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Wind Speed Measurement Using Forward Scattered
GPS Signals

James L. Garrison, Member, IEEE, Attila Komjathy, Valery U. Zavorotny, and Stephen J. Katzberg

Abstract—Instrumentation and retrieval algorithms are de-
scribed which use the forward scattered range-coded signals from
the global positioning system (GPS) radio navigation system for
the measurement of sea surface roughness. This roughness has
long been known to be dependent upon the surface wind speed.
Experiments were conducted from aircraft along the TOPEX
ground track and over experimental surface truth buoys. These
flights used a receiver capable of recording the cross-correlation
power in the reflected signal. The shape of this power distribution
was then compared against analytical models, which employ a
geometric optics approach. Two techniques for matching these
functions were studied. The first recognized the most significant
information content in the reflected signal is contained in the
trailing edge slope of the waveform. The second attempted to
match the complete shape of the waveform by approximating it
as a series expansion and obtaining the nonlinear least squares
estimate. Discussion is also presented on anomalies in the receiver
operation and their identification and correction.

Index Terms—Bistatic radar, global positioning system (GPS),
oceanography, retrievals, scatterometry.

I. INTRODUCTION

I T HAS long been recognized that the reflection of elec-
tromagnetic radiation from the ocean surface contains

information about the statistical properties of that surface.
These statistics are indirectly related to the near-surface
meteorological conditions. This relationship forms the basis
of most oceanographic radar remote sensing systems. Most
experiments to date, however, have used systems employing a
dedicated transmitter and receiver. Furthermore, these systems
have predominantly been monostatic, measuring the power of
the backscattered radiation. The possibility of using the radio
navigation signals from the global positioning system (GPS)
as a source of illumination in a forward-scattered radar remote
sensing instrument for sea surface roughness was first pre-
sented, along with preliminary experimental measurement, in
[1]. This measurement technique is unique, not only in the use
of a bistatic geometry with existing sources of radio frequency
illumination, but also in the use of the correlation properties of
the pseudo-random noise (PRN) signal transmitted by GPS as
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opposed to requiring a direct measurement of received power.
Reflected GPS signals have also been proposed to be used as a
bistatic satellite altimeter [2], [3].

The technique in [1] measures the shape of the cross-correla-
tion between a reflected signal and the locally generated PRN
code. This paper documents the subsequent research performed
to mechanize this instrument concept, involving the construc-
tion of a specialized GPS receiver and the inversion of bistatic
scattering models to estimate wind speed from correlation mea-
surements. Two campaigns of aircraft flights were conducted to
provide a determination of the absolute accuracy of this method
in comparison to surface truth data, as well as its precision rel-
ative to presently operating satellite instruments.

II. EXPERIMENT DESCRIPTION

A. Measurement Technique

Consider first the reflection of a GPS signal from a perfectly
flat surface. The reflected signal will come primarily from a dis-
tribution of points within the first few Fresnel zones. However,
[4] has shown that this approximation leads directly to the geo-
metric optics limit. Therefore, reflections from a perfectly flat
surface can be approximated as a single ray path. Other than a
change in polarization from exclusively right hand circular to
predominantly left hand circular (which can be accounted for
with a proper antenna design), the reflected signal will appear
identical to a direct signal delayed by the path length difference
to the specular point. Consequently when the cross-correlation
between this signal and the locally generated PRN code is com-
puted as a function of the relative delay between the two signals,
it would ideally be described by the function

otherwise
(1)

in which is the relative delay (in distance) between two codes,
and is the length of one code “chip” or bit transition in
the PRN code sequence (293 m for the C/A code used exclu-
sively in this experimentation). For more details on the funda-
mentals of GPS receiver technology, the interested reader is re-
ferred to several textbook references [5] and [6]. Given the inco-
herent nature of the reflected signal, it is best to work only with
power, not voltage signals, therefore the square of this function

is used from now on.
When the surface is not perfectly flat, but has some random

variation in height, then the incident radiation will be reflected
from points having a distribution in path length delays near that
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from the specular point. A distribution in surface heights will re-
sult in some small fraction of the reflected signal arriving earlier
than that from the specular point delay. This effect will be ne-
glected, as justified later in this paper. The more important effect
is the slope of surface facets allowing reflections to occur from
points away from the specular point, resulting in longer path
length delays. The result of this is that all of the reflected signal
power no longer arrives with a single time delay, but rather with
a continuous distribution in delay. When the cross-correlation
is performed, the result will therefore be an infinite sum of the

functions at these delays, scaled with the relative power den-
sity. This infinite sum can be expressed as a convolution of the
reflected power distribution with the function. A more rig-
orous derivation is provided in [7]

(2)

The power per unit delay is itself computed by the inte-
gral of reflected power over all points with delay. (The locus
of these points forms an ellipse on a flat reflecting surface).
Qualitatively, the reflecting surface roughness increases with in-
creasing surface wind speed. The physical mechanism is that
high wind will increase the mean square slope, allowing a higher
probability of reflections at longer distances from the specular
point.

Analytical and empirical models have been generated for this
dependence [8], [9] and [4]. The application of them for the
retrieval of wind speed will be developed in this paper.

B. Instrumentation

A GPS receiver development system [10], based upon the
MITEL 2010 front-end and 2021 correlator chips, was used to
make the first experimental measurements of ocean-reflected
GPS signals for this purpose. Software was written for this re-
ceiver board to allow direct open-loop control of the correlator
code delay and the down conversion frequency for a set of cor-
relator channels operating on the 2 bit digitized signal from a
downward-looking left hand circularly polarized (LHCP) an-
tenna. An automatic gain control (AGC) is used such that the
noise-like signal has a constant average power prior to correla-
tion. In other words, the sampled signal has a zero mean and a
constant variance. This receiver was capable of tracking direct
line of sight satellites through a zenith-oriented right hand cir-
cularly polarized (RHCP) antenna and recording the cross-cor-
relation function from the same six satellites viewed as reflected
signals using a nadir-oriented LHCP antenna. Two modes of op-
eration for the receiver were defined: serial and parallel.

The serial delay mapping receiver (SDMR), tracks up to six
direct satellites and generates a position and time solution from
their pseudroanges. This position is used to initialize the code
delay and Doppler frequency in the reflected channels. The
code delay is set to approximate a specular reflection delay
of within the nearest half code chip (is the receiver
altitude and is the satellite elevation angle.) It then records
the correlation power from the reflected signal in 32 range
bins for each of the same six satellites by sequentially stepping
through relative delays and performing a coherent integration

of the inphase and quadrature components for 1 ms at each step.
The correlation power is then computed as the sum square of
these two components. This power in each range bin is passed
through a moving average filter and then saved to disk once per
second. The commanded code delay of each reflected channel
correlator relative to that for the direct (tracking) channel is
also saved.

The Parallel Delay Mapping Receiver (PDMR), illustrated
in Fig. 1 continuously records the cross-correlation in ten to
12 range bins at fixed delays all from one or two satellites.
The coherent integration time is fixed at 1 ms on the corre-
lator chip hardware. However, the sum square of the inphase
and quadrature components is (incoherently) averaged for 0.1 s
before being saved to disk. Furthermore, samples of the relative
code phase between the direct and reflected channels are taken
at each 0.1 s interval. This improves the ability to reference the
waveform samples to specular point delays. The PDMR has an
improvement in signal to noise ratio of 10 dB over the SDMR
at each sample.

In the PDMR, the timing differences between the direct
channel and the parallel reflected channels is measured each
0.1 s to a precision of 1/2048 chip. This knowledge allows
subsequent samples to be better aligned with the true estimate
of the specular point during postprocessing, taking out much
of the error resulting from aircraft motion.

C. Data Collection Campaigns

The first collection of correlation data from reflected GPS
signals occurred on four aircraft flights between July and
November, 1997. These early experiments compared measured
waveform shapes collected under a variety of sea state condi-
tions [as measured on buoys operated by the NOAA National
Data Buoy Center (NDBC) buoys] [1].

Two aircraft flight campaigns were subsequently conducted
in which this receiver was flown in conjunction with surface
truth measurements and the TOPEX satellite altimeter. The pur-
pose of these experiments was to provide comparison data for
wind speed retrievals from the reflected GPS signal. The NASA
Goddard Space Flight Center C-130 aircraft operating out of the
NASA Wallops Flight Facility was flown along the TOPEX-Po-
seidon ground track (cycles 107, 110 and 111, pass no. 228)
on three different days (on May 5, June 6, and June 15, 1998)
and the B-200 King Air aircraft from NASA Langley Research
Center was flown under TOPEX ground tracks on December
7, 1999, November 11, 1999 and December 29, 1999. These
flights offered the first direct comparison between cross-corre-
lation measurement from the delay-mapping receivers and ex-
isting instruments.

In addition, the B-200 aircraft was used in conjunction with
the Space and Naval Warfare Systems Command (SPAWAR)
Electro-Optical Propagation Assessment in Coastal Environ-
ments (EOPACE) Program, sponsored by the Office of Naval
Research (ONR). These flight experiments took place off the
coast of Duck, NC, on five different days (March 1, 5, 8, 11, and
12, 1999) using a similar ground track. Surface truth data were
available at three different locations: the Duck meteorological
station (DUCN7) and two research buoys provided for this
experiment.
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Fig. 1. Parallel delay mapping receiver (PDMR).

On August 22, 1998, the SDMR hardware was carried to alti-
tudes in excess of 25 km on a balloon experiment conducted by
the Virginia Space Grant Consortium (VSGC). This experiment
collected data that first mapped the altitude dependence of the
reflected signal waveform shape [11].

On all of the aircraft flights, an Ashtech Z-12 survey receiver
was also carried. Differential corrections were used with post-
processing software to determine the aircraft flight path very ac-
curately from this receiver. Precise GPS ephemerides from the
National Geodetic Survey [12] were also obtained for the days
of the flights.

III. I NDEPENDENTSOURCES OFDATA FOR COMPARISON

The TOPEX radar altimeter on the TOPEX/Poseidon satel-
lite essentially provides the sea surface height from the elapsed
time in two way journey, from the satellite to the surface and
back, of the radar pulse. In addition to giving estimate of sea sur-
face height, it also gives significant wave height (SWH) from the
slope of the leading edge of the returned pulse and wind speed
over the ocean from the strength of the returned backscattered
power. The scattering from the surface depends upon surface
roughness, which in turn depends on wind speed. An altimeter
provides the estimate of ocean surface wind speed from the mea-
surement of normalized backscattering cross sectionof the
sea surface [13]–[16].

TOPEX computes using the well-known radar equation
[17]. It assumes that is constant over the area for a spher-
ically expanding short pulse incident on a smooth sea surface
[15]. The is computed from the ratio of the power received
( ) and the power transmitted () modified by losses such
as wave guide loss (i.e.,measured power is different from
transmitted power), attitude loss (i.e., off-nadir pointing),
and atmospheric loss . These three loss terms, each greater

than one, correct the received power.is solved for using the
following equation:

(3)

in which is the peak antenna gain,is the speed of light,
is the radar wavelength, is the radar pulse duration, the
mean radius of Earth, andis the height above nadir point [18].

The wind speed measurements are derived using the model
function provided by Witter and Chelton [19] (see also [20]).
This function is an empirical relationship between wind speed
and TOPEX-derived values derived from some 240 000
Seasat scatterometer measurements. TOPEX measuredare
converted to wind speeds by a linear interpolation between
tabulated values of and wind speeds in the Seasat data
base. In general, the radar altimeter gives wind speed with an
accuracy of 2 m/s in the range of 2 to 15 m/s. The lower and
upper limits are due to the inherent measurement limitations
associated with specular reflections [19].

IV. SCATTERING MODEL

A theoretical model of GPS reflections in the near-specular
forward direction has been derived from the geometric optics
limit of the Kirchhoff approximation for the bistatic, rough-sur-
face scattering problem [4] (see also, [21]). This model was used
to generate the predicted shape of the cross-correlation wave-
form as a function of surface wind speed. These waveforms, ap-
proximated either with an exponentially decaying trailing edge
slope (linear on a decibel scale) or with a series expansion, were
then used in a parameter estimator to determine the optimal
wind speed estimate given experimental waveform samples.
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The geometric optics model works well for a strong LHCP
signal, which is of primary interest. It considers only quasispec-
ular reflections from the large-scale (larger than several radio
waves) components of the rough surface. The contribution from
a small-scale roughness is insignificant for this type of polariza-
tion and at these angles. For a weak RHCP signal, this approx-
imation does not work and the first-order small-slope approxi-
mation is needed, which accounts both for large- and small-scale
surface components [22]. Therefore, the LHCP scattered signal
(voltage) accumulated for an integration time ofat the re-
ceiver position can be expressed by the integral taken over the
mean sea surface

(4)

Here, is the initial footprint of the receiver antenna
in terms of an amplitude. Functions and are
distances from the transmitter and the receiver, respectively, to
some point on the uneven surface. The polarization sensitive
function describes propagation and scattering processes
in the geometric optics limit of the Kirchhoff approximation.
For aircraft and balloon altitudes, the Earth’s curvature is
neglected. The Doppler effect caused by relative motion of the
transmitter, receiver, and Earth’s surface can be considered
as uniform within the surface area of interest. For the low
gain hemispherical antennas used on all of these experiments,
the antenna gain can be assumed to be uniform over
the glistening surface. The function is expanded into
surface distances in (5), and the scattering cross section in (8).

The average power following correlation ( ) as a func-
tion of a relative delay is obtained by squaring inphase and
quadrature components of the signal voltage and then averaging
over the accumulation time . Assuming that integration over
the accumulation time is equivalent to averaging over a sta-
tistical ensemble of surface elevations and making some addi-
tional simplifications we arrive at the following equation:

(5)

Here, distances and have meaning of distances from the
transmitter and the receiver, respectively, to some point on the
mean sea surface. This type of equation is known as a bistatic-
radar equation. Equation (5) is a more precise form of (2) as can
be shown by use of the mathematical identity

(6)

Upon substituting (6) into (5) and comparing it with (2) we
obtain

(7)

The -function under the integral symbolizes a contribution
to the received power from an infinitely thin elliptic annulus on

the surface. The full power is a result of a convolution with
.

Factor can be taken out of the integral in (5) for the case
of a low-gain antenna. The function occupies the area of
an elliptic ring expanding with and only accumulating signal
power from the elliptic ring (also known as annulus zone). Be-
cause of this, the integration in (5) includes only the part of a
surface, which satisfies the condition .
The quantity is the normalized bistatic scattering
cross section of the ocean surface. This is a function of the sur-
face slope at the positionon the surface. This slope is conve-
niently describe by the vector , in which
and are wave vectors of incident and scattered waves, respec-
tively. can be represented as

(8)

Here, (8) is limited to a regime of so-called diffusive scattering
from sea surface (or large values of the Rayleigh parameter).
The value of depends on a complex Fresnel coefficient

. in turn depends on the polarization, the complex
dielectric constant of sea water, and the local elevation angle.

in (8) is the probability density function (PDF) of
surface slopes. These slopes characterize only the large-scale
part of the ocean surface. The most probable orientation of
slopes on the ocean surface is parallel to the horizontal plane
( ). Thus, the PDF has a maximum for slope of zero, and
the bistatic cross sectionhas a maximum at nominal specular
direction with respect to the mean sea surface.

The probability distribution of surface slopes is dependent
upon the wind speed and direction. Statistics of these slopes
are assumed to be Gaussian with wind-dependent upwind and
cross-wind variances . These variances can be estimated
from data obtained in the Cox and Munk optical measurements
[9] for the ocean surface with slicks that has suppressed gravity-
capillary and capillary waves shorter than 30 cm. A more conve-
nient way is to obtain these variances from empirical wavevector
spectra of full surface elevations by integrating it over
bidirectional wave numbers smaller than a dividing parameter

of the two-scale model (see, e.g., [23]). We choose
which is usually considered a reasonable number,

where is the radio wave length, and is a nominal GPS ele-
vation angle

(9)

Here, we are using an empirical spectral model for pro-
posed by Elfouhailyet al.[24]. This model includes dependence
on fetch, which allows us to consider fetch-limited or nonfully
developed seas. Variances calculated from this spectrum agree
with Cox and Munk optical measurements [9] of these param-
eters. There is no agreement among the ocean remote sensing
community about which model should be considered as the best
one. For example, authors of the paper [25] expressed criti-
cism toward the capillary-gravity part of the spectral model by
Elfouhaily et al. However, in this application, that part of the
spectrum plays a minor role since quasispecular mechanism in-
volves mostly the large-scale part of the ocean roughness.
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Fig. 2. Geometry used to determine the location of the specular point and the reflected ray path length (WGS-84 ellipsoid assumed).

The mechanization of this analytical model, as part of the pa-
rameter estimation of surface wind speed, is described in detail
in Section VI.

V. POSTPROCESSING

Postprocessing was performed on the raw, or level 0 data
from the receiver which accomplishes two basic functions: de-
termining the location of the specular reflection point on the sur-
face of the ellipsoidal Earth, and re-alignment of each (1/2 code
chip spaced) correlator sample in code delay relative to the spec-
ular point. This was done to precisely reference the measure-
ment to the location of ground truth (the location of the specular
point can be several kilometers from the aircraft ground track)
and to map the waveform samples with finer than 1/2 chip pre-
cision.

This realignment was performed through use of the naviga-
tion data from the aircraft and the NGS ephermides. Timing of
the measurements was either provided from the GPS solution (in
the case of four or more direct satellites tracked in the SDMR),
or from a single satellite in the case of the PDMR. The true path
length difference of a specular reflection from the surface of the
WGS-84 ellipsoid was computed by minimizing the total path

length of a reflected signal as in (10), shown at the bottom of
the page.

The Earth-centered Earth-fixed coordinates of the LHCP
antenna phase center were obtained from the
differentially corrected Ashtech flight path (assuming level
flight). The GPS satellite coordinates
were obtained from the NGS ephemerides. The coordinates of
the specular point were found by numerically
minimizing through varying the geodetic latitude and
longitude, and of a specular point which was assumed
to be fixed to lie on the WGS-84 ellipsoid. The geometry of
the specular point and reflected ray path length is illustrated in
Fig. 2. Further details of these coordinate systems can be found
in [26].

The difference between this geometric location of the spec-
ular point and the stored code phase information from sampling
the code epoch for each correlator was used to compute the rel-
ative delay between each power sample and the specular point.
The correlation power was then normalized such that it had a
constant total area of one half code chip through dividing each
power sample in a given waveform by the total integrated power
in all range bins for that waveform. This removed changes in
the intensity of the incident radiation and was also found to

(10)
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Fig. 3. Raw waveform data from PDMR correlators.

produce results with the lowest variance. This effectively elimi-
nated the need to calibrate the lower channel correlation values
with a physically meaningful measurement of reflected power
and eliminated many uncalibrated effects such as aircraft atti-
tude motion and the antenna gain pattern. An example of the raw
waveform data extracted from the receiver is given in Fig. 3. The
normalization to constant area, and alignment relative to spec-
ular point is illustrated in Fig. 4.

Notice that for this example, there appears to be two wave-
forms superimposed on each other. The correction of this effect
is described later in this paper.

The result of postprocessing is a standard set of “level 1a”
data. This consists of waveform measurements of the incoherent
power at specific code delays . For each th wave-
form sample (taken at a 1 Hz rate for the SDMR and a 10 Hz rate
for the PDMR) auxiliary information giving the specular point
location ( , ) and the GMT of the measurement are also
tabulated.

These waveform samples are then provided for the retrieval
techniques which match the geometry of the waveform shape to
theoretical model predictions to estimate surface wind speed. In
this paper, summaries are provided for two of these techniques.

VI. ESTIMATION TECHNIQUES

A. Wind Speed Estimation Using the Waveform Trailing Edge

The first retrieval technique includes the generation of sets
of modeled waveforms and the normalized power versus time

delay with respect to the nominal specular point, for various
wind speeds. The trailing edge of the waveform taken in a log-
arithmic scale was used for the estimation, being the most sen-
sitive part to surface wind speeds.

The measured signals were normalized by the integral power
observed in delay bins within the expected range of the glis-
tening zone. Measurements showed that there is no strong signal
correlation between the top and bottom channels. The total re-
flected power is not expected to depend on surface statistics and
can be used as a normalization factor. To smooth these data,
a 150 s sliding average was applied to the raw reflected GPS
measurements. As described above, an adaptive signal normal-
ization, which generates a constant area waveform was used to
cancel out the uncalibrated effects of antenna gain, aircraft atti-
tude motion, and difference in cable loss and front-end gain be-
tween the direct and reflected signals. These data were used at
the discrete half-code delays (corresponding to 150 m in range
resolution) shown in Fig. 3. An approximate value for the noise
floor was determined experimentally from the average correla-
tion power in the last four delay bins. At low altitudes it was
assumed that the power in the waveform at such long delays
has decayed to a negligible amount. In contrast to the earliest
bins, only the first one is expected to record noise only. Oc-
casional misalignments of the correlator will also produce re-
flected power in the first bin. This effect is addressed in sec-
tion B. The trailing edge slope on a decibel scale was esti-
mated with a least squares fit of a straight line to the measured
waveforms between 5 and 20 dB. This slope compared to an
straight-line (on a dB scale) approximation to the trailing edge
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Fig. 4. Normalized and georeferenced correlation data. Note the superposition of two waveforms.

of the theoretical model described in Section IV. This approx-
imate trailing edge slope was generated using various incre-
mental wind speeds. The estimated wind speed was obtained by
interpolating the measured slopes between the modeled ones.

The TOPEX-altimeter over-flight covered a wide range of
wind speeds ranging from 0.5 m/s to 8.7 m/s within a ground
distance of about 40 km. After processing the data, the TOPEX-
indicated geographic area was matched with the location of GPS
measurements.

We have found the trailing edge of the waveform to be very
stable between 5 and 20 dB, therefore we used that region to
routinely infer surface wind speeds. Fig. 5 shows this depen-
dence. On this figure the normalized power in bins numbered 0
to 5 (lower number at shorter delays) is plotted as a function of
windspeed showing the greatest sensitivity to wind speed in the
higher numbered bins.

For every TOPEX wind speed measurement, the trailing edge
slope was estimated using the measured waveforms between 5
and 20 dB and the theoretical model using various incremental
wind speeds. The estimated wind speed was obtained by in-
terpolating the measured slopes between the modeled ones. In
Fig. 6, we displayed both the TOPEX measured wind speeds and
our estimated ones using GPS data from two different satellites:
PRN15 and PRN19. One standard deviation error bars were also
displayed for the measured wind speeds. The figure shows that
the error bars are larger for higher wind speed. This is due to
the fact that for higher wind speeds the separation between two
waveform slopes, corresponding to two separate wind speeds,
are smaller than the separation between two wind speeds at

Fig. 5. Normalized power in several “bins” as a function of surface wind
speed, indicating the strongest sensitivity is in the higher numbered bins. (i.e.,
on the waveform trailing edge).

smaller wind speeds. Furthermore, the figure indicates that wind
speeds estimated independently using the two satellites show
good agreement with the TOPEX-measured wind data.

These retrievals first demonstrated qualitatively the potential
to estimate wind speed from the reflected GPS signal. Devia-
tions of measured waveform shape from the theoretical models,
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Fig. 6. Estimated wind speed using PRN15 and PRN19 and TOPEX ground truth. Error bars indicate one standard deviation.

which were shown in some of these plots, could be attributed to
the following effects: using a measured noise floor, which may
contain reflected signal power; binning data within half-code
chip increments; and applying a linear least squares estimation
to logarithmic data (which could introduce a bias in the es-
timate). Subsequent improvements in the wind speed estima-
tion algorithm took into account additional information avail-
able from the receiver to reduce these effects.

B. Series Approximation of Waveform Shape

In general, the waveform will have some functional de-
pendence on the following geophysical parameters: wind speed
( ), wind direction ( ), significant wave height (SWH), and
inverse wave age (), and the frequency of down conversion
prior to correlation ( ).

SWH (11)

Equation (11) summarizes the input to output relationship
produced from the following application of the theoretical
model described in Section IV.

• Given , assume SWH , , the scattering
plane is in the upwind direction, and is the same as the
frequency derived from tracking the direct GPS signal.

• Generate the wave spectrum from the Elfouhaily
model [24].

• Integrate this spectrum, as in (9), up to wave numbers of
. This produces values for the upwind

and crosswind mean square slopes, .
• Generate a Gaussian PDF using , as seen earlier.
• Compute the scattering cross section from (8) for points

within the glistening surface.
• Integrate the scattered signal over the surface for different

values of the code delay using (5). This produces the
waveform in (11).

Each of the parameters in (11) were considered, and it was
shown that the wind speed was expected to be the predominant
effect on the shape of the waveform for high-elevation satellites.
First, to compare the sensitivity to wind direction and to the

Fig. 7. Sensitivity of waveform shape to wind direction and inverse wave age.

assumed value for inverse wave ageand wind direction, see
Fig. 7. In this figure, the receiver altitude was 12 km, the GPS
elevation angle was 69, and wind speed was 5 m/s.

This figure indicates that a small sensitivity to wind direction
becomes apparent at signal levels below approximately20
dB. Therefore, the upper part of waveforms (above approxi-
mately 20 dB) where measurements will have a higher SNR
can be used for wind speed retrieval regardless of the wind di-
rection. It was experimentally observed that the wind direction
becomes important for satellites with lower elevations (below
30 to 40). This was apparent from larger errors when retrievals
were attempted estimating wind speed only from those satel-
lites. Second, comparisons of these curves with the data from
Fig. 7 show that the curve obtained for fully developed seas
( ) is wider than that for nonfully-developed seas (

). This will result in lower than expected wind speeds if the
fully developed seas condition is not met. This effect was not ob-
served during the experimentation presented in this paper. How-
ever, we cannot insist that during all experiments we indeed have
had fully-developed seas since there were not any independent
measurements of parameteravailable. One could imagine a
situation when an increase in is compensated by a presence
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Fig. 8. Comparison of waveform shape to series approximation.

of swell that adds more to the slope variance. This is possible
when winds are weak (5 m/s) and therefore the wind induced
slopes are relatively small, so swell may be of importance. For
stronger winds (higher than 10 m/s), the influence of swell is
less important.

The variation of surface height will also cause some portion
of the signal to arrive at the receiver with a path length shorter
than that through the specular point. At most, the difference in
path length as a result of surface height variation will be on the
order of meters. Following convolution of this signal with the
autocorrelation function of the PRN code (which has a width of
approximately 600 m), the postcorrelation waveform shape will
not show any significant dependence on the height variation.

Only the magnitude of wind speed ( ) was considered in
this study. Anisotropic surface statistics [4], or skewed non-
Gaussian probability density functions [8] will make the wave-
form shape weakly dependent upon wind direction. It has not
been determined if this dependence is strong enough to ob-
tain any useful retrievals of wind direction using waveform data
from a single satellite alone. Recently, however, an estimation
of both speed and direction, using simultaneous processing of
the waveforms from two satellites, was presented [27].

The practical computation of the cross-correlation in (5) re-
quires a double integral over the surface. This cannot be analyti-
cally inverted. It was best to use an optimal parameter estimator
on an overdetermined set of measurements. This required that
this integral be computed for each measurement point, on mul-
tiple iterations to update the parameter estimator. Performing
the complete integration for each point during every integration

step called by the estimator would have been computationally
intensive. For that reason, this integration was approximated by
a finite series expansion in terms of wind speed () and code
delay ( ) having the following form:

(12)

An eighth order series of this form, in which the coefficients
were determined numerically to best fit the complete model

over a range of wind speeds from 1.75 m/s to 21.75 m/s and as-
suming a constant wind direction, was found to make a very
good approximation to the shape of the waveform. It should be
noted that the observation model defined by (2) or (5) involves
the convolution of two functions, one of which ( ) is ideally
discontinuous at . Therefore, approximating the waveform
shape with a continuous function is expected to be difficult for
cases in which the waveform becomes “sharp.” (i.e., at low al-
titudes or low wind speed and near the peak.) The comparison
between this series approximation, and the output of the model
for a very narrow waveform and a very wide one is shown in
Fig. 8.

This series approximation, in which the set of were
precomputed for the average altitude and GPS satellite el-
evation during a period of data collection, was used as the
observation equation and three parameters: wind speed,
delay of the peak of the waveform from the computed specular
point, , and the scale factor were then estimated using a
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Fig. 9. Example time history ofU estimate: June 15, 1998 TOPEX Underflight, Satellite PRN 3.

Fig. 10. Example time history of� estimate: June 15, 1998 TOPEX Underflight, Satellite PRN 3.

nonlinear least squares method to batch segments of waveform
data . The least squares minimization problem was
solved through a large-scale optimization subroutine provided
in the optimization toolbox in MATLAB [28]. This algorithm
uses an interior-reflective Newton Method [29], [30]. No
weighting of the data was assumed. In other words, it was
assumed that the uncertainty was the same for any sample of a
waveform and that each sample was independent of any other
taken either at a different delay in the same waveform or at a
different time. Visual inspection of Fig. 4 suggests that variance
in signal power does not change significantly for different
delays along the trailing edge (where the measurement is most
sensitive). However, the convolution in (2) will result in strong
correlation between adjacent samples which are spaced closer
than one code chip apart. Future work therefore should be
directed to incorporating a data covariance matrix into this
parameter estimation.

A constant noise floor, determined using the theoretical value
set by the AGC prior to digital sampling, was subtracted from
all correlation measurements before the constant area normal-
ization was performed.

Although each waveform sample was scaled to have a con-
stant area of one half chip, the scale factor () was found to
improve the estimation accuracy. The reason for this was pos-
tulated to be: a finite number of delay bins do not record the
complete waveform because portions of the trailing edge often
extend beyond the range of these bins. The scale factor therefore
accounts for the fact that the measured waveform, once scaled to

be constant area, has slightly larger area than that predicted by
theory. Using the parameter effectively calibrated the relative
delay between the direct and the reflected signal path lengths.
Figs. 9 and 10 show the time history of the parametersand

for a typical segment of reflected GPS data collected under
the TOPEX ground track. The wind speed estimate is plotted in
Fig. 9. For comparison, the TOPEX wind speed obtained along
the same ground track is plotted as the solid line on this figure.
Fig. 10 plots the estimates of for the same segments of data.
The random error in could also be interpreted as rough es-
timate on the practical accuracy achievable using the reflected
GPS signal as an altimeter (as proposed in [2]). The time history
of in Fig. 10 shows a long-term trend. Once this trend, ap-
proximated as a third-degree polynomial is subtracted, the stan-
dard deviation of the residual is approximately 0.02 chip (7.4
m). The polynomial trend is plotted on Fig. 10 as well.

Three anomalies were not accounted for in these signal
models. These were identified and corrected before the data
were processed by the least squares estimator. Editing the data
in this manner was found to improve the performance of this
estimator and removed most of the outliers in the wind speed
estimates.

First, prior to processing of a batch of data, the total power in
all delay bins was computed and if this fell below a threshold,
then the complete waveform was rejected. This eliminated mea-
surements made over land, and time in which the receiver had
not acquired a strong reflected signal. This threshold was set to
a value that would correspond to an average signal to noise ratio
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Fig. 11. Waveform centroid identifying slip of one code chip.

of approximately 4 dB per correlator. Second, occasional slips
by an integer number of half code chips in the spacing of the
delay bins was observed (as demonstrated by the two superim-
posed waveforms on Fig. 4).

This anomaly was detected by searching for discontinuities
in the waveform centroid

(13)

was computed at each time step from everyth pair of
power and delay, in which the power exceeded four times the
noise floor standard deviation. The time history ofat each
sample was then compared against the moving average of
using a window of 100 s. When the instantaneousdiffers from
more than one chip, a correction of is applied.
This waveform slip on Fig. 4 is clearly evident in the plot of the
centroid in Fig. 11.

This correction is illustrated in Fig. 12. An improved receiver
design (to eliminate this failure at the source) could reduce these
cases.

The third effect identified was another receiver artifact in
which the leading edge of the waveform extended earlier than
the first correlator. In these cases, there was correlation power
in the earliest correlator power bin. Attempts to fit the function
defined in (12) to this situation resulted in a wider than required
waveform shape and consequently a higher wind speed. Indi-
vidual waveforms in which this correlation power in the first bin

exceeds a threshold (set experimentally, but would require ap-
proximately ten standard deviations increase in the noise value)
are deleted from the ensemble. Although most of the informa-
tion about the surface slope statistics is contained in the trailing
edge of the waveform, this method was found to be very sensi-
tive to the requirement that the power earlier than1 chip return
to zero. At present, all that was done to correct for this effect is
to delete the waveform sample from the ensemble altogether. It
may be possible to include zero-valued power measurements at
time delays earlier than the start of the measurements so as to
force the curve fitting algorithm to converge to zero for delays
earlier than 1 code chip relative to the specular point. This cor-
rection would be justified because no reflected power could be
received earlier than the specular point and therefore no corre-
lation could exist earlier than 1 chip prior to the specular point.
Methods described earlier which use only the trailing edge data
would not experience this anomaly.

Finally, a residual monitoring process is used in which a
threshold is set on the sum square of residuals in one waveform.
This was computed from the difference between the observed
and computed power following the least squares estimate for
the th waveform:

(14)

in which is the function from (12) computed with the set
of estimated parameters . The th waveform was
rejected from the ensemble whenexceeded a threshold. The
complete ensemble (less the waveforms which were rejected)
was then processed through the least squares estimator a second



GARRISONet al.: WIND SPEED MEASUREMENT 61

Fig. 12. Corrected waveform, following realignment of centroid.

Fig. 13. Least squares fit of (12) to waveform.

time. Fig. 13 shows the resulting best fit waveform to the data
from Fig. 12. Fig. 14 shows the post fit residuals for each mea-
sured waveform. The threshold value was set by experimenta-
tion, and was between approximately equal to between 2.6 and
3.5 times the root mean square of the residuals. All of the sta-

tistical interpretations given to these threshold values set for the
residuals, or first bin power were based upon the experimentally
measured statistics from the PDMR data.

Results from this estimator were compared against the
TOPEX wind speed retrievals for the series of TOPEX un-
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Fig. 14. Residuals from fit of (12) to waveform

Fig. 15. Comparison of reflected GPS wind speed retrievals versus TOPEX (the solid line, indicating equal wind speeds, is added for comparison).

derflights and against the surface truth measured from buoys
during the EOPACE experiment. Fig. 15 shows a comparison
between the results of this method operating on PDMR data and
TOPEX wind speed retrieval. These retrievals were performed
on 10 s batches of waveform measurements and coefficients

computed for the average altitude and elevation of each
GPS satellite from which data were collected.

The longitude of the nearest approach to the TOPEX ground
track of the specular point was used to align the two data sets.
A simple comparison, assuming the local surface of the Earth to
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Fig. 16. Comparison of wind speed obtained from reflected GPS measurements with that from recording buoys during the EOPACE experiment in March, 1999
(the solid line, indicating equal wind speeds, is added for comparison).

be flat, was used. The specular point does not lie on exactly the
same line as the TOPEX ground track and the approach taken
was to compare points which were the closest to each other on
the ocean surface. In the near vicinity of each specular point,
the TOPEX ground track was approximated as a straight line
on a locally flat Earth: , in which and

are the differences in latitude and longitude from specular
point to points along the ground track. The differences corre-
spond to approximate distances on the ocean surface of
and , respectively. Through a simple minimiza-
tion procedure, the point on the TOPEX ground track with the
closest approach to the specular point at (, ) is

(15)

(16)

The longitude was used to interpolate the TOPEX data
and obtain the comparison wind speed for the reflected GPS
data retrieval performed on a segment of data with a midpoint
at ( , ).

Fig. 15 summarizes the comparison of the wind speeds re-
trieved from matching the reflected GPS waveforms. Segments
of data collected at high altitudes (4 km or higher) in which
the satellite elevation was under 30were not used, and seg-
ments below 4 km, in which the satellite elevation was under
40 were also rejected. The justification for the assumption of
very weak dependence on wind direction, does not hold true for
very low elevation satellites. At the present state, this estimation
does not involve wind direction. No data were processed for alti-
tudes below 2.5 km, because the sensitivity to wind speed is not

strong at very low altitudes. The solid line on this plot indicates
the condition of identical measurements from both methods and
was added for comparison. For the ensemble of measurements
presented in Fig. 15 the bias in wind speed estimate in compar-
ison to TOPEX was 0.03 m/s, and the standard deviation was
1.5 m/s.

For the EOPACE experiment, segments of data in which the
specular point of the reflection was near to a recording buoy
were used to evaluate the accuracy of the wind speed retrieval.
The Flux buoy was approximately 10 km from the shore and
was expected to give the best comparison with nearby measure-
ments. However, this buoy was not functioning on March 11 and
12, so the Met buoy (closer to the coast) was used for compar-
ison on those days. The land area surrounding the shoreline was
relatively flat, however, and therefore the wind speed measured
at all three surface truth locations was found to be similar. Wind
direction was monitored at the Duck meteorological station.

Sets of 100 s of data, approximately centered at the Flux buoy
location, were used in these comparisons. Batches of 5 seconds
of waveform data from these segments were processed to ob-
tain each parameter estimate. A set of coefficients, were
computed for the series in (12) at the aircraft altitude and the
average satellite elevation during the time that the buoy over-
flight occurred. Only satellites with an elevation greater than 30
deg. were considered.

Results from the EOPACE experiment are summarized in
Fig. 16. Again, the solid line was added to indicate the ideal con-
dition of identical measurements from both methods. The bias
and standard deviation of the complete set of EOPACE mea-
surements presented in Fig. 16 was 0.09 m/s and 1.3 m/s, re-
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spectively. Note that on March 1, 1999, (the data indicated by
“O” on Fig. 16) the wind was from the East (272). The large
error in that set of measurements may therefore be explained by
nonfully developed seas.

VII. CONCLUSIONS ANDFUTURE WORK

These experiments have demonstrated reliable retrievals of
geophysical data using the shape of the correlation function
waveform recorded from forward-scattered GPS signals. The
two airborne campaigns using the reflected GPS measurement
in conjunction with an existing remote sensing satellite or
buoy measurements provided a comparison of the wind speed
retrieval techniques with reference measurements. Future
experimentation, however, should be conducted under better
known conditions and with better surface truth. Retrieval
methods could be improved through better electromagnetic
models of the reflection process, specifically effects of polariza-
tion. Also, the statistics of describing the random rough surface
(mean square slope) could be the parameters that are estimated
as opposed to making a direct estimate of geophysical data such
as wind speeds. This would provide a more fundamental model
based on the scattering physics and then geophysical data (wind
vectors) could be estimated as a second step. This step may be
improved through determining empirical relationships specific
to the forward scattered GPS measurement, similar to that done
earlier for optical measurements [31]. However, the potential
to improve this measurement through empirical corrections
should not obscure the fact that good results have already been
obtained using a model based upon theory alone.

Another area of improvement is the incorporation of mul-
tiple satellites into the same estimator for measurement situa-
tions in which the specular point locations are close enough to-
gether that they can be assumed to be samples of the same sur-
face process. An understanding of the statistics of the waveform
power samples from both experimental and theoretical sources
would improve the estimator design and provide a rational basis
for selecting weights on the data and thresholds on the residual
monitoring. The directional information may also be retrieved
from the reflected signal through the mapping of the waveform
in both code delay and Doppler frequency as has recently been
proposed [32]. This would require enhancements in the receiver
architecture and is the next step in the development of this hard-
ware. Use of higher-order statistics may also bring to light ad-
ditional information in the signal. Finally, the limits of the geo-
metric optics assumption in these scattering models should be
investigated.
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