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TechDemoSat-1 (TDS-1) is an experimental GNSS Re-
flections (GNSS-R) satellite launched in 2014. The GNSS-R
receiver onboard performs real time navigation and gen-
erates delay-Doppler correlation maps for Earth reflected
GPS L1 C/A ranging signals. This research investigates
the performance of the TDS-1 data for ocean surface
altimetry retreivals. The analysis includes consideration of
the transmitter and receiver orbits, time tag corrections,
models for ionospheric and tropospheric delays, zenith to
nadir antenna baseline offsets, ocean and solid Earth tides,
and a comparison with mean sea surface topography. An
error budget is compiled to account for each error source
and compared to the experimentally derived surface height
retrievals. By analyzing data sets covering global ocean
surfaces over +/- 60 deg latitude, the current performance
of spaceborne GNSS-R altimetry is experimentally estab-
lished. In comparison with mean sea surface topography,
the surface height residuals are found to be 6.4 m, lo
with a 1 sec integration time. A discussion of the factors
limiting this performance is presented, with implications for
future GNSS-R altimetry missions designed for observation
of mesoscale ocean flows.

Index Terms—Altimetry, Error Analysis, Global Posi-
tioning System, Modeling, Reflectometry

I. INTRODUCTION

NALYSIS and flight experiments have demon-

strated that transmissions from Global Navigation
Satellite System (GNSS) satellites can be used as oppor-
tunistic signals for multi-static remote sensing of ocean,
land, and ice surfaces around the globe. The application
of GNSS Reflectometry (GNSS-R) to ocean altimetry
was initially proposed by Martin-Neira almost twenty-
five years ago [1], with more recent studies advancing
the analysis of system requirements and expected perfor-
mance [2], [3], [4], [5], [6], [7], [8], [9]. These studies
explore the advantages of passive multi-static GNSS-R
over active monostatic spaceborne altimetry. Specifically,
they identify reductions in onboard power requirements,
system complexity, and cost for a passive GNSS receiver
as compared to an active radar instrument; and increases
in coverage made possible by simultaneous tracking of
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reflected signals from multiple GNSS satellites. It has
been shown in recent simulations by Li et al. (2016),
that an optimized spaceborne GNSS-R altimetry plat-
form could produce scientifically valuable results for
mesoscale oceanography. This requires spatial resolution
on the order of tens of kilometers, with sub-meter height
resolution [9], [10].

Past GNSS-R experiments have largely focused on
land based and airborne receiver experiments demon-
strating novel methodologies for applications such as
altimetry, tide monitoring, soil moisture, sea surface
roughness and wind speed [5], [11], [12], [13], [14],
[3]. Space-based experimentation has been limited to
fortuitous circumstances [15] and a few technology
demonstration missions [16], [17], [18], [19], [20]. With
the December 2016 launch of the 8-satellite CYGNSS
constellation, a GNSS-R science mission designed to
measure ocean surface wind speeds, there is also growing
interest in assessing the capability of reflected GNSS
signals for ocean altimetry from space. While dedi-
cated experiments to demonstrate space-based GNSS-R
altimetry are actively being planned [2], [21], such a
platform does not currently exist. Further, performance
analysis of code-based altimetry from space, especially
with flight data, has been very limited in geographic
scope, completeness of the path delay model, and re-
tracking methods analysis. One recent example is an
early analysis of TechDemoSat data for use in GNSS-R
altimetry by Clarizia et al. [19].

Our objective is to more fully establish the cur-
rent level of spaceborne GNSS-R altimetry performance
based on flight data from a GPS-R technology demon-
stration not specifically designed for this purpose. We
use data from TDS to examine open ocean measurements
from around the globe at all times of day, and incorporate
corrections for common propagation effects and dynamic
surface topography. This methodology maximizes the
amount of data used from each collection period, gen-
eralizes the retrieval of surface height measurements
to all open ocean points, and yields the most precise
experimental retrievals to date.

Taking advantage of publicly available GPS-R data
sets from the TechDemoSat-1 (TDS-1) mission, a pre-
cursor to CYGNSS also developed by Surrey Satel-
lite Technology Ltd [17], [18], we characterize the



performance of GPS-R ocean altimetry using GPS L1
C/A code measurements. An error budget detailing the
known error sources is compiled and compared with
experimentally derived results. In doing so, we present
the first global analysis of spaceborne GNSS-R ocean
altimetry and describe practical techniques for correct-
ing the effects of ionospheric and tropospheric delays,
receiver/transmitter orbital motion, and the receiving
antenna geometry. The following sections describe the
TDS-1 mission, instrumentation, data sets, and results
from sea surface height retrievals compared to mod-
els accounting for geoid topography, ionospheric and
tropospheric delays, and precise reflection geometries.
The limitations and issues encountered with these data
are discussed, along with recommendations for future
altimetry specific GNSS-R work.

II. SPACEBORNE GNSS-R WITH TECHDEMOSAT
TDS-1

The Surrey Satellite Technology Ltd (SSTL) TDS-
1 spacecraft, carrying an SGR-ReSI instrument, was
launched into a sun-synchronous orbit with 650 km
altitude in July 2014 [18]. From this vantage point,
TDS-1 can view the entire globe, pole to pole, while
remaining continuously within view of the medium Earth
orbit (MEO) GNSS constellations. As TDS-1 orbits
below the GPS constellation, specular reflection ray
paths connecting the transmitter, surface, and receiver,
track along the surface. Fig. 1 illustrates the spaceborne
reflection geometry and the observed reflection ground
track coverage of TDS-1 for the data sets used in this
analysis. All of the reflection data analyzed here are
taken from the MERRByYS portal, www.merrbys.co.uk,
where SSTL has made the TDS-1 measurements freely
available to the international community [17].

The SGR-ReSI receiver was chosen to fly on TDS-1
as a technology demonstration in preparation for its use
as the primary instrument for observation of ocean wind
speeds on the CYGNSS mission [16]. Thus, the GNSS-
R receiver system on TDS-1 has been optimized for
ocean surface wind speed retrieval rather than altimetry.
The resulting limitations and issues for altimetry include
a relatively low-gain nadir pointing antenna; imprecise
onboard positioning and timing with no recorded car-
rier phase data; tracking of only single-frequency, low-
bandwidth signals, and an ambiguity in the reflection
tracking point that prevents accurate retracking in post-
processing. Despite these issues, which are discussed in
detail in the following sections, the TDS-1 experiment
does provide the most extensive spaceborne GPS-R
data sets gathered to date, allowing a realistic, global
assessment of on-orbit performance to be carried out.

For the analysis presented in this paper, data from
two collection periods, RD17 and RD18, spanning four

days and more than 100,000 reflection events in Febru-
ary 2015 are selected. Reflection retrievals from these
data sets demonstrate consistently strong signal-to-noise
ratios, with reflected signal path delays from which
systematic effects can be effectively calibrated. The
available data include measured delay-Doppler maps
(DDMs) and synchronized metadata describing the re-
flection time, receiver clock corrections, and the com-
puted receiver, transmitter, and reflection locations [22].

Unwin et al. describe the SGR-ReSI receiver and its
implementation on TDS-1 [17], [18]. GNSS tracking on
TDS-1 is limited to the GPS L1 C/A signal only for both
positioning and reflection tracking. The satellite carries
a standard ~ 4 dBi zenith-pointing RHCP antenna for
direct signal tracking and a 13 dBi nadir-pointing LHCP
antenna for reflection tracking. The SGR-ReSI has 28
tracking channels, with the ability to track 24 direct and
4 indirect signals [17].

Direct signals are tracked using a standard early-
minus-late delay lock loop, from which pseudorange
measurements are derived [23]. An onboard naviga-
tion processor forms point position and clock solutions
from these observations every second. Based on the
direct position solution and the Broadcast GPS satel-
lite ephemerides, a computationally efficient geometric
model is implemented onboard to predict the location
and delay for a reflected signal from the Earth surface.
An open-loop tracking algorithm is applied to the re-
flected signal, in which the signal received by TDS-
1 nadir-pointed antenna is correlated against a locally
generated model of the direct line-of-sight signal, offset
by the expected delay and Doppler. The resulting corre-
lation power is sampled in delay and Doppler space to
form a Delay-Doppler Map (DDM) as described in [24],
[7], [18]. DDMs for highly specular reflections appear
as simply attenuated and delayed versions of the direct
signal. DDMs for reflections from a rough ocean surface
exhibit the characteristic horse shoe shape shown in
Fig. 2, [24].

III. OCEAN ALTIMETRY RETRIEVAL METHODS

The three key features of the DDM are its shape,
amplitude, and time delay (or path delay when multiplied
by the speed of light) relative to the direct signal. The
observed shape and amplitude of the DDM correla-
tion function are highly dependent on the reflecting
surface roughness that determines the scattering area
and thus spread of the waveform in delay; and the
dielectric constant that determines the scattered power.
Determining the time delay of the specular reflected
signal with respect to the direct, allows retrieval of a
relative surface height [24]. That excess path delay of
the specular reflection ray with respect to the direct ray
is determined by re-tracking the delay of the correlation



BOON <)
00
30°g M4 /AN
60°s ML Za0 % VE\EAN X\\ AR RAR
Santninte <SRN NN
180°W  120°W  60°W 0° 60°E  120°E  180°W

(d)

Fig. 1. (a) Cartoon of the GPS-R event geometry. As the transmitter
(GPS) and receiver (TDS-1) orbit, the specular reflection points track
along the surface. Multiple reflection events may occur simultaneously
originating from different transmitters. (b) Global reflection ground
track coverage from TDS-1 over four days from datasets RD17 and
RDI18 (available at www.merrbys.co.uk). About 100,000 reflection
events are observed here. The data are masked to exclude land
reflections.

function recorded in the DDM. The specular point delay
is used as the track point, because it can be readily
modeled and is less sensitive to roughness than the delay
of the peak power or other possible track points on the
waveform.

To assess the accuracy of GPS-R we compare the re-
tracked/measured delay with a precise delay model. The
measured delay anomaly with respect to our model is
then given by

Af = 6measured - 6modeled- (1)

Delay anomaly (here in units of distance) is mapped
into height anomaly from the modeled surface by

Ad
Ah = 2 - cos(6) @
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Fig. 2. An example delay-Doppler map (DDM) generated from
tracking an ocean reflected signal. Correlation power is sub-divided
into delay and Doppler bins to produce a DDM.

where 6 is the reflection incidence angle. This trigono-
metric relation is derived from assuming that (a) the
transmitter is far enough away that the incoming ray
paths can be considered parallel, and (b) the reflecting
surface is flat. While neither assumption is completely
valid when considering the total excess path delay to a
receiver in low Earth orbit, for the purpose of mapping
range anomalies to height anomalies, the simplified
mapping function is quite sufficient, introducing errors
less than 1 mm in height.

Excess path delays are estimated across the entire
globe using precise spacecraft orbits, mean sea surface
topography, modeled atmospheric delays, and knowledge
of TDS-1 antenna configuration. The following sub-
sections detail the high fidelity reflection model, the
operation of the TDS-1 SGR-ReSI open loop reflection
tracking, the approach we used for waveform re-tracking,
and the calibrations we performed with the TDS-1 data
set.

A. Reflection Modeling

A high-fidelity model was assembled to simulate the
true reflection geometry and signal propagation errors
as accurately and precisely as possible. Each component
of the model, the information source, and the estimated
uncorrected and residual errors of that model component
are listed in Table 1. The high-fidelity model estimates
the delay of the reflected signal using the receiver
coordinates from the metadata with corrections for the
antenna baseline, transmitter coordinates from IGS final
orbits corrected for direct and reflected signal flight
times [25], specular point coordinates computed on the
DTU10 mean sea surface [26] with ocean and solid
body tidal corrections [27], [28], [29], and modeled
ionospheric [30], [31], [32] and tropospheric [33] de-
lays. Electromagnetic bias is not included in the model



at this point because the magnitude, estimated to be
10 — 20 cm [34], [35], is well below other current
limitations of the observations and models.

TechDemoSat-1 uses GPS L1 C/A code pseudoranges
for real time positioning. A navigation solution is cal-
culated at 1 Hz, then decimated onboard and down-
linked at 0.1 Hz. The 0.1 Hz points are interpolated
in ground-processing back to the DDM measurement
times [22]. There are, of course, limitations in the real
time navigation such as the broadcast ephemeris, clock
errors, ranging noise, uncorrected ionospheric delays, as
well as interpolation artifacts in the published metadata.
High-pass filtering the receiver orbit positions to remove
long period systematic behaviors reveal that the point
solution variability is ~ 2.6 m in 3D position. The
orbit reported in the metadata for TDS-1 has been
used in the high fidelity reflection model - this is the
best option since we do not have knowledge of the
exact onboard solution used for positioning the reflection
tracking delay offset, or high quality, raw pseudorange
and phase observations that could be used to construct
a more precise post-processed orbit solution for TDS-1.

The high precision, final GPS satellite orbit and clock
products, estimated by the International GNSS Service
(IGS) [25] are used in computing the high fidelity
model. The broadcast ephemerides, which are used in the
onboard real time navigation of TDS-1, are estimated to
be accurate to ~ 1 m while the final orbits are estimated
to be accurate to ~ 3 cm in position [36]. Corrections
to the location of the transmitter for both the direct and
reflected signals time of flight are accounted for, in order
to accurately estimate the geometry of the observation.
These corrections to the transmitter position result in a
< 20 cm difference in the reflected signal delay delay.

The reference used for the reflecting surface is the
DTU10 mean sea surface, a 2 arc-minute resolution
gridded mean ocean topography map from the Danish
Technical University [26]. Tidal corrections including
ocean and load tides from the Global Ocean Tide 4.10
(GOT4.10) model and solid body tides' are superim-
posed on the reference surface.

Given this surface, and the time history of positions of
the TDS-1 receiver and GPS transmitters, we implement
an iterative approach developed by Wu, et al. (1997) to
compute the expected location of the specular reflection
point on the surface [38]. The iteration adjusts the
reflection point until the incident and reflecting angles
agree to within 0.001 deg tolerance. In real time, TDS-1
predicts the delay and Doppler offsets of the specular
point with a computationally efficient quasi-spherical
Earth model that approximates the WGS84 reference
ellipsoid [22]. This onboard model yields a reflection

IThe solid body codes are available from Dennis Milbert at
http://geodesyworld.github.io/SOFTS/solid.htm.

position that is < 15 m of delay and < 250 Hz Doppler
shift compared to the correct WGS84 ellipsoid position.
The quasi-spherical modeling delay error is known and
completely accounted for in our model. The Doppler
error for the high elevation angle reflections considered
here is typically much less than the 250 Hz upper limit
and much less than the Doppler resolution of the DDM
measurements. Therefore, the targeted Doppler bin is
used for re-tracking as described in Section III-B.

Corrections for ionospheric and tropospheric delays
are also required. High precision orbit determination
and scientific observations with GPS always rely on
dual frequency (L1 and L2) measurements to directly
measure and remove ionospheric effects [39]. Unfortu-
nately, TDS-1 and other low cost missions, tend to forgo
the dual frequency capability, relying solely on single
frequency L1 measurements. Ionospheric models and
mapping algorithms have been developed to support such
missions. We use the International Reference Ionosphere
2012 (IRI2012) [32] to model the vertical total electron
content (vI'EC) values at ionospheric pierce points
associated with each of the three ray paths illustrated
in Fig. 3, namely, the rays from the GPS transmitter
to TDS-1 (vT ECS3), the GPS transmitter to the ground
reflection point (vI'EC1), and the reflection point to the
TDS-1 (vVI'ECY).

The vTEC values estimated for the two pierce points
on the reflected path are mapped to slant path delays
with the mapping function

1
My o(E) = 3)
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given by Equation 4.20 in Komjathy (1997) [31],
where F is the elevation angle at the reflection point,
Rpg is the Earth’s radius, and % is the ionospheric shell
height chosen to be 400 km.

Correction of ionospheric delay on the direct signal
from the GPS to the TDS-1 is performed using a method
developed by Montenbruck et al. (2002) [30]. The TEC
column value, vT'EC5 in Fig. 3, is computed from
IRI2012 extending to its uppermost altitude limit of 2000
km. Then the mapping function given by Montenbruck
et al. (2002) [30] is specifically formulated to compute
slant path delays for low Earth orbiting spacecraft and
is given by,

«
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where E;p is the elevation angle of the line of sight
path through the ionospheric pierce point, and «,
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TABLE I
MODEL COMPONENTS WITH EXPECTED RMS ERROR IF LEFT UNCORRECTED AND RESIDUAL ERRORS AFTER CORRECTION.

Uncorrected
Name Source Magnitude  Residual Error 1o
TDS-1 orbit error Metadata 2.6 m position 2.6 m position
GPS orbit error [36], [25] 1 m position 0.03 m position
DTU10 MSS topography [26] 100 m height 0.1 m height
Quasi-spherical Earth [22] 15 m delay 0m
Ocean/Body Tides [271, [28], [29] 2 m height 0.1 m
Tonosphere delay [301, [311, [32], [37] 15 m delay 6 m delay
Troposphere delay [33] 6 m delay 0.05 m delay
Antenna Baseline Metadata 1 m delay 0.001 m delay

is a scaling factor for the ionospheric density above the
receiver altitude, which depends on the receiver altitude,
hs, the shell height, hy, and a scale height, H. The
variable zyp is solved for from

1
exp(l — exp(=zrp)) = 5 (e + exp(l — exp(—2,)));
zs = (hs — ho)/H.
(6)
The total group delay along the reflected and direct

ray paths is then estimated from those slant TEC values
by

40.3 x 1016 . 9T EC

0123 =Mi23- 5 @)
fia
and the excess delay on the reflected signal is
6iono = (61 + 62) - 63- (8)
Tropospheric delays are accounted for using

the UNB3m model from the University of New
Brunswick [33]. UNB3m uses empirically derived
average atmospheric parameters computed for a grid
of latitudes and seasons, Saastamoinen zenith delays
[40], and Niell mapping functions [41] to estimate
delays. Because the GPS-R receiver is spaceborne, the
tropospheric delays are highly concentrated below an
altitude of 10 km, and we are working with transmitting
satellites at elevation angles above 60 deg; tropospheric
corrections are only applied to the downward and
upward reflected signal paths below the receiver
altitude. The UNB3m model is evaluated at the specular
point latitude and doubled to account for the down
and up-traveling paths. As modeled by UNB3m, the
latitudinal change of the tropospheric propagation
delay is less than 0.5 cm/deg, and the pierce points
of each reflection path through the troposphere are
approximately 10 km apart. Therefore, evaluating

Fig. 3. The ionospheric delay effect is estimated on the reflected signal
ray path. Vertical TEC (vT'EC) columns at the up and down-traveling
pierce points are evaluated from the IRI2012 model and mapped to
slant angles. The summed slant TEC is used to estimate the excess
delay effect.

the model at two separate pierce points is deemed
unnecessary.

When constructing the expected excess path delay for
the reflected signal, one must also take into account
the baseline offset between the zenith antenna used to
track direct signals, and the nadir pointed antenna used
to track reflections. To make this correction precisely,
one would need information on the antenna installations,
the effective phase centers of the two antennas, and the
attitude or orientation of the satellite in its orbit. The
coordinate of the antenna internal center on the face
where it is mounted to the spacecraft body is given and
TDS-1 is steered such that the body frame is aligned
with the orbit local level (LVLH) frame [42], [22]. The
body frame x-axis is aligned in the velocity direction,
the body frame z-axis is aligned in the orbit radial



(local vertical) direction, and the body y-axis completes
the right handed set. Thus, the antenna baseline vector,
b=[-264.1, 399.1, —910.8]7 mm, given in the body
frame is used to model the delay effect for a given
incident signal by

6baseline - (R b) e (9)

where R is the rotation matrix from the LVLH frame

to the ECEF frame, b is the antenna baseline vector

expressed in the body frame, and é is the line of sight

direction to the GPS transmitter expressed in the ECEF

frame. The rotation matrix R is computed from the basis
vectors of the LVLH frame by

U1 ¢ 1
Uy Cp T2
U3 €3 13

R = (10)

where v is the spacecraft velocity direction (in-track),
7 is the orbit radial (local vertical) direction, and ¢ com-
pletes the set in the cross-track direction, each written
in the ECEF frame.

After accounting for each of the systematic delay
effects described above, a bias of 8.8 m is observed
between the measured excess delay and the high fidelity
model. We attribute this bias to a combination of the
re-tracking measurement bias and uncalibrated receiver
hardware biases. It was found to be constant across all
of the data sets analyzed here, thus, in the remaining
results this fixed delay bias has been removed.

Finally, the statistics of the signal tracking errors
due to noise were investigated through a Monte Carlo
analysis. A subset of data (N = 16,000 waveforms)
was chosen for this analysis that spanned the full range
of latitudes, longitudes, and observed signal-to-noise-
ratios (SNR’s). For each correlation waveform the ran-
dom noise on the samples was estimated by taking the
standard deviation of the power of those samples at
early delays, where no reflected signal power is present.
Gaussian distributed random noise values with zero
mean were generated and superimposed on the origi-
nal waveform. This new realization of each measured
waveform is made by

(1)

where x[n] are the original samples, w[n] are the
random noise values, and x;[n] are the samples that make
up the ¢th waveform realization. For each measurement,
100 realizations were created and re-tracked as described
in Section III-B. The change in re-track delay as a
function of SNR is shown in Fig. 8. Here we define
SNR as

ai[n] = x{n] + w(n]

Pmax_

Pnoise

Pnoise

SNR = , (12)

where P,,,, is the peak measured correlation power,
and P,,;se is the mean correlation noise power value.

B. DDM Re-tracking

A specular delay measurement is made from each 1-
second incoherently integrated DDM. A slice along the
delay axis of the DDM correlation function at the tar-
geted Doppler shift creates a one-dimensional waveform
that is used to re-track the specular reflection delay, see
Fig. 4. The HALF re-tracking algorithm has been imple-
mented similarly to our previous work with the Monterey
Bay GNSS-R data set [11]. A point on the leading edge
of the correlation waveform at 70% of the maximum
correlation power is chosen as the re-tracking point.
This HALF method, derived from standard monostatic
radar techniques, is simple, computationally efficient,
and results in a more precise delay measurement than
other point tracking techniques [11], [5]. The small bias
in tracking the 70% power point, as compared to the
peak derivative point, has been removed as discussed in
the previous section.
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Fig. 4. An example of the correlation function re-tracking. First, the
noise floor is determined by the average correlation value of the first
20 samples (not shown) and removed. The correlation waveform is
then normalized by the peak power and the 70% tracking point is
determined.

Tracking a specific point on the correlation waveform
requires interpolation between samples. To do this, the
noise floor is first computed by averaging correlation
values of the first 20 samples where no signal is expected
to be present, and then subtracted from the correlation
measurements. A Whittaker-Shannon interpolation of the
adjusted correlation measurements is used to precisely
determine the desired points, as follows,

i 2[n] - sinc (5_d"d>

n=-—oo
where x[n| are the normalized correlation samples
after the noise floor has been removed, § is continuous

() = (13)



delay, and d is again the sampling period. Newton’s
method is used to first locate the peak power point on
the waveform and then the 70% re-track point.

C. On-board Delay Calculation and DDM Correlator
Positioning

The TDS-1 flight software employs open loop tracking
to position a bank of correlators in delay and Doppler
space to capture the surface reflected signal [22]. The
open loop tracking process is based on the quasi-
spherical Earth model described previously and uses
the WGS84 Earth-fixed positions and velocities of the
receiver (TDS-1) and transmitter (GPS) taken from the
real-time 1 Hz navigation solution. Delay and Doppler
offsets from the closed loop direct signal tracking are
computed and used to position the DDM correlation
window. The received signal is then correlated against a
locally generated replica of the direct signal that comes
out of the closed loop direct signal tracking used for
navigation.

Each DDM spans a limited range of the delay and
Doppler space and generally includes only the reflected
signal correlation function. Within the DDM window, the
on-board reflection tracking point is specified by targeted
delay (07p) and Doppler (Drp) values. The tracking
point (0rp, Drp) for a given DDM is referenced to
the zero delay and zero Doppler of the correlation
window (first row, center column of the DDM). Fig. 5
illustrates the measured re-tracking point and on-board
predicted tracking point on an example DDM. The TDS
documentation does not provide information about the
direct signal tracking or the complete reflected signal
delay-Doppler offsets. Because the DDM tracking point
is provided as an offset from the target pixel, we must
reconstruct the flight software reflection model in post
processing to retrieve the full excess path delay. There-
fore, the delay anomaly equation ( 1) is modified to
become

Ab = A(Smeasured - A(Smodeled
- (5reftrack - 6TP)

5on—board + 5tropo + 51’0710)

where 0,.c_yrqck 1S the measured delay on the DDM,
dorp is the on-board predicted delay on the DDM,
Orrir; and O —poard Tepresent the reflected signal excess
path delays as computed by our high fidelity geometric
model and the reconstruction of the on-board calcula-
tions respectively, and 0tropo and djon, are corrections
for neutral and charged atmospheric delays.

(14)
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D. TDS-1 On-board Model Calibration

The altimetric observable quantity from the TDS-1
data set is the delay difference between the re-track point
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Fig. 5. An example DDM is shown with the open loop tracking point
(07 p labeled TDS-1 TP) and re-track point (0,-¢ —¢7-qck labeled HALF
TP) indicated. Note that the delay axis begins at zero delay at the front
of the DDM window.

and the on-board predicted track point. This difference
is the path delay error caused by the true surface
topography, systematic signal delays (e.g. troposphere
and ionosphere), and any errors in the TDS-1 data set.
Three issues with the TDS-1 metadata and the on-
board reflection model have been identified and are
compensated for in our analysis by reconstructing and
subtracting a 0o, poarq adjustment in (14). The observed
on-board model implementation issues are as follows.

First, there is a leap second error between the given
UTC and GPS time stamps in the February 2015
metadata associated with each DDM. The UTC time
stamps published in the metadata are computed on the
ground by the SSTL analysis center, based on reported
GPS times. An incorrect leap second adjustment has
apparently been applied in the conversion. This error
affects all of the time dependent parameters published
in the metadata (e.g. receiver orbits, transmitter orbits,
specular point locations, etc.), because those parameters
are interpolated or re-evaluated in ground processing
based on the UTC time stamp. It has been determined
that the published GPS time stamps are correct, based
on clear correlations between sharp changes in reflection
power and known landmarks on the surface such as
rivers [personal communication, Clara Chew 05/2016].
In our analysis all of the UTC times and affected model
components have been corrected. The effect of this error
is within £2 meters of delay.

Second, the delay anomalies in our analysis initially
showed a strong linear dependence on the reflected
signal range rate, which can be indicative of an error in
the reported measurement time tags. We have observed
what appears to be a consistent (.1 second timing error
between the TDS-1 open loop tracking model and the
DDM measurements. A timing calibration correction has
been imposed on the high-fidelity model to account for
this. If left uncorrected, the effect of this range rate



dependent error would be quite large, on the order of
+100 meters of delay.

Finally, what appears to be a geolocation mis-tagging
error has been observed. When attempting to reconstruct
the on-board delay model, d,y,—poard> fOr a given epoch,
we were advised to use the specular point coordinate
from the following index as given in (15) below, see
supplementary material S4 of Chew et al. (2016) [14].
This result might indicate an indexing error in the
TDS-1 onboard software used to predict the reflected
signal delay. If uncorrected, the effect manifests itself in
delay as a systematic latitude dependent error as if the
predicted specular points are lagging. The effect of this
error is large and a function of latitude, at =50 meters
of delay.

5onboard = ||GPSzyz(Z) - SPszz(’L + ]_)H

+ | TDSey=(i) — SPTyy:(i + 1) (15)
— |GPSyyz(i) — TD Sy (i)l
IV. RESULTS

We measure the global agreement between GPS-R
retrieved sea surface heights and the DTU10 (2 arc-
minute) mean sea surface using TDS-1 datasets RD17
and RD18. Each of the observed DDMs is processed
to extract the reflection SNR as defined in (12). Mea-
surements with SNR of at least —5 dB are considered
candidates for altimetric retrievals with expected tracking
errors of ~ 10 m, 1o, as seen in Fig. 8(a). Observations
are further limited to ocean regions where there is no
possibility of ice coverage, specifically latitudes between
N60 deg and S60 deg. These limits identified over
100,000 DDMs recorded in data sets RD17 and RD18,
corresponding to 25% of the total collected, as viable for
ocean altimetry. Further quality control filters removed
any measurements with antenna gain < 5 dB, delay
residuals > 250 m, and finally delay residual outliers
greater than 40. Ninety-seven percent of the high SNR
ocean reflections in the RD17 and RD18 datasets passed
this quality screening. Fig. 6 presents the height retrieval
results, where it is clear that the measured surface
topography and the DTU10 model match on a global
scale. Quantitative results are given in Table II and Fig. 7
with standard deviations of the delay and surface height
residuals presented for 1, 10, and 60-second integration
times. It should be noted that the delay and height
anomaly standard deviations do not reduce by a factor of
VN as would be expected if the residuals were purely
Gaussian white noise. This result indicates that there are
some systematic effects remaining in our results, though
they are hidden below the noise when considering 1 sec
along-track integrations.

135 W

(b)

Fig. 6. (a) Measured ocean surface topography with respect to the
WGS84 reference ellipsoid. (b) DTU10 mean sea surface model shown
with respect to the WGS84 reference ellipsoid.

TABLE I
RESIDUAL DELAY AND HEIGHT ANOMALIES FROM TDS-1
ALTIMETRY COMBINING DATA SETS RD17 AND 18. THE HALF
RE-TRACKING ALGORITHM IS USED.

Integration Times | 1o Delay Anomaly | 1o Height Anomaly

Height Retrieval wrt. WGS84 [m]

Height Anomaly wrt. DTU10 MSS [m]

1ls 11.9 m 6.4 m
10 s 5.5 m 29 m
60 s 4.6 m 2.6 m

TABLE III

BUDGET OF RESIDUAL MEASUREMENT ERRORS FOR A 1 SECOND
INTEGRATION TIME.

Error Source Residual 1o
TDS-1 Orbit 2.6 m position
GPS Orbit | 0.03 m position

Tides 0.1 m height

Ionosphere 6 m delay
Troposphere 0.05 m delay
Antenna Baseline 0.001 m delay
Tracking Error 10 m delay
RSS 12 m

The delay retrieval anomalies are seen to be well
distributed in Fig. 7(a). Fig. 7(b) presents the delay
anomalies plotted versus latitude, which shows no evi-
dence of large geographic dependent effects visible in the
residuals. For 1 second integrations the root-sum-square
(RSS) of the tabulated residual errors (12 m, Table III)
matches the observed precision of the delay anomaly
(11.9 m, Table II).

The limiting factors in the accuracy and precision
of these results are likely to be knowledge of the
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Fig. 7. (a) Histogram of the 1 second average delay anomaly residuals
with respect to the tide corrected DTU10 MSS. (b) Delay anomaly
residuals from the tide corrected DTU10 MSS shown against latitude.

orbit and tracking noise. The residual orbit errors of
the transmitter (0.03 m) and receiver (2.6 m) will of
course not map directly into the path delay and are a
likely source for some of the remaining systematic error
effects. However, with the absence of a position error
vector for each measurement, we assume a worst case
scenario where the position error is included directly in
the delay error budget, Table III. With this assumption
we have a conservative estimate of the contribution from
orbit precision.

Residual height errors from the tidal model are esti-
mated to be about 0.1 m [28]. The GOT4.10 model as it
was used here includes ocean tides, and load tides. Solid
body tides are also estimated from [29].

We also examined the impact of charged and neutral
atmospheric effects. Because of the reliance on single
frequency observations, we expected some limitations in
performance due to the ionospheric effects. However, in
comparing residuals for daytime and nighttime tracks,
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Fig. 8. (a) Estimated tracking error o of the reflected signal as a
function of signal to noise ratio. (b) A histogram of the observed signal
to noise ratios of the reflected signals.

we do not see significant differences, with the daytime
delay residuals having standard deviations of +12.7 m
and nighttime tracks have standard deviation of £12.8 m
in delay. The literature on ionospheric delay modeling
suggests that the IRI-2012 model may have an error up
to 40% in estimation of TEC [37]. A 40% error in the
IRI TEC estimate results in ~ 6 m of residual error
in delay. Tropospheric models have been estimated to
perform very well as compared to radiosonde profiles
with a residual delay error of ~ 5 cm [33].

The baseline offset between zenith and nadir looking
antennas has been accounted for and the residual error is
believed to be small. The typical attitude uncertainly of
TDS-1 is ~ 1 degree about each axis. This uncertainty
in attitude yields an uncertainty in delay of about 1 mm.

Finally, the reflected signal tracking error as a function
of correlation SNR has been analyzed. Fig. 8 illustrates
the estimated tracking error of the reflected signal and



the distribution of observed correlation SNR values. It
can be seen that the most often observed SNR, ~ 0 dB,
corresponds to a tracking noise of ~ 10 meter standard
deviation.

V. SUMMARY AND CONCLUSIONS

Our analysis of the TDS-1 data has established that
spaceborne GNSS-R is capable of retrieving accurate
global ocean altimetry, though as expected, the 1-sec
measurement precision on this platform is not adequate
for mesoscale oceanography. Based on the currently
available data and models, the observed height retrieval
precision is oy = 6.4 meters for 1 second integrations.
The results presented here are based on a set of data not
originally intended for altimetry, which brings up several
challenges in the hardware and software implementation
that have been compensated for as comprehensively as
possible. Improvements to signal tracking would cer-
tainly be obtained through the use of a higher gain
antenna and wider signal bandwidth. The use of dual
frequency measurements would reduce the ionospheric
error source to well below the required accuracy [39].

Aside from the limitations imposed by the TDS-1
receiver configuration, there are several propagation error
model improvements that would yield much improved
height retrieval precision. The most significant model
improvements would come from better ionospheric cor-
rections and precise receiver orbits. Improvements to
these estimated orbits could likely be obtained in the
future. Surrey Satellite Technology has indicated they
may release the onboard orbit solutions or raw pseu-
dorange measurements. One could then perform more
precise orbit determination, directly improving the height
retrievals. Finally, incorporating corrections for EM bias
and other traditional ocean altimeter errors may give
improvements on the order of 0.3 m [9], [34], [35], [43].

Even with an ideal GNSS-R configuration for altime-
try, the achievable surface height precision is likely an
order of magnitude larger than the current state-of-the-art
nadir altimeters (e.g. JASON-2 [44]). Li, et al. suggest
that such a system would require high gain antennas
and utilize wide-band ranging codes and dual frequency
signal tracking. Then the achievable height precision
with GNSS-R is ~ 1 meter. However with appropriate
spatial and temporal averaging of measurements from a
small constellation of receivers, mesoscale ocean fea-
tures may still be observable [9]. As more GNSS-R
spacecraft become available (now TDS-1, CYGNSS,
and SMAP [45]) the individual receiving systems are
becoming increasingly capable. With a larger number of
higher performance observing platforms, improvements
to GNSS signal reflection models, and the incorporation
of improved altimetric corrections the opportunities will
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grow for GNSS-R altimetry to provide useful oceano-
graphic observations.
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