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• Extensive reflected GPS data available from airborne 
experiments (1997 to present)

– Empirical evaluation of accuracy for sea roughness, soil 
moisture, alimetry

– Almost exclusively GPS C/A (BPSK(1))

Background



• Mission plans/proposals for satellite experiments

– Specification of antenna gain, integration time, etc

– Realistic simulation of measurement statistics necessary

• Galileo would ~double number of reflections 

– More complex BOC modulation

• Other signals of opportunity (non-GNSS)

– Diversity of modulations (QPSK, etc) and frequencies

Background



• Simulated delay-Doppler map (DDM) generator 
developed during sabbatical at Starlab, Barcelona 
(2007-08 AY)

• Theory from You’s PhD thesis [You, et al, 2004]

• Simulator developed during sabbatical at Starlab, 
Barcelona (2007-08 academic year)

Background



• DDM’s are correlated in time (   ) and between bins

• Statistics must be adequately represented in simulation 
(ie, separation of independent samples) 

• You etal, (2004) model for autocorrelation
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• Spectrum derived earlier by Zuffada and Zavorotny
(2001)

• Bin-Bin correlations take the form

Stochastic Signal Model
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Simulator
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Simulator vs. Actual data

Hi-Winds Experiment Synthetic Waveform



BOC Modulation
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Bin-Bin Correlation

BPSK(1) Model

10 km Altitude



Monte-Carlo Simulation

Green = Simulation
Blue = Sampled at 1/4 chip
Black = “Good” Fit
Red= “Poor” Fit

10 km altitude
45 dB-Hz C/N0
0.63 Reflectivity



Simulation Results

BPSK(1) BOC(1,1)

[Presented at IGARSS  2009]



Digital Satellite Signals of Opportunity (DSSO)

• First airborne experiment: Summer 2010  ~3100m

• XM Radio: 2342.205 MHz, QPSK.  8MHz/8bit sampling

• Model link budget matches experiment (direct signal) 
within 0.2 dB - forTI=1 to 35 ms



Bistatic Radar with XM

•Zavorotny-Voronovich Model: 
•7.5 m/s Wind speed
•Elfouhaily spectrum
•No “fitting” of PDF!
•10 ms coherent integration

[Presented at IGARSS  2009]



• Numerical simulator for GNSS-R waveforms developed

• Temporal correlation shaped by model

• Bin to bin correlation not yet implemented

• “Poor” fits to BOC waveforms were common

– More frequent at low roughness values

– Easily detection by residual test

– “Good” fits had acceptable statistics

Conclusions
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