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Abstract—Landing mission concepts that are being 
developed for exploration of planetary bodies are 
increasingly ambitious in their implementations and 
objectives. Most of these missions require accurate 
position and velocity data during their descent phase in 
order to ensure safe soft landing at the pre-designated 
sites. To address this need, a Doppler lidar is being 
developed by NASA under the Autonomous Landing and 
Hazard Avoidance (ALHAT) project. This lidar sensor is a 
versatile instrument capable of providing precision velocity 
vectors, vehicle ground relative altitude, and attitude. The 
capabilities of this advanced technology have been 
demonstrated through two helicopter flight test campaigns 
conducted over a vegetation-free terrain in 2008 and 2010. 
Presently, a prototype version of this sensor is being 
assembled for integration into a rocket-powered 
terrestrial free-flyer vehicle. Operating in a closed loop 
with vehicle’s guidance and navigation system, the 
viability of this advanced sensor for future landing 
missions will be demonstrated through a series of flight 
tests in 2012.  
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1. INTRODUCTION 

Future robotic and manned exploration missions to the 
Moon, Mars, and other planetary bodies demand accurate 
knowledge of ground relative velocity and altitude in order 
to ensure soft landing at the designated landing site [1,2]. 
Some missions may even require landing within a few 
meters of pre-deployed assets or landing in a small area 
surrounded by rocks, craters, or steep slopes [3-5]. To meet 
this requirement, a Doppler lidar is being developed by 

NASA under the Autonomous Landing and Hazard 
Avoidance (ALHAT) project [5,6]. The range and velocity 
measurements provided by this lidar sensor will be used by 
an autonomous Guidance, Navigation, and Control (GN&C) 
system to accurately navigate the vehicle to the designated 
landing location.  

The Doppler lidar will begin its operation during the 
powered descent phase from an altitude of a few kilometers 
above the ground. The GN&C system processes the lidar 
data to improve position and attitude data from the Inertial 
Measurement Unit (IMU). The improved position and 
attitude knowledge along with the lidar precision vector 
velocity data enable the GN&C system to continuously 
update the vehicle trajectory toward the landing site. In 
addition to the precision trajectory determination, the lidar 
data will play important role in performing the soft landing 
maneuver. For example, large robotic or manned vehicles 
must control their horizontal and vertical velocities to better 
than 0.5 m/s in order to avoid the risk of tipping over and 
ensure a gentle touchdown. To control to these limits will 
require measurement accuracies to better than 10 cm/s. The 
coherent Doppler lidar, being described in this paper, 
exceeds these requirements by over an order of magnitude. 

The Doppler lidar transmits three laser beams which are 
separated 120 degrees from each other in azimuth and are 
pointed 22.5 degrees from nadir. The signal from each beam 
provides the platform velocity and range to the ground along 
the laser line-of-sight (LOS). The three LOS measurements 
are then combined in order to determine the three 
components of the vehicle velocity vector, and to accurately 
measure altitude and attitude relative to the local ground. 
The LOS velocity and range precision of the lidar has been 
measured to be approximately 1 mm/sec and 5 cm 
respectively.  Compared with radars [2], this sensor offers 
several benefits including small size, high precision, high 
data rate, and tolerance to ground clutter. 
 

2. PRINCIPAL OF OPERATION 

The Doppler lidar obtains high-resolution range and velocity 
information from a frequency modulated continuous wave 
(FMCW) waveform for which the laser frequency is 
modulated linearly with time. Figure 1 shows the 
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transmitted laser waveform and the return waveform from 
the target which is delayed by a time td, the light round trip 
time.  

Figure 1.  Laser frequency is linearly modulated to 
create a sawtooth waveform. Returned waveform 
from the target is delayed in time. In presence of 
platform or target velocity, the returned waveform 
will be Doppler shifted. The difference frequency 
(lower trace) obtained by homodyning the laser and 
returned beams contains both range and velocity 
information. 

 
When mixing the two waveforms at the detector, an 
interference signal will be generated whose frequency is 
equal to the difference between the transmitted and received 
frequencies. This intermediate frequency (IF) is directly 
proportional to the target range defined by the following 
relationship: 

ோ݂ ൌ ସோ஻

்௖
 (1) 

where R is the range to target, B is the modulation 
bandwidth, T is the waveform period and c is the speed of 
light. When the target or the lidar platform is not stationary 
during the beam round trip time, the signal frequency will 
be also shifted due to the Doppler effect. Therefore by 
extracting the frequency during “up chirp” and “down 
chirp” periods of the laser waveform, both the target range 
and velocity can be determined. The range can be 
determined using Eq. (1) combined with Eq. (2):  
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The Doppler frequency shift is determined by: 
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where the Doppler frequency shift is directly related to the 
radial LOS velocity:  

ௗ݂ ൌ ଶ௏

ఒ
  (4) 

To obtain horizontal and vertical velocity components, three 
measurements are made using three different sensor laser 
beams having a-priori pointing knowledge as shown in 

Figure 2. The platform vector velocity, ሬܸറ ൌ ොݔ௫ݒ ൅ ොݕ௬ݒ ൅
 is defined in a coordinate system with its origin in the ,ݖ௭̂ݒ
lidar optical head and its axes in the platform reference 
frame. Then the three independent yet instantaneous 
measured LOS velocities MA, MB, and MC for channels A, B, 
and C respectively are dot-products of the Doppler lidar 
pointing vectors [S] and the velocity vector. 
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Eq. (4) provides three equations with the three unknown 

velocity components that make up the velocity vector ሬܸറ, and 
therefore, it can be solved simultaneously.  
  

 

Figure 2.  Doppler lidar system configuration 
illustrating three transmitted beams and their 
corresponding receivers providing line-of-sight 
velocity and range measurements in 3 different 
directions. 

 
The vehicle altitude relative to the local ground can be obtained 
using either individual or all three LOS measurements. 
Utilizing all three LOS range measurements will provide a 
more representative altitude measurement as it reduces the 
effect of the terrain features such as boulders and is 
independent of the lidar nadir angle. The three LOS range 
measurements can also provide the vehicle attitude relative to 
the ground.  Consider Figure 2, the vector representation of the 
Doppler lidar, where vectors ܣറ, ,ሬറܤ and ܥറ are the unit vectors 
of channels A, B, and C, respectively, multiplied by the 
measured range of each channel. O is a point corresponding 
to the origin of the Doppler lidar reference frame and 
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vectors AB, BC and CA form the ground plane P obtained 
by 

 
AB = OB – OA 
BC = OC – OB (6) 
CA = OA - OC  

 
N is the normal unit vector of the plane P given by 
 

ܰ ൌ  ஻஼௫஺஻

|ே|
 (7) 

 
M is a median vector originating at O and parallel to the 
lidar reference frame z–axis. The magnitude of M is RM, and 
it is used to calculate the above ground altitude (AGL) of 
the vehicle (H in Fig. 2).  Vector M is defined as 

ܯ ൌ ܴெ. ൥
0
0

െ1
൩ . ൥

ොݔ
ොݕ
ݖ̂

൩ ൌ െܴெ̂(8) ݖ 

 
The median vector amplitude RM is found by noting that the 
vector difference (M-OA) is a vector which lies on the 
ground plane P, and therefore can be solved from: 
 

ܰ. ሺܯ െ ሻܣܱ ൌ ܰ. ሺെܴெ െ ሻܣܱ ൌ 0  (9) 
 
Once RM is known, and recognizing that H is parallel to N, 
the vehicle altitude is calculated from 
 

ܪ ൌ ܴெ. ቀ ே.ெ

|ே|.|ெ|
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3. SYSTEM DESCRIPTION 

Figure 3 illustrates the system design concept utilizing an 
optical homodyne configuration. A relatively low power, 
single frequency laser operating at eye safe wavelength of 
1.55 micron, is used as the master oscillator. The output of 
this laser is modulated per the waveform of Figure 1. Part of 
the laser output is amplified to be transmitted and the 
remaining is used as the local oscillator (LO) for optical 
homodyne detection. The lidar transmits three laser beams 
which are separated 120 degrees from each other in azimuth 
and are pointed 22.5 degrees from nadir. The signal from 
each beam provides the platform velocity and range to the 
ground along the laser line-of-sight (LOS). The three LOS 
measurements are then combined in order to determine the 
three components of the vehicle velocity vector, and to 
accurately measure altitude and attitude relative to the local 
ground. 

The main factors determining the precision of the Doppler 
lidar measurement are the spectral linewidth of laser, the 
linearity of the modulation waveform, the signal-to-noise 
ratio, and the signal processor frequency resolution [7,8]. 
Fortunately, the advances in single-frequency fiber laser, 
high quantum efficiency detector, high-speed analog 
electronics, and powerful processor technologies have 

enabled the development a system with sufficient precision 
and operational range for a number of applications including 
planetary landing.   

 
Figure 3.  Doppler lidar system configuration 
illustrating three transmitted beams and their 
corresponding receivers providing line-of-sight 
velocity and range measurements in three different 
directions. 

 
A prototype version of the Doppler lidar has recently been 
completed for a series of demonstration flight tests. As 
shown in Figure 4, the system consists of an electronics 
chassis and an optical head. The optical head will be 
mounted rigidly on the vehicle with a clear field-of-view to 
the ground, and connected by an armored fiber cable to the 
Doppler lidar electronics chassis. It is planned to 
demonstrate the viability of this lidar sensor system for 
future landing missions through a series flight tests onboard 
a rocket-powered terrestrial free-flyer vehicle in 2012. The 
test vehicle, referred to as Morpheus, is being developed by 
NASA-JSC to demonstrate advanced propulsion and GN&C 
technologies for future landing missions [9]. The lidar will 
be operating in a closed-loop with a GN&C system 
controlling the vehicle flight trajectory and soft landing at 
the selected safe site.    

4. SIGNAL PROCESSING 

The Doppler lidar signal processor digitizes and processes 
the output of three optical receivers in real-time and 
produces the vector velocity, altitude, and attitude data at 30 
Hz. A functional block diagram of the lidar signal processor 
is shown in Figure 5. The primary electronic data processing 
components of the Doppler lidar are a field programmable 
gate array (FPGA) board with a stacked analog to digital 
converter (ADC) daughter-board, a single board computer 
(SBC), and an analog and digital data acquisition (DAQ) 
board. The digitized outputs of the three analog receivers 
are demultiplexed in time to separate the up-ramp and 
down-ramp portions of the signal. The FPGA then applies a 
set of high-resolution fast Fourier transforms to the up and 
down-ramp segments of each of the three received signals. 
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Figure 4. Prototype Doppler lidar system consisting 
of an electronic chassis and an optical head. All the 
lidar components, including transmitter laser, 
photoreceivers, and real-time processor, are housed 
in the electronic chassis. The optical head consists of 
three transmit and receive lenses connected to the 
electronic chassis by a fiber optic cable. 

 
The FPGA firmware includes filtering and peak detection 
algorithms for reliable extraction of all six frequencies that 
in turn produce the LOS velocity and range data. The SBC 
performs the computations that generate the components of 
the vector velocity, and the vehicle altitude and attitude with 
respect to ground. The SBC functions as the Command and 
Control (C&C) system which responds to commands from 
the vehicle, transmits the instrument’s measurements, 
interfaces to the FPGA, and controls and monitors the 
internal components of the lidar. These boards consist of 
mostly commercial-off-the-shelf (COTS) components, but 
have a clear potential path to space qualification [10,11].  
 

 
Figure 5.  Real-time signal processor functional 
diagram. 

5. HELICOPTER FLIGHT TESTS 

The capabilities of the Doppler lidar were evaluated and its 
performance characterized through two helicopter flight test 
campaigns. These campaigns were facilitated by NASA-
JPL, and were held at NASA-Dryden in California over 
vegetation-free terrain [12,13]. The first test was conducted 
in 2008 using a breadboard version of the lidar. This test 
consisted of several passes in figure 8 patterns over both flat 
and rough terrains. The lidar head was mounted in a gimbal 
looking nadir during each pass. The maximum altitude of 
this test was limited by the helicopter operational ceiling of 
about 1245 meters above the ground. The results indicated 
excellent agreement between the Doppler lidar velocity data 
and the numerically derived velocity from the data collected 
by a GPS receiver. Comparison of the Doppler lidar and 
GPS altitude data was somewhat difficult since GPS 
provides altitude data relative to the global sea level while 
the lidar directly measures the ground-relative altitude. 
 
The data collected during the breadboard flight test proved 
to be very valuable in improving efficiency and developing 
the real-time signal processing algorithms, and the lessons 
learned help with the design of a compact and rugged 
prototype system. In 2010, the second generation lidar was 
assembled with a configuration similar to the system shown 
in Figure 4, except its data acquisition and processing unit 
was housed in a separate chassis. Characterization of this 
system at the Lidar Static Test Range at NASA-LaRC 
revealed measurement precisions of approximately 1 
mm/sec in LOS velocity and 5.0 cm in LOS range.  A test 
campaign of the sensor mounted on a helicopter followed 
the static tests. This campaign provided the necessary data 
to improve the signal processor firmware and characterize 
the effects of laser speckle on the measurements. Laser 
speckle is random amplitude modulation of the return signal 
caused by the laser beam reflection off rough surfaces. 
Therefore, the signal level occasionally falls below the 
detection threshold resulting in a false alarm. The outliers in 
the data shown in Figure 6 represent the false alarms.  
 
Figures 6 and 7 are examples of the later flight test 
comparing the Doppler lidar data to the data from a high-
grade Inertial Measurement Unit (IMU) and GPS system 
built by Applanix. The Doppler lidar data shows excellent 
agreement with the IMU/GPS data. At the scale of these 
plots, the Doppler lidar and IMU/GPS data essentially 
overlap and are not distinguishable. The mean value of 
discrepancy in magnitude of the vector velocity 
measurements was about 3.5 cm/sec. As explained above, 
quantifying the altitude discrepancies between the Doppler 
lidar and IMU/GPS measurements is challenging since one 
measures altitude with respect to the ground and the other 
relative to sea level.  For the altitude plot of Figure 6, a 
fixed bias was subtracted from the GPS data so it could be 
compared with the above ground level (AGL) altitude 
measurements of the lidar. This ground altitude bias was 
determined from the lidar data at the beginning of the flight 
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taken over a flat, dry lake. The discrepancy in altitude 
measurements is very small and within the scale of the 
ground surface roughness. The analysis of the data collected 
from this latter helicopter flight test campaign reveals 
performance improvements in several aspects such as higher 
signal detection efficiency and lower false alarm rate.  A 
more detailed description of the Doppler lidar and the 
results of the latest helicopter test flights are provided in a 
recent publication [13]. 

 
Fig. 6.  Example of helicopter flight test data, 
comparing the magnitude of platform velocity 
provided by the Doppler lidar and a high grade 
IMU/GPS unit (Applanix). 

Fig. 7.  AGL altitude provided by the Doppler lidar 
compared with Applanix IMU/GPS data corrected 
for ground elevation.  

 
6. SUMMARY 

A fiber-based coherent Doppler lidar, utilizing an FMCW 
waveform, has been developed and its capabilities were 
demonstrated through two successful helicopter flight test 
campaigns. This Doppler lidar is expected to play a critical 
role in future planetary exploration missions because of its 
ability to provide the necessary data for soft landing on 
planetary bodies and for landing missions that require 
precision navigation to a designated location on the ground. 
Compared to radars, the Doppler lidar can provide 

significantly higher precision velocity and altitude data at a 
much higher rate without concerns of measurement 
ambiguities or target clutter. Future work calls for testing 
the Doppler lidar aboard a rocket-powered free-flyer 
platform operating in a closed-loop configuration with the 
vehicle’s guidance, navigation, and control (GN&C) unit.  
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