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LONG-TERM GOALS 
 
In the past three to four years the recognition that GPS signals reflected from the earth’s surface can 
yield useful geophysical information has led to aggressive and successful efforts to begin the exploita-
tion of this phenomenon. Current research has demonstrated performance utilizing only the unen-
crypted C/A code at the L1 frequency of GPS. Information available when using both L1 and L2 is ex-
pected to enhance sea state and wind field retrievals and enable other important measurements. These 
enhancements will further improve performance of GPS as a powerful new tool for remote sensing 
from aircraft, balloon, and space platforms. 
 
OBJECTIVES 
 
The objectives of this research effort will be to quantify the capability of GPS receivers, using the full 
extent of the GPS L1-L2 signal structure, to remotely determine sea state and relative time delay from 
sea surface reflected signals. The accuracy of wind speed and direction retrievals will be both modeled 
and experimentally investigated. Model predictions for space-base performance will be made along 
with identification of required instrumentation enhancements to maximize performance. 
 
APPROACH 
 
The differences between the reflected signal at L1 and L2 will be modeled. This model will include a 
Kirchoff approximation diffraction version to retain the wavelength dependence and the statistical 
properties. The improvement in determination of gross delay (ionosphere application) and correlation 
power width (sea state/wind fields) will be determined. Cross-correlation of the L1 and L2 signals, 
both in complex form and mean square form, will be investigated. Matched filtering will be applied to 
those signals that can be shown to retain characteristics of the surface roughness. Inferences as to the 
surface correlation function and relative time delays (ionosphere application) will be studied. The abil-
ity to determine wind direction will be assessed to attempt to yield the full wind field, magnitude, and 
direction on the sea surface. 
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The types of receivers that might be employed for model verification and test of theoretical predictions 
are broadband sampling receivers that require post processing to extract correlation power versus delay 
for each of the various satellites and conventional P(Y) code receivers from companies such as Allen 
Osborne, Ashtech, Motorola, etc. A software GPS receiver has already been built by the Applied Phys-
ics Laboratory of Johns Hopkins University (JHU-APL); this receiver will be upgraded to accommo-
date the wider bandwidth of the P(Y) code. The data to be taken will require the encryption keys for 
the Y code.  
 
A measurement campaign has been defined to produce the data products for evaluation. This includes 
the location of data takes, the in situ data required, coordinate instrumentation, the sea state, and other 
conditions needed and the logistics involved.  
 
WORK COMPLETED 
 
1. Theoretical studies were done to continue the theoretical foundation for the surface reflection phe-

nomena. Models of wind direction effects have been extended beyond bivariate Gaussian versions 
by use of the Cox and Munk empirical formulations. 

 
2. Final design of the GPS receiver for surface reflection research using both L1 and L2 frequencies 

was completed with breadboard in October 2000. 
 
3. Fabrication and test of the GPS receiver board capable of recording direct and reflected signals was 

completed in March 2001. Y Code facility was demonstrated in April 2001, at which time signal 
acquisition at both L1 and L2 was demonstrated. The three boards were operational in July 2001. 

 
4. Aircraft integration was completed in July 2001 and first flights were accomplished on July 12, 13, 

16, and 17. Analysis of data is currently under way with initial results presented later in this report. 
 
 

 
Figure 1. Johns Hopkins Applied Physics Laboratory surface reflection receiver 

 installed in light aircraft for first experimental flight series. 
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RESULTS 
 
Theory 
 
As mentioned above, modeling was done to use the Cox and Munk slope probability density to predict 
scattering. This density is based directly on empirical measurements while the Gaussian is only indi-
rectly based on measurement. The Cox and Munk form exhibits a once per 360°-direction variation, 
unlike the Gaussian model. A comparison of the pure Gaussian with the Cox and Munk Gram-Charlier 
form is illustrated in Figure 2.  
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Figure 2. Azimuth integrated scattering function using Cox and Munk PDF, (a) versus wind direc-
tion in 16 steps per 360° and Gaussian version (b) at 20 m/s, 45° elev. 

 
 
P(Y)-Code Results 
 
The objective of this element of the research project is to determine the utility of acquiring both GPS 
reflected signals, L1 and L2. These signals only have the same form for the P-Code signal since the 
C/A-code impressed on the carrier at L1 is not on the L2 signal. Among the topics being investigated 
are the similarity of the two signals, the use of the two signals to improve wind speed retrievals, the 
use of the two signals to determine relative delay between the two (for possible application at satellite 
altitudes), and the use of the P-Code signals to provide wind speed and direction at approximately 1/3 
the altitude required for the C/A-Code. 
 
Data from the flights was collected and then processed using the appropriate Y-Code encryption keys 
to extract power versus delay for the surface reflected signals. Both L1 and L2 yielded reflected sig-
nals. Two days were devoted to ocean reflection, with in situ data derived from the over-flights of 
NOAA buoy 44014 (Virginia Beach Buoy) located at 36.58 N 74.84 W (36°34'59"N 74°50'24"W).  
 
Improvement in the mapping resolution of the integrated scattering function for P(Y)-Code compared 
to C/A code is apparent in Figures 3 through 6. The first figure represents previous results for power 
versus delay using the C/A code and indicates the very small change from a “lambda-squared” func-
tion from which wind speed determination must be made. 
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Figure 3. Flight path for one of buoy overpasses. Buoy is NOAA buoy number 44014 
 (“Virginia Beach Buoy”) off southeast coast of Virginia. 

 
 
The subsequent two figures represent the scattering function at L1 and L2 using the P(Y)-Code with its 
order of magnitude finer range cell (30 meters versus 300 meters). Wind speeds for these measure-
ments were approximately 6.2 meters per second (one hour average) with sustained gusts to approxi-
mately 9.0 meters per second as reported by Virginia Beach Buoy. 
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Figure 4. Power versus delay for C/A code for buoy overflights on July 17, 2001.  
Wind speeds were approximately 6 meters per second. 

 
 
Initial data analysis indicates highly variable degrees of cross correlation between the two signals at L1 
and L2. As can be seen from Figure 4 and Figure 5, the curves look similar, but are not identical. These 
data represent 41, one millisecond averages. Some samples processed show reasonable degrees of cor-
relation, while many others do not. 
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What is more surprising is the lack of correlation between contiguous samples at the same frequency. 
That is, if a representative one-millisecond sample is cross-correlated by an adjacent one-millisecond 
sample, there appear to be highly variable results. The concept of a “frozen sea” consists of the as-
sumption that the surface of the water can only change over time intervals of tens of milliseconds. In 
one millisecond, conversely, the sea is assumed not to change perceptibly. Taken together these intro-
duce a condition known as “Rayleigh-fading.” Independent samples occur only after the sea surface 
evolves, or over time intervals of a few tens of milliseconds. 
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Figure 5. Power versus delay at L1 using P(Y)-Code on July 17, 2001. 
 The increased resolution is apparent when compared to the C/A code above. 
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Figure 6. Power versus delay at L2 using P(Y)-Code on July 17, 2001. 
 
 
IMPACT/APPLICATIONS 
 
Operational, realtime avionics/displays of surface roughness, wind speed, and direction for littoral op-
erations. Space remote sensing of surface wind fields in “piggy -back” mode. 
 
TRANSITIONS  
 
(In process) 
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