover most of the time, with aerosol 
backscatter rarely dropping below the sensitivity level of the lidar.  The yellow-brown curve in the figure 
represents the case where the beam is focused close to the aircraft (F = 1.25 km), allowing for very low 
minimum backscatter sensitivity of ≈ 2 𝑥 10−12 𝑚−1𝑠𝑟−1 just below the aircraft.

With a larger telescope, a space-hardened version of the Wind-SP lidar could make wind measurements 
from a space-based platform.  We have modeled the minimum aerosol backscatter sensitivity from 
space, as is illustrated in Figure 5, assuming the Wind-SP lidar technology, a 400 km satellite platform, 
and a 1 m diameter aperture.  There is a large variation in the level of aerosol backscatter as is illustrated 
in the left panel of Figure 5.  If the aerosol backscatter is above a given minimum sensitivity curve, then 
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successful wind measurements can be obtained at that resolution.  In the boundary layer, the aerosol 
backscatter is strong allowing for high resolution measurements.  In very clear air (Background) 
conditions in the mid and upper troposphere, the aerosol backscatter can be very low requiring signal 
integration over larger horizontal and vertical extent to successfully make accurate wind measurements.  
When the aerosol loading in the mid and upper troposphere is larger (Enhanced), higher resolution 
measurements are possible at the higher altitudes. The lidar is always able to make useful measurements 
from clouds, and in the case of subvisual cirrus, through the depth of the cloud.  The minimum 
backscatter sensitivity assuming high, moderate, and low spatial resolution measurements vs altitude is 
illustrated in Figure 5 (right).  Examples of each of these resolution levels are:  High, 0.25 km vertical 
over 30 km horizontal, easily achieved in boundary layer, clouds, and other elevated aerosol layers; 
Mid, 1 km vertical over 80 km horizontal, possible in mid and upper troposphere in elevated backscatter 
conditions; and Low, 4 km vertical over 400 km horizontal, appropriate for upper troposphere and lower 
stratosphere.  The dashed lines show the significant improvement in sensitivity that is afforded if the 
lidar utilized the same orbit altitude and aperture as the Aeolus wind lidar (320 km and 1.5m). 

Figure 5.  Left: minimum backscatter sensitivity of Wind-SP at 10 km altitude assuming a 30-degree 
nadir angle with the lidar at 400 km and using a 1 m diameter aperture.  Right: Minimum backscatter 
vs altitude compared to aerosol backscatter models. Solid lines for 400 km altitude and 1 m optics 
and dashed lines for Aeolus-like orbit and altitude (320 km and 1.5 m). 

3. Summary and Acknowledgments

A high-performance 2-micron wavelength coherent lidar system has been developed for measurement 
of atmospheric winds.  The lidar has demonstrated initial wind measurements from the ground and is 
planned for airborne wind measurements.  With continued improvements and TRL advancement the 
lidar could provide useful measurements from space. 

This work was supported under the ESTO Wind-SP program, Parminder Ghuman manager.  Others who 
contributed to the program that are not in the author list were David Macdonnell, Alan Little, Keith 
Murray, Chris Edwards, Dave D’Epagnier, Neil Vanasse, Teh-Hwa Wong, Joy Cotie, Geoff Wilson, 
Kevin Williamson, Steve Greco, Aboubakar Traore, Songsheng Chen, and Anna Noe. 
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Abstract: This paper presents a laser source designed to measure CO2 mixing ratio and 

wind speed at 2.05 µm using the DIfferential Absorption Lidar (DIAL) method with 

coherent detection. The all-fiber part of the laser offers robustness, high spatial and 

spectral quality and versatility. The main limitation in a single-frequency fiber laser 

source weighs on the signal peak power, which is limited by stimulated Brillouin 

scattering (SBS). The second part is a single-pass free-space amplifier able to achieve 

higher peak power, while maintaining low alignment sensitivity. We use a Ho:YLF 

crystal which is a good candidate to perform efficient power scaling at 2.05 µm. 

For 200 ns laser pulses, we achieved 1.2 mJ at 20 kHz and 9 mJ at 1 kHz repetition rate. 

Keywords: Hybrid laser, DIAL, CO2, wind 

1. Introduction

Considering the increasing need to probe the carbon dioxide (CO2) cycle from local to global scales, we 

develop a hybrid fiber-bulk emitter for long-range simultaneous measurement of CO2 mixing ratio and 

wind speed by lidar. It is suited to the classical DIAL (Differential Absorption Lidar) technique and 

coherent detection. This hybrid architecture combines a fiber amplification followed by a single-pass 

bulk amplifier, offering a promising combination of robustness and performance. 

After optimizing the all-fiber part of the laser source [1], we focus here on the bulk amplification. The 

goal of this free-space amplification stage is to avoid the Stimulated Brillouin Scattering (SBS) 

encountered in single-frequency fiber, which limits the laser pulse energy to tens or hundreds of µJ (for 

200 ns pulse duration). Given the larger beam and much shorter interaction path, the power scaling is 

not limited by SBS in bulk amplification, which thus appears as a good candidate to close the gap 

between fiber laser capabilities and requirements of stringent applications such as long-range 

measurement (few km), from airborne or space-borne platforms. 

2. Experimental setup

The global setup (including fiber amplification and bulk amplification) is shown on Figure 1. 

Figure 1. Schematic of the hybrid fiber-bulk amplification. Blue lines represent the signal at 2.05 µm 

and red ones represent optical pumps. Dashed lines attached to optical beams represent the operating 

regime (continuous wave or pulsed). The energy at the end depends on the pulse repetition frequency.  
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The full setup of the fiber amplifier (left side of the schematic) is described in [1]. At a Pulse Repetition 

Frequency (PRF) up to 20 kHz, it delivers a pulse energy of 120 µJ limited by SBS with a pulse duration 

of 200 ns, linearly polarized, nearly Fourier-transform and diffraction limited. An Optical Switch (OS) 

alternates λON/λOFF selection for DIAL operation.

The bulk amplification is made through a holmium-doped Yttrium Lithium Fluoride lattice (Ho:YLF). 

The YLF lattice is a relevant choice for our application because it exhibits a peak emission cross-section 

at 2.05 µm [2], long lifetime of upper-state level and lower upconversion parameter as compared to 

other lattices [3]. The pump is a continuous-wave commercial fiber laser at 1.94 µm (peak of the 

absorption cross-section [2]). The Ho:YLF crystal is already used in laser development for CO2 remote 

sensing by lidar [4,5]. 

A significant benefit of this architecture is the absence of free-space laser resonator. It then requires 

lower effort in mechanical development thanks to a lower sensitivity to misalignment. Only a few 

number of free space optical elements is needed which is favorable for later integration in vibrating 

environments. 

The setup of the bulk amplifier (right side on Figure 1) is described in Figure 2. 

Figure 2. Schematic of the bulk amplifier. Optical elements marked “L” are lenses, “D” stands for 
combiner/separator element. Blue line is optical field at 2.05 µm and red one is the pump at 1940nm. 

The box with an arrow inside is an isolator. 

The output of the fiber laser is collimated by lens Lc and isolated to protect it from back-reflected beam. 

The L1/L2 and L3/L4 lens pairs focus the signal and the pump into the crystal with the same sub-

millimeter waist. The D1 plate combines the signal and the pump. The crystal is 13 cm-long, 0.5% 

holmium-doped and anti-reflection coated. The D2 plate separates the signal and the pump. The YLF 

lattice is birefringent, so it is important to align the signal polarization on the π-axis to maintain the

linear polarization and take advantage of a higher emission cross-section than on the σ-axis [2].

Figure 3 represents the energy obtained with this architecture and its electro-optic efficiency. 

Figure 3. Energies (left) and electro-optic efficiencies (right) obtained at the output of the bulk 

amplifier. The electro-optic efficiency given in this plot is for the bulk amplifier only 
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As the pump is continuous, the signal energy depends on the PRF. The lower the PRF, the longer the 

pump period and the higher the population inversion, as long as it remains lower than the upper-level 

lifetime (~14 ms [2]). At the lowest PRF (1 kHz) the pulse energy is 9 mJ and represents a peak power 

of 48 kW, which is 60 times higher than the SBS limitation in our fiber amplifier. At the highest PRF 

(20 kHz), we reached 1.2 mJ which means a decade gain. The electro-optic efficiency of the bulk 

amplifier is higher than 2% for all assessed PRF. It is calculated using the specified efficiency of the 

pump laser (11.5%).  

Taking also into account the pump power of the fiber part at 1 kHz (~40 W optical pump power) with 

an electro-optic efficiency of 50% (laser diode), we reach more than 1.9% electro-optic efficiency for 

the entire laser. This is comparable to the LASO laser (MERLIN space mission) electro-optic efficiency 

(~ 2.4%) [6]. 

The temporal pulse shape is shown on Figure 4. 

Figure 4. Temporal pulse shape for 1 kHz PRF and 9 mJ pulse energy 

At full width half maximum, the pulse duration is 187 ns. The signal is subject to pulse distortion due 

to the decreasing gain in the amplifier during amplification [7]. It does not represent an important 

drawback for our lidar application even for coherent detection. Nevertheless, it could be fixed using a 

pre-distortion method [8]. 

3. Laser performance for lidar applications

DIAL lidar using coherent detection requires stringent spectral and spatial qualities [9], especially a 

narrow linewidth (i.e. Fourier-transform limited) as the Carrier to Noise Ratio (CNR) is directly 

proportional to the linewidth, and a nearly diffraction limited beam. The measured Power Spectral 

Density (PSD) of the signal and beam quality factor (M2) are shown on Figure 5. 

Figure 5. PSD of the hybrid laser (left, log-scale) and M2 estimation of the signal beam (right). These 

measurements have been made at 1 kHz PRF and 9 mJ pulse energy 

The linewidth is measured using self-heterodyne technique [10] with a long delay-line and acousto-optic 

modulator with a frequency of 80 MHz (hence the PSD peak located at 80 MHz). At a PRF of 1 kHz 
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(i.e. 9 mJ pulse energy) the pulse duration is 187 ns and the measured linewidth is 3.1 MHz which is 

nearly Fourier-tranform limited. The “bounce” at 84 MHz for the bulk amplifier is the result of self-

phase modulation. 

The M2 is measured by fitting the beam waist (D4σ definition) along its propagation. The M2 factor is

lower than 1.2 on both axes which is close to optimal for coherent lidar application. 

4. Conclusion

This paper has described a hybrid fiber-bulk laser at 2.05µm suited to CO2 DIAL measurement using 

coherent detection. Details of the fiber part are available in [1] (architecture and performance). The bulk 

amplifier is made of a Ho:YLF crystal pumped at 1.94 µm by a commercial fiber laser. The hybrid laser 

provides pulse energy up to 9 mJ at 1 kHz repetition rate for 187 ns pulse duration (which represents 60 

times the SBS limitation encountered in the fiber amplifier). The signal is quasi-Fourier-transform 

limited and diffraction limited. Thanks to a very few number of free-space optical elements and single-

pass amplification, this architecture is still much more robust than a cavity configuration while reaching 

high energy. Lidar measurement of CO2 and wind will be conducted in future works with this source. 
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Abstract: As prototype solutions for automotive LIDAR mature, the need arises for
chip-scale automotive-certified solutions. LIGENTEC is a silicon nitride foundry for photonic
integrated solutions, partnered with a high-volume, automotive-certified fab to address this
demand. LIGENTEC's All-Nitride, high-confinement technology is ideally suited for
high-power handling and 3D stacking of waveguides into a multi-level architecture, thus
opening up new design opportunities. The All-Nitride technology also has ultra-low
propagation losses, down to 0.07 dB/cm. The optical IO of the All-Nitride platform has
demonstrated sub-1dB coupling losses between SMF-28 and the waveguide circuit. Moreover,
beam spots coming out the IO are measured to have M2-values of 1.06, ideally suited for
far-field imaging. This combination of low-loss IO, high optical confinement and low
propagation loss brings the channel losses down to a minimum in coherent lidar, where every
receiving photon counts.

Keywords: Silicon Nitride, PICs, high optical confinement waveguides, multi-level nitride.

1. Introduction
Autonomous driving, enabled by light-detection and ranging (LIDAR), is set to change the automotive
landscape. Most tier-1 automotive companies are utilizing LIDAR in the first implementations of
self-driving vehicles [1]. However, the current solutions are costly, limiting these features to the
highest-end models of their line-up. To truly penetrate the market, the cost of the autonomous driving
system needs to come down and Silicon Photonics (SiPho) is believed to be the key-enabling
technology to achieve that target. Silicon nitride, together with silicon and InP forms the integrated
photonics-based technologies that can be fabricated in the established CMOS foundries. LIGENTEC
partnered with the automotive qualified X-Fab, to address the scale-up of LIGENTECs proprietary
silicon nitride technology towards larger volumes.

LIGENTEC is a Swiss-based foundry, intending to help the customer reach the market and lowering
the barrier to each prospective market by developing and introducing market-relevant technology
modules. As the AN-platform matures and any market evolves, different modules are added to the
base technology. The purpose of this paper is to give an overview of the modules and platform
properties LIGENTEC believes to be relevant for the automotive LIDAR industry.

2. All-Nitride technology modules for linear coherent ranging
The all-nitride technology of LIGENTEC forms a solid nitride core, surrounded by oxide cladding in
the standard configuration. Silicon nitride (SiN), as part of the silicon photonics family, has a unique
relevancy for coherent lidar, and ranging in general. The lack of two-photon absorption (2PA) in SiN
vs. Si means that higher peak powers can be sustained [2]. This can be advantageous by integrating a
single laser and amplifier system, thus reducing the overall complexity of the PIC versus a Si-based
implementation, where amplifiers must be integrated within each channel due to limit linear and
nonlinear losses.

2.1. High confinement waveguides: low propagation loss & low phase noise
The All-Nitride technology of LIGENTEC is commercialized at 800 nm thickness as the standard
flavor for C-Band applications, with C-Band being relevant in lidar for eye-safety reasons. However,
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other SiN thicknesses are available for different wavelengths, ranging from 400 nm to above 2500 nm.
In light ranging, it is critical to optimize the link budget, as the reflectance of the objects in the
environment is highly variable and can be highly diffuse. The difference in intensity between
outcoming and incoming light can thus be several orders of magnitude. Hence it is important to treat
every photon as critical and optimize the link budget over several aspects and this starts with low
waveguide propagation loss as the basis of an optimized link budget.

Fig. 1: Cross-sectional mode simulation using Ansys MODE. The thick AN800 showcases a high
confinement of both the TE (left) and the TM (right) modes inside the SiN waveguide.

Given the large thickness, achieved through a proprietary fabrication technique, most of the light is
confined inside the core of the nitride waveguide, as shown in the cross-sectional simulation in Fig. 1
Hence, the overall power fraction at the sidewalls, a location known to be a loss-contributor due to
dry-etch induced sidewall roughness, is minimized [3,4] The nitride core is optimized to remove any
hydrogen absorption peaks and have a uniform performance across the extended C-Band spectrum.
Measurements of spiral & meander, shown in Fig. 2 (left), based waveguides of up to 1m length have
yielded straight waveguide propagation losses in the range of 0.1 down to 0.05 dB/cm, depending on
the width of the wire waveguides. Using Euler bends, adiabatic cornering brings the bending loss
down as well [5,6]. Given the variety of spiral designs out there, a common referencing technique is
implemented by measuring the Q-factor of silicon micro-ring resonators on every lot, where we can
reach intrinsic Q-factors above 5 million.

Fig. 2: The core of the AN-platform is the low-propagation loss, expressed in long delay lines of up to
1 meter (left), and uniformity of splitter components across a 200mm wafer (right).

A secondary benefit of using high-confinement waveguides is the opportunity to design the optical
components for minimal insertion loss and high wavelength bandwidth. The high confined waveguides
are ideal to design mixers, such as 2x2 MMIs, to be less prone to the sidewall roughness, leading to a
lower insertion loss. Current library components are below 0.1 dB or approaching 0.1 dB IL as shown
in Fig. 2 (right), depending on the port count. The same holds for demux components in a coherent
receiver, where the low phase noise contributes to a higher channel-to-channel uniformity.
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2.2. Unique multi-layer nitride systems for on-chip communication
Through the proprietary layer stack technology, multiple layers of SiN can be designed on top of each
other into the layer stack. The base offering is X1-AN800 and a X2-AN200 offered on top of the X1 in
the MPW-mode. The Xn refers to the nth photonic layer, and ANxyz refers to the layer thickness in
nm. Outside of MPW, custom nitride thickness can be requested, to tailor to a specific wavelength or
application. So far, thickness variations have ranged from 100 nm up to 800 nm, for both the X1 and
X2 module, with three-layer variations currently being explored. Using a third layer increases the
parameter space of the design further.

Using the multi-layer nitride technology opens up different routing combinations, potentially relevant
for LIDAR applications. Specifically, the low-intensity incoming light needs to be spatially separated
from the high-power transmitting signal. Using 3D-FDTD simulations, Fig. 3 shows the expected drop
in crosstalk one might expect from using three-dimensional WG-crossings. The gain in crosstalk is
expected to be several orders of magnitude, stemming from both the physical separation and the high
confinement of the different layers.

Fig. 3: (left) 3D-FDTD model used for stacked WG engineering, (right) 3D-FDTD results on expected
TE-crosstalk for different separation/height combinations of the stacked waveguides.

2.3. Free-Space optical IO
Current FMCW solutions often use fibre-optic based architectures to interface with the environment
due to their plug and play nature [7,8]. Similarly, most PIC relevant applications require a type of
SMF-interface, be it to interface with PD arrays, lasers/amplifiers, free-space optics or just other SMF
fibres to interconnect the PICs. With commonality between these applications, the ExSpot module of
the All-Nitride platform targets a beam size expansion to match the 10 µm MFD of a SMF-28 optical
fibre, and to bring the optical fibre-to-WG losses down to below 1 dB. Fig. 4 (left) shows a slit-based
beam scanning profile of the ExSpot beam profile. With measured horizontal and vertical mode field
diameters of 9.7 µm and 7.5 µm for the TE-polarization at 1550 nm, it currently matches closely to the
spot of the standard fibre. Moreover, the measured M2 values are less than 1.17, approximating closely
a diffraction limited beam shape that allows for focusing the outgoing light better, thus achieving a
higher resolution, which in turn leads to a larger depth for coherent ranging.

2.4. Facet Engineering
Next to the beam properties, it is important to understand how the PIC will be assembled into a
package, and which constraints are associated with this. The output direction of the light might be
off-nominal, or when interfacing with lasers & SOAs, one must manage back-reflections to avoid any
laser instabilities due to feedback. To address these aspects, a module is developed where the PICs are
angled-polished after fabrication and coated with an anti-reflection (ARC) if needed. Using variable
tooling, any desired angle specification can be grinded and polished into the PIC, leaving a high-grade
optical facet on the PIC. Grinding above 5 degrees ensures that the acceptance angle of the fibre is
exceeded, resulting in the suppression of the back-reflected signal. With the ExSpot IO module
approaching a fibre-based spot size, the angled polish targets similar results for back-reflections inside
the PIC.  An example of a polished facet and PIC are shown in Fig. 4 (center) and (right).
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Fig. 4: (left) Slit-based MFD scan of the ExSpot IO, (center) Microscope images of an optical grade
polished facet, (right) overview of a to-be-packaged PIC after polishing.

Furthermore, using single-layer, dual-layer, or triple-layer anti-reflective coatings, the ExSpot IO
module can bridge the gap between the FAU assembly and the PIC with an air-interface, as there will
never be a complete FAU-to-PIC contact on all channels. Such anti-reflective coatings can be designed
for a specific application, with target reflectivities down to below 1%.

3. All-Nitride technology for non-linear coherent ranging
Besides the linear behavior of the waveguides discussed above, SiN also has a Chi-3 nonlinearity that
becomes relevant at higher optical powers in combination with high Q ring resonators. The Chi-3
nonlinearity can be used to create micro frequency combs, and more specifically Kerr soliton combs
[9] within a high Q resonator. Using such combs, it is possible to expand the channels massively
starting from a single pulsed laser source. Using two SiN micro-rings, one can be designated as the
local oscillator, and the other as the signal comb, as illustrated in Fig. 5. Having high Q-resonators is
essential in creating Kerr solitons, as the power required to create the comb is inversely dependent on
the third power of the Q-factor of the resonator. Having the comb-channels into one waveguide
simplifies the architecture and is compatible with both homodyne or heterodyne detection [9 ,10].

Fig. 5: Principle of parallel heterodyne coherent LIDAR using SiN resonators to generate a signal
comb and reference comb, out of which RF beat nodes are generated, from [9].

4. Conclusions
The All-Nitride technology encompasses key properties sought after in different application fields of
photonic integrated circuits. The highlighted modules here can be of particular interest for coherent
LIDAR applications. The platform can improve performance of known coherent architectures, such as
FMCW, using the low loss, low phase noise and low coupling loss of the waveguides. Besides this,
thick SiN enables new architectures for coherent lidar, such as comb-based coherent LIDAR using
micro-ring resonators to generate these frequency combs.
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Abstract: We report on the preliminary design of a dual electro-optic frequency comb 
(EOFC) lidar system for integrated path differential absorption (IPDA) measurements. 
We discuss the principle of gas concentration measurements by means of EOFCs in a 
dual comb spectroscopy (DCS) setup in the presence of speckle noise. Concentration 
measurements of a pure CO2 gas cell are carried out using light backscattered from 
different surfaces. The precision of the concentration measurement is observed to 
depend on the roughness of the backscattering surface. Additionally, we present an 
example of remote surface characterization exploiting speckle noise correlation in a 
dual EOFC system. We manage to observe and quantify the roughness of a textile 
sample using a simple experimental setup.  

Keywords: Coherent lidar, frequency comb, electro-optic, CO2, speckle, surface characterization. 

1. Introduction

Frequency comb (FC) based systems are attracting considerable interest in the field of remote sensing 
of atmospheric trace gases due to the possibility of interrogating gas absorption features with several 
evenly-spaced wavelengths. FCs generated by means of electro-optic modulators (electro-optic 
frequency combs - EOFCs) are highly tunable in terms of line-spacing and power distribution. This is 
particularly interesting for lidar applications, since the optical power can be concentrated in a small 
number of comb lines (in the order of 10) selected to cover an absorption feature of the target gas. 
EOFC-based systems could potentially overcome the disadvantages of traditional differential absorption 
(DIAL) lidar techniques [1], namely the time lag between the emitted wavelengths and the need of 
complex frequency stabilization systems. EOFC-based sensing methods rely on the dual comb 
spectroscopy (DCS) technique. Numerous demonstrations of gas spectroscopy using EOFCs can be 
found in the literature, reviewed for instance in [2]. 

In many previous works, applying the DCS technique for standoff measurements implied having mirrors 
at the end of the line-of-sight, reflecting the signal to the detector. However, real scattering targets 
(natural or artificial) and associated speckle effects must be considered for a wider range of applications. 
Therefore, with a view to developing an EOFC-based lidar for integrated path differential absorption 
(IPDA) measurements, recent works have addressed the impact of speckle noise on such a system [3]. 
The main conclusion of these works is that, in a dual EOFC lidar system, speckle noise may be correlated 
depending on the roughness of the backscattering surface. Speckle correlation has a beneficial effect on 
the IPDA measurement precision. Hence, the error in the gas concentration measurement depends on 
the roughness of the backscattering surface. In this paper, we shortly remind the principle of gas 
concentration measurements by means of EOFCs in the presence of speckle. Then we present an 
experimental setup optimized for CO2 concentration measurements using light backscattered from rough 
surfaces. Finally, an example of remote surface characterization exploiting speckle correlation in a dual 
EOFC set up is presented. 

2. Electro-optic frequency comb IPDA lidar for CO2 measurements

We present a preliminary design of a continuous-wave (CW) bi-static lidar for CO2 IPDA 
measurements. Figure 1 depicts the experimental setup. A distributed feedback laser diode (DFB-LD) 
emitting at 1572.0 nm is used to generate two mutually coherent EOFCs by means of a pair of phase 
modulators (PM). EOFC-1 is frequency shifted by means of an acousto-optic modulator (AOM) for dual 
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comb detection. The EOFCs are split into two arms in order to produce a measurement signal and a 
reference signal on two different photodiodes (PD).  

The measurement signal results from the interference of EOFC-2 with EOFC-1, which has been 
previously absorbed by a CO2 gas cell (750 Torr; room temperature; 0.8m in length), amplified by an 
Erbium-doped fiber amplifier (EDFA), collimated and backscattered by a spinning surface. Similarly, 
the reference signal arises from the interference of EOFC-2 with a branch of EOFC-1 which has not 
interacted with the gas sample. Signals are digitized, Fourier transformed and averaged. The line-
spacings of EOFC-1 and EOFC-2 are set to 1500 MHz and 1505 MHz respectively. The AOM driving 
frequency is 80 MHz. Both the reference and the measurement signal produce a comb lying in the radio 
frequency (RF) domain. 

The transmission profile of the CO2 absorption line (@1572.0 nm) is obtained by computing the power 
ratio between the measurement and the reference RF combs. Inverting the measured transmission profile 
yields the central frequency of EOFC- 1 and the product 𝑝𝑐 between the gas volume mixing ratio (VMR)
in ppm and length of the gas column in meters, i.e., 𝑝𝑐 = 𝑉𝑀𝑅 × 𝑙𝑐.

Figure 1. Experimental setup for CO2 concentration measurements using backscattered light. The 
inset figure (bottom-right) shows the reference RF comb. DFB-LD, distributed feedback laser diode; 

AOM, acousto-optic modulator; PM, phase modulator; CO2, gas cell; EDFA, Erbium-doped fiber 
amplifier; PD, photodiode. 

We conducted measurements of the CO2 gas cell transmission profile using two different backscattering 
surfaces: white paper and polyurethane foam. The surfaces were attached to a spinning platform in order 
to obtain a dynamic speckle noise. For each surface, we recorded 2000 spectra at a rate of around 60 
spectra per second. Measurements were limited by speckle noise. The five central comb lines were taken 
into account when computing the transmission profile. 

Figure 2-left presents the fit of the average optical depth to the HITRAN profile when using the foam 
as backscattering surface. Figure 2-right shows the statistical error in the estimate of pc as a function of 
the averaging time for both surfaces. Speckle noise affecting the measurement RF comb lines was 
observed to be partially correlated from one comb line to another. For white paper, the correlation 
coefficient of speckle induced power fluctuations of adjacent comb lines, i.e., |Δ𝑛|=1, was ρpaper(|Δ𝑛|=1) 
=0.94 (with 𝑛 the comb line index). For the polyurethane foam, we found ρfoam(|Δ𝑛|=1)=0.83. This 
difference in the speckle induced power fluctuations arises from a different surface mean roughness as 
stated in [3]. 
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Figure 2. (Left) Fit of the average optical depth to the CO2 absorption feature at 1572.0 nm. The error 
bars indicate the standard deviation after averaging over 30 spectra. (Right) Statistical error in the 

estimation of the pc, for two backscattering surfaces, as a function of the averaging time. The error is 
computed as the standard deviation of 30 estimates.  

3. Characterization of textile using a dual EOFC system

The use of an EOFC-based system exploiting speckle correlation for surface characterization has 
recently been proposed [3]. Assuming a Gaussian distribution for the scattering surface depth deviations, 
the correlation between the speckle-induced power fluctuations of two comb lines is given by:   

ρ(Δ𝑛) = exp[− (
4 𝜋 𝑓𝑀 Δ𝑛 𝜎𝑠

𝑐
 )

2
] (1) 

Where Δ𝑛 is the comb line index difference, 𝑓𝑀 is the line-spacing of the EOFC and 𝜎𝑠 is the mean
roughness (in meters) of the backscattering surface. 

We present an example of remote surface characterization by means of a dual-EOFC system. The 
experimental setup is the same presented in Figure 1, without the CO2 gas cell. Note that only the 
measurement interferometer provides information about the backscattering surface. The spining surface, 
was replaced by a textile sample and the laser spot was manually swept along the sample. The 
displacement of the laser spot ensured speckle renewal. The power distribution of the measurement RF 
combs was recorded at a rate of 80 measurements per second. We computed the correlation coefficients 
between the powers of the RF comb lines over groups of 130 consecutive spectra. This resulted in a 
correlation measurement every 1.6 s. The correlation coefficients were then averaged over a rectangular 
window of 6 s so as to reduce edge effects.  

Figure 3-left presents the averaged correlation coefficients as a function of time. Figure 3-right shows 
the mean roughness computed by fitting the correlation coefficients to a Gaussian function using Eq. 
(1). The line-spacing of EOFC-1 was set to 3GHz. A close-up photo of the textile sample is presented 
in the inset of Figure 3-right. The textile sample was composed of interspaced bands having different 
roughness. These roughness variations are reflected on the correlation coefficients. The laser spot 
diameter on the sample was 3 mm (1/𝑒2). We observe that this simple setup allows to quantify the 
roughness of a distant target, which might prove useful for material standoff control applications. 
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4. Conclusion

We have presented a preliminary prototype of IPDA lidar for characterizing CO2 gas contents, based on 
the dual comb spectroscopy technique with combs generated by means of phase modulators. We 
measured the gas content of a pure CO2 gas cell using the dual EOFC system at 1572.0 nm. The influence 
of the backscattering surface structure on the error of the measurement was experimentally demonstrated 
by conducting CO2 measurements over two different backscattering surfaces. 

Additionally, we carried out a remote surface characterization experiment, exploiting correlation of 
speckle noise in a dual EOFC system. We were capable of measuring the mean roughness of a textile 
sample 1 meter away from the laser collimator. This technique is appropriate for characterization of 
very distant or hard to access targets since the backscattered signal can be amplified thanks to the use 
of a local oscillator. However, since the surface characterization technique relies on a correlation 
calculation, the measurement requires a significant number of independent spectra. Further work is 
needed to identify future applications of this technique. 
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Abstract: Wind retrieval algorithms and data processing software have been being 

developed for an airborne Doppler wind lidar system developed at the NASA Langley 

Research Center. The software has been applied to the wind lidar data acquired during 

the CPEX-AW field campaign in summer 2021 and processed wind data has been 

released to the science community. Compared with dropsonde measurement, a bias and 

standard deviation of -0.19±1.77 m/s for wind speed retrieval and 0.11±11° for the wind 

direction retrieval are obtained. 
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1. Introduction

The wind lidar team at the NASA Langley Research Center (LaRC) started the development of Doppler 

wind lidar more than a decade ago to prepare for an Earth-orbiting system to globally measure wind 

profiles, as recommended by the National Research Council (NRC) [1]. Since then, an airborne Doppler 

Aerosol WiNd (DAWN) lidar system has been developed and participated in a series of field campaigns 

[2, 3]. The LaRC team has also been developing wind algorithms and software that can be used for the 

DAWN data processing to provide wind profile data for the science community [4]. 

The Convective Processes Experiment – Aerosols & Winds (CPEX-AW) campaign was carried out in

St. Croix in August and September 2021. It was a joint effort between the US National Aeronautics and 

Space Administration (NASA) and the European Space Agency (ESA), and a follow-on to the CPEX 

field campaign which took place in summer 2017. The primary goal was to conduct a post-launch 

calibration and validation activities of the Atmospheric Dynamics Mission-Aeolus (ADM-Aeolus) Earth 

observation wind lidar satellite and study the dynamics and microphysics related to the Saharan Air 

Layer, African Easterly Waves and Jets, Tropical Easterly Jet, and deep convection in the InterTropical 

Convergence Zone (ITCZ). The NASA DAWN is a primary instrument onboard the DC-8 aircraft used 

to observe atmospheric dynamics. Software was developed to provide “quick look” wind data for the 
use by the science team. Post-campaign data processing software was modified from earlier versions for 

the CPEX 2017 and the 2019 Aeolus Cal/Val Test Flight field campaigns. The CPEX-AW data has been 

processed and a version of wind data products has been released to the science team. The following 

sections describe the DAWN lidar, its wind retrieval algorithm, and data collected from CPEX-AW. 

2. DAWN Airborne Wind Measurement and Retrieval

The detail of the DAWN system can be found in [1]. The laser source is a pulsed solid-state laser (pulsed 

oscillator, PO) using Ho:Tm:LuLiF. A single-frequency continuous-wave (CW) laser is split into two. 

One beam is injected into the PO cavity to serve as a seed to generate single-frequency oscillation. The 

other portion of the beam, with its frequency shifted by 105 MHz, serves as the local oscillation (LO) 

and is aligned with the PO beam to achieve heterodyne detection. The PO can operate at a 10-Hz rate 

and generate an output of ~100 mJ per pulse at a 2.053 m wavelength. A 15-cm beam-expanding

telescope expands the pulsed laser beam to approximately the optimum 12-cm diameter. The expanded 

beam is directed to nadir and enters an optical wedge that deflects the pulse by ~30⁰ (Fig. 1). The

azimuthal direction of the wedge’s deflection is chosen by a computer-controlled ring motor that can

turn the optical wedge about a nominal nadir axis. A typical scanning pattern is -45⁰, -22.5⁰, 0⁰, 22.5⁰, 
and 45⁰ for a five line-of-sight (LOS) scan (Fig. 1), and -45⁰ and 45⁰ for a two LOS scan.

The lidar data is acquired at a sample rate of 500 MHz corresponding to a range spacing of ~0.3 m. The 

number of samples for each shot can be set typically from 55000 to 65000 corresponding to a range of 
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16.5 km to 19.5 km from the lidar. This warrants sufficient samples from subsurface from which the 

noise statistics can be examined for each single shot and used in wind retrieval. The first 1000 samples 

in each lidar return profile are beat signals of a small pickoff of the transmitted PO beam (POTX) and the 

LO beam measured by a separate laser frequency monitor detector (Fig. 2a). The PO frequency can vary 

over multiple MHz’s and the POTX - LO beat frequency is determined for each laser shot by spectral

analysis of the first 1000 samples (Fig. 2b). The laser frequency variation is compensated in the data 

processing to reduce its impact on wind retrieval as discussed below.  

Figure 1. A typical pattern of the DAWN wind measurement of 5 LOS’s and 20 shots per LOS
(left side) and schematic diagram of data processing flow (right side). 

A Fast Fourier Transform (FFT) is utilized for the spectral analysis. 256 data samples, which 

corresponds to a slant range of ~76.7 m and a vertical height of ~ 66.5 m at a zenith angle of 30°, are 

used in each range gate with zero padding to the FFT size (1024). In the latest version of the processing 

software, the center of range gates is fixed at 15 m, 45 m, …, from the zero mean sea level (MSL) up to

the airplane, with an altitude increment of 30 m. There is an overlap between neighboring range gates. 

The analysis is continued below the MSL until the end of each profile. The subsurface returns contain 

solely noise and provide noise statistics that is used to calculate signal-to-noise ratio (SNR).  

The Doppler shift, i.e., the beat frequency of the received PO beam (PORX) backscattered from 

atmospheric aerosols and the LO beam, is determined by searching for a peak in the FFT spectrum 

(arrows in Fig. 2c and 2d). When lidar return is too weak, the signal peak is often buried within the noise 

floor and a noise spike can be falsely detected as a true wind signal (Fig. 2c). To improve the detection 

of weak return signals, averaging FFT spectra over a certain number of laser shots is necessary (Fig. 

2d). A typical average shot number is 20 for the DAWN measurement (Fig. 1). Before averaging FFT 

spectra, an important step is to shift single-shot spectra based on the laser frequency deviation from a 

reference (e.g., 20-shot average or a predefined frequency) determined from the monitor detector signal. 

The Doppler shift is determined according to the spectral location of the detected peak in the averaged 

FFT spectrum. A wind velocity along a given LOS (VLOS) is then derived from the Doppler shift after 

subtracting the airplane velocity projected on the LOS (Fig. 1). There is a GPS/INS unit installed on the 

DAWN system frame. The airplane attitude and velocity are acquired for every laser shot that can be 

used to calculate the airplane Vair,LOS.  

Assuming zero vertical wind, a wind vector can then be derived from a minimum of 2 VLOS’s at a given 
range gate. Because a detected peak can be due to noise (e.g., Fig. 2c) which is “poisonous” to the 
retrieval, the VLOS data is screened using an adaptive SNR threshold algorithm. SNR is calculated as the 

ratio of the peak FFT power and the standard deviation of noise floor (i.e., RMS noise). The VLOS 

selection is started with a large SNR threshold (say, 16). The occurrence frequency of a false detection 

for SNR = 16 is negligibly small (< 10-6) (Fig. 3b). If two or more VLOS’s have sufficient aerosol
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scattering signal and hence a high SNR at a given range gate, the VLOS’s that are greater than the SNR

threshold are fed into a solver to solve the linear system of equations (refer to Fig. 1) to derive a wind 

vector. If there are not enough VLOS’s, SNR is then reduced to a lower level and the procedure is repeated 
until a successful retrieval is obtained or a minimum SNR threshold is reached (e.g., 4). 

Figure 2. (a) An example of heterodyne (beat) signal, where the first 1000 samples are from the 

monitor detector, and the samples after 1000th are from atmospheric aerosol scatterings measured 

by the science detector; (b) laser beat frequency before the PO beam is transmitted to the atmosphere; 

(c) single-shot and (d) 20-shot averaged FFT amplitude spectrum of 256 samples with zero padding

to 1024 samples at a range gate centered at 6 km altitude. In (c) and (d), mean noise floor has been

subtracted. Blue arrows indicate detected peaks in the FFT spectrum.

To further improve the detection of weak lidar returns from low aerosol loading regions, an Adaptive 

Vertical Resolution (AVRES) is utilized. If a successful retrieval is not obtained at a single base range 

gate, spectra from two range gates are averaged, and the retrieval procedure is repeated. If a successful 

retrieval is still not obtained, the average number of range gates is doubled again until a successful 

retrieval is obtained, or the maximum integration depth (~ 1 km) is reached. AVRES is based on that 

the variation due to noise can be reduced by averaging by a factor of N0.5 where N is the number of shots 

(as in Fig. 3c) or the number of range gates averaged and thus the coherent aerosol scattering signal 

stands out (as demonstrated in Figs. 2c and 2d). 

Figure 3. (a) FFT power distribution, (b) probability density function (PDF) of carrier-to-noise ratio 

(CNR), signal-to-noise ratio (SNR) of noise floor, and exponential fit y = e-x, (c) standard deviation 

of noise floor as a function of number shots averaged. The data is from a DAWN ground test. CNR 

is defined as the ratio of the peak FFT power and the mean of noise floor (i.e., the curve in (a) 

divided by mean) and SNR as the ratio of the peak FFT power and the standard deviation of noise 

floor (i.e., the curve in (a) divided by std). FFT power of noise floor is exponentially distributed 

with a mean and standard deviation very close in value. 
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3. CPEX-AW Data Processing and Results

CPEX-AW utilized the NASA DC-8 aircraft, which carried several sensors ideally suited for studies of 

convection, aerosols, and winds.  These include the DAWN lidar, High Altitude Lidar Observatory 

(HALO), Airborne Third Generation Precipitation Radar (APR-3), High Altitude MMIC Sounding 

Radiometer (HAMSR), and Airborne Vertical Atmospheric Profiling System (AVAPS) dropsondes.  

DAWN collected data for approximately 41 hours across 7 CPEX-AW science flights.  DAWN had co-

located data with 91 dropsondes, providing 13,387 vertical levels for a comprehensive validation of 

DAWN wind retrievals. The DAWN CPEX-AW data has been processed and a preliminary version has 

been released to the science team.  

Figure 4. (a) Wind speed, (b) wind direction, and (c) log(CNR0.5-1) from the DAWN 5-LOS 

measurement on August 20, 2021; and (d) vertical range gate integration utilized to acquire a 

successful wind retrieval. 

Figure 5. (left 3 panels) An example of wind speed and direction derived from the DAWN and 

AVAPS dropsonde measurements, and log(CNR0.5-1) for 5 DAWN profile retrievals centered in 

time to the dropsonde. (right panel) Histogram of DAWN – dropsonde vector, and U-/V-

component wind speed differences. Wind speed differences > 10 m/s and directional differences 

> 30° were considered extreme outliers and were excluded from comparison, in agreement with

the procedure described in [2].

Figure 4 presents an example of the retrieved wind speed (a) and direction (b) from the DAWN 5-LOS 

measurement for the first CPEX-AW science flight on August 20, 2021. Shown in (d) is the range gate 

required for a successful wind retrieval. If a retrieval is not successfully obtained at the base range gate 

(256 samples corresponding to ~76.7 m range), the FFT spectrum is averaged over 2, 4, 8, … base range 
gates until a successful retrieval is achieved or 32 range gate average is reached. The majority of 

retrievals were successfully obtained with data from just the base range gate (76.7 m). Retrievals 
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requiring vertical integration occur at the edges of the aerosol layers. Carrier-to-noise ratio (CNR) in (c) 

is calculated as the ratio of the peak FFT power and the mean noise floor at the base range gate.  The 

FFT power of the noise floor is exponentially distributed (Fig. 3a) with a mean and standard deviation 

very close in value. This leads to that CNR is approximately equal to single-shot SNR as shown in Fig. 

3b.  Simulations showed that the spectral power distributions of various random numbers (Poisson, 

Gaussian, exponential and uniform) are all an exponential. If the FFT power of these random numbers 

is normalized by the mean power, the power distribution for these various random numbers can be 

represented by an exponential function y = e-x (the green curve in Fig. 3b).  The analysis results in Fig. 

3 are consistent with the simulation and theoretical prediction, confirming that DAWN performs as 

expected. Dust layers (orange in color in (c) above 1-2 km and below ~6 km) were observed. The dust 

layers were identified by the HALO depolarization measurement simultaneously collected with DAWN 

(not shown here). The satellite borne CALIPSO lidar measurement showed that multiple dust events 

occurred over North Africa prior to this flight. The dust layers observed by DAWN and HALO were 

generated over North Africa on or before August 16 and transported across the Atlantic Ocean to the 

Caribbean Sea (not shown) by strong trade winds in the 2-6 km altitude layer. 

There were 91 AVAPS dropsonde measurements collocated with the DAWN measurement during the 

CPEX-AW field campaign, from which 13,387 DAWN wind retrievals were compared. Figure 5 (left 

panels) shows a comparison of wind speed and direction profiles measured by a dropsonde launched at 

2032 UTC and five DAWN profiles around that time. The agreement between the two measurements is 

excellent. Also shown are the base gate CNR for the DAWN measurements. Figure 5 (right panel) shows 

histograms of differential (DAWN - dropsonde) wind speeds (U and V and total). The wind speed and 

direction bias and standard deviation are -0.19±1.77 m/s and 0.11±11°, respectively. DAWN data 

acquired during the NASA 2019 Aeolus Cal/Val Test Flight campaign showed a bias and standard 

deviation of 0.13±1.23 m/s for wind speed and -1.02±7.60° for wind direction based on comparisons 

with Yankee Environmental Systems dropsondes [2].  These relatively small differences in statistics are 

hypothesized to be contributed by a much greater degree of high level cloudiness encountered during 

CPEX-AW where spatial wind variability is greater, and differences in dropsonde manufacturer. 

4. Summary

Wind retrieval processing software has been developed for coherent Doppler wind lidar data collected 

from the ground and aircraft. It has been applied to DAWN data acquired during the CPEX-AW field 

campaign in summer 2021. Comparisons with dropsonde measurements showed that the bias is small 

for both the retrieved wind speed (-0.19±1.77 m/s) and direction (0.11±11°). The DAWN instrument 

has proven to be very capable of measuring high spatio-temporal resolution and high precision wind 

profiles that have been, and continue to be, very useful for many weather and climate analysis 

applications.  DAWN will collect another comprehensive wind profile dataset encompassing a variety 

of atmospheric phenomena during the CPEX-Cabo Verde (CPEX-CV) campaign in summer 2022 

(https://espo.nasa.gov/cpex-cv/).    
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Abstract: In Summer 2021 the Atmospheric Remote Sensing (ARS) Group at NOAA 

deployed a Doppler lidar on the WP-3D and Twin Otter aircraft. During the WP-3D 

flights, the lidar system used an optical wedge scanner to perform continuous scans for 

3D wind measurements below the sircraft. Test flights targeted convective systems over 

the ocean to determine the applicability of the system for hurricane monitoring. System 

performance was evaluated in comparison to concurrent dropsonde measurements. The 

Twin Otter installation featured a hemispheric scanner that extended out the side of the 

aircraft to perform upward and downward-looking scans and motion-compensated 

stares. Scanner performance was evaluated in comparison to ground-based radar wind 

profiler measurements. This presentation will focus on the challenges associated with 

the deployment of the ARS system on these aircraft, the validation of this instrument 

against concurrent measurements from other profiling techniques, and conclude with 

preliminary results from both installations. 

Keywords: Doppler lidar, motion compensation, mobile platform, aircraft, scanning lidar 

1. Aircraft Installation Overview

Combining Doppler wind lidars with aircraft enables studies of both temporal and spatial variability of 

wind fields, yielding critical information for transport, mixing, and dynamics occurring in complex 

flows. While mobile measurements have many positive attributes, careful design and planning of the 

installation and measurement are required to determine the orientation of the optical beam and to remove 

and compensate for platform motion projected into the line of sight velocity measurement. The two 

aircraft installations during the Summer 2021 System and Integration Experiment (SITE) both used the 

same Doppler lidar system, but with different scanning systems on very different aircraft (WP-3D and 

the Twin Otter) each testing the integrated mobile system performance.  

The first installation occurred from June 21st to July 5th, 2021 on the NOAA WP-3D tail number N43RF.  

This aircraft is a quad-turboprop pressurized design with operational speeds ranging from 170 to 250 

kts (87 to 129 m/s) [1] and is one of two aircraft used by NOAA primarily for low-altitude data collection 

in hurricanes and tropical storms to inform hurricane forecasts. For the WP-3D flights, the Doppler lidar 

system was fixed in a downward looking, static mount and outfitted with an optical wedge scanner to 

perform continuous scans for 3D wind measurements. A total of 25 flight hours over four test flights 

were performed, targeting convective systems and rain bands over the Atlantic Ocean and the Gulf of 

Mexico to determine the performance of the Doppler lidar system for hurricane monitoring deployments 

as well as validate the instrument on the WP-3D aircraft. During the test flights, 18 dropsondes were 

released to benchmark the performance of the Doppler lidar system.  

The second installation occurred from July 6th to August 4th  and  utilized the same lidar as the WP-3D 

flights, but now paired with a partial hemispheric scanner designed to extend out the side window of the 

NOAA Twin Otter aircraft N46RF. The testing on the aircraft consisted of 31 flight hours distributed 

over 9 flights. The Twin Otter is a dual-turboprop unpressurized aircraft with operational speeds ranging 

from 90 to 150 kts (46 to 77 m/s) [2]. This aircraft is one of six Twin Otters that are used by NOAA for 

a wide range of scientific missions. The partial hemispheric scanner installed in this deployment can 
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perform upward and downward-looking scans as well as motion-compensated stares and RHIs. This 

scanner design allows for more complete measurement coverage, particularly when flying within the 

boundary layer to coordinate with  on-board chemical measurements that make in-situ sampling. The 

scanner performance on the Twin Otter was validated by flying over ground-based 915 MHz  radar wind 

profilers at the Kennedy Space Center. 

2. Optical System and Data Acquisition

The Doppler lidar used for both aircraft installations is a microjoule-class, pulsed, coherent Doppler 

lidar based on a master oscillator, power amplifier (MOPA) design. The system operates at 1543nm to 

leverage the plethora of fiber optic components available at this wavelength. The optical system uses a 

low power continuous wavelength master oscillator which is separated into pulses using an acousto-

optic modulator, amplified using an erbium-doped fiber amplifier, and transmitted into the atmosphere 

using a free space transmit-receive switch. The system was developed at NOAA [3] and all aspects of 

the pulse formation are adjustable.  For this experiment, the pulse repetition frequency (PRF) was 20 

kHz resulting in an effective measurement range of 7.2 km. The pulse length of the Doppler lidar can 

be adjusted to optimize spatial resolution or SNR, and was held constant at 400 ns or 60 m resolution 

for both aircraft installations.  

In previous ship and truck-based deployments, the Doppler system used an intermediate frequency (IF) 

of 62 MHz [3]. Due to the increased speed of the WP-3D aircraft and the wide scanning angles of the 

Twin Otter scanning system, the IF was increased to 124 MHz to prevent the aircraft velocity from 

shifting the retrieved Doppler measurement outside of the detectable bandwidth. During acquisition, the 

signal is complex demodulated in real-time by the IF (124 MHz) plus the frequency contribution from 

the line of sight platform motion which is calculated in real-time based on platform velocity and the 

lidar beam position. By demodulating by the sum of the IF and the platform motion the signal from the 

velocity of the atmosphere remains within a limited search bandwidth (±31 MHz or ±24 m/s) throughout 

the scanning despite the large contribution (±43 MHz or ±33 m/s) from the platform motion.  Limiting 

the search bandwidth increases the wideband signal to noise ratio (CNR) and improves system 

sensitivity in low signal regimes.  

To calculate the platform motion projected into the lidar line-of-site (LOS) velocity measurement, an 

inertial navigation unit is used to determine the pointing of the lidar beam relative to the aircraft's 

velocity. Angular offsets between the frames of reference of the INU unit and the Doppler lidar were 

determined using hard target retrievals while flying over land and corrections were applied in post-

processing.  

Table 1. Operating parameters of the ARS Doppler lidar during SITE Deployment 

Parameter Parameter 

Pulse Length 60m 

Minimum Offset 120m

Velocity Bandwidth ±24 m/s

Beam Rate 0.5 to 10 Hz 

Intermediate Frequency 124 MHz 

Pulse Repetition Rate 20 kHz

Wavelength 1543 nm

Net Optical Power 1 W 

3. Installation and Deployment on the WP-3D

The installation and test flights of the Doppler lidar system took place at the NOAA Aircraft Operations 

Center (AOC) in Lakeland. Florida. For the WP-3D installation, the lidar optical head and scanner  were 

installed in the Lower Instrument Port Forward (LIPF) of tail number N43RF, colloquially known as 

Miss Piggy, and are shown in Figure 1 (left side). The system was oriented vertically staring downwards 
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and was outfitted with an optical wedge scanner which diverted the beam at a fixed 15 deg off-nadir and 

azimuthally scanned the beam to measure 3D winds, below the aircraft, during the flights. The data 

acquisition, scanner controls, and detection systems were housed in an aircraft rack nearby and 

connected via a flexible umbilical which was routed underneath the floor of the aircraft.[3]  

During the test flights, a total of 18 dropsondes were released over water to test the performance of the 

Doppler lidar system. To perform a comparison against the radiosondes, a single VAD fit was performed 

within each range gate using all the Doppler lidar retrievals within 5km and 10 minutes (using the more 

limiting metric) of the drop release location. The comparison of the Doppler lidar profiles against all the 

dropsonde results is shown in the plots on the right side of Figure 1. In these plots, the left column 

figures show the linear correlations between the two measurements and the right column figures show 

the distributions of the differences between the measurements. The top columns are measurements of 

wind direction and the bottom columns are measurements of wind speed. The linear correlation for wind 

direction yielded a slope of 0.97, an intercept of -0.44o, and an r2
 value of 0.99. The linear correlation 

for wind speed yielded a slope of 0.98, an intercept of 0.004 m/s, and an r2
 value of 0.99. These results 

are consistent with previous radiosonde comparisons using Doppler lidar [4]. Returns from within 2 

pulse lengths of the ocean surface were removed prior to the linear correlation to remove signal 

contamination from the ocean surface.  

Figure 1: Left: Installation of the optical head in the bay of the P3 aircraft. Right: Comparison between 

the radiosonde measurements and the Doppler lidar retrieved wind profiles. 

4. Installation and Deployment on the Twin Otter

The partial hemispheric scanner installation on the NOAA Twin Otter consists of two motor stages 

(shown in the CAD rendering in the left pane of Figure 2), which allows for both upward and downward-

looking scans as well as more complex scan geometries in comparison to the fixed angle wedge scanner 

used for the WP-3D measurements. The upward-looking scan also enables measurements of cloud base 

velocity which are not possible when performing downward-looking measurements of optically thick 

clouds. The images in the center and right panes of Figure 2 show the side scanner system installed on 

the aircraft. The optical head for the Doppler lidar can be seen as the grey box at the bottom of the center 

pane in Figure 2.  
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During this installation, the aircraft performed multiple flights around a network of ground-based 

Doppler Radars at the Kennedy Space Center. These data from the profilers [5] are publicly available 

and were used to validate the side scanner system. Linear correlations were performed between the side 

scanner retrieved wind profiles and the Doppler radar profiles within a ±40km or ±5-minute range. The 

linear correlation for wind direction yielded a slope of 0.85, an intercept of -0.58o, and an r2
 value of 

0.75. The linear correlation for wind speed yielded a slope of 0.93, an intercept of -0.14 m/s, and an r2

value of 0.88. 

5. Conclusion

The installations on the WP-3D and Twin Otter aircraft in Summer 2021 allowed us to extend and refine 

the measurement capability of the ARS mobile Doppler lidar. By increasing the intermediate frequency 

and utilizing a real-time FPGA-based processor the Doppler system can now perform measurements on 

faster platforms and utilize a wider range of scanning angles before the aircraft motion pushes the 

Doppler measurement out of the search bandwidth. The lidar and wedge scanner setup, tested in the 

WP-3D install, was successfully validated against dropsondes and the system  performance was 

established in ocean-based convective environments. The lidar and new partial hemispheric scanner, 

tested during the Twin Otter installation, was successfully validated against ground-based Doppler 

radars and will soon be deployed for a second time on the Twin Otter during the Fall of 2022 to study 

wildfire behavior in California.   
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Abstract: Multiple Coherent Doppler Lidar Systems and Direct Detection Lidars 
systems installed on rooftops in the New York Metropolitan region operate during select 
Heat Events during the Spring and Summer seasons to observe the turbulent structure 
of the atmospheric boundary layer. These observations provide estimates of the 
transport of pollution in and around the Urban Coastal New York Metropolitan Region. 
The Lidar Data sets are combined with data sets from a Scintillometer and Microwave 
Radiometers so that the planetary boundary layer thermodynamic profiles and the urban 
canyon aspects can be analyzed together to compare multiple Lidar return signals.  An 
urban terrain mapping product is produced by scanning the surface using Doppler Lidar. 
Multiple types of Coherent Doppler Lidar Scan strategies have been used to observe the 
urban boundary layer dynamics close to the building structures as well as the vertical 
profiles of the wind fields. 

Keywords: Coherent Laser Radar, Direct Detection Lidar, Ozone Lidar, PBL Dynamics 

1. Introduction -

A number of select extreme weather events that have occurred in the NY Metropolitan Region in the 
last few years have been investigated by using ground based remote sensing instruments to study the 
planetary boundary layer dynamics and the transport of pollution in and around this densely populated 
urban coastal region. The wind speed and turbulence characteristics are observed by the Coherent Wind 
Lidar Instruments.  The Doppler Lidar Wind Speed Profiles provide the horizontal wind speed as a 
function of height as well as the vertical component of the wind speed as a function of height.  The 
Planetary Boundary Layer (PBL) Dynamics in the densely populated urban coastal region are influenced 
by the sea breezes as well as the humidity and temperature profiles of atmosphere during these extreme 
weather events. The local power plants that produce the energy that is used to provide cooling systems 
for the buildings in the densely populated urban regions that are located near the buildings in the urban 
region.  The local power plants that are fueled by carbon based fuels release elements (both aerosols as 
well as chemicals) that are relevant to the production of ozone pollution and aerosol pollution in the 
atmosphere.  The City College of New York (CCNY) Ozone Lidar system that is being developed as 
part of the Tropospheric Ozone Lidar Network (TOLNet) has been tested during a few select events. 
The pollution transport in and around the urban canyons is a major concern for both health and 
environmental policy regulations.  In the future, atmospheric observations combined with weather 
prediction numerical modeling systems will help to improve the ability to predict the weather hazards 
during extreme events. 
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2. Observation Instrumentation System Descriptions -

Doppler Lidar Systems – Multiple Doppler Lidar systems that have been developed from various 
manufacturing organizations including Federal Government organizations [1,2] and our organizations 
[3.4] have been used in the past.  Doppler Lidar systems from industry manufactures including Vaisala 
(currently the owner of Leosphere 100S and 200S systems) and Lumibird (currently owner of Halo 
Photonics Doppler Lidars) are utilized for the observations provided in this study. 

Scintillometer System - The Company Scintec produces the BLS Series Scintillometers that CCNY 
operates and measure atmospheric turbulence, heat flux and crosswind over large spatial scales 

Ozone Lidar system - Ozone Differential Absorption Lidar (DIAL) developed at CCNY comprises one 
transmitter, two receiver channels, including the far-range and near-range channels and one data 
acquisition unit.  The production of Ozone in the PBL layer is very relevant to the concentration of 
Ozone Precursors - sulfur dioxide (SO2) and nitric oxide (NO2) and monitoring precursors over time is 
relevant to the interpretation of the time evolution of the Ozone profiles. 

Radiometers and Surface Weather Stations in the NY Metropolitan region – Various Weather Stations 
from NWS as well as the CCNY Weather Stations and Flux Towers that provide the temperature and 
humidity dynamics near the surface as well as the vertical profiles of temperature and humidity in the 
PBL. 

3. Hard Target Terrain Mapping with Scanning Doppler Lidar

Previous observations of the urban terrain in NYC near Upper Manhattan have been made using the 
Department of Defense Halo Pro Doppler Lidar system mounted on the roof of the CCNY building as 
shown in the picture below (Fig.1).  Future terrain mapping is being planned for the summer 2022 that 
will use mobile Lidar systems in and around the NYC Metropolitan region. 

Fig. 1 Hard Target Terrain Mapping alongside pictures taken from Doppler LIDAR mounted on top of 
a CCNY building in upper Manhattan (Tall Buildings Highlighted Red) 
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4. Observations of Select Events during 2022 spring

4.1 Select Event on May 18 2022 

  The Ozone Lidar and the Direct Detection Aerosol Backscatter Lidar and the Leosphere/Vaisala 200S 
Doppler Lidar all installed at CCNY observed a select event during May 18, 2022 to compare the 
profiles from each of the instruments. This event is just a test run to compare the results from each of 
the Lidar systems together so that we can plan for upcoming event later in the summer.  As shown in 
Fig. 2 below when the Doppler Lidar is pointing vertically it can measure the radial wind speed as a 
function of height in conjunction with the vertical profile of the horizontal wind speed and wind 
direction (Fig. 3).  The wind speed and wind direction from the coherent Doppler Lidar is useful to 
help interpret the boundary layer dynamics and transport of pollution and Ozone Precursors during this 
particular test run.  Figs. 4a and 4b are displaying the Ozone Lidar retrieval on this select day and the 
vertical profiles from the CCNY Direct Detection Aerosol Backscatter Lidar on this select day. 

Fig. 2 Doppler Lidar Radial Wind Speed Vertical Profile as a function of time on May 18, 2022 

(a)  (b) 

Fig. 3 (a) Doppler Lidar Vertical Profile of the Horizontal Wind Speed and (b) and Horizontal Wind 
Direction as a function of time on May 18, 2022 
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(a)  (b) 

Fig. 4 (a) Direct Detection Aerosol Backscatter Lidar vertical profile and (b) Ozone Lidar Lidar 
Vertical Profile as a function of time on May 18, 2022 

4.2 Select Heat Event July 16, 2021 

There was a heat wave in the summer of 2021 on July 16 in which the temperature raised above 94 
degrees Fahrenheit near in the later part of the day as shown in the plot in Fig. 5 below taken from the 
Nation Weat5her Service (NWS) Weather Station near CCNY (at the LaGuardia Airport). 

Fig. 5 Daily Temperature recorded NWS Station at LaGuardia Airport in NYC from the July 16, 2021 

Observation of the turbulence during this event was recorded by using the Doppler Lidar at CCNY and 
the Scintillometer at CCNY.  Using these instruments together does help to improve the methods that 
are used to interpret the range of coherent back scatter effects because the speckle patterns retrieved 
from Doppler Lidars reduces the signal strength because the speckles are not combined coherently.  As 
shown in Fig. 6 below, the Scintillometer plot represents the sensible latent heat flux observed during 
this July 16, 2021 heat event.  The Doppler Lidar signals recorded during this event represent that the 
heat event on the day does affect the turbulent conditions in the atmosphere.  As shown in Fig. 7a the 
Doppler Lidar Radial Wind Speed profile recorded when the Lidar is pointing vertically does show how 
the vertical component of the wind represents the turbulence profile.  Fig. 7b does indicate that the 
spectral width of the Doppler Lidar return signal around 17:00 EDT does increase in the upper 
atmosphere after the spectral width was previously being reduced over time and this is another reason 
to conclude that the observed turbulence dynamics during this heat event is in conjunction with the 
Scintillometer observations of the sensible latent heat flux dynamics during this heat event. In 
conclusion of this study, future plans are to continue to deploy multiple lidars in this region. 
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Fig. 6 Plot of the Scintillometer Observations during the July 16, 2021 heat event in NYC 

(a)  (b) 

Fig. 7 Wind Profiles on July 16, 2021 (a) Plot of the Radial Wind Speed Profile from the vertically 
pointing Doppler Lidar (b) Plot of the Spectral Width profile of the vertically pointing Doppler Lidar 
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Abstract: The German Aerospace Center (DLR) has conducted four airborne 

campaigns with a focus on validating the Aeolus wind products during different states 

of the ESA mission since launch in 2018. During these campaigns, the DLR Falcon 

aircraft was equipped with the ALADIN Airborne Demonstrator (A2D), which is the 

prototype of the direct-detection wind lidar instrument on-board Aeolus, together with 

a high-accuracy scanning coherent-detection 2-µm Doppler wind lidar (DWL), used as 

a reference. Complementary and synergistic results from both DWLs allow for 

characterizing the Aeolus wind errors and to provide recommendations for the 

optimization of the Aeolus wind retrieval. 

Keywords: Aeolus, space-borne wind lidar, coherent wind lidar, direct-detection wind lidar, validation. 

1. Introduction

The ESA Aeolus mission is the first spaceborne Doppler wind lidar and provides profiles of the wind 

vector component along the instrument’s line-of-sight (LOS) direction from ground up to about 30 km

in the stratosphere [1]. After launch on 22 August 2018, Aeolus was injected into a sun-synchronous 

dusk-dawn orbit at about 320 km altitude. Its single payload is the Atmospheric Laser Doppler 

Instrument (ALADIN), a direct-detection wind lidar operating at an ultraviolet wavelength of 354.8 nm 

and designed to determine the Doppler shift of the backscattered light from both molecules and particles 

and hence the LOS wind speed. The backscattered light collected by a 1.5 m diameter telescope is first 

directed to a Fizeau interferometer to analyze the frequency shift of the narrowband particulate (Mie) 

return signal from detecting the position of a transmitted fringe imaged on an accumulating charge 

coupled device (ACCD) detector. Most of the light is rejected by the Fizeau and reflected to two 

sequentially coupled Fabry–Pérot interferometers. Their transmission functions are separated in

frequency such that the Doppler shift of the broadband molecular (Rayleigh) return signal is determined 

by comparing the individual transmitted intensities, both detected with a second ACCD. Range bins can 

be set for a vertical resolution between 250 m and 2 km and changed along the orbit. The complex 

optical arrangement has proven its ability to capture the wind fields along the orbit already three weeks 

after launch. In the following years, the Aeolus data assimilation has also demonstrated to improve 

numerical weather prediction (NWP) with remarkable impact especially in the medium-range weather 

forecast [2], even at the degraded signal performance observed in mid-2022.  

A significant contribution to this quick and impressive mission success was the experience gained during 

the mission preparation phase through various pre-launch activities with the A2D, which was developed 

based on the Aeolus instrument ALADIN pre-development receiver optics and electronics [3] to 

maximize technological representativity in design and measurement principle. The A2D allowed to 

verify and validate the complex direct-detection measurement technique for wind and aerosol, its 

operational limits, instrument calibration procedures, alignment sensitivity, noise characteristics and 

many more specifics of the instrument. This knowledge was consequently used to test and refine the 

processors developed well ahead of the mission phase. The validation was performed by ground and 
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airborne measurements often paired with a coherent-detection reference wind lidar (2-µm DWL) 

providing a high sensitivity to particulate returns and the ability to measure accurate wind vector profiles 

[4]. Thus, these activities had demonstrated the capabilities expected for Aeolus already before launch 

and continued during the mission phase. For the airborne activities the two DWLs were installed onboard 

the DLR Falcon research aircraft to capture wind profiles from an altitude of 10 km to 11 km down to 

the ground along the Aeolus measurement track. More than 26,000 km of collocated measurements 

along the Aeolus track were recorded during four airborne campaigns in different geographical regions 

and under diverse atmospheric and solar background conditions, while covering different Aeolus 

performance phases. The following sections describe the airborne campaigns and their results in 

determining the Aeolus L2B wind product’s systematic and random errors as well as potential

improvements of the wind retrieval algorithms. 

2. DLR Aeolus Validation Campaigns Overview

Based on the experience of the pre-launch campaigns including WindVal [5] and WindVal-II [6] around 

Iceland in 2015 and 2016, respectively, DLR conducted the first Aeolus airborne validation campaign 

WindVal-III already during the commissioning phase in late 2018. From the base in Oberpfaffenhofen, 

Germany four flights were conducted along ascending orbits in the evening hours. This campaign was 

followed by a second campaign in central Europe, also conducted from Oberpfaffenhofen, which started 

the series of validation campaigns during the operational phase of the Aeolus mission. AVATAR-E 

(Aeolus Validation Through Airborne Lidars in Europe) was covering six underflights again on 

ascending orbits, but in the late phase of the active period of the Aeolus laser A with decreased lidar 

signal performance in spring of 2019. In autumn of the same year, after the laser B had been 

commissioned, the artic and North Atlantic region was targeted from a base in Keflavík, Iceland during 

the AVATAR-I campaign. The total of ten underflights also included, for the first time, four flights on 

descending orbits that were performed in the early morning hours, as well as flights along the high 

albedo snow-covered east coast of Greenland. A main focus lied also in capturing the strong wind speeds 

and gradients associated with the polar jet stream in the region. This was supported by a dedicated range 

bin setting (RBS) for Aeolus, allowing higher vertical resolution in the campaign area. Delayed by more 

than one year due to COVID-19 related logistic issues, the tropical region was the scene for the 

AVATAR-T campaign in autumn of 2021.  

Figure 1. Overview of the four DLR airborne campaigns with their flight tracks performed for the 

Aeolus validation in different mission phases and locations. The insert table summarizes the campaign 

statistics with the number of satellite underflights (UFs). 
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Five descending and six ascending orbit underflights were conducted with a focus on the specific 

atmospheric conditions influenced by strong Saharan dust outbreaks and the African Easterly Jet (AEJ) 

winds around the Cape Verdean Archipelago. With a base in Sal this campaign was embedded in the 

Joint Aeolus Tropical Atlantic Campaign (JATAC) together with ESA, NASA, CNES/LATMOS and 

other partners. JATAC was carried out with contributions from the DC-8, the German and French 

Falcons and a strong ground-based and light aircraft component organized by NOA and TROPOS, 

offering a wide range of in-situ as well as active and passive remote sensing measurement equipment 

[7]. A dedicated RBS was active in the region during the JATAC focusing on high resolution in the 

middle troposphere. During all campaigns, additional calibration flights were conducted for the A2D 

where the aircraft is rolled 20° to the right and circles an area, while the lidar is pointing nadir to justify 

the assumption of zero wind influence on the LOS during the performed frequency sweep to characterize 

the spectrometer responses [5]. An overview of all campaign flights is given in Figure 1 together with a 

table of the campaign statistics. 

3. Results

Individual flights as well as whole campaign datasets provide an intermediate validation perspective 

between the local validation by ground sites and the more global perspective of NWP-based validation 

strategies. Collocated airborne measurements also ensure a high representativity with a time difference 

to the overpass of usually not more than 45 minutes. For Aeolus this allows for studying the influence 

of different atmospheric scenes on the performance of the Mie and Rayleigh channel wind products in 

terms of coverage and error distribution. As an example, results from an around 900 km long flight leg 

performed along an ascending orbit during the AVATAR-T campaign are shown in Figure 2. As the 

Aeolus L2B Rayleigh-clear and Mie-cloudy products as well as the ECMWF model background winds 

are provided for the horizontal LOS (HLOS), for comparison also the airborne lidar wind measurements 

have to be transferred to the wind speed nomenclature (positive winds blowing away from the 

instrument) and horizontal component of the Aeolus viewing direction. Figure 2 shows the finer 

resolution for the measured airborne data in the left column, which provides insights into errors in the 

Aeolus data products stemming from vertical or horizontal inhomogeneities. For the statistical 

comparison, the airborne data is averaged to the coarser vertical and horizontal resolution of the Aeolus 

measurement grid. The procedures applied for the statistical comparison with the airborne DWL data 

and results of the systematic and random errors in both Aeolus channels are described in detail by 

Witschas et al. [4] and Lux et al. [8] for the first two campaigns, as well as in the contribution by 

Witschas et al. [9] for the CLRC 2022 for the two later campaigns.  

Figure 2. Example of the wind data products for an Aeolus validation flight on Friday, 10 September 

2021 also passing the ground measurement site in Mindelo. 2-µm measurements and the ECMWF 

model winds are shown in the upper row with Rayleigh and Mie channel winds measured by the A2D 

(left) and Aeolus (right) below, all shown for the HLOS wind component. 
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The best Aeolus performance was observed in the frame of the AVATAR-I campaign which took place 

during the early laser B period in autumn 2019. Here, comparison of the Aeolus winds against 2-µm 

DWL data yielded random errors (in terms of the scaled median absolute deviation) of 3.8 m/s for 

Rayleigh-clear winds during ascending orbits, and 2.3 m/s for the Mie-cloudy winds during descending 

orbits, respectively. Both values were obtained after averaging to a vertical bin thickness of 1 km. 

Focusing on the wind data of the 2-µm DWL in Figure 2, it is clear that the signal coverage of the 

coherent system is limited to the first 1 km below the aircraft and the dust-laden Saharan Air Layer 

(SAL). Within the SAL detailed structures of the AEJ are revealed with horizontal wind speeds of up to 

20 m/s, while the ECMWF model winds partly show deficiencies in correctly representing the AEJ 

position and strength. The A2D Rayleigh winds provide good coverage in the aerosol-free regions, while 

the Mie channel covers the winds within the SAL and down to the surface. The importance of the winds 

in clear atmosphere and the abundance of aerosol-free regions in weather-relevant altitudes around the 

globe were the main drivers to justify the UV wavelength and spectrometer arrangement of Aeolus, and 

thus the design of the A2D (although the Mie channel has a lower sensitivity compared to the very 

sensitive coherent detection). This is especially obvious when comparing the covered regions of A2D 

and Aeolus Rayleigh and Mie channels. The Aeolus Mie-cloudy product only provides very few valid 

wind results, as the processors are not optimized for the strong aerosol scattering case within the SAL, 

which is still lower than cloud return signals. A2D results suggest that a refinement of the Aeolus 

processor detection limits could lead to enabling a “Mie-aerosol“ wind product as well as to a more

effective rejection of detrimental particulate return signals that affect the Rayleigh-clear winds. The 

quality of Rayleigh winds detected in these altitude regions is currently decreased by both this so-called 

channel cross-talk and the signal attenuation within the SAL. The same is true for winds that are 

measured within and/or below similar layers of aerosol or thin clouds around the globe. 

4. Outlook

The campaign data acquired during the four DLR airborne campaigns with the 2-µm and A2D DWLs 

will be further exploited to characterize the Aeolus L2B wind products, to improve the error assessment 

and quality control schemes as well as to support the refinement of the processors. Campaign data has 

already been and will be used to validate the quality of reprocessed data. Correlative analysis with the 

various atmospheric data from multiple instruments available from the tropical campaign partners is 

planned to be performed within the JATAC community. The successful approach has been to understand 

and validate the Aeolus-specific issues, first by comparing the 2-µm and A2D results, before transferring 

the knowledge to the coarser Aeolus products in a second step. This will remain to be relevant for the 

ongoing analysis of the campaign data as well as for the evaluation of future processor updates and re-

processed data for the whole mission, well beyond the foreseeable de-orbiting of Aeolus in 2023. 
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Abstract: High data availability is often critical for many Lidar applications. 
Threshold-based filtering has shown moderate performance when anomalies are 
encountered such as parasitic noise and hard targets. For noisy or faulty environments, 
the solution is often to increase the noise threshold to keep only higher quality data. 
While this approach guarantees reliability, it sacrifices availability. In this research, we 
use a convolutional neural network to classify faulty data, removing them from the 
“Wind” set. At a minimum, this filter could be used to clean the Lidar of parasitic hard
targets. In another form, this filter allows a decrease of the noise threshold and thus an 
increase in availability. We show a boost of range from 12 to 63%. 

Keywords: Semantic segmentation, hard targets, filtering, outliers, atmospheric lidars 

1. Introduction

Traditional data filtering involved comparing the obtained CNR (Carrier to Noise Ratio) from the signal 
processing to a CNR threshold obtain in the noise (Figure 1) [1] . This simple method is robust but 
conservative. Too often, actual measurements are filtered out to guarantee a given False Alarm Rate [2] 
. In some cases, wind speed outliers could be missed by the filter. More involved filtering techniques, 
uses logistic regression [5]  or assumption of self-similarity [6] . A few dB of CNR could be gained with 
those methods compared to the traditional CNR threshold but they often lack versatility. 

Figure 1: Filtering based on the CNR threshold. Each datapoint can be classified in four categories 

corresponding to the confusion matrix. 

More importantly, hard targets are usually not automatically detected by Wind Lidars and should be 
manually removed. They are often wrongly considered as valid data and generate bias for Wind speed 
assessment [3] . A first approach for hard target filtering, is to use thresholds on CNR or radial wind 
speed. Unfortunately, actual wind measurements with high CNR can often be confused with a hard 
target. 

Here we use an artificial intelligence filtering technique using a convolutional neural network that does 
semantic segmentation of lidar data and classify each measured pixel to three categories (Wind, Outliers, 
Hard targets) (Figure 2).  
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Figure 2: left: Typical wind field (WIND) with hard target (HT) and wrongly kept outliers/noise 

(OUT) plotted against time index and range index (OUT) right: results of the classification 

2. Classification

The convolution neural network (CNN) used has a U-Net architecture [4] and does a semantic 
segmentation of Lidar scans to classify each lidar measurement pixel into three categories (Wind, 
Outliers, Hard target). To build such a classifier we followed several steps including manual annotation 
to train a supervised deep learning technique.  

Figure 3: Confusion Matrix showing the performance of the classification process. HT: Hard 

target pixel, Out: noise pixel (not hard target), Wind: wind pixel. 

A confusion matrix of the segmentation result is shown on Figure 3. After training on 24 datasets (190 
million pixels and 1200 scans), using semantic segmentation, the CNN can reliably classify each pixel 
as Wind, Hard targets, or Outliers with a probably of good detection of 99.8, 94.5 and 89.9% 
respectively. 

3. Boosting Lidar availability using CNN Filtering

As the CNN can detect the outliers in lidar measurement, we used this indicator to create a new filter 
for lidar data. The classifying capability was used to label good data that used to be filtered out (Figure 
4). The availability is defined as the percentage of status=1 data divided by the total number of data 
points. In the classical filtering technique, status=1 was assigned to data point whose CNR is above the 
threshold. With the new filtering technique, status=1 is assigned to “wind” labelled data.
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Figure 4: left: CNR threshold-based filtering radial wind speed (RWS). White pixels were filtered 

out. middle: classified pixels with the CNN right: pixels newly labelled as wind are now kept, 

increasing the range. 

To assess the validity of the gain of availability, we have used the Don Lenshow method [7] to estimate 
the error in noisy atmospheric data. This method uses the autocorrelation of the measurement timeseries 
and assumes the noise is random and not correlated to the atmospheric variable. We apply this method 
to compare the error value of the radial windspeed between the data obtained by the classical filtering 
and the data obtained by CNN filtering. In most cases, the statistical noise is slightly larger when using 
CNN filtering (Figure 5 c,d). This is due to the low CNR of the newly retrieved measurements that were 
filtered by the classical filtering. We show that the error is similar regardless of the filtering method up 
to maximum range where the neural network data error starts to increase compared to the classical data. 
This is behaviour is expected as the Cramer-Rao uncertainty increases at low-CNR [8] .  

4. Results

We compared lidar range (the range where the availability is at 80%) obtained using the classical 
filtering to range obtained using the CNN classifier on multiple measurement campaigns (Table 1). The 
new filtering with the classifier increases the Lidar Range by 12% to 63% depending on the campaign. 
Figure 5 show examples of such range boost for campaigns 1 and 2. 

Table 1. Examples of gain of range for several used dataset 

Campaign 

Location and 

atmospheric 

conditions 

WindCube 

type 

Duration 

(days) 

Scans 

type 

Range at 

80% 

Avail. 

Range 

at 80% 

Avail. 
Range 

Gain 

(m) 

Range 

Gain 

(%) Normal 

Filtering 

CNN 

Filterin

g 

1 Seashore Scanning 
200S 124 PPI + 

RHI 1500 2050 550 36% 

2 Plain Scanning 
400S 2 PPI 2240 3660 1420 63% 

3 Industrial area near 
the see 

Scanning 
200S 186 PPI 2370 2770 400 17% 

4 Dense megacity Scanning 
400S 465 PPI + 

RHI 1520 2060 540 35% 

5 Seashore Scanning 
200S 1 PPI 1870 2210 340 18% 

6 Clear sky Windcube 5 DBS 150 210 60 40% 
7 Foggy weather Nacelle 6 DBS 200 225 25 12.5% 
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Figure 5: (a, b) Comparison of availability versus range with classical filtering and Ai filtering. (c, 

d) Comparison of error estimation using the Don Lenshow’s method.

5. Conclusion

We have developed and used a convolution neural network to classify real-time data of our Windcubes. 
The classifier has labelled each pixel among three categories: wind, hard target, outliers. The classifier 
usefulness of twofold: 1) identify the hard targets to remove them from the valid data. 2) label wrongly 
noisy data as wind therefore increasing the data availability of the dataset. Increase the data availability 
can boost the total range of the lidar since low CNR pixel are often situated at longer range. 
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Abstract:     Recently developed image reconstruction algorithms for range-compressed 
holography (RCH) have proven effective at correcting distributed-volume atmospheric 
phase errors. However, these methods are limited by speckle and measurement noise. 
In this work, we reformulate the RCH inversion problem in terms of the target's 
underlying speckle-free reflectance rather than the complex-valued field. We also 
present an algorithm for surface reconstruction from phase-corrected RCH data under 
the Multi-Agent Consensus Equilibrium framework, which combines advanced surface 
models for prior information with a physics-based model for data fidelity. Together, this 
reformulation and the use of advanced priors reduces the effects of speckle and 
leverages the spatial correlation in reflectance to suppress measurement noise.  Finally, 
we present a point-cloud-based metric of image quality and demonstrate that our 
algorithm outperforms traditional RCH inversion methods both qualitatively and in 
terms of this metric, particularly in the low photoelectron count regime.   

Keywords: Digital Holography, Image Processing, Deep Learning 

1. Introduction

Digital holography (DH) is a powerful imaging technique for recovering the complex electromagnetic 
field reflected from a distant object. In brief, detection in a DH system involves measuring the 
modulation of a strong reference field by a potentially weak return field. This modulation allows for the 
detection to be shot-noise limited, even in scenarios with a low-power return signal. In practice, DH 
systems are sensitive to phase errors, whether caused by atmospheric turbulence or defects in the optical 
system, which need to be corrected in order to form a focused image. Moreover, many applications 
require DH systems to operate with limited laser power, resulting in images with significant noise and 
speckle. There has been great success in mitigating these effects through computational imaging 
algorithms. Of particular success have been a variety of Image Sharpening algorithms [1–5] which 
correct atmospheric phase errors by maximizing a sharpness metric, and Plug and Play (PnP) algorithms 
[6–10] which, on top of correcting phase errors, mitigate measurement noise and speckle variation 
through an extension of a Bayesian formulation that allows for the use of advanced prior models such 
as neural network denoisers.  

As technologies have advanced, extending the methods of DH to three-dimensional (3D) imaging has 
been the focus of much recent work. One example of this is Range Compressed Holography (RCH), in 
which frequency diversity is introduced during the hologram recording [11,12]. In RCH, a series of DH 
images are recorded, each corresponding to a unique laser frequency. The images are then range 
compressed by Fourier transform over the frequency spectrum resulting in a 3D image. Relative to 2D 
DH, this technique faces additional challenges in terms of phase aberrations [13–16]. Recent work in 
RCH image formation include [14], which addresses differential phase aberrations across temporal 
frequencies by a phase gradient algorithm, and [15,16] which extend the Image Sharpening approach to 
this context. However, these methods do not address the problem of speckle and noise mitigation, which 
could allow RCH systems to operate with less laser power. 

In this paper, we reformulate the RCH inversion problem in terms of the target’s underlying speckle-
free reflectance rather than the complex-valued field. We also present an algorithm for surface 
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reconstruction from phase-corrected RCH data under the Multi-Agent Consensus Equilibrium (MACE) 
[17] framework, which combines advanced surface models for prior information with a physics-based
model for data fidelity. We assume no atmospheric phase errors are present and instead focus on surface
detection in the presence of speckle and measurement noise. Together, this reformulation and the use of
advanced priors reduces the effects of speckle and leverages the spatial correlation in reflectance to
suppress measurement noise. Finally, we present a point-cloud-based metric of image quality and
demonstrate that our algorithm outperforms traditional RCH inversion methods both qualitatively and
in terms of this metric, particularly in the low photoelectron count regime.

2. Estimation Framework

For an opaque object illuminated by a coherent source of wavelength 𝜆, DH allows one to image the
field in the object plane,  

(𝑥, 𝑦; 𝜆) = 𝑓(𝑥, 𝑦) exp .2𝜋𝑗 !"($,&)( 2, (1) 

where (𝑥, 𝑦) are the coordinates of the object plane, 𝑓(𝑥, 𝑦) is the complex reflectance of the object,𝑑(𝑥, 𝑦) is the distance from the object to the object plane, and the extra factor of 2 accounts for the
round-trip distance. For simplicity, ignoring effects such as magnification, we assume the field in the 
object plane to be the ideal field recovered in the image plane. Using a single wavelength, the range 
information of the object is only available modulo 2𝜋 on the order of the wavelength.

By a process called range compression, one can further disambiguate the range information by 
introducing wavelength (frequency) diversity. This can be achieved in several waves, such as recording 
multiple holograms at individually tuned frequencies [15], or by using a linear frequency chirp [13]. 

The principal relation of RCH expresses the ideal image of the object’s 3D complex reflectance,𝑔(𝑥, 𝑦, 𝑧), as the inverse Fourier transform 𝑈(𝑥, 𝑦; 𝜆) as a function of 𝜉 = 2/𝜆,

𝑔(𝑥, 𝑦, 𝑧) = ∫ 𝑈(𝑥, 𝑦; 𝜉) exp{2𝜋𝑗𝜉𝑥} 𝑑𝜉)
*) = 𝑓(𝑥, 𝑦)𝛿=𝑧 − 𝑑(𝑥, 𝑦)?. (2) 

This formulation assumes the object is opaque, allowing just one range return for each (𝑥, 𝑦) cross-
range location, but it can be generalized to account for non-opaque objects as well. Under appropriate 
diffraction-limited, narrowband, and shot-noise-limited assumptions [19], the modulated, noisy, 
complex image 𝑌(𝑥, 𝑦, 𝑧) at the image plane can modeled as

𝑌(𝑥, 𝑦, 𝑧) = (𝑔 ∗ ℎ)(𝑥, 𝑦, 𝑧) + 𝜂(𝑥, 𝑦, 𝑧), (3) 

where ∗ denotes convolution, ℎ(𝑥, 𝑦, 𝑧) represents the point spread function (PSF) that accounts for the
effects of propagation, and 𝑤 is the measurement noise.

In practice, the imaged field is more accurately modeled as a discrete sampling of 𝑌(𝑥, 𝑦, 𝑧). We can
write a discrete representation of the model in Eq. (3) as 𝑦 = 𝐴𝑔 + 𝜂, where 𝐴 ∈ ℂ+×+	is the matrix
representation of convolution with ℎ,  𝑔 ∈ ℂ+  is the vectorized complex reflectance, and 𝜂 ∈ ℂ+  is
measurement noise distributed as 𝐶𝑁=0, 𝜎.!𝐼, 0? [20]. Together, this gives the conditional distribution
of our measure data 𝑦 ∈ ℂ+  given the complex reflectance 𝑔 as 𝐶𝑁=𝐴𝑔, 𝜎.!𝐼, 0?. Standard inversion
methods produce a reconstruction of 𝑔, which leads to a speckled intensity image, |𝑔|∘!, where the
modulus-squared is taken elementwise.  

Instead of estimating 𝑔,	we estimate its expected intensity, or speckle-free reflectance, 𝑟 = 𝐸[|𝑔|∘!]. As
in [8], we model speckle 𝑔|𝑟 as a circularly symmetric complex Gaussian distribution. Combining this
with 𝑦|𝑔 , we get the conditional distribution of the data given the speckle free reflectance as𝑦|𝑟~𝐶𝑁 U0, =𝐴𝒟(𝑟)𝐴0 + 𝜎.!𝐼?*1, 0W, where 𝒟(𝑟) is a diagonal matrix with elements given by 𝑟.

In practice, a common method to reduce speckle is to exploit multiple recordings of the object that are 
captured under various realizations (looks) of the noise process. This is often done by slight adjustments 
to the recording set-up that provide independent noise samples while keeping the signal highly 
correlated. This can be effectively modelled as independent measurements of the data 𝑦ℓ|𝑟 that have the
same distribution as 𝑦|𝑟 for each look, ℓ.
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Our method of estimating 𝑟 is based on the maximum a posteriori (MAP) estimate, which can be seen
as a regularization of the maximum likelihood estimate. Assuming  looks, this can be written as

�̂�345 = argmin
6∈ℝ!

a−∑ log 𝑝(𝑦ℓ|𝑟)9
ℓ:1 − ∑ 𝛽;ℎ;(𝑟)<

;:1 g, (4) 

where 𝛽; > 0 controls the amount of regularization applied by ℎ; , and together the 𝐾  regularizers
constitute a prior model. The following section describes an algorithm for solving a generalization of 
Eq. (4) that allows for the use of state-of-the-art regularization techniques. 

3. Algorithm

Under the MACE framework, the optimization problem of Eq. (4) is equivalent to a set of consensus 
equilibrium (CE) conditions. As in [17], we define the operators 𝐹ℓ(𝑤; 𝜎!)  and 𝐻;(𝑤; 𝜎!)  to be
proximal maps of − log 𝑝(𝑦ℓ|𝑟) and −𝛽;ℎ;(𝑟), respectively. Further, we define the stacked vector𝒘 = [𝑤1, … , 𝑤9=<] ∈ ℝ+×(9=<)  as the concatenation of the 𝐿 + 𝐾  state vectors, along with the
operators 𝐹 ∶ ℝ+×(9=<) → ℝ+×(9=<) and 𝐺 ∶ ℝ+×(9=<) → ℝ+×(9=<) as

𝐹(𝒘) = [𝐹1(𝑤1), … , 𝐹9(𝑤9), 𝐻1(𝑤9=1), … , 𝐻<(𝑤9=<)], (5) 

𝐺(𝒘) = [𝒘r,… ,𝒘r], (6) 

where  𝒘r = ∑ 𝜇>𝑤>9=<
>:1  is a weighted average of the input vectors. With this notation, the solution of 

Eq. (4) is �̂� = ∑ 𝜇>𝑤>∗9=<	
>:1 , where 𝒘∗ = [𝑤1∗, … , 𝑤9=<∗ ] satisfies the CE condition 𝐹(𝒘∗) = 𝐺(𝒘∗).

This is the core problem solved by Plug and Play (PnP) algorithms [21]. In these algorithms, one or 
more of the proximal maps 𝐻; are replaced with advanced denoisers, such as BM3D [22] or deep neural
networks. In [17], it is shown that the solution 𝒘∗ can be found by Mann iterations of the operator 𝑇 =(2𝐺 − 𝐼)(2𝐹 − 𝐼). For a fixed parameter 𝜌 ∈ (0,1), this takes the form 𝒘@=1 = (1 − 𝜌)𝒘@ + 𝜌𝑇(𝒘@).
The agents 𝐻; should be chosen to enforce spatial regularity and together act as an algorithmic encoding
of the prior information. In this work, we choose 𝐻1 to be the application of BM3D on each 𝑥𝑦-slice of
the 3D volume, while 𝐻! and 𝐻A	perform the same action on the 𝑦𝑧 and 𝑥𝑧-slices, respectively. This
approach, called multi-slice fusion [23,24], yields an efficient 3D volume regularizer. 

The forward agents, the proximal maps 𝐹ℓ(𝑤; 𝜎!), are solved as follows. Omitting the subscript ℓ for
clarity, we use the likelihood 𝑝(𝑦|𝑟), and remove terms independent of 𝑟, to get the proximal map

𝐹(𝑤; 𝜎!) = argmin
6∈ℝ"

.logw𝐴𝒟(𝑟)𝐴0 + 𝜎.!𝐼w + 𝑦0=𝐴𝒟(𝑟)𝐴0 + 𝜎.!𝐼?*1𝑦 + 1
!B# ‖𝑟 − 𝑤‖!2. (8)

For computational efficiency, we assume 𝐴 is orthogonal, with 𝐴0𝐴 = 𝛼𝐼. In which case, the proximal
map becomes 

𝐹(𝑤; 𝜎!) ≈ argmin
6$CD

{∑ |logw𝑟> + 𝜎.!/𝛼w + EF4%&G
$
E
#

6$=B&#/I
} + 1

B# ‖𝑟 − 𝑤‖!+
>:1 ~. (9) 

Since the cost function in Eq. (9) is separable in 𝑟>, we can solve for each 𝑟> independently of the others.
The solution of this optimization problem can be shown to be a non-negative root of a cubic equation.  

Figure 1. Target of simulated RCH detection. 
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4. Results
In this section, we present results from a set of simulated data. The subject of this experiment is shown 
in Figure 1.  We present 3D images as a pair of intensity (left) and depth (right) maps. These are taken 
as the maximum intensity, and the location of the maximum intensity, along the imaging axis, 
respectively. We simulated the RCH detection of statistically independent speckle realizations of this 
scene at various signal-to-noise-ratios (SNRs). We compare the results of a traditional speckle-averaged 
reconstruction, ∑ |𝐴0𝑦ℓ|∘!/𝐿9

ℓ:1 , with the output of our proposed reconstruction algorithm. For each 
instance in the dataset, we initialize our algorithm with the speckle-averaged image and compute a 
maximum of 15 Mann iterations with 𝜌 = 0.5. For each of the forward agents, we use a proximal map 
weight of 𝜎! = 0.01. For the prior agents 𝐻;, each MACE weights 𝜇> are 1/6, with the remainder being 
evenly distributed evenly amongst the 𝐿 forward agents. For these prior agents, the strength of the 
denoiser is determined by a parameter within BM3D which we denote 𝜎J!. We vary this parameter 
according to the amount of noise in the data. 

Assuming an RCH system operating at the shot noise limit, the SNR is proportional to the mean number 
of signal photoelectrons (pe) incident on the recording focal-plane array over the entire laser bandwidth. 
We, however, characterize the SNR in terms of the average number of photoelectrons per cross-range 
pixel of the reconstructed image, which we denote 𝑚r . These quantities are related by a scalar roughly 
equivalent to the number of pixels per diffraction-limited spot [26]. In our simulation, this quantity is 
approximately 7.6. Similarly, the volumetric noise variance 𝜎.! is related by a scalar roughly equivalent 
to the number of voxels in the main lobe of the PSF ℎ, which is approximately 18 in our simulation. In 
summary, simulated detection of 𝑚r  mean photoelectrons per pixel is equivalent to an SNR of 
approximately 7.6 ∗ 𝑚r  and a noise variance 𝜎.! ≈ 1/(18 ∗ 𝑚r) over the diffraction-limited spot. 

The values of 𝑚r  were chosen to be 1/2, 1, 2, 4, and 8 mean photoelectrons per pixel with a corresponding 
denoiser strength, 𝜎J!, of 0.05, 0.04, 0.03, 0.025 and 0.02. Each of the five noise levels were obtained 
using 1, 2, 4, and 8 independent speckle realizations for a total of twenty imaging scenarios. Other 
parameters used in data simulation are summarized in Table 1. 

Table 1. Data Simulation Parameters 
Symbol Parameter Value 
𝐿$ , 𝐿& , 𝐿K Target Extent (17.5 m, 17.5 m, 65.0 m) 
Δ𝑥, Δ𝑦, Δ𝑧 Voxel Size (0.068 m, 0.068 m, 0.254 m) 
dx, dy, dz Image Resolution (0.166 m, 0.166 m, 0.620 m) 

𝐷 Aperture Diameter 2 cm 
𝜆 Central Wavelength 1550 nm 
𝑍 Path Length 5 km 
𝐵 Bandwidth 0.239 GHz 
Δ𝜔 Frequency Interval 2.30 MHz 

Figure 2. Speckle-averaged and MACE reconstructions at various SNR. 

Figures 2 and 3 show the MACE reconstruction (bottom) for select scenarios in the simulated data set. 
The results are compared to the standard speckle-averaged intensity reconstruction ∑ |𝐴0𝑦ℓ|∘!/𝐿9

ℓ:1  
(top). Each figure shows the reconstruction as a pair of intensity (left) and depth (right) maps. Figure 2 
shows the results consisting of eight speckle realizations over various values of SNR, while Figure 3 
shows the results for a fixed total SNR of 2 mean photoelectrons per pixel over a variable number of 
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speckle realizations. Through the combination of modeling the speckle-free surface reflectivity and 3D 
denoising priors, our method reconstructs smooth intensity values at accurate depths at significantly 
lower SNR than standard speckle-averaging. In cases with high speckle variation, our approach 
struggles to regularize the intensity values but is still able to remove volumetric background noise to 
find the surface and obtain accurate depth information. 

Figure 3. Speckle-averaged and MACE reconstructions with variable number of looks. 

In order to quantitatively analyze our algorithm, we use a metric based on a point cloud representation 
of the image. From a 3D image, we generate a point cloud by taking the maximum intensity in range for 
each cross-range pixel. From this point cloud, we compute the RMSE of the Euclidean distance from 
each point in our reconstruction to the closest point in a high-resolution reference point cloud, as done 
in [27]. This can be interpreted as a generalization of the RMSE on depth images as it allows for inter-
pixel registration of points. Further, it allows the reconstruction to be compared to a high-resolution 
ground truth image without interpolation. One downside of this method is the heavy detriment outliers 
can have on the computation. However, these points can easily be removed by thresholding their 
distance to the ground truth, and their existence provides another metric for quality of reconstruction.  

The point cloud RMSE for the speckle-averaged image (left) and MACE reconstruction (right) are 
shown in Figure 4. The MACE reconstruction sees an improvement in all cases. For example, the MACE 
reconstruction achieves similar metrics at 1 mean photoelectron per pixel as the speckle-averaged 
reconstruction does at 8 mean photoelectrons per pixel. Metrics for outlier removal show similar 
improvements. For high SNR, MACE approaches the minimum achievable point cloud RMSE. 

Figure 4. Point cloud RMSE (m) of speckle-averaged (left) and MACE (right) reconstructions. 

5. Conclusion

We present a new approach for RCH image reconstruction that couples advanced prior models with 
stochastic physics-based models. By first reformulating the inversion in terms of the real-valued 
reflectance, and further by utilizing the MACE framework to incorporate a BM3D image prior and data 
from multiple looks, our proposed method reduces the effects of measurement noise and speckle 
variation. Our results on simulated data indicate that incorporating computational imaging algorithms 
into RCH imaging systems may significantly reduce the laser power required to operate them. 
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The integration of chirped frequency modulated continuous wave (FMCW) lidar 

techniques into digital holographic imaging allows for range selective holography well 

beyond the depth of field of the system. The technique makes use of FMCW 

illumination and reference beams with the frequency of the reference beam shifted to 

compensate for the FMCW beat frequency associated with a selected range.   The result 

is temporally stable holographic images formed for only objects at the selected range.  

Holograms associated with objects at all other ranges oscillate and integrate towards 

zero. Experimental demonstrations of this technique are presented, showing 

cancellation of obstructing objects as well as enhanced contrast in images of objects at 

different ranges.  

Keywords: Coherent lidar, digital holography, coherent imaging, range resolved imaging  

1. Introduction

In conventional digital holographic (DH) imaging, the hologram records the collection of the complex 

light fields scattered from objects at all distances from the sensor array.  This allows objects at different 

ranges to be selectively brought into focus with digital post-processing of the recorded hologram [1].  

All objects within the depth of field (DOF) of the selected focal distance appear in focus, while those 

beyond the DOF are blurred [2]. The diffraction limited 𝐷𝑂𝐹 = 2𝜆(𝑅/𝐷)2 , where 𝜆  is the laser

wavelength, 𝑅 is the distance from the object to the entrance pupil, and 𝐷 is the diameter of the entrance

pupil [3,4]. The problem, as with simple imaging systems, is that the energy in the out-of-focus objects 

is still recorded as blurred images, which can obstruct the imaging of objects of interest. 

FMCW lidar is a coherent technique in which a transmit beam and a reference beam are produced from 

a laser source whose frequency is varied linearly with time (also known as a chirp) [5]. The chirped 

transmit beam travels to the target and the received back scattered light is coherently interfered with the 

reference beam.  The received light is delayed with respect to the reference light, resulting in a constant 

instantaneous frequency difference between the two beams that produces an interference beat at the 

detector, 𝑓𝑏𝑒𝑎𝑡 = 2𝜅𝑅/𝑐, where κ is the chirp rate [6]. The measured range is given by 𝑅𝑚𝑒𝑎𝑠 =𝑓𝑏𝑒𝑎𝑡𝑐/(2𝜅) , with range resolution 𝛥𝑅 = 𝑐/(2𝐵𝑐), where 𝐵𝑐 is the chirp bandwidth.

By linearly modulating the frequency of the laser in a DH system, the spatial hologram associated with 

a distant object will be modulated in time at a beat frequency associated with the object's distance. The 

hologram would temporally average towards zero when integrated on the imaging sensor array. 

However, by inserting a frequency shifter into the reference path, and shifting the frequency of the 

reference beam relative to the transmitted illumination beam by  𝑓𝑠 = 2𝜅𝑅𝑠/𝑐 , the resultant beat

frequency for objects at range 𝑅𝑠 will be reduced to zero, enabling the coherent integration of the now

temporally stable spatial hologram [7].  Objects with beat frequencies that differ from 𝑓𝑠 by more than

the reciprocal of the sensor’s integration time (i.e. whose range differs from 𝑅𝑠, by more than 𝛥𝑅) will

not form substantial holograms, whether object is within DOF or not. 

2. Experimental Setup

A diagram of the setup is shown in Figure 1. The source used was a Pure Photonics PCLL300 external 

cavity laser with 10 kHz linewidth emitting at 1586 nm that has modulated by an electro-optic phase 

modulator (EOPM) and optically band filtered, then frequency doubled through a nonlinear crystal to 

793 nm. The EOPM drive is digitally generated with locked frequency synthesizers, both locked to a 

reference clock, providing a high degree of frequency and phase stability, as well as repeatability. The 

source output was split by a polarizing beam splitter (PBS), with the ratio of the split being adjusted by 

the half wave phase retarder (λ/2 PR) positioned before the PBS. For a sensor integration time of 12 ms,
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the frequency precision required of the frequency synthesizer must be better than 80 Hz. The acousto-

optic frequency shifter (AOFS) in the illumination path created a fixed frequency upshift of 200 MHz, 

while the frequency shift of the AOFS in the reference path was tunable around 200 MHz in 0.01 Hz 

increments, well within the 80 Hz window for producing stable holograms of objects at Rs. The spatial 

hologram must remain constant in time during the data capture, which required the sensor array’s 
integration time to be less than the temporal period of the hologram. The reference clocks between the 

two synthesizers were locked, providing frequency and phase stability between paths. 

Figure 1: Range selective FMCW digital holography set up, as discussed in text. 

The reference beam’s polarization was rotated by 90° using a λ/2 PR in order to match the polarization

of the illumination path. Both the reference and illumination beams were spatially filtered by pinholes 

(SF). The returned scattered light from the target and any scatterers/obstructors (such as a screen) present 

in front of the target is combined with the reference beam by the non-polarizing beam splitter (NPBS). 

The combined beams form an off-axis hologram that is recorded by the sensor array, a 1048 x 1328 

CMOS camera with the imaging lens removed. Matlab code was developed that allowed for software 

control of the frames per second, shutter, gain, and triggering of the sensor array, as well as digital post-

processing to select the focal range of the system. 

The digitally generated EOPM drive can be quickly reconfigured from running as a CW laser with a 

single drive tone (for conventional CW DH) or a chirped FMCW laser (for range selective FMCW DH). 

The chirp bandwidth of the FMCW laser was set to 9.6 GHz with a 16 ms chirp duration. The chirp and 

sensor were synchronized, with the sensor integration interval centered within the chirp duration to 

avoid integration across the phase discontinuities that can occur between chirps.  A single frame was 

captured each chirp. The resultant effective chirp bandwidth was 7.2 GHz, resulting in a system FMCW 

range resolution of 2.1 cm. The frequency to range conversion is 25 mm/100 Hz.  

3. Results

All images presented here were taken under the same conditions, with respect to reference and 

illumination beam powers, sensor gain, integration time, and target range. The reconstructed images 

shown are the results of single frame captures (no averaging) and display the absolute value of the target 

field using a linear grayscale colormap. A star shaped target cut out of hexagonal patterned retro-

reflective tape backed with black electrical tape was placed 97.5 cm in front of the sensor array. An 

image of the target, taken with the sensor array by placing a 125 mm lens in front of the sensor and 

blocking the reference path, is shown in Figure 2 (Left). 
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Figure 2: Images of target under different conditions. (Left): A direct(non-holographic) image 

of star-shaped target, taken after an imaging lens was inserted into the return path. (Middle): 

Picture of target obstructed by a mesh screen, taken with cell phone camera just in front of the 

sensor array. (Right): Picture of target obstructed by a spray-painted microscope slide, taken 

with cell phone camera. 

To demonstrate the enhanced imaging and range selectivity that FMCW DH provides when obstructors 

are present, a mesh screen on an empty lens mount was placed 12.5 cm in front of the target, between 

the target and sensor. Both the illumination beam and scattered return light were obstructed by the 

screen, as shown in the image in Figure 2 (Middle), which was captured with a cell phone camera placed 

in front of the sensor. For each set-up, holograms were captured using conventional CW DH and FMCW 

DH, to illustrate the range selectivity of FMCW DH. Figure 3 (Left) shows the conventional CW DH 

image of the obstructed star target, taken with the laser in CW mode and the AOFS frequencies both at 

200 MHz. The post-processing quadratic phase correction for all three reconstructed images in Figure 3 

was set to focus halfway between the obstructor and the target. The diffraction limited DOF was 

calculated to be 11 cm. Thus the target and the obstructor, being within the depth of field, are not 

distinguishable through focusing using conventional CW DH. However, because the FMCW range 

resolution of 2.1 cm is much smaller than the distance between the obstructor and target, the FMCW 

DH system can be tuned to selectively capture either just the star target or just the obstructor. This ability 

is demonstrated in the middle and right images of Figure 3. 

Figure 3: Images with the star target obstructed by a mesh screen. (Left): Reconstructed image 

using conventional CW digital holography. (Middle): Reconstructed image using range 

selective FMCW DH tuned to the location of the star target. (Right): Reconstructed image using 

range selective FMCW DH tuned to location of the mesh screen. Dimensions for each 

reconstructed image are 300 x 300 pixels. 

The image in the middle was taken with the AOFS in the reference path downshifted by 3070 Hz from 

the illumination path’s AOFS frequency and shows a reconstructed image of a range selective FMCW

DH image of the obstructed star target with high contrast. The frequency shift is equivalent to a selected 

range at 97.5 cm, after the optical path difference between the reference and the illumination beams are 

factored in. The result produced a spatial hologram from the target but not the obstructor. The obstructor 

does not appear in the reconstructed image because it is outside the range resolution of the FMCW 

system. The right image was produced by downshifting the AOFS in the reference path by 2570 Hz with 
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respect to the illumination path’s AOFS. The 500 Hz relative shift corresponds to selecting a range 12.5 
cm in front of the target. The obstructor is now visible, however the star target, though in the DOF of 
the DH system, is not visible, as it is outside the range resolution of the FMCW DH system. 

The range selectivity of the FMCW DH system can also enhance recorded images by rejecting unwanted 
scattered light from a scatterer in front of the target, whether in or out of the system’s DOF. To 
demonstrate this, the screen was replaced by a scatterer (a microscope slide sprayed with white spray 
paint). The right image of Figure 2 shows a picture of the target and scatterer, taken with a cell phone 
camera placed just in front of the sensor.  

Figure 4: Images when the star target was obstructed by a spray-painted microscope slide. 
(Left): Reconstructed image using conventional CW digital holography. (Right): 
Reconstructed image using range selective digital hologram. The left and right images contain 
boxes used to calculate the intensity in bright regions (green boxes) and dark regions (red 
boxes). Dimensions for each reconstructed image are 300 x 300 pixels. 

The left image of Figure 4 is the reconstructed image of the obstructed star target using conventional 
CW DH, taken with the laser in CW mode and the AOFS frequencies both at 200 MHz. The light from 
the scatterer dominates the image, even though the post-processing quadratic phase correction was set 
to focus at the target. The image on the right is a range selective FMCW DH image of the obstructed 
star target, taken with the AOFS frequency in the reference path downshifted by 3070 Hz from the 200 
MHz AOFS frequency of the illumination path. The visibility of the star target was enhanced when 
using range selective DH by removing the scattered light of the scatterer from the recorded hologram. 
This is immediately observed by noting that the lens mount is not visible in the right image. To quantify 
the difference in the two images, their contrasts were compared using Eq. 1 [8]. 

Contrast =
𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛

𝐼𝑚𝑎𝑥 + 𝐼𝑚𝑖𝑛
(1) 

where 𝐼𝑚𝑎𝑥 (𝐼𝑚𝑖𝑛) is the mean of the square of the absolute value of the field in a 25 x 25 pixel area
where the reconstructed image would ideally be bright (dark). Regions were chosen in areas of the 
reconstructed image where the scattered return light propagated through the microscope slide. These are 
shown in Figure 4 with a green box for 𝐼𝑚𝑎𝑥 and red box for 𝐼𝑚𝑖𝑛. The 25 x 25 pixel areas (red and green
boxes) are at the same pixel coordinates for both the middle and right images. The contrast in the 
reconstructed image when using CW DH was calculated to be 0.636, whereas when using FMCW DH, 
the contrast was calculated to be 0.893, quantitatively showing a significant improvement when using 
the FMCW DH technique.  

4. Conclusions

In this paper we proposed and demonstrated a proof of concept of using FMCW lidar techniques to 
improve DH imaging.  The FMCW DH system produces holograms corresponding to targets at a 
selected target range, where the holograms of unwanted obstructors and scatterers in the system are 
significantly reduced, even if the obstructor/scatterer is within the depth of field of the DH system. The 
range resolution for the FMCW DH system can be significantly smaller than the depth of field of 
conventional CW DH. 
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This technique is being used towards the development of a range selective imaging system consisting 

of combined FMCW lidar and range selective FMCW DH imaging sub-assemblies. Whereas the range 

selection for the assembly shown in this work requires manual tuning, the addition of an FMCW lidar 

assembly, as well as a feedback system to allow the range information to be feed into the DH system, 

will allow for real time phase compensated digital holographic imaging of targets at selected ranges, 

unobstructed by object outside the selected range. 
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Abstract: Our research combines scanned frequency modulated continuous wave 
(FMCW) lidar and digital holography to develop enhanced techniques for coherent 
imaging through moderate to heavy fog. We report here on the development of a “table-
top” simulated fog environment with up to 50 meters range. The fog emulator consists 
of a four-meter tower with mirrors mounted at the top and base that allow multiple 
passes through the emulator on transmission to and reflection from targets, with a 2” 
aperture. Scattering plates made of BaTiO3 particles embedded in resin are placed in the 
tower to simulate the volumetric Mie scattering of fog with variable visibilities. The 
well-characterized particle density and size distribution of each plate will enable 
productive comparison of our lidar and FMCW digital holographic imaging with 
computer simulations of Mie scattering.   

Keywords: Coherent Laser Radar, Digital Holography, Coherent Imaging, Fog Emulator, Mie 
Scattering 

1. Introduction

This research builds on the recent development of range selective digital holographic (DH) imaging 
based on frequency modulated continuous wave (FMCW) lidar techniques [1]. This research explores 
the ability of FMCW lidar and FMCW DH to improve imaging through dense fog.  The planned system 
employs a scanned FMCW lidar system that will feed range information to a DH system to assist in 
selectively recording holograms of a target that would otherwise be obscured by the dense fog.  The 
range selectivity of the DH system helps mitigate the high level of backscatter of the fog in the 
foreground of the target.  We report here on progress on the development of the FMCW lidar and FMCW 
DH components of the system and a fog emulator that allows simulation of volumetric fog up to 50 
meters range in a tabletop experiment using scattering plates.    

In the FMCW lidar system, the signal is linearly ramped in frequency. The chirp rate can be written as 

κ = !!

"!

B# is the chirp bandwidth and T# is the chirp duration. The modulated signal is split into two: the
transmitted signal and the reference beam. The transmitted signal reflects off the target and returns to 
the detector where it is coherently mixed with the reference beam. The return signal is shifted in time 
from the reference signal by   

τ = $%

#
,  (2) 

where τ is the time it takes for the signal to travel to the target and return to the detector, R	is the range
of the object, and c	is the speed of light.  Figure 1 below shows the reference and return signals. As can
be seen by Figure 1, a delay in time results in the return signal being shifted in frequency from the 
reference signal. This shift in frequency is 

f&'() = κτ = *!!
"!

+ *$%
#
+,   (3) 

and is measured by the detector.  Eqn. 3 is rearranged to show the range of the target being calculated 
by the measured beat frequency and known chirp parameters, 
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R = #"!*"#$%

$!!

τ and in frequency by f&'().
The FMCW lidar/DH system at Spectrum Lab was designed to work at the “eye-safe” wavelength of 
1.55 microns. The system could be switched between scanned FMCW lidar, continuous wave (CW) 
conventional DH, and FMCW DH measurements.  The system was set-up to make images of targets in 
the parking lot.  The scanned FMCW lidar measurements of the targets were used to create a point cloud 
image, which helps to visualize the 3D scene, as well as the 3D surface of objects, as seen in the left 
image in Figure 2. The images to the right in Figure 2 show preliminary results of the FMCW DH 
system, compared with traditional CW DH.  The depth of field of the CW DH is unable to selectively 
focus on the targets placed at the front and back of the truck bed.  The FMCW DH’s enhanced range 
selectivity allows the targets to be selectivity imaged.    

Figure 2. Example point cloud and holograms taken by the FMCW lidar/DH system at Spectrum Lab.  
Left: Point cloud image of truck, light post, tree, and bush at ~70 meters.  Right top:  Camera image of 
targets placed at truck’s tailgate and in the back of the truck bed.  Right bottom:  Digital holograms of 
the two targets using CW DH (left) and using FMCW DH with range selectivity set to image objects at 

the truck’s tailgate (middle) and back of truck bed (right). 

2. Fog Emulator Tower

To explore how the developed lidar/DH system can improve imaging through fog, rather than 
conducting the experiments in a fog chamber where the density and size distribution of water droplets 
is often unknown and variable with time, we are developing a fog environment emulator.  The fog 
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emulator enables the study of imaging through fog with well controlled and well-defined volumetric 
scattering. 

In order to achieve ranges of up to 50 meters in the lab (essentially on the lab bench), a 4-meter-tall 
tower was designed and built with one large mirror mounted at the top and five smaller mirrors at the 
base. Each of the mirrors at the base is held in a mount with fine adjustment screws that allow the mirrors 
to tip and tilt, controlling off which mirrors the beam reflects and, thus, the number of bounces through 
system. Adjusting the mirrors results in path lengths of 8, 24, and 48 meters. The lidar/DH light travels 
through the fog emulator to the target and then travels back to the system’s receiver.  The emulator has 
a 2-inch clear aperture. A cradle about half a meter above the bottom mirror holds the scattering plates 
that emulate the fog. The size distribution and density of the particles within the scattering plate are 
designed to emulate the Mie scattering of water droplets in air (fog).  Different types and visibilities of 
fog can be emulated by altering the density and size distribution of the particles. As the beam passes up 
and down through the tower, it interacts with the scattering plate several times (up to 24 times), 
emulating the effects of volumetric fog.  The ability of the cradle to be stable or rock enables the studies 
of stationary and dynamic scattering. 

Figure 3. Left: SolidWorks drawing of the fog emulator tower with cutout showing the cradle in which 
the scattering plate sits and the mirrors at the base.  Right: The beam path through the system that 

enables 48 meters travel through the fog emulator. 

After the tower was constructed and the mirrors at the base were aligned properly, the FMCW lidar 
system was used to verify ranging through the tower and that the tower was holographically stable. The 
stability was measured by comparing the phase of FMCW returns taken in rapid succession over tens of 
milliseconds.  The stability was determined to be much less than a wavelength over these times scales, 
sufficient to enable digital holograms to be recorded with integration times of several milliseconds.  

3. Scattering Plates

The creation of the scattering plates to emulate various types and visibilities of fog is an ongoing research 
project, but the preliminary scattering plates are made of glass, optical adhesive, and barium titanate 
(BaTiO3) particles. The index of refraction ratio of barium titanate to optical adhesive is the same as that 
for water to air, thus the Mie scattering of the particles closely matches that of fog.  We have acquired 
bottles of barium titanate particles with various diameter distributions. By varying the mixture of these 
distributions, controlled size distributions and densities of particles can be created to mimic different 
fog types and conditions.   

Once the scattering plates are constructed, they are characterized to verify that they were made to the 
desired specifications. Our current scattering plates are 2 inches square.  Figure 4 shows a camera and a 
microscope image of a scattering plate.  Analysis of the microscope images as a function of depth enables 
the size distribution and density of the particles be estimated. Data about the size distribution and density 
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of particles can be used to adjust the parameters of a Mie scattering model. Transmission data taken 
through the scattering plate as a function of angle is used to analyze the plates’ scattering characteristics 
and compare it to Mie scattering models.    

Figure 4. Left: Camera image of a scattering plate. Right: Microscope image of a scattering plate. 

4. Future Work
We are currently working on improving the plate making process to ensure that the particles are evenly 
distributed within the volume of the plate at a desired density. Once the scattering plate production 
process has been perfected, we will make plates with larger dimensions to use in the fog emulator. 
Concurrently, we will be working on developing a dedicated FMCW lidar/DH system to take images 
through the fog emulator of targets placed after the fog emulator. The effects of multiple scattering 
events on circularly and linearly polarized light will be explored. The experimental results will be 
compared to simulations that keep track of the polarization of photons after multiple scattering events 
[2]. Precisely characterizing the plates will allow us to create models that replicate our experimental 
conditions. 

5. Conclusion
We are developing a way to simulate a controlled fog environment within the lab to conduct experiments 
to determine how to improve imaging through fog. We have constructed a fog emulator tower to extend 
the path length of the beam beyond the optical bench, up to 50 meters. We are currently in the process 
of developing plates that will volumetrically scatter the beam as it travels through the tower. The particle 
size distribution and density in the scattering plates can be adjusted to simulate different fog types and 
visibilities. Transmission data through the scattering plates will be compared with simulations to verify 
Mie scattering characteristics. Finally, the fog emulator will be used to explore the enhanced imaging of 
targets in dense fog with FMCW lidar and DH. 
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Abstract: A coherent Doppler lidar has been developed by NASA for providing vector 
velocity and altitude data to landing vehicles. Future robotic and manned missions to 
planetary bodies demand precise ground-relative velocity and altitude data to execute 
complex descent maneuvers for safe, soft and pinpoint landing at a pre-designated site. 
Operating from over five kilometers altitude, this lidar provides velocity and range data 
within a few cm/sec and a few meters precision, respectively, depending on the vehicle 
dynamics. Two upcoming lunar landing missions will serve as the technology demonstration 
for robotic and manned landing missions to the Moon, Mars, and other solar system 
destinations. This paper describes the lidar design and its expected performance on landing 
vehicles. 

Keywords: Coherent Laser Radar, Navigation Doppler Lidar, Precision Navigation, Precision Landing, 
FMCW Lidar, GPS-Deprived Navigation. 

1. Introduction
A coherent Doppler lidar has been developed to address the need for a high-performance, compact, and 
cost-effective velocity and altitude sensor onboard landing vehicles. Future robotic and manned missions 
to solar system bodies require precise ground-relative velocity vector and altitude data to execute complex 
descent and soft landing maneuvers. This lidar sensor is designed to meet the performance requirements of 
a wide range of landing missions while complying with vehicle size, mass, and power constraints.  

Global Positioning System (GPS) is commonly used in terrestrial navigation for vehicle position and 
velocity knowledge. In the absence of a GPS signal, past landing missions to planetary bodies primarily 
relied on radar to provide the necessary data to execute descent and landing maneuvers.1-2 Our coherent 
Doppler lidar, called Navigation Doppler Lidar (NDL), offers several critical advantages compared to radar, 
including significantly higher precision with reduced size, mass, and power. In addition, the laser-based 
NDL sensor does not suffer from measurement perturbation from terrain features or signal ambiguity from 
transmitted side lobes, and is far less susceptible to signal clutter, such as returns from the lander structure 
or jettisoned vehicle components such as heatshields. The higher quality data provided by NDL will enable 
both a more precise navigation towards the designated landing site and a well-controlled touchdown with 
greater stability and lower impact loads. Therefore, NDL can potentially reduce the overall cost and risk of 
landing missions and enable new capabilities for planetary exploration missions including missions to the 
Moon, Mars, asteroids, and planetary moons. 

NDL transmits three laser beams at fixed but different pointing angles toward the ground to measure range 
and velocity along each beam using a frequency modulated continuous wave (FMCW) technique.3 The 
three Line-Of-Sight (LOS) measurements are then combined in order to determine the three components of 
the vehicle velocity vector and its altitude relative to the ground. NDL can measure velocities up to 218 
m/sec along the LOS of its beams from over 5 km altitude.  
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2. Spaceflight Engineering Test Unit
NDL’s capabilities have been evaluated over the course of its development and maturation by conducting 
a series of helicopter and fixed-wing aircraft flight tests, a high-speed rocket-propelled sled test, and two 
test campaigns onboard autonomous rocket-powered test vehicles while operating in open and closed-loop 
with a guidance, navigation, and control (GN&C) system.4-6  Results and lessons learned from these test 
campaigns helped the design and build of four spaceflight Engineering Test Units (ETUs): one for 
integrated ground and aircraft flight testing with landing vehicles’ avionics, one for a suborbital flight test 
campaign, and two for lunar landing missions. Suborbital flights were conducted by Blue Origin onboard 
their New Shepard vehicle in 2020 and 2021. The two ETUs for lunar missions were recently delivered to 
the landing vehicle providers, Intuitive Machines and Astrobotic, for launch over coming months. NDL 
will help to both navigate these vehicles toward their intended landing locations and execute a well-
controlled soft landing on the Moon surface. These lunar landing missions will serve as precursors for the 
development of fully certified spaceflight units for upcoming robotic and human landing missions.  

Figure 1 shows one of the NDL ETUs consisting of an electro-optics chassis and an optical head. All the 
lidar components including the transmitter laser, receivers, and signal processor are housed in the electro-
optics chassis. The optical head 
consists of three transmit/receive 
telescopes connected to the chassis 
via fiber optic cables. The chassis 
can essentially be installed anywhere 
on the vehicle, but the optical head 
must have a clear view of the ground. 

ETU components are mostly 
engineering models of space-grade 
parts. The remaining components are 
either Commercial-Off-The-Shelf 
(COTS) or custom-built parts that 
were subjected to selective 
component-level environmental 
testing, including vibration, shock, 
thermal/vacuum, and radiation as 
deemed necessary. Both the chassis 
and optical head were designed, 
build, assembled, and tested per NASA processes and standards for spaceflight hardware. Environmental 
tests, including vibration, shock, thermal/vacuum, and electromagnetic interference, were conducted on 
each ETU chassis and optical head before delivery to the commercial vehicle providers.   

3. ETU Performance Characterization
The NDL ETU is capable of measuring velocity and range with 2 mm/sec and 12.5 cm precision, 
respectively, from over 10 km slanted range in a static environment. However, NDL’s performance 
degrades in a dynamic operational environment during descent and landing. Therefore, a series of ground 
tests were devised to gather the necessary data for predicting ETU performance in relevant operational 
environments that includes vehicle dynamics, flight trajectory, surface albedo, and vacuum. The most 
comprehensive tests were a series of truck tests conducted at the Joint Base Langley-Eustis runway which 
provides a relatively long path length. For these tests, NDL is placed at one end of the runway pointing its 
beams toward a calibrated target on the back of a moving truck (see Figure 2). The target used for these 
measurements has a diffuse Lambertian surface and was placed nearly orthogonal to the NDL beams’ 
optical axis. Range, velocity, and return signal magnitude data were collected continuously as the truck 
traveled from 600 m range to 3.8 km. These tests were conducted in different configurations: 1) NDL 

Optical 
Head 

Figure 1. NDL Spaceflight Engineering Test Unit.
 

Optical 
Head 

Chassis
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chassis and transmit/receive telescopes on stationary platforms, 2) chassis on a vibration table and 
telescopes on a stationary platform, 3) telescopes in a vacuum chamber and chassis on a stationary platform. 

Figure 2. Comprehensive performance test of NDL ETUs in relevant operational environments (vibration 
and vacuum). 

Figure 3 provides an example of truck test results showing signal intensity as a function of range. The lidar 
equation fit to measured data indicates a maximum operational range well over 10 km in a static 
configuration. In the presence of a vibration load the signal intensity degrades due to frequency spectral 
broadening of the laser output radiation which in turn broadens the heterodyne signal spectral.  Broadening 
of signal spectral reduces peak signal power and increases error in signal frequency estimation. In fact, 
NDL’s performance is dominated by the vehicle vibration limiting its maximum operational range and 
measurements precision. The results of Figure 3 show the maximum operational range reducing from over 
10 km to about 7 km operating in an expected vibration load level for a lunar lander. In order to predict the 
lidar performance on the Moon, the lidar equation fit is adjusted for expected surface albedo and the effect 
of the atmosphere is taken out. These measurements are significantly affected by the atmospheric 
turbulence, absorption, and scattering since the laser beam is propagated horizontally at approximately 1.5 
m above the runway’s concrete surface. As a result, the maximum slant range of each beam is estimated to 
be over 6.5 km on the Moon. Precision was also measured as a function of range showing up to over an 
order of magnitude degradation at longer ranges. These performance parameters are still significantly better 
than radars and well within the acceptable regime of landing vehicles.   

Figure 3. Estimated maximum operational range of NDL ETUs extrapolated from truck test data. 
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A test of NDL with the optical head in a vacuum chamber verified expected operation on the Moon as 
depicted in Figure 3.  The focusing of the transmit/receive telescopes are adjusted for operation in vacuum 
before conducting the truck test with the telescopes in a vacuum chamber, thus little difference in signal 
intensity was observed when comparing the data with that of telescopes in atmospheric pressure.  

4. Conclusion
NDL, developed at NASA Langley Research Center, is a viable alternative to radar sensors for providing 
onboard velocity and altitude data during descent and landing on planetary bodies. Two of the four NDL 
ETUs have been delivered for two separate landing missions that will be launched over coming months. 
These missions will demonstrate the NDL capabilities for future human and robotic landing missions to the 
Moon, Mars, and other planetary destinations.  

In addition to conventional environmental testing for spaceflights, a series of performance characterization 
tests were conducted to predict the performance of the NDL ETUs in upcoming lunar landing missions. 
The vehicle vibration environment is identified as the dominant cause of NDL performance degradation 
limiting its maximum operational range and measurement precision. A comprehensive long-range truck 
test while the NDL system was being subjected to different vibration levels provided the necessary data for 
predicting the performance of the NDL ETUs on the upcoming lunar missions. These results indicate that 
NDL still meets the maximum operational range for upcoming landing missions and outperforms radar 
sensors by about an order of magnitude in precision. These characterization tests also identified areas of 
potential improvements for the next generation NDL including better vibration isolation of the laser source. 
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Abstract: Laser Doppler vibrometers (LDVs) traditionally used for ground vibration 
mapping in laser-acoustic detection of buried objects are limited to operation from a 
stationary platform due to their sensitivity to the motion of the LDV itself.  In order to 
overcome this limitation a novel Laser Multi-Beam Differential Interferometric Sensor 
(LAMBDIS), has been developed. The LAMBDIS allows for measurements of 
vibration fields with high sensitivity, while having low sensitivity to the motion of the 
vibrometer. The principle of operation of the LAMBDIS is based on the interference of 
light reflected from different points on the object surface illuminated with an array of 
laser beams. Doppler shift induced by the sensor motion is canceled out that allows for 
measurements from a moving vehicle. The ability of the LAMBDIS to detect buried 
objects in real time from a moving vehicle has been confirmed in field experiments.   

Keywords: Laser Doppler vibrometer, detection of buried objects 

1. Introduction

The laser-acoustic detection of buried objects, such as landmines, is a proven technique that provides 
high probability of detection and very low false alarm rate [1-3]. The method consists of exciting low 
frequency elastic waves in the ground, and measuring the vibration of the ground surface at multiple 
points with a laser Doppler vibrometer (LDV). Ground vibrations in the frequency range from about 50 
Hz to 400 Hz is excited by using airborne sound created by a loudspeaker or seismic waves created by 
mechanical shakers.  Due to mechanical resonances and the higher mechanical compliance of the object, 
compared to the neighboring soil, the vibration amplitude of the ground surface above the buried object 
is higher than the vibration amplitude of the surrounding area.  Scanning and multi-beam LDVs are 
traditionally used for ground vibration sensing. However, LDVs require operation from a stationary 
platform due to their sensitivity to the motion of the vibrometer itself. In order to perform measurements 
from a moving platform, we developed a Laser Multi Beam Differential Interferometric Sensor 
(LAMBDIS) which provides measurement of vibration fields with interferometric sensitivity, while 
having low sensitivity to the motion of the sensor itself [4]. The principle of operation of the LAMBDIS 
is based on the interference of light reflected from different points on the object surface illuminated with 
an array of laser beams. Due to the common path geometry the Doppler shift induced by the sensor 
motion is cancelled.  The LAMBDIS is capable of measuring relative vibration velocities between points 
on the object surface while having low sensitivity to the motion of the sensor itself. In our current design 
the Doppler signals processing is implemented in real time by a Field Programmable Gate Array (FPGA) 
based real-time signal processor. Low sensitivity to the sensor motion along with real-time signal 
processing allows application of the LAMBDIS for detection of buried objects from a moving vehicle. 
Performance of the LAMBDIS for real-time detection of buried objects has been investigated in field 
experiments. 

2. Principle of Operation

The principle of operation of the LAMBDIS is based on the interference of light reflected from different 
points on the object surface illuminated with a linear array of laser beams, as illustrated by Figure 1. 

Fr0101

128



Vyacheslav Aranchuk 21st Coherent Laser Radar Conference 

CLRC 2022, June 27 – July 1 

Figure 1. Principle of operation of LAMBDIS 

A linear array of laser beams (only 6 beams are shown for clarity) generated by a transmitter is focused 
on the object, e.g. ground surface. Adjacent beams in the array have different optical frequencies, F1 and 
F2, so that each beam of frequency F1 is positioned on the object surface exactly between two beams of 
frequency F2.   A receiver lens and a shearing interferometer create two images of the laser spots on the 
object on a linear photodetector array.  The two images are sheared relative to one another in the 
direction of the array of points by the odd number of intervals between neighboring laser spots in the 
image plane. As a result, the lights from each pair of corresponding laser spots on the object surface, 
which have different frequencies, i.e., differing by F2 - F1, are mixed together, producing heterodyne 
signals with the carrier frequency FH = F2 - F1 on the photodetector array.  For example, for the case of 
one interval shear between the two images, as shown in Figure 1, the image of spot 1 is overlapped with 
the sheared image of spot 2, the image of spot 2 is overlapped with the sheared image of the spot 3, and 
so on. Vibration of the object causes frequency shifts of reflected light due to Doppler effect, resulting 
in frequency modulated signals with the carrier frequency FH = F2 - F1 on the photodetector array. 
Demodulation of the heterodyne signal reveals relative vibration velocities between the corresponding 
points on the object. The relative vibration velocity image of the surface can be created by scanning the 
array of beams in a transverse direction. Motion of the sensor causes practically the same Doppler shift 
for all beams, which is automatically subtracted from the measurements. So, the LAMBDIS measures 
relative vibrations between corresponding points on the object with interferometric sensitivity, and has 
low sensitivity to the motion of the sensor itself.   

3. Optical Layout

The optical schematic of the LAMBDIS is shown in Figure 2. The sensor employs a DPSS laser 
operating at a 532 nm wavelength. A laser beam is divided by a non-polarizing beam splitting cube 
NPBS1 into two beams, each of them is frequency shifted by a different amount of F1 and F2 respectively 
by using acousto-optical modulators AOM1 and AOM2. Frequency shifted beams are then combined 
together on the focusable beam expander BE at an angle β to one another, using mirrors M3 and M4.
Frequency shifted beams pass through the beam expander, and are incident onto the diffractive optical 
element beam splitter DOE. The beam expander increases the diameter of the beams and reduces the 
angle between the beams by M times, where M is the expansion ratio/magnification of the beam 
expander. The angle β between the beams incident on the BE is related to the inter-beam angle Θ (the 
angle between neighboring beams at the DOE output) of the DOE and the magnification M of the beam 
expander through the following expression: β = Θ·M∕2. The DOE splits each incident beam into a line 
of 15 beams with full pattern angle 5.7°. 
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Figure 2. Optical layout of LAMBDIS. M1-M6- mirror, NPBS1, 2 - non-polarizing beam splitter, 
AOM1, 2- acousto-optic modulator, PBS - polarizing beam splitter, QWP- quarter wave plate, BE- 
beam expander, DOE- diffraction optical element, L - lens. 

The angle β between the two frequency shifted beams incident on the BE is adjusted such that the two
arrays of beams are sheared on the object surface relative to each other by a half of an inter-beam spacing 
of the array, producing a combined 30 beam linear array, in which adjacent beams have different optical 
frequencies F1 and F2. Accordingly, in the combined linear array, there exists a frequency shift FH = F2 
- F1 between neighboring beams. A non-reciprocal element consisting of a polarizing beam splitter PBS
and a quarter-wave plate QWP transmits light to the object and re-directs light reflected from the object
to the lens L and a shearing interferometer formed by non-polarizing beam splitting cube NPBS2 and
mirrors M5 and M6.  The scanning mirror is used to scan the array of beams across the object in order
to create a vibration image of object surface. Lens L and the shearing interferometer create two images
of laser spots on the object surface on the line-scan camera sensor. The images are laterally sheared in
the image plane, so that the light from each pair of corresponding laser spots on the object, which have
different frequencies, are mixed together on the line-scan camera sensor, producing heterodyne signals
with carrier frequency FH = F2 - F1.

A digital line-scan CMOS monochrome camera used in this experimental setup has the following major 
features: 2048 pixels line scan sensor, 12 bits depth, and a maximum line rate of 120 kl/s. The maximum 
line rate of the camera limits the value of the carrier frequency. The carrier frequency FH = 16 kHz is 
used in the experiments. The light is recorded simultaneously by all pixels of the camera. The recorded 
succession of lines is converted into a time history of intensity signals for each pixel, thus producing 
time domain heterodyne signals for each pixel with the sampling rate equal to the camera line rate. 
Signals from the pixels illuminated with the laser beams are selected for frequency demodulation in 
order to obtain velocity signals.  Real-time digital frequency demodulation of heterodyne signals is 
based on an I&Q demodulation technique [4]. 

4. Real-time Signal Processing

The FPGA-based processor enables real-time computation and visualization of data collected by the 
line-scan camera. The heart of the processing system is a Xilinx Zynq UltraScale+ MPSOC FPGA with 
an on-board quad-core ARM Cortex A-53 processor. The combination of a traditional FPGA with an 
ARM processor enables a majority of the data moving and data processing operations to be handled by 
the FPGA. The line-scan camera is connected to the FPGA via USB 3, with data transfer rates of up to 
370 MB/s for the highest camera sampling rate of 120 kl/s.   

An Intel NUC PC serves as the secondary processor in the system. It receives the data processed by the 
FPGA via an Ethernet link between the PC and FPGA. The received data is sliced and processed based 
on user preferences, in a MATLAB environment. The data can then be visualized in real time using a 
graphical user interface (GUI) developed in MATLAB. The GUI also enables the user to set various 
system parameters. The FPGA is controlled by commands sent over a USB-JTAG serial port, from the 
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PC. The PC also controls the scanner driver for the scanning mirror, enabling the scanning of the laser 
beams in synchronization with data acquisition and processing by the FPGA. 

5. Experimental Results

Laboratory and field experiments confirmed the ability of the LAMBDIS for real-time vibration imaging 
and detection of buried objects. Figure 3 shows an example of a vibration image of a 250 mm circular 
plate excited at its natural frequency. The plate was vibrating at the first axial-symmetric spatial mode 
(01).  Figure 3 (a) and (b) show relative velocity magnitude and instantaneous velocity respectively. The 
vibration measurements obtained with the LAMBDIS are different from traditional LDV measurements. 
LAMBDIS measures relative vibration velocity between corresponding points on the object, while a 
LDV measures vibration velocity of the object relative to the LDV. Spatial relative velocity profile 
measured with LAMBDIS could be treated as a deformation gradient of the object surface, while the 
spatial velocity profile measured with a LDV shows deformation of the object surface. 

Figure 3. Vibration image of a circular plate excited at its natural frequency: (a) – velocity magnitude, 
(b) – instantaneous velocity.

Field experiments on detection of buried objects have been conducted with the LAMBDIS mounted on 
a vehicle directed towards the ground surface at a grazing angle of 15 degrees for an 8 m standoff 
distance. Excitation of vibrations in the ground was provided by an airborne sound source as well as a 
seismic source. Vibration imaging of the ground surface was completed by beams scanning the ground 
due to the vehicle motion, as well as by scanning the ground from a stationary vehicle using a scanning 
mirror.  Figure 4 shows examples of a vibration images of a buried object obtained in real time from a 
stationary (a) and from a moving (b) vehicle. Field experiments demonstrates the ability of LAMBDIS 
to detect buried objects in real time from a moving vehicle. 

Figure 4. Vibration image of a buried object obtained from a stationary vehicle using the scanning mirror 
(a) and from a moving vehicle (b).

6. Conclusions

A novel Laser Multi-Beam Differential Interferometric Sensor (LAMBDIS) that provides real-time 
measurements of vibration fields with interferometric sensitivity, while having low sensitivity to the 
motion of the sensor itself has been developed. The LAMBDIS is capable of real-time measurement of 
vibration fields from a moving platform. Ability of LAMBDIS for laser-acoustic detection of buried 
objects in real time from a moving vehicle has been proved in field.   
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Abstract: This paper discusses the design and development of a polarimetric 
frequency-modulated, continuous-wave (FMCW) lidar using fiber-coupled components 
at 785 nm for enhanced material identification. When complete, this system will 
combine range and velocity data with the first three diagonal elements of an object’s 
Mueller matrix, enabling range- and velocity-resolved material classification. The 
design choices, prototype construction, and preliminary ranging data with a static 
Lambertian screen at 5 m range are presented.  

Keywords: FMCW lidar, polarimetry, coherent lidar 

1. Introduction

Lidar has applications in many fields, including ecology [1], environmental science [2], imaging systems 
[3], atmospheric science [4], autonomous vehicle perception [5], and, most relevant to this project, 
military sensing [6]. In recent years, frequency-modulated continuous-wave (FMCW) lidar has become 
commercially viable due to advances in fiber components, computers, and laser technology. FMCW can 
be single-photon sensitive [7], which helps reduce the required aperture size and increase the maximum 
range. In addition to measuring the range and velocity of targets, this lidar system will also measure the 
first three diagonal components of the target’s Mueller matrix, which describes how the polarization 
state is altered by scattering from a material for material classification. This paper describes the initial 
design choices, construction of the lidar system, and preliminary results of this FMCW lidar system. 

2. Initial Design

The core of the lidar system is a frequency-chirped 785 nm laser. Polarization-maintaining (PM) fiber 
is used to preserve the transmit and receive polarization states to enable the Mueller matrix 
measurements. Single-mode, and by extension, PM fiber has much smaller core diameters than multi-
mode fiber that is traditionally used in fiber-coupled incoherent instruments. This makes coupling 
scattered light back into the system much more difficult because of alignment sensitivity, the need for 
mode matching, and throughput invariance. 

To tackle the alignment problem, we used a fiber-pigtailed gradient index (GRIN) lens in place of a 
traditional fiber collimator. Mao et al. [8] demonstrated that a GRIN lens is less sensitive to translational 
positioning errors than a traditional lens-based fiber collimator, lessening the alignment requirements in 
this lidar system.  

Throughput ( ́Etendue) is the product of light-collecting area and solid angle and is invariant throughout
the system. This means that the entrance pupil and exit pupils of a system will have the same throughput, 
such that if one pupil is larger than the other, its solid angle will be smaller by the same amount. 
Therefore, a very large telescope pupil area leads to a very small field of view (solid angle). We adopted 
a coaxial system instead of a bistatic one to simplify the scanning of such a small field of view. Figure 
1 shows the schematic of the polarimetric FMCW lidar. The chirped source is split with a 94/6 splitter 
into a larger transmitted beam (tx) and a smaller local oscillator beam (LO). A circulator separates the 
tx beam from back-scattered light that is passed through a polarization beam splitter, after which the 
two polarization components are mixed with the LO beam.  
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Figure 1. Schematic of the polarization-sensitive FMCW lidar system. 

Figure 2 is a photograph of the table-top prototype. The beam enters the optical system at the bottom 
left corner with a 0.6 mm waist. The beam then passes through a 3x expander and passes through a z-
fold with a D-mirror and the MEMs scanning mirror. The beam is expanded by 1.7x and redirected by 
an elliptical mirror, then reflected off a MEMs focusing mirror at an angle of <5 degrees and a second 
mirror, then passes through a 2x beam expander. Lastly, the beam passes through the galvanometer and 
a 5x beam expander before exiting the system at the top left corner with a waist near 25 mm. Later work 
includes implementing LCVRs into this part of the system.  

Figure 2. Photograph of the table-top prototype. 
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A crucial aspect of the lidar system that is still in development is the use of a MEMs mirror to reduce 
target walk off during galvanometer mirror scanning. During each chirp, the beam is moving due to the 
scanning of the galvanometer, causing the lidar to measure more than just one location. The MEMS 
corrector mirror will be used to compensate for the galvanometer motion so that the beam remains 
motionless on the scene during each chirp time [9]. The implementation of the secondary MEMs mirror 
will cause the overall scan pattern to be more of a staircase than a sinusoid. Because the galvanometer 
and MEMs mirror have different maximum beam sizes, multiple beam expanders are used to fit the 
beam to these sizes. To maximize the amount of light coupled back into the system, the exiting beam 
size is 25.4 mm. Four beam expanders and a MEMs focusing mirror was used to expand the beam. 
Initial modeling of the system was done in Zemax to ensure that the beam was being imaged from the 
MEMs scanning mirror onto the galvanometer, as well as to determine coupling efficiency with the 
GRIN lens. Zemax modeling was also done to model coupling efficiency into the GRIN lens collimator. 
The initial 3x beam expander immediately following the collimator was modeled to both expand and 
collimate the beam, as well as to couple light into the collimator and fiber. 

3. Self-Heterodyne Test

As an initial test of the table-top prototype, a simple self-heterodyne experiment was conducted. The 
beam was split using the 50/50 splitter, with one half launched through 14 m of fiber before being 
recombined and coupled into the detector. The beat signal from this entirely fiber-coupled experiment 
was dominated by detector noise. Initially, the signal was hard to distinguish, which demonstrated that 
a longer chirp was needed to get better resolution in the frequency domain of the fast Fourier transform 
(FFT). Once the chirp was lengthened and the sample rate and length were adjusted to match the chirp, 
the beat almost perfectly matched the theoretical range ambiguity response for the same values (Figure 
3). The chirp length was lengthened to 752 μs to maximize the FFT resolution. After applying these 
changes, the lidar system had immediate improvement in range detection. A chirp time of 752 μs is less 
than ideal because a longer chirp time decreases the number of scan points a lidar system can collect in 
a given time frame. As the coupling efficiency improves with better alignment of the system, we will 
reduce the laser chirp time.  

4. Free-Space Test

To help with alignment, the beam passes through two z-fold setups to include the MEMs mirrors in the 
system and a defocusing technique was used to walk the beam into the correct path with the z-fold set-
ups. A focusing MEMs mirror proved to be useful by focusing the beam through the final beam 
expander, allowing an IR viewing card and scope to better view the beam. We noted alignment drift 
caused by screws naturally loosening, so we began regularly checking previously aligned elements of 
the system for drift.  

Figure 3. Self-heterodyne test results (black) with close agreement to theoretical prediction (blue). 
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Figure 4. Free-space ranging test results (2.5 MHz is the Lambertian panel at 5 m). 

Because of the monostatic nature of the lidar system, coupling efficiency was inferred to be maximized 
when the maximum amount of power was leaving the system, which occured when the elements were 
as close to perfectly aligned as possible. When all optical elements were correctly aligned, their 
reflections were visible in the detected signal. This is shown in Figure 4, as all the noise below 2.5 MHz 
arise from reflections from within the optical system.  

Once the lidar system was properly aligned, a 99% Lambertian test object was placed at 5 m and 
illuminated by 4 mW leaving the GRIN lens. After passing through the optical system in Figure 2, two 
thirds of the power was lost due to reflections and absorption in the optical elements (leaving 
approximately 1.3 mW). The test object is seen in Figure 4 as a peak at 2.5 MHz with approximately 17 
dB of signal to noise ratio. This short-range open-air test confirms basic viability of the system that is 
now undergoing significant improvement.  

5. Conclusions and Future Work

We described the design and preliminary results of a fiber-coupled FMCW lidar system designed to be 
adapted for polarimetric sensing. A GRIN lens and monostatic layout were used for improved coupling. 
A MEMS focus-control mirror and secondary scanning mirror provide flexibility. Zemax calculations 
were used to validate feasibility of the design before a table-top prototype was built. Preliminary range 
measurements with this prototype produced signal-to-noise ratio of 17 dB with 1.4 mW of power 
incident on a white Lambertian panel at 5 m range.  

Though preliminary object detection was successful, crucial elements of the system have not been 
integrated yet. First, the LCVRs, polarizing beam splitter, and second detector to gather polarization 
data have not yet been integrated into the system. Second, the scanning MEMs mirror has not been 
integrated into the system, and no scanning tests have been done yet.   
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Abstract: Coherent Doppler lidar (CDL) is widely known as a practical remote sensor 
and utilized for meteorological and aviation applications. The CDL is based on the 
heterodyne detection method and shot noise limit is theoretically realized using 
interference between the received (RX) and local oscillator (LO) beam. Although high 
receiving sensitivity might be achieved in existing CDLs, decreasing of heterodyne 
efficiency is caused by the lag angle between the RX and LO beam in the case of the 
optical misalignment by mechanical shock or the high-speed beam scanning. We present 
the evidence of decreased heterodyne-detection efficiency for each case, and demonstrate 
on the recovery of the efficiency by employing the active alignment with double wedge 
prism.  

Keywords: Lidar, Laser Radar, Optical alignment, Lag-angle 

1. Introduction

In the wind sensing at high altitudes, the aerosol backscattering coefficient becomes distinctly lower than 
that of the planetary boundary layer. In such a case, the high-power laser transmitter using the solid-state 
laser is necessary for the airborne coherent lidars. The requirement for the solid-state laser transmitter 
causes the risk in the optical misalignment between the transmitting and receiving beam because of the 
vibration and shocks in the airborne operation. The issue of misalignment is more severe for the coherent 
lidars since this system needs a coaxial optics (i.e., optical circulator) with a diffraction-limited quality for 
both of transmitting and receiving beams. Further, the coherent lidar with the high-power laser transmitter 
needs the free-space type circulator. This makes the requirement for the optical alignment more severe. A 
fiber-pigtailed circulator is robust against vibrations and shocks, but this cannot be used with a high-
power amplifier because of the limitation of the stimulated Brillouin scattering (SBS). Even if the 
misalignment due to vibration and shocks is removed, there remains factor that reduces the efficiency. 
This is the heterodyne-detection efficiency caused by the ”lag-angle” in the case of the fast beam 
scanning. The issue on the above-mentioned lag-angle has been described in the past papers, and the 
necessity of the lag-angle compensator has been pointed out especially for the space-borne CDL. 
However, to the best of our knowledge, no evidence of decreased heterodyne-detection efficiency caused 
by the lag-angle has not been seen in the past.  

In our study, we clarify the evidence of decreased heterodyne-detection efficiency for each case, and 
demonstrate on the recovery of the efficiency by employing the active alignment with double wedge 
prism. 
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2. Active alignment for misalignment

For improving the robustness of the airborne coherent lidar, the active alignment of receiving beam 
(AARB) is an attractive function. The block diagram and photo of the bench-top model for the lidar with 
the AARB are shown in Fig. 1. The optical circuit is basically fiber-based, but the only optical circulator 
part is replaced by the free-space type. The commercially-available fiber-pigtailed circulator can be used 
in this fiber-based configuration since the EDFA has relatively low peak power of 50 W. In such a case, 
the issue of the SBS can be prevented. However, this type of circulator is not used on purpose, and the 
free-space type one is used instead. This is for the preliminary demonstration to simulate the case of using 
the high-power solid-state laser transmitter and the free-space type circulator. The operation as a wind 
sensing lidar is basically same as the one which has been denoted in [1]. The receiving beam is aligned 
using the double-wedge prism, the large gears, the small gears, the motors, and the motor drivers. The 
specification of the lidar is shown in Table 1.  

Fig. 1.  Experimental setup for the lidar with the AARB (left) and photos of bench-top model (right) 

Tab. 1. Specification of lidar. 

As the first step, the transmitting and receiving beams are aligned carefully so as to make the 
misalignment negligible. Then the misalignment is generated on purpose for 240 urad by rotating the 
double-wedge. After that the AARB is turned on and the recovery regarding detectability is evaluated. 
The feed-back control algorithm is as follows. The range dependence of detectability is obtained using the 
spectral peak of each range bin. Then the double-wedge is controlled (rotated) so as to maximize the 
measurable range. The measurable range is defined as the maximum range in the region where the 
detectability is higher than the threshold value continuously from the nearest range. The hill climbing 
method is used for the feed-back algorithm.  

Figure 2 is the range dependence of detectability before starting and after completing AARB. The 
detectability especially for the longer range and measurable range are decreased because of the 
misalignment but recovers to the nearly original value. It is sure that the AARB works also in the case of 
wind sensing. 
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Fig. 2. Range dependence of detectability. 

The wind sensing CDL normally has the coaxial optics to maximize the system efficiency. When the 
transmitting and receiving beam is scanned, the lag-angle appears between the two beams. The schematic 
of the lag-angle is shown in Fig. 3. The principle of the constancy of the speed of light tend to make us to 
misunderstand that the influence of the lag-angle is negligible. 

Fig. 3. Schematic of lag-angle. 

The system configuration of the wind sensing CDL with the lag-angle compensator is shown in Fig. 4. 
The basic concept is in the combination of the existing 1.55 m long range CDL [2] and a newly installed 
lag-angle compensator.  

Fig. 4. Schematic of wind sensing CDL with lag-angle compensator. 

The lag-angle compensation is performed by the beam alignment of the receiving beam using the double 
wedge prism. This concept of the alignment of the receiving beam is the same as the one which we 
recently reported [3]. The lag-angle can be compensated if the angle difference between the transmitting 
and receiving beams is controlled so as to match with the lag-angle. This control is easy if both of the 
value and direction of the compensation at the double wedge prism are constant regardless of the 
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measurement direction. However, the direction of the lag-angle at the double wedge prism unfortunately 
changes depending on the measurement direction in the case of the hemispherical scanner with two 
reflection mirrors. This makes the operation in the lag-angle compensation complex. This means the lag-
angle compensation must be synchronized with the scanner controller. In our demonstration on the lag-
angle compensation at the later section, we use the PPI scanning. Therefore, we have installed the 
synchronization algorithm into the wedge controller. Figures 5 is the experimentally obtained LOS wind 
velocity and detectability maps for the step 1 and the first three iterations of the step 2 and 3. It is visually 
shown that (i) the measurable range was decreased by changing the scanning speed from 1 deg/s to 20 
deg/s, (ii) the measurable range was recovered with the lag-angle compensation. 

(arrows show the order of the measurements). 

4. Summary

We demonstrated the new AARB function for the wind sensing coherent lidar which utilizes the 
heterodyne-detected signal of the backscattered light from the aerosols. The proposed methods only need 
the simple alignment components for the receiving beam. We produced the bench-top model of the lidar 
with AARB using the double-wedge prism, and the effects of AARB were demonstrated for wind sensing 
experiments. Furthermore, the experimental evidence of the decreased heterodyne-detection efficiency 
caused by the lag-angle was shown using our long-range wind sensing CDL technology with fast beam 
scanning. The recovery of the efficiency with the lag-angle compensation was also demonstrated. In the 
compensation, we applied the receiving beam alignment method synchronized with the beam scanner.  
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Abstract: We have developed a 2 µm coherent LADAR system using a prototype laser 

transmitter and a commercial off the shelf (COTS) local oscillator. The laser transmitter 

has 20 W of average power with a PRF of 1500 Hz and a duty cycle of 25%. The system 

is capable of using multiple PRBS patterns but primarily utilizes 1 ns chip sizes within 

the 167 µs pulse width. Signal performance was modeled against various targets and 

compared to experimental results captured at ranges up to 5.7 km. Range resolution was 

demonstrated against multiple target shapes and compared to predictions based on 

various chip sizes within the waveform. Ground based velocity and vibration results 

were also obtained and compared to the predicted results. We present the findings of 

experimental results to date and plans for future advancements.  

Keywords: LADAR, PRBS, 2 micron wavelength, vibration, doppler, system modeling, 

characterization, data collection 

1. Introduction

There are many benefits of using 2 µm LADAR when compared with currently available LADAR 

systems. Some of these include improved eye safety, high atmospheric transmission and availability of 

power scaling through solid state amplification. Some initial development has been done in 2 µm 

sensitive avalanche photodiodes by various groups; but to date these detectors have not been fully 

matured and require external cooling [1]. Coherent LADAR offers the capability to approach the 

sensitivity of Geiger mode Avalanche Photodiodes (APDs) while avoiding the need for high gain 

detectors. In addition to this, the inherent access to phase information obtained from a coherent system 

allows for high precision doppler information that would otherwise be unavailable. These benefits drove 

Lockheed Martin to begin investment in a 2 µm coherent LADAR system. This paper describes the 

system and the advancements made to date in modeling and data collection.  

2. System Description

The heterodyne coherent LADAR described herein, is built from a prototype 20 W transmitter with an 

adjustable pulse repetition frequency (PRF) of 500-2000 Hz. The system is primarily run at 1500 Hz 

with a 25% duty cycle, yielding a pulse width of 167 µs. This configuration has a pulse energy of 

approximately 13 mJ. High power single frequency fiber lasers are oftentimes limited by stimulated 

Brillouin scattering (SBS) [2]. SBS is the nonlinear process by which high intensity light generates a 

backward travelling Stokes wave. This process can cause pulsations and damage components within a 

fiber amplifier. The SBS threshold is dependent on several factors, one of which is the spectral width of 

the seed laser. SBS is particularly problematic in short pulse LADAR systems. One common method to 

combat SBS, while maintaining the bandwidth or range resolution of a short pulse transmitter, is through 

the use of a quasi-cw waveform with a high bandwidth pseudo random binary sequence (PRBS) phase 

modulation whereby the phase of the transmit beam is modulated between 0 and pi. This technique 

spectrally broadens the laser while providing high range resolution, low peak power and low side bands. 

The current system allows for 1 ns, 2 ns and 3 ns chips within the waveform however, 1 ns chips are 

most commonly used and will be primarily discussed within the report. When using a 1 ns chip and 167 

µs pulse, this results in a total matched filter gain of 52.2 dB. An example of the effects of the PRBS 

code versus the cross correlation / autocorrelation is shown below. 

Fr0203

142



Robert Ryan 21st Coherent Laser Radar Conference 

CLRC 2022, June 27 – July 1

Figure 1. PRBS Code Variation 

One limiting factor for doppler resolution in a coherent LADAR is the local oscillator frequency noise. 

Depending on the application, this can be the dominant velocity noise source and can sometimes require 

additional frequency stabilization of the local oscillator [3]. In order to mitigate this problem, the system 

utilizes a local oscillator (LO) that has a 200 Hz spectral linewidth. The long coherence length of this 

laser allows for very low phase noise inherent in the laser. Additional phase noise can be introduced in 

the system from environmental vibrations. To combat this, Lockheed Martin is developing an active 

isolation unit to decouple environmental noises from the LO. This isolator allows the system to function 

in more stressful environments than would otherwise be possible. One current challenge with using this 

LO is the low output power of approximately 1 mW. This signal is amplified within the system but this 

introduces additional excess (ASE) noise that can limit receiver sensitivity and reduce the LADAR’s 
carrier to noise ratio (CNR) for a given signal level.  

Coherent LADAR systems have the advantage of obtaining signal gain due to the heterodyne mixing 

process, thereby allowing for the utilization of detectors lacking in electronic gain. While APDs can 

offer extremely high sensitivity, currently there are no available Geiger mode APDs sensitive to 2 µm. 

These detectors also come with their own challenges of being susceptible to damage. While there are 

linear mode HgCdTe APDs sensitive at 2 µm, these detectors have very low bandwidth and require 

additional cooling to maintain their noise characteristics. The system discussed in this paper, has been 

able to utilize COTS extended InGaAs PIN diodes. These detectors allow for a bandwidth between 5 

GHz – 18 GHz  while having a quantum efficiency of 72%. The detectors are fiber coupled with

polarization maintaining (PM) fiber and are in standalone packages that allow for easy integration into 

the system.  

The system is modular and easily reconfigured into various setups depending on the application. The 

system has various user-selectable focal expanders to generate desired beam diameters. The typical 

configuration that will be discussed within this paper, is a monostatic setup that is steered with a 

gimballed mirror. An observation camera is co-boresighted to the transmit beam in order to point the 

beam at the desired target. Various optics are setup in the system in order to pickoff a reference beam 

that is compared with the receive beam upon return. The transmit beam is sent through a Tx/Rx switch 

and a quarter waveplate prior to hitting the steering mirror. A system outline is included below for 

reference. 
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Figure 2. System Overview 

3. Performance Modeling

Performance modeling was conducted by leveraging the use of the LiDAR Performance Estimator 

(LPE). LPE is a MATLAB based tool developed by Lockheed Martin Coherent Technologies (LMCT). 

The model evaluates the LADAR range equation to yield the average matched filter CNR. LPE has been 

extensively validated and has the capability to model direct detect and coherent detection LADARs. The 

model accounts for parameters such as transmitter pulse energy, local oscillator power, detector noise, 

atmospheric transmission and target characteristics. By including the measured inputs to the total noise, 

an accurate approximation of predicted signal can be calculated. 

To accurately predict the signal expected from various targets, it is important to characterize the noise 

sources present from each device in the signal chain. To do this, the analog to digital converter (ADC), 

detectors and local oscillator were separately analyzed. In order to quickly develop real time processing 

and data analysis tools, a National Instruments PXIe chassis was used as a test asset. This modular 

chassis allows for a selection of various acquisition cards to be installed on the same backplane for ease 

of integration. The ADC selected for use in the system was the PXIe-5775 card, which allows for a 

maximum of 6.4 Gs/s when interleaving both channels. According to the manufacturer the noise spectral 

density of this card is -143 dBm/Hz. To verify this, a dark noise measurement was captured and the 

power spectrum was analyzed and averaged over 100 shots. The receive ADC channel showed an 

average noise spectral density of -144.2 dBm/Hz as shown in Figure 3. Within LPE, this value is 

converted to an equivalent noise photons and used in the overall system noise calculation.  

Figure 3. ADC Noise Spectral Density 

Similarly, the detectors were analyzed to calculate the dark noise contribution to the signal. The detector 

that is primarily used for this system, has a nominal responsivity of 1.2 A/W with a bandwidth of 6 GHz. 

The detector package also has a built in transimpedance amplifier that allows for 20 dB of power gain. 

In spite of this, additional RF amplification is needed in order to utilize the dynamic range of the ADC 

properly. A 35 dB RF amplifier is used at the detector output to maximize the signal being passed to the 

ADC. A 1.6 GHz low pass filter and voltage limiter is also used to minimize the out of band noise and 
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prevent damage from occurring to the ADC. After RF amplification, there is a significant increase in 

the noise spectrum versus without the RF amplification. The measured RF spectrum post amplification 

is shown below with a mean value of -72.3 dBm and an approximate value of -80 dBm at 800 MHz.  

Figure 4. Detector Dark Noise With and Without RF Amplification 

An additional source of noise in the system comes from the local oscillator relative intensity noise and 

phase noise. Initial controlled experiments were conducted by varying the local oscillator input power 

and analyzing the CNR. These tests were done by interrogating a spectralon target at a range of 

approximately 10 meters. It was expected that increasing LO power would increase the CNR of the 

return signal up to the point where the responsivity of the detector becomes non-linear. The results 

contradicted this theory which caused further investigation to be conducted into the source of the extra 

noise. A shot noise test was setup in which the local oscillator was input into an optical amplifier and 

then passed directly into the detector. It is shown below that the amplified power spectrum is high 

relative to the unamplified power spectrum. This is unexpected and is thought to be due to the 

introduction of excess noise from the optical amplifier.  

Figure 5. Local Oscillator Shot Noise 

4. Measured Data

The measured data products were used as inputs to the LiDAR Performance Estimator (LPE) to model 

the average expected CNR return from various targets with multiple beam expanders. To evaluate the 

expected system performance, data was collected at the Lockheed Martin Electronic Test Site (ETS). 

Targets of interest were corner cubes along with 20 inch diameter diffuse spheres. For each range and 

target, 60 pulses were captured in sequence and averaged together. Three independent sets of these 60 

pulses were captured in order to collect time separated data and average further atmospheric conditions. 

The results from various levels of beam expansion against multiple targets are shown in the below figure. 

The solid lines represent the modeled results while the data points with error bars show the measured 

data. Note that this data was taken with 1ns chips and a 167 μs pulse width which leads to a maximum 
CNR of 52.2 dB. This is not reflected in the modeled curves. 
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Figure 6. Measured Data vs Model (Various Beam Expansion) 

Results from the data collection generally agree with the modeled predictions. It is expected that some 

of the discrepancies can be attributed to variations in transmit power, pointing alignment to the target 

and atmospheric variation. Overall, the measured results give confidence in the model and can be used 

to predict performance for other hardware configurations or longer ranges.  

An alternate system was used to collect internal vibration results from a corner cube mounted 

approximately 10 meters away on a speaker. For these measurements, a low power heterodyne setup 

was assembled using two local oscillators in order to have a continuous wave signal. The data could 

then be split into arbitrary lengths depending on the desired sampling rate. The return was collected 

against poly-tones to verify that the signal matched the input frequencies. Following successful 

demonstration of this capability, various songs were played on the speaker and the signal was 

demodulated to play back the music. The intention of this test was to show that the system has sufficient 

doppler resolution to reconstruct desired vibration spectrums. The below figure shows successful 

reconstruction of a three-tone signal. 

Figure 7. Velocity and Vibration Spectrum of a Three-Tone Signal 

5. Conclusions

The system was described and examples of various PRBS codes are shown. A performance model was 

refined through characterizing the multiple noise components within the system and was shown to be 

effective in predicting expected signal from the LADAR. Continued hardware improvements are 

planned for the system and the model will be refined to predict expected performance gains.  

6. References

[1] X. Sun et al., “HgCdTe Avalanche Photodiode Array Detectors with single photon sensitivity and

integrated detector cooler assemblies for space lidar applications,” Optical Engineering 58(6), 067103

(2019).

[2] B. Anderson det al., “Experimental Study of SBS suppression via white noise phase modulation,” AFRL-

RD-PS-TP-2015-0008

[3] P. Gatt et al., “Theoretical Analysis of the Impact of Local Oscillator Frequency Noise on a Laser
Vibration Sensor,” Proc. SPIE 4723, Laser Radar Technology and Applications VII, (29 July 2002)

Fr0203

146



Measurement of wind phenomena utilizing multiple 
wavelength channels with different pulse shapes 

Jan Lütge1, Sebastian Kraft1, Alfred Kurtz1 and Albert Töws2 
1Institute for Optical Technologies, Cologne University of Applied Sciences, Cologne - 

Germany 
2LEONARDO Germany GmbH, Neuss - Germany 

Correspondence: Jan Lütge (jan.luetge@th-koeln.de) 

Abstract: Simultaneous measurement with four independent wavelength channels using 
identical pulse parameters are compared in terms of radial wind velocity and spectral 
width estimation by calculating correlations among each other 

Keywords: Spectral width, correlation, validation 

I. INTRODUCTION

The precise detection of atmospheric turbulence is of major interest to a variety of scientific
disciplines as well as for various applications in aviation and wind energy. A common measure 
for atmospheric turbulence is e.g. the turbulent energy dissipation rate (TEDR) which is usually 
determined by aircrafts, radiosondes and most of all by ultrasonic anemometers. However, these 
determination methods are rather limited in terms of spatial and temporal resolution which is 
why an improved technique for remote detection of atmospheric turbulence is required. 

Doppler Wind Lidar Systems principally can be deployed for this purpose within the boundary 
layer. Since the mid- 1990s different approaches have been investigated to deter- mine TEDR 
from lidar measurements. Two of these approaches seem to be the most promising. One is the 
application of a spatial structure function on the adjacent radial wind velocities, from which 
TEDR can be estimated by utilization an appropriate turbulence model. The other is the detection 
of turbulent broadening of a laser pulse when traveling through a turbulent atmosphere which 
directly depends on the intensity of the turbulence. 

For the first approach, a very precise determination of radial wind velocity with a high 
spatial as well as a high temporal resolution is required. Due to the fact that the length of the 
pulse is inversely proportional to its bandwidth, the optimal pulse length has to be a trade-off 
between high spatial resolution utilizing short pulses and high spectral resolution resulting in 
more precise wind velocities by using long pulses. The second method requires a reliable and 
precise measurement of the spectral width of the Doppler signal as well as the exact knowledge 
of the line width of the emitted laser pulse. These parameters are, in general, not exactly 
specified by the manufacturers of commercially available wind lidar systems used for this 
purpose. Therefore, system parameters like the line width of the emitted laser pulses are 
estimated, theoretically calculated or calibrated via reference measurements e.g. by sonic 
anemometer measurements.  

A wind lidar system utilizing multiple independent channels has been presented at an earlier 
CLRC conference [1,2]. This system was used to determine wind velocities and the Doppler 
broadening of the backscattered light. These simultaneous measurements of the atmosphere with 
different pulse lengths have the capability to compare the theoretical models to deter- mine 
TEDR from lidar data. In this paper, first investigations concerning the reliability and 
reproducibility of the radial wind velocity as well as the spectral width of the Doppler spectrum 
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are presented. For that purpose, a measurement was done with identical pulse parameters on all 4 
wavelength channels and the results are compared by evaluating the correlations between them. 

II. EXPERIMENTAL SETUP
The data for this comparison measurement was collected on 15.03.2022 with the pre-

production unit of the SKIRON 3D in Neuss, Germany. The unit was configured to operate in a 
PPI (plan position indicator) scan with a fixed elevation angle of Φ = 8° around azimuth φ = 0-
360°. To investigate the influence of the pulse length on the correlation between the channels, 
the measurement was done with two different pulse lengths. The measurement with the longer 
pulses ˜650 ns took place between 14:00 and 14:47 pm consisting of 100 Slices, where one slice 
equals one full rotation of the scanner around azimuth. The spectral data with the shorter pulses 
˜250 ns was collected between 16:04 and 16:39 pm, consisting of 30 slices. In figure 1 a PPI scan 
of the radial wind velocity measured with both pulse lengths is shown exemplarily. 

To exclude any other impact 
on the Doppler spectra, the 
window size was chosen to be 
almost the same length as the 
pulse. For the same reason no 
range gate overlapping was 
performed. The pulse shapes 
used on all four channels were 
approximately gaussian. 
Further lidar parameters are 
provided in table 1 for the 
short pulses and table 2 for 
the long pulses. 

III. CORRELATION BETWEEN THE CHANNELS

To examine how reliable and reproducible the independently determined radial wind velocities
on each wavelength channel are, the correlations between the channels are investigated. Each 
channel is compared to all other channels, leading to 6 channel pairs in total. The correlation of 
one channel pair is calculated by accumulating all radial wind velocity estimates at the same 
location, i.e. in the same range gate. 

A. Radial Wind Velocity
In case of the short pulses, a single slice consists of 180 LOS with 333 range gates

Fig. 1. PPI scan of radial wind velocity of an exemplary slice (short pulse 
measurement on the left, long pulse measurement on the right) 
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respectively, leading to a total amount of approx. 60000 range gates. A range gate or rather an 
averaged Doppler spectrum is considered valid in terms of radial velocity estimation if the SNRd 
(detectability) is above 5.5 dB. Due to the weather condition, maximum range was about 4000 to 
6000 m. Therefore, only Doppler spectra of a radial distance less than 4000 m were evaluated, 
resulting in a total of about 25000 valid range gates.  

In figure 2 the scatter plot of a single slice between CH2 and CH4 is shown exemplarily. Most 
of the values lie along the line of unity. The calculated correlation of this slice is 0.99. The mean 
correlation of all 6 channel pairs over the entire measurement time is 0.97 with a standard 
deviation of around 1%.    

For the longer 
pulses, there are 
fewer range gates in a 
single slice ~20000 
from which about 
13000 range gates can 
be considered to be 
valid. Correlation of 
radial wind velocity 
measured with the 
longer pulses is even 
a little bit higher 
which corresponds 
with the expectation, 
that longer pulses 
provide the 
possibility to measure 
wind speed with a higher precision. The mean correlation of the six channel pairs over the entire 
measurement time is 0.99 with a standard deviation of 0.5%. 

B. Spectral Width
Considering correlation of spectral width reveals much larger differences between the

channels. In case of the short pulses, value pairs in the scatter plot of a single slice, including all 
valid range gates, accumulate in the shape of a cluster instead along the line of unity. 
Consequently, correlation of the channel pairs over all slices is around 0.15 indicating a very 
low correlation. The scatter plot including all range gates of a single slice for the longer pulses is 
shown exemplarily for channel 3 and channel 4 in figure 3. In this case the accumulated 
cluster is denser along the line of unity. Accordingly, correlation between the 6 channel 
pairs over all slices varies from 0.49 to 0.5. In addition to the correlation coefficient, mean 
differences between the channel pairs are calculated by averaging the difference in estimated 
FWHM of each range gate of a single slice. Over all slices the mean difference in FWHM 
estimation has a magnitude of 0.32 m/s for the short pulses and 0.14 m/s for the long pulses 
which is equal to about 7.5% and 10% of total spectral width respectively.     

Deviation in spectral width estimation strongly depends on the resolution of the Doppler 
spectrum as well as the peakfinder algorithm used. Due to that it might be conducive to consider 
how exactly the spectral width is determined. In this case spectral width of the Doppler signal 
is determined as the 2nd spectral moment of the Doppler peak. The spectral moments are 

Fig. 2. (Left) Correlation of radial wind velocities between CH2 and CH4 of a random 
single slice measured with shorter pulses (Right) Correlation of radial wind velocities 
between CH2 and CH4 of a random single slice measured with longer pulses 
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derived as Gaussian 
parameters µ and σ 
(expected value and 
variance respectively) 
by a modified 
peakfinder algorithm, 
based on the 
Guo/Caruana algorithm 
[3], after the noise floor 
is subtracted from the 
averaged Doppler 
spectrum. The samples 
around the maximum 
are used to solve a 
linear system of 
equations based on the fact that the Gaussian function is an exponential of a quadratic function. 
Therefore, spectral resolution as well as SNRd and the number of samples are crucial for the 
performance of this approach to determine the spectral width. Selecting too many samples could 
include noise components, too few could make the system of equations under-determined, both 
causing large deviations. It seems evident that one option to compensate for this problem 
would be to increase the resolution of the Doppler spectrum or at least the number of spectral 
bins. The latter can be achieved by applying more zero padding. However, in this initial 
investigation of the capability to determine FWHM only necessary zero padding was applied. 

The Doppler spectra of the short pulses only consist of 128 bins. In the near field of the lidar 
where the SNRd is high the peak of a Doppler spectrum spans over 7 bins and solving the 
linear equations provides suitable Gaussian parameters. Spectra with lower SNRd are affected by 
noise leading to significant variations in FWHM estimation. In contrast the 1st spectral 
moment, the expected value of the Gaussian from which the radial velocity is derived, is far 
less fragile in low SNRd regime. Thus one possibility to increase the quality of the spectral width 
estimation would be to establish a separate threshold of SNRd, to include only spectra for which 
correlation between the channels is sufficient. Figure 4 shows the correlation of Doppler widths 
depending on the established SNRd threshold. Correlation can be increased from 0.2 to 0.7 by 
increasing the SNRd threshold by 10 dB in case of the short pulses. About 80% of the range 
gates are excluded by this procedure. A correlation of 0.7 with a spread of around 0.2 between all 
channel pairs is still not sufficient. It should be further analyzed whether the spectral width 
estimation is limited by a minimum Doppler spectrum size. 

In the case of long pulses, correlation could be increased from 0.55 to about 0.95 by limiting 
the SNRd from 6 dB to 16 dB. It also has to be taken into account that the number of valid 
range gates in terms of spectral width estimation is reduced by roughly a third. Therefore, to 
achieve a suf- ficient high correlation whereas maintaining the same amount of range gates or 
rather the same measurement range, the averaging time has to be increased, since the SNRd rises 
with the square root of the number of averaged pulses. The range gates in the long-distance zone 
from the lidar are excluded, since the SNRd significantly decreases with the range. 

Additional to the SNRd threshold there should be an indicator to evaluate the goodness of the 
determination of Gaussian parameters from samples around the maximum. For that reason, 
estimated errors of the determination of the Gaussian parameters are calculated for each range 

Fig. 3. (Left) Correlation of spectral width between CH3 and CH4 of a random 
single slice measured with shorter pulses; (Right) Correlation of spectral width 
between CH3 and CH4 of a random single slice measured with longer pulses 
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gate through a covariance matrix. The improvement of this second limitation is not significant 
but it should be taken into account as well. 

Fig. 4. (Left) Correlation of FWHM estimation measured with shoter pulses averaged over all slices depending 
on a minimum SNRd threshold (Right) Correlation of FWHM estimation measured with longer pulses averaged 
over all slices depending on a minimum SNRd threshold 

IV. CONCLUSION AND FURTHER WORK

Determining radial wind velocity as the 1st spectral moment of the Doppler spectrum seems
to be uncritical and capable even for difficult cases like Doppler spectra with a low spectral 
resolution and low SNRd. The minimum correlation between two channels is about 0.97 for short 
pulses and 0.99 for long pulses. Determining spectral width, especially of spectra with a low 
spectral resolution, resulted in significant deviations between the channels of around 7 ± 
10% of total spectral width and with correlations between the channels in the range of only 
0.2 ± 0.5. Indicating that using the spectral width without further limitations to calculate 
the turbulent broadening and derive TEDR from it would lead to large uncertainties. Therefore, 
it is advisable to use an additional threshold for the spectral width estimation. The estimated 
spectral width is severely affected when the slope of the Doppler peak is distorted by noise. 
This generally occurs in low SNRd regimes. Therefore, in this first approach the SNRd was 
used as a limitation. For the long pulses an increase of the correlation from 0.55 to above 0.95 
by limiting the SNRd from 6 dB to 16 dB was achieved. In case of the short pulses even by 
increasing the SNRd limit the correlation did not get beyond 0.8. Requiring further research with 
more, even staggered pulse lengths to investigate possible relations and consider whether 
there is a minimum Doppler spectrum resolution to apply this FWHM estimation approach. 
Afterwards the influence of zero padding has to be analyzed in more detail before these valid 
spectral widths can be utilized to determine the TEDR from the turbulent Doppler broadening. 
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Abstract: In this study, a Q-switched Ho laser intracavity pumped by a side-pumped 
Tm:YLF laser was investigated as a candidate for efficient 2-micron lasers operating at 
room temperature. The method for designing this laser is proposed, and the results of 
numerical simulations based on a rate equation model are presented. To evaluate the 
laser design, the diode-side-pumped Tm:YLF laser was developed as a pump source of 
the Ho laser. A normal-mode pulse energy of 62 mJ was obtained at a crystal 
temperature of 15°C in preliminary experiments. 

Keywords: 2-micron laser, Q-switched laser, intracavity pumping, Doppler wind lidar 

1. Introduction

A spaceborne Doppler wind lidar (DWL) is one of the most promising sensors for global wind profiling 
[1]. We have developed a 100-mJ-class Q-switched Tm,Ho:YLF laser for a spaceborne DWL in our 
previous work [2]. However, the laser crystal cooled down to lower than -40°C was needed for efficient 
operations. While Tm-fiber-laser-pumped Ho lasers are suitable for high-power operations at room 
temperature [3], an end-pumping configuration is always used in these lasers. In this study, a Ho:YLF 
laser intracavity-pumped by a side-pumped Tm:YLF laser is investigated as another promising approach 
to achieve efficient room-temperature operations. This configuration will allow us to achieve not only 
high-power operations but also high-energy operations. 

2. Laser design

To investigate lasing conditions under intracavity pumping, the threshold pump power was calculated 
for the resonator configuration shown in Fig. 1. In this configuration, a composite laser rod consisting 
of a Tm:YLF crystal and a Ho:YLF crystal is used. Both ends of the laser rod are antireflection-coated 
at 2050 nm and highreflection-coated at 1940 nm. The Tm-doped region of the laser rod is side-pumped 
by laser diodes. Lasing of Tm:YLF occurs inside the composite rod around 1940 nm, and the Ho:YLF 
crystal is thereby end-pumped at the lasing wavelength of Tm:YLF. An attraction of our approach is 
that lasing of Ho:YLF is prevented by using the Q-switch device during lasing of Tm:YLF. Therefore, 
the processes of pumping and lasing of the Ho:YLF laser are separated, leading to stable operations 
under intracavity pumping. 

Figure 1. Resonator configuration of the Ho:YLF laser intracavity pumped by the Tm:YLF laser. 
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Fig. 2 shows the calculated results of threshold pump densities of the Tm:YLF laser. The parameters 
used in the calculation are shown in Table 1. The absorption and emission cross sections were assumed 
to be the values reported in Ref. 4. The results shown in Fig. 2(a) indicates that the lowest threshold is 
obtained around 1910 nm in the conventional laser design. In this case, the output coupling does not 
depend on the wavelength so that the wavelength dependence of the threshold pump power results from 
the spectroscopic properties of Tm:YLF. In contrast, the threshold pump power in the intracavity 
configuration is affected by the spectroscopic property of Ho:YLF because the output coupling of the 
Tm:YLF laser corresponds to the fraction of the output power absorbed in the Ho:YLF crystal. As a 
result, the threshold pump power under intracavity pumping showed a strong wavelength dependence, 
as shown in Fig. 2(b). The wavelength at the lowest threshold was around 1905 nm.  

(a)       (b) 

Figure 2. Calculated threshold pump densities of the Tm:YLF laser. (a) Conventional Tm:YLF laser 
with various output couplings. (b) Tm:YLF laser as an intracavity pump source of the Ho:YLF laser.  

Table 1. Parameters used in the calculation. 

Parameter Value 

Length of the Tm:YLF crystal 8 mm 
Tm dopant concentration 6 at.% 
Ho dopant concentration 0.5 at.% 
Pumped region radius 0.7 mm 
Cavity mode radius 0.7 mm 
Absorption efficiency 0.8 
Round-trip cavity loss 2 % 

3. Experimental results

We conducted preliminary experiments on a Tm:YLF laser to investigate the lasing characteristics of 
Tm:YLF single crystals. Fig. 3 shows the configuration of the pulsed Tm:YLF laser. The 3-mm-long 
Brewster-cut crystal doped with 4% Tm was side-pumped by two 2-bar-stack laser diodes with a pulse 
length of 5 ms. The pulse repetition frequency was 5 Hz. Fig. 4 shows the output energy of the Tm:YLF 
laser as a function of the pump energy. A maximum output energy of 62 mJ and a slope efficiency of 
16.7% were obtained at a crystal temperature of 15°C. The optimum output mirror reflectivity was 89% 
in our experiment. Based on these preliminary results, we developed the side-pumped Tm:YLF rod laser, 
as shown in Fig. 5. The 6%Tm:YLF rod was 3 mm in diameter and 8 mm in length. Three 3-bar-stack 
laser diodes were used as pump sources and were operated with a pulse length of 1 ms. Although normal-
mode lasing at room temperature was achieved with a pump energy of 965 mJ, the laser produced only 
7 mJ due to operation near threshold and low output coupling (~3%). The reason for the near-threshold 
lasing is an insufficient drive current of the power supply. The pump energy of up to 2 J will be available 
in further development by using a higher-power diode driver.  
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4. Conclusion

The intracavity pumping scheme for the Q-switched Ho:YLF laser operating at room temperature was 
proposed, and the method for designing this laser was investigated. The results of numerical simulations 
indicated that the lasing of Tm:YLF, which is a pump source of the Ho:YLF laser, will occur around 
1905 nm. Experimental investigations are also in progress. A normal-mode output energy of 62 mJ was 
obtained with the room-temperature Tm:YLF laser in preliminary experiments. 
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Figure 4. Output energy of the Tm:YLF 
laser as a function of the pump energy. 

Figure 5. Photograph of the Tm:YLF rod laser. 
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Abstract: Wind is an important meteorological element as an indicator of atmospheric 

motion on a comprehensive scale. It is important to evaluate measurement performance 

on wind before the launch. We are developing a new coherent Doppler wind lidar 

simulator to investigate measurement performance on wind. The systematic parameters 

are set in the coherent Doppler wind lidar simulator, such as laser power, telescope 

aperture of the receiver, and optical efficiency. The simulator produces pseudo-optical 

heterodyne signals in time domain and perform frequency analysis in frequency domain. 

We report the new coherent Doppler wind lidar simulator in the paper. 

Keywords: Coherent Doppler Wind Lidar Radar, Lidar Simulator. 

1. Introduction

Wind is an important meteorological element as an indicator of atmospheric motion on a comprehensive 

scale. The wind data will be used for daily weather observation, disaster risk reduction such as extreme 

weather forecasting, and improvement of global environmental issues. There are several types of wind 

observation systems, including radiosonde-based high-level meteorological observations, wind profilers, 

and observation systems using Atmospheric Motion Vector. The Radiosonde observations are made 

mainly in populated areas in the Northern Hemisphere. However, observations are less common in the 

Southern Hemisphere. A lack of wind observations over oceans, the southern hemisphere, and other 

sparse areas causes non-uniform errors in the numerical weather prediction and subsequent analysis. 

Non-uniform errors in the numerical weather prediction are caused by large blank regions of wind 

observation over oceans, the southern hemisphere, and other sparse areas [1]. ESA has been operating 

ADM-Aeolus since 2018. The observations have improved the analysis of the 3D wind field and have 

influenced improvements in numerical forecasting. The feasibility of a space-based coherent Doppler 

lidar is being studied in Japan for a space-based DWL for future global wind profile. It is important to 

evaluate measurement performance on wind before the launch [2]. We are developing a new coherent 

Doppler wind lidar simulator to investigate measurement performance on wind. The simulator produces 

pseudo-optical heterodyne signals in time domain and perform frequency analysis in frequency domain. 

We report the new coherent Doppler wind lidar simulator in the paper. 

2. The coherent Doppler wind lidar simulator

In this study, due to the need for hygienic loading, observation accuracy, and observation of the altitude 

distribution of the wind, we simulated line-of-sight pseudo-wind observation using a coherent Doppler 

lidar. The line-of-sight velocity of the scatterer is estimated from the Doppler frequency or mean 

frequency of the signal. The mean frequency is estimated using an estimate of the frequency spectrum 

or an estimate of the covariance. These values are specified by the lidar system parameters, and the 

received power is given by  

𝑃 = 𝐴𝛽(𝑅)𝐾(𝑅)2𝑈𝑐𝑅2  (1)
where P is the received power [W], A is the area of the receiver [𝑚2], β(R) is the backscatter coefficient

[𝑚−1𝑠𝑟−1], K(R) is the atmospheric transmission, U is the laser pulse energy [J 𝑝𝑢𝑙𝑠𝑒−1], c is the optical
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speed [m 𝑠−1], and R is the laser exposure distance [m].  The simulator's receive signal algorithm gives

a zero-mean complex Gaussian distribution signal that depends on the range number of the laser pulse. 

The covariance of the frequency spectrum obtained from the signal was transformed to the time domain 

to obtain the normal intensity of the signal [3]. This was obtained by a 256-point inverse FFT of the 

frequency spectrum of the signal. The covariance of the frequency spectrum of the signal is given by 

𝑧 = ∑ 𝑦𝑚𝑒𝑥𝑝 (2𝜋𝑖𝑚𝑘𝑀 )𝑀−1
𝑚=0  (2)

where 𝑦𝑚 are zero-mean complex Gaussian random variables, M=256 is the number of sampling time,

m is the column number of 𝑦𝑚 , k is the row number o of 𝑦𝑚. Figure 1 shows the normalized intensity

of the signal in the time domain. The red line shows the received signal, the black line shows the 

inclusive line of the pulse, and the blue dashed line shows the range. The normalized power spectral 

density is obtained by converting to the frequency domain. Figure 2 shows the power spectral density 

in the frequency domain. The black line represents the power spectrum of the laser pulse, which was 

obtained by a 256-point FFT. The red line shows the power spectral covariance per sampling frequency, 

which was obtained by a 256-point FFT. 

Figure 1. the normalized intensity of the signal 

Figure 2. the power spectral density 
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By repeating this process over multiple ranges and performing integral averaging corresponding to the 

patio-temporal resolution, it is possible to process at the appropriate vertical resolution. Finally, peak 

detection is performed from the frequency spectrum of the received signal using the maximum 

likelihood estimation method. By repeating this process for each laser pulse, pseudo-wind observation 

data can be calculated. This is the ideal type of algorithm, but this time we performed a simplified 

simulation without repeating the multi-range part. 

3. Mean frequency and standard deviation

Figures 3-a, 3-b, and 3-c show the probability density distribution of the frequency spectrum when the 

SNR is 0.01, 0.1, and 1.0. The probability density distribution is given by 

𝑃𝐷𝐹(𝑥) = 𝑃𝑔𝑒𝑉𝑠 + 1−𝑃𝑔𝑒√2𝜋𝜎 exp (− (𝑥−𝜇)22𝜎2 ) (3)
𝑃𝑔𝑒 is the probability of total error in lidar observations, 𝑉𝑠 is the wind speed search window, μ is the

mean frequency [Hz], and σ is the standard deviation of frequency [Hz] [4]. Bad estimate is the

percentage of the total frequency spectrum that falls outside the wind speed search window [5]. SNR as 

small as 0.01 results in a larger standard deviation and a lower peak in the probability density distribution. 

This is because the smaller the SNR, the larger the 𝑃𝑔𝑒 and the wider the σ is than the laser pulse width. 
Another factor is the thin aerosol concentration. This is consistent with the fact that the higher the SNR, 

the lower the noise and the better the accuracy. 

Figure 3. The probability density distribution of the frequency spectrum 

when the SNR is 0.01, 0.1, and 1.0. 

Figure 4 shows the variation of each SNR with the mean frequency μ, standard deviation σ, and Bad 
estimate on the vertical axis and SNR on the horizontal axis, respectively. As the SNR becomes smaller, 

the mean frequency becomes more scattered and less accurate. The standard deviation and the 

percentage of outliers showed larger values for 0.01 < SNR < 0.1, respectively. 
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Figure 4. The variation of each SNR with the mean frequency μ, standard deviation σ, 
and Bad estimate. 

4. Summary

This study is the development of a simulator for a coherent Doppler lidar onboard a next-generation 

satellite to realize a satellite sensor capable of observing global wind height profiles. Received and 

pseudo-heterodyne signals were obtained as an algorithm for the simulator. The relationship between 

SNR, aerosol concentration, and standard deviation was evaluated by probability density distribution of 

frequency spectrum.  In the future, we will develop an algorithm for frequency-domain analysis and 

conduct simulation experiments using the algorithm with meteorological fields. Simulations will be 

conducted using atmospheric meteorological field data corresponding to the vertical resolution. The 

next task is to investigate the performance of wind observation. 
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