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Introduction

Since late 2021, DSO has decided to expand its involve-
ment in the DORIS community by developing its own, in-
house processing software for POD and positioning using
the DORIS system.
Core design considerations and strategy include:
• Core software development using the C++ programming

language (exploiting its speed, robustness & versatility)
• Various minor, peripheral parts developed using Python,

allowing development speed and ease of use (for develop-
ers & users)

• Follow a modular design pattern, with different parts de-
veloped individually, serving specific needs, thus favoring
composability & reusability

• Strive for minimum dependencies; when unavoidable,
we only use open-source software

• Developed in an “open” fashion, using public repositories
on github

Extended Kalman Filtering in
Positioning Mode

In the positioning software, the beacon coordinates and nui-
sance parameters are estimated sequentially using an Ex-
tended Kalman Filter (EKF). The state vector contains lo-
cal coordinate corrections for each beacon, together with
stochastic parameters representing propagation and instru-
mental effects, mainly zenith wet delay and oscillator-
frequency offsets. For each DORIS Doppler observation, the
nonlinear computed-observation model is linearized around
the current estimate,

yk = h(xk, tk) + εk, ∆yk ≃ Hk∆xk + εk,

where yk is the observed Doppler quantity, h(·) includes
satellite and station geometry, propagation corrections, an-
tenna phase-center offsets, attitude-dependent effects and
frequency terms, and Hk is the design matrix containing
the partial derivatives with respect to the estimated param-
eters.
At each observation epoch, the filter first propagates the
state vector and its covariance according to a stochastic
model,

x̂−
k = Fkx̂+

k−1, P−
k = FkP+

k−1F
T
k + Qk.

The baseline processing uses static beacon coordinates, zero
process noise for the coordinate states, stochastic zenith wet
delay evolution, and pass-dependent oscillator-frequency
offsets. In the current configuration, the a priori coordi-
nate uncertainty can range between 1 − 100 cm to produce
a “loose” or aligned coordinate estimate, while the zenith
wet delay is initialized with an uncertainty of 10 cm and
propagated with process noise. Frequency-offset states are
initialized with a small a priori uncertainty and are reset for
each satellite–beacon pass.
The measurement update is driven by the Doppler innova-
tion,

vk = yk − h(x̂−
k , tk),

with Kalman gain

Kk = P−
k HT

k

(
HkP−

k HT
k + Rk

)−1
.

The corrected state and covariance are then
x̂+

k = x̂−
k + Kkvk, P+

k = (I − KkHk)P−
k .

Basic observation admission and outlier rejection are ap-
plied before accepting measurements into the filter, so that
poorly conditioned arcs or large residuals do not dominate
the solution. This sequential formulation allows station co-
ordinates, tropospheric parameters and pass-dependent fre-
quency offsets to be estimated consistently while processing
large DORIS data sets observation by observation.
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Results

01-05 12 01-06 00 01-06 12 01-07 00 01-07 12
Time

0.001

0.000

0.001

0.002

0.003

Re
sid

ua
l (

m
/s

)

DIOB
ja3
s3b
srl
mean=-0.000, std=0.000
clipped_mean=-0.000, clipped_std=0.000
median=-0.000, MAD_std=0.000

10 20 30 40 50 60 70 80 90
Elevation

0.001

0.000

0.001

0.002

0.003

Re
sid

ua
l (

m
/s

)

DIOB
ja3
s3b
srl

0.0020

0.0015

0.0010

0.0005

0.0000

0.0005

0.0010

No
rth

 (m
)

True position
Estimated

0.0035

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

Ea
st

 (m
)

True position
Estimated

01-05 12 01-06 00 01-06 12 01-07 00 01-07 12
Time

0.007

0.006

0.005

0.004

0.003

0.002

0.001

0.000

Up
 (m

)

True position
Estimated

Position convergence  DIOB

Figure 1: Analysis results for beacon DIOB.
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Figure 2: Analysis results for beacon MLAC.

Figure 3: Per-beacon metrics.
Discussion

The results indicate that the EKF approach is a promising framework for DORIS positioning, but also
that the stochastic modelling still requires careful refinement. In contrast to the common strategy of
processing each satellite separately and subsequently combining normal equations, the present implemen-
tation follows a sequential, stream-like formulation: observations from multiple satellites are merged into a
single chronologically ordered data stream and consumed as they arrive. This makes the solution adaptive
and computationally attractive, but also places stronger requirements on the tuning of the process noise,
observation weights, and nuisance-parameter handling.
Jason-3, Sentinel-3B and Saral observations give an overall residual RMS of about 0.71 mm/s, with
satellite-specific RMS values of approximately 0.82, 0.61, and 0.58 mm/s, respectively. The estimated
coordinate corrections are at centimetre level: the active-station 3D RMS is about 1.3 cm, with a median
3D offset of 0.8 cm and a 95th percentile below 2 cm. The vertical component dominates the adjustment,
suggesting that the coordinate–troposphere coupling remains one of the key aspects to control.
Further work should therefore focus on the stochastic treatment of nuisance parameters, especially ZWD
and pass-dependent frequency offsets.
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