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• What is GNSS-Reflectometry (GNSS-R)? 
 

• What measurements can GNSS-R make? 
 

• What’s currently happening in this field? 



What is GNSS-Reflectometry (GNSS-R)? 

Start With RADAR 
 

Radar Comparison  
- Transmitter & receiver 
     co-located (Monostatic) 
- Backscatter 



What is GNSS-Reflectometry (GNSS-R)? 

From GNSS Transmitter 
GNSS-R 
• Just radar with separate 
    transmitter & receiver (bistatic) 
•  Forward-scattering 

 

Receives Power(time) 
• Shape  => Roughness 
• SNR      => Conductivity 
• Timing => Height 

Specular Point 
Delay Waveform 



What is GNSS-Reflectometry (GNSS-R)? 

Delay-Doppler Map (DDM) 

• Received power vs delay/Doppler 

• Primary observable for GNSS-R 

• Vertical slice is Delay Waveform 

GLEASON et al.: DETECTION AND PROCESSING OF BISTATICALLY REFLECTED GPS SIGNALS 1237

Fig. 10. Delay-Doppler map of the ocean-reflected signal of GPS satellite PRN 26, found in the May 21 dataset. A coherent correlation time of 1 ms and an
incoherent summation time of 1 s were used to calculate the correlation power shown in each delay-Doppler bin of this map.

incidence angle on the overall shape of the waveforms, since

the locations of the two specular reflection points resulted in

different incidence angles (or inversely, grazing angles) at the

receiver.

The effect on the signal due to geometry must be eliminated

before any estimate can be made concerning the ocean surface.

These include several terms of (10), including path delays, an-

tenna gain patterns, and reflection coefficients, all approximated

to the best of our knowledge for these examples. The trans-

mitting and receiving antenna patterns were modeled, and the

exact locations of the GPS transmitter and the UK-DMC satel-

lite were known as determined from the 1-Hz navigation so-

lution output as part of normal operation of the GPS receiver.

Complicating the analysis is the fact that for two specular re-

flection points separated by a considerable distance, it cannot

be assumed that the ocean conditions are sufficiently correlated,

where significant wind variations are possible over the vast areas

under consideration.

Shown in Figs. 7 and 8 are a pair of detected signals found in

a dataset that contained two specular reflection points within the

antenna 3-dB footprint, in this case on June 3, 2004. The hori-

zontal axis is GPS C/A code chips, which correspond roughly

to 293 m or 1 s of delay, and the vertical axis is correlation

magnitude.

The signals were found using the above-described techniques

with an summation interval of 1 s and are shown together with an

approximate batch least squares fitting of the simulated model

delay waveform as described above.

D. Delay-Doppler Signal Maps

To appreciate the true importance of an ocean-scattered

signal it is necessary to generate a delay-Doppler map showing

the correlated signal power over a range of frequency bins and

time delays. The delay-Doppler Map is best visualized using

a three-dimensional rotated representation, with Doppler fre-

quency shown on the horizontal axis and delay on the vertical

with signal strength represented as a color scale. Figs. 9 and 10

show maps generated for signals found in March 12 and May

21 datasets, respectively. Fig. 9 is a Delay-Doppler Map of the

very first and strongest signal found to date at two consecutive

seconds in time. The movement of the signal from 1 s to the next

is noticeable in the changing delay on the vertical axis between

the two images. It also becomes apparent that the signal spread

varies between seconds although the general shape remains

the same. This variation needs to be studied carefully in order

to optimize the best way to fit the model functions and invert

ocean statistics. A consideration of the complete delay-Doppler

map, as demonstrated in [24] may turn out to be the most

robust, albeit a computationally intensive, method. For strong

signals such as this one, where the processed SNR reached as

high as 7 dB at times, the process should be easier than for

weaker signals such as those found in May 21 data and shown

in Fig. 10.

The final signal image is that of the relatively weak GPS PRN

26 reflection after performing 1 s of noncoherent summations

over a complete range of delay and Doppler bins. The inci-

dent angle of the specular reflection point was approximately

21 from the subsatellite point. At a larger incidence the effects

of the antenna beam pattern and geometry will have a greater

influence on the signal spread acting in conjunction with the

dominant factor contributing to spreading, the sea waves. The

larger spread of the signal in delay and Doppler is visible when

compared to the March 12 signal. Efforts are underway to deter-

mine the sea conditions at the times and places of the different

Scott Gleason, from UK-DMC experiment 



GNSS-R 
• Multi-bistatic 
• Next few years: >100 GNSS transmitters 
• Dense surface coverage 

 
Many Advantages 
• Multiple, simultaneous observations 
- High spatial / temporal resolution 

• Free high-quality signals 
• Leveraging huge global infrastructure 
• No transmitter 
- Relatively low cost, low power 
- Constellation possibilities (CyGNSS) 

• Forward scattering (where the power goes) 
• ~Same hardware as Radio-Occultations’ 
 

Space-Based GNSS-R System 





GNSS-R 
Receiver 



What Measurements Can GNSS-R Make? 

Oceanography 

•  Surface winds (CyGNSS Mission: Cyclones) 

•  Mesoscale topology 

•  Tsunami science/warning 

•  Geoid / Mean Sea Surface 
 

Land 

•  Soil Moisture 

•  Wetland Extent 

•  Freeze/Thaw State 

•  Vegetation Characteristics 
 

Cryosphere (assuming high-inclination orbit) 

•  Sea-Ice Extent 

•  Ice freeboard 

•  snow depth 

•  Ice roughness / age 

Red: Demonstrated from space 
 

Green: Ground, aircraft experiments 



What’s Happening in the GNSS-R Field? 

Mission/Satellite  Year   # Space GNSS Reflections 

SIR-C     2003 (obtained)  2 

SAC-C    2003    ~6 

UK-DMC   2007    22 

TechDemoSat1  2015-2017   ~100M 

SMAP (GNSS-R)  2015-present  >2.3M + 2900/day 

CyGNSS (8 sats)  2017-present  >125M + 0.5M/day 

Explosion of data in last 2 years 



What’s Happening in the GNSS-R Field? 
CyGNSS Satellite 

CyGNSS: NASA Earth Venture Mission 
• $157M to study Cyclone Science 
• Goal: Improved cyclone intensity forecast 
• 8 small-sats 
• Observe GPS L1 C/A signals after reflecting from the ocean 

CYGNSS Level 3 gridded surface wind speed data product (v1.1) at 
 1300-1400 and 1400-1500 UTC on 25 Aug 2017, prior to landfall at ~0300 UTC on 26 Aug 2017 
 

Observations of Hurricane Harvey  Prior to Landfall on August 25, 2017 

Courtesy Chris Ruf (PI) 



   SMAP GNSS-R Observes Freeze/Thaw 
 

            Vertical Polarization 
    Winter                       Summer 
 
 
 
               Horizontal Polarization 
    Winter                    Summer 
 
 
 
Winter Temp                  Vegetation Type 
(blue frozen)  

From Chew et al, Remote Sen Env 198, 2017 

What’s Happening in the GNSS-R Field? 



What’s Happening in the GNSS-R Field? 

HydroSheds Database CyGNSS Data: SNR vs location 

Amazon Rainforest 

Courtesy Clara Chew (UCAR) 

White: Outside CyGNSS delay window 



ΔInundation ΔSNR (dB) 

What’s Happening in the GNSS-R Field? 

SMAP Radiometer (J. Du, et al) CyGNSS Data 

Amazon Rainforest Courtesy Clara Chew (UCAR) 

Change in SNR: Aug - Mar 



What’s Happening in the GNSS-R Field? 

SMAP Radiometer: Level 3 CyGNSS Data: SNR Change 

India 

Courtesy Clara Chew (UCAR) 

Change in SNR: Apr - Mar 



What’s Happening in the GNSS-R Field? 

Courtesy Clara Chew (UCAR) 

TechDemoSat-1 Data 
• Higher power over ice leads 

and polynyas 
• Up to 10 dB increase 
• Not seen in passive microwave 

 
 
 
 
 
 
 

• Increased P on ice edges 
• Highest P intermediate sea ice 

conditions 



What’s Happening in the GNSS-R Field? 

Wetland Inundation Extent 
• Connection to methane production 
- Potent greenhouse gas 

• Can forward-scattered GNSS-R signals penetrate 
vegetation to sense underlying inundation? 
 

• May 2017 aircraft experiment: Caddo Lake LA 
- 20 dB blue to red scale 
- Light green: Giant Salvia 
- Dark green: Cypress 
- Backscatter radar shows little water 



Summary 

• GNSS-Reflectometry is a new Earth-remote sensing technique 

• Explosive growth since 2015: TDS-1, SMAP, CyGNSS 

• Many unique advantages compared to other remote sensing techniques 

- High spatial/temporal coverage, forward scattering, GNSS-RO-compatible, long-term SI-traceable signals 

•  Active research underway: 

-  Ocean winds, soil moisture, wetland extent, freeze-thaw state, sea ice extent, ocean altimetry 


