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In February 2004, a NASA-Langley GPS Remote Sensor (GPSRS) unit was flown on an 
Aerosonde unmanned aerial vehicle (UAV) from the Wallops Flight Facility (WFF) in 
Virginia.  Using direct and surface-reflected 1.575 GHz coarse acquisition (C/A) coded GPS 
signals, remote sensing measurements were obtained over land and portions of open water.  
The strength of the surface-reflected GPS signal is proportional to the amount of moisture in 
the surface, and is also influenced by surface roughness.  Amplitude and other 
characteristics of the reflected signal allow an estimate of wind speed over open water. In 
this paper we provide a synopsis of the instrument accommodation requirements, 
installation procedures, and preliminary results from what is likely the first-ever flight of a 
GPS remote sensing instrument on a UAV. The correct operation of the GPSRS unit on this 
flight indicates that Aerosonde-like UAV’s can serve as platforms for future GPS remote 
sensing science missions.  

Nomenclature 
γI = angle of incidence (direct signal) 
γR = angle of reflection 
h = Instrument/aircraft altitude 
L1 = direct signal path 
L2 = reflected signal path 
PA = aircraft flight path 
Ps = aircraft ground track (specular point path) 
S = specular point 

I. Introduction 
N recent years the use by NASA of unmanned aerial vehicles (UAV’s) for Earth remote sensing has been 
envisioned. Preliminary efforts are underway to utilize these platforms as substitutes for manned aircraft in order 

to reduce the cost of field campaigns.  NASA’s Science Mission Directorate has examined the use of UAV’s as 
suborbital assets and is evaluating their potential in support of global remote sensing missions.  In addition, under 
NASA’s Vehicle Systems Program, technology is being developed to enhance the science capability of UAV’s.  
While these technologies will improve vehicle performance, an integrated view of the measurement approach, 
sensor concept, and vehicle system requirements is necessary to further increase the utility of UAV’s for earth and 
planetary remote sensing. 

I 

Given the inherent advantages of UAV’s, it is likely that new science measurement capabilities will emerge as 
innovative remote sensing instruments, targeted specifically for use on UAV platforms, are designed and deployed. 
New UAV “sensor system” measurements might include ones that require spatial resolutions that are difficult to 
achieve from low earth orbit (LEO) altitudes, or measurements of extremely localized physical phenomena that 
require high temporal sampling, e.g. cyclonic storm development or spatial “point sources” such as volcanic 
eruptions.  Based on the initial flight of our GPS remote sensing unit on the Aerosonde UAV, we view as feasible a 
custom antenna/UAV system designed for long-duration (multi-day or longer) GPS remote sensing of sea state and 
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wind speed over targeted areas. In general, many important and challenging measurements can be obtained or 
improved by taking an integrated sensor/UAV system approach. 

In February 2004, a NASA-Langley GPS Remote Sensor (GPSRS) unit was flown on an Aerosonde UAV from 
the Wallops Flight Facility (WFF) in Virginia. Using direct and surface-reflected 1.575 GHz coarse acquisition 
(C/A) coded GPS signals, remote sensing measurements were obtained over land and portions of open water. This 
was a demonstration flight designed to show that the Aerosonde UAV could accommodate the Langley instrument 
and that the vehicle could serve as a GPS remote sensing platform. To our knowledge, this was the first-ever flight 
of a GPS remote sensing instrument on a UAV. 

The continuous transmission of L-band signals from GPS satellites means that only a receiving unit is required to 
obtain measurements.  Additionally, the range code inherent in the GPS signal defines the maximum spatial 
footprint.  This allows the use of a smaller, lower gain antenna (6 inch diameter, hemispherical) than what would 
otherwise be required for similar spatial resolution with a non-range coded signal.  The combination of small 
antenna size, low-weight, and compact electronic packaging makes the Langley GPSRS well suited to science data 
gathering missions with an Aerosonde-like UAV as the instrument platform.  

In this report, we provide a synopsis of the instrument accommodation requirements, installation procedures, and 
in-flight data acquisition operations for the flight on the Aerosonde. Along with an overview of the GPS remote 
sensing technique, preliminary wind speed and surface reflectivity results from the flight are presented. 

     

II. Background 
This section provides background information on the general GPS remote sensing technique as well as on the use 

of GPS remote sensing for wind speed retrieval over water.  
Use of the Global Positioning System (GPS) satellite L-band (1.57542 GHz) signal for remote sensing rather 

than solely for navigation was begun in the mid-1990’s. Katzberg and Garrison performed early theoretical (1996)1 
and empirical work (1997)2 for using the GPS surface-reflected signal to measure ocean wind speeds3,4 and to 
perform remote sensing of wetland areas5.  Their work included development of the aircraft-based GPSRS 
instrument (also known as a ‘Delay Mapping Receiver’), which is capable of simultaneously measuring both the 
direct and reflected signals from one or more GPS satellites. Since the GPS signal is strongly reflected from water, 
studies by Masters, Zavorotny, Katzberg, and others6-8 have recently focused on characterization of the land-
reflected GPS signal as a function of soil moisture. Previous work in this area also includes our use of GPS land-
reflected signals in combination with traditional aerial imagery for unsupervised terrain feature classification9. 

A. GPS Remote Sensing Technique 
In this study, both the directly transmitted, right-hand circularly polarized (RHCP) satellite signal and the 

surface-reflected, left-hand circularly polarized (LHCP) signal are used.  Signals (direct and reflected) are obtained 
from the highest satellite in view, and are acquired using RHCP and LHCP antennas on the top and underside, 
respectively, of the aircraft. The calibrated ratio of reflected-to-direct instrument output signals provides a measure 
of surface reflectivity.  Additionally, the unique satellite identification code embedded in the GPS signal, along with 
known GPS satellite geometry and local elevation data, allows the GPS signal mirror reflection (specular) point 
ground track to be calculated and plotted on a geographic coordinate grid.   

Fundamentally, the strength of the surface-reflected GPS signal is proportional to the amount of moisture in the 
surface and is also influenced by surface roughness.  Because the signal is strongly reflected from surface water, the 
use of amplitude and other characteristics of the reflected signal allow an estimate of wind speed over open water. 

Figure 1 shows the direct and surface-reflected GPS signal paths from the satellite to the GPSRS unit.  Signal 
path L1 is the direct path from the satellite to the airborne instrument located h meters (m) above local terrain.  Path 
L2 is from the satellite to the x-y surface plane of the terrain, and then from the surface to the instrument (dotted 
line).  To compute specular point, S, the surface is assumed to be flat and mirror-like to the GPS signal. Thus the 
angle of reflection, γR, equals the incident angle, γI. Note that the shortest reflected signal path is through point S.  
For the near-specular case, only signals reflected from a region of the surface approximately the size of the first 
Fresnel zone (centered at point S) will reach the LHCP antenna. 

As the airborne instrument moves along path PA, parallel to the x-y surface, the specular point ground track (or 
simply the “ground track”), PS, is formed along the surface.  Note that GPS only provides altitude measurements 
relative to the WGS84 ellipsoid model of the earth’s surface10, therefore local terrain elevation data is required to 
compute the true altitude, h.   
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In operation, the GPSRS records data values proportional to the direct and reflected signal power at 0.1-second 
intervals. The direct signal, which has a relatively constant power level, is used to obtain aircraft position. Reflected 
signal power is concentrated around specular point S, and 
decreases with distance from the specular point (and with the 
corresponding increase in signal transit time delay). This 
power vs. [time] delay characteristic of the reflected signal is 
measured by the instrument and is used for wind speed 
estimation.  

B. Wind speed Measurement Technique 
An outline of the wind speed measurement technique is 

presented here, with further detail given in Ref. 11. 
From signal theory, it is known that the maximum 

response of a linear [time-invariant] system is obtained when 
the system impulse response is a time-reversed copy of the 
input waveform12. As discussed in Ref. 12, such a “matched 
filter” system will produce the optimum signal-to-noise ratio 
given an input signal contaminated only by Gaussian white 
noise. In this instance, the time-reversed impulse response 
results in the system output convolution becoming a cross-
correlation.  

For the GPS case, the signal is contaminated with 
additive thermal noise not correlated with the transmitted 
signal, and we also note that the transmitted signal power at 
the earth’s surface is actually well below the additive thermal 
noise power of the receiver front-end13. When the transmitted s
often termed “fading noise” results due to the random phase
individual portions of the reflecting surface. The total noise in 
noise plus additive thermal noise from the receiver. 

In the data processing software, the matched filter metho
received power vs. delay waveform with a number of possible 
satellite elevation angle.  Wind speed is then inferred from 
correlation.  Even with a theoretically non-ideal noise condition
GPS signal power during nominal flight times (on the order of 3
characteristics, the matched filter technique has proven effective

 

III. Aerosonde Overview and Instr
 A brief overview of the Aerosonde UAV is provided in this 
requirements for the flight.   
 The Aerosonde is a single-engine unmanned aerial vehicle 
[13]. The UAV can be remotely piloted or may be operated in 
remotely piloted by a trained Aerosonde operator. In addition to
the vehicle can carry an additional five-pound payload with a fu
 The GPS unit used in this study weighs approximately f
electronic boards in the PC/104 form factor. During operation th
volts (V), and can operate with a supply voltage of between 12 a
Aerosonde fuselage and the unit was powered with 18V supplie
the remote sensor unit was used for this flight although for
customized to Aerosonde power connections and fuselage dimen
 Once power was applied to the UAV, the GPS unit bega
vehicle from launch through landing (Fig. 2).  All GPS data (bo
non-volatile (“Flash”) memory and were processed post-fli
enhancements to the GPS receiver software will allow data to be
real-time processing and data display.   
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Figure 1. GPS remote sensing geometry. 
Direct (L1) and Reflected (L2) Signal Paths to 
GPS Remote Sensor (GPSRS).
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Direct (L1) and Reflected (L2) Signal Paths to 
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ignal encounters the surface of rough water, what is 
 shifts associated with individual wave facets, i.e. 
the reflected signal is therefore comprised of fading 

d is implemented by taking the correlation of the 
template waveforms, given the aircraft altitude and 
the ideal waveform that results in the maximum 
, because of the relative stability of the transmitted 
0 minutes to two hours) and subsequent stable noise 
 for measuring both land and water reflections. 

ument Accommodation 
section, along with GPS instrument accommodation 

with a 10-foot wingspan, weighing 27 – 30 pounds 
an autonomous mode.  For this flight, the UAV was 
 onboard communication and navigation electronics, 
ll fuel load.   
our pounds and consists of a multi-layer stack of 
e unit draws approximately 500mA at a nominal 18 
nd 40V.  The board stack was placed directly in the 

d by a generator onboard the UAV. No enclosure for 
 future missions a shielded electronics enclosure, 
sions, would likely be built. 

n acquiring data and recording the location of the 
th direct and reflected channel data) were stored in 

ght.  For future long-duration missions, planned 
 downlinked via the Iridium satellite system for near 
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IV. Measurement Results 
Figure 2 shows the Aerosonde flight track and color-coded reflected signal data superimposed on a digital 

orthoquad image (georeferenced pixels) of the Wallops Flight Facility area.  As can be seen in the figure, the vehicle 
flew over land, marsh, man-made facilities and open water. Because of the aircraft agility in flight, sharp turns 
sometimes resulted in loss of synchronization with the satellite signal. Evidence of signal loss may be seen from the 
discontinuities in the ground tracks of Figure 2.  
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Figure 2. Aerosonde ground track and signal.  
Color-coded reflected signal data/ground track of Aerosonde flight, on 27 Feb. 2004, over
Wallops Flight Facility near Chincoteague, Virginia (tracks on orthoquad image). Darker
red indicates stronger signal. 
eed retrievals were performed using portions of the flight data over open water (Figure 3).  These 
the flight path coincide with a tidal marsh lagoon. Because the image in Figures 2 and 3 is from 1992, it 
hat some migration of the lagoon may have occurred between 1992 and the flight in 2004. However 
es in the landscape do not appear to have occurred, given that the data (dark red color-coded data) 
undaries of the lagoon relatively well. 
-derived wind speed (m/s) is plotted in Figure 4 as a function of flight path latitude, at 0.1 second 
e retrieved wind speed varies from approximately 3 to 15 m/s, and is approximately 11 m/s, on average.  
eather station data (Delaware Bay buoy) indicate that wind speeds in the area during the flight were 
 at 11.8 m/s (with gusts to 13.8 m/s) and 11.3 m/s (with gusts to 13.2 m/s) at 1400 hours and 1500 
tively (Table 1).  
 this flight of the GPS system was primarily for demonstration purposes and not for quantitative results, 
ived wind speeds are reasonable when compared to the buoy data. During typical wind speed 
t missions, data are generally acquired over larger portions of open water, uninterrupted by land, as 
 the data runs on this initial UAV flight. Given the fairly constant wind speeds from the buoy, 
ts over a larger body of water would likely have had lower variability than that observed during this 
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Figure 3. Ground tracks (and data) used for windspeed retrieval 
Ground tracks over marsh lagoon showing location of data used for wind speed retrieval. 
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Figure 4. GPS-Measured Wind Speed. Wind speed in meters per second vs. 
latitude (degrees) of the flight path over the marsh lagoon. 

Table 1. Delaware Bay Buoy 44009 February 27, 2004, 
1400 and 1500 hours.
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Figure 5 is a plot of the preliminary (uncalibrated) surface reflectivity, i.e. the reflected-to-direct channel ratio. 
We note that there was a significant fluctuation in the direct signal that depended on aircraft flight direction. 
Although this “multipath” reflection effect has been seen on a number of previous missions, the signal variation may 
have been accentuated by the lack of a metallic ground plane for the top (direct) antenna. As mentioned previously, 
the combined antenna and vehicle configuration would be a key part of any dedicated UAV/GPS remote sensor 
system design. 

In order to compute surface reflectivity, the reflected channel values (digital counts) were divided by the average 
value of the direct channel. Due to temporary losses of satellite lock during the flight, further processing would be 
required to calibrate and fully align the data with surface features. This being the case, the uncalibrated surface 
reflectivity is still in a range (~0 to 1.5) that has been observed on previous missions. This, along with reasonable 
windspeed measurements, indicates that the instrument was functioning properly.    
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Figure 5. GPS Reflectivity. Preliminary (uncalibrated) reflectivity,
reflected-to-direct channel ratio. 
V. Conclusion 
 overview of what is, to our knowledge, the first-ever flight of a GPS remote sensing instrument 
rial vehicle has been presented.  The utility of an Aerosonde-like vehicle for use as a GPS remote 
as been demonstrated by successful operation of the Langley GPSRS instrument on the 
lthough designed as a demonstration flight, data were acquired that allowed a relatively accurate 

ind speed, as compared to buoy data.  Additionally, the uncalibrated surface reflectivity was 
ectivities measured on previous flights over areas of dry land and water. 
ions, the antenna ground plane and/or electromagnetic shielding will likely need to be improved 
he variability of the direct signal. To avoid temporary loss of satellite lock, the UAV pilot must 
ness of aircraft turns, especially over targeted measurements areas. The Aerosonde or similar 
otely piloted or that operate autonomously, and which can remain on-station for relatively long 

w promise as GPS remote sensor data gathering platforms. 
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