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SAR Mission

This article describes the pre-launch status of ESA's BIOMASS mission, the first P-band

SAR system to be operated from Earth orbit.
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launched on April 29, 2025. Utilizing a P-band synthetic aper-
ture radar (SAR), the objective of BIOMASS is to deliver
estimates of above-ground forest biomass, forest height (FH),
and forest disturbance (FD), with unprecedented accuracy. The
mission’s primary scientific goal is to quantify the distribution
and changes in forest biomass, thereby reducing uncertainties
in carbon flux estimates and informing climate models. The
satellite’s advanced instrumentation and innovative approach
allow it to penetrate dense forest canopies, capturing data
even in challenging environments. The mission will operate in
two distinct phases: the tomographic phase and the interfer-
ometric phase, which will support polarimetric interferometric
SAR (Pol-InSAR) and tomographic SAR (TomoSAR) processing.
Additionally, BIOMASS will provide valuable observational data
for ice sheets, deserts, the ionosphere, below canopy topogra-
phy, and other domains.

KEYWORDS | BIOMASS; carbon cycle; P band; SAR polarime-
try; SAR tomography; satellite; synthetic aperture radar (SAR)
interferometry.

I. INTRODUCTION

European Space Agency’s (ESA) Earth Explorer missions
are a cornerstone of its FutureEO program, designed to
address critical scientific questions about the Earth system.
This program focuses on understanding the complex inter-
actions between the atmosphere, biosphere, hydrosphere,
cryosphere, and lithosphere, providing essential data for
climate research and environmental monitoring [1]. The
most recently launched mission under this program is
BIOMASS, which aims to quantify forest carbon stocks

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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and changes globally by measuring above-ground forest
biomass and forest height (FH).

Forests play a crucial role in the global carbon cycle
and the climate system. They hold significant carbon stocks
and act as dominant sinks, absorbing carbon dioxide (CO3)
from the atmosphere through net primary production and
storing it in biomass and soil. Forests can also be sub-
stantial carbon sources, releasing CO, to the atmosphere
through natural disturbance events, such as wildfire, pests,
or drought-induced mortality, but also through defor-
estation and degradation processes from anthropogenic
activities.

The development of carbon sinks, known as carbon
sequestration, helps mitigate climate change by reducing
the concentration of greenhouse gases in the atmo-
sphere [2], [3]. The carbon sequestration capacity of
forests is immense, holding approximately 70% of total
ecosystem carbon on land, and varies globally, influ-
enced inter alia by forest age, health, species composition,
hydrometeorology, topography, soil composition, and cli-
mate. In particular, tropical moist forests hold the largest
biomass carbon stocks on the planet. The importance of
these forests calls for an enhanced understanding of their
functioning and makes their conservation and sustainable
management critical for climate change mitigation [4].
These forests face numerous threats that undermine their
ability to sequester carbon and regulate the climate. Field
sampling suggests that carbon sequestration rates have
stayed stable in African tropical forests [5] but declined
in Amazonian tropical forests [6]. Deforestation and for-
est degradation are among the most significant threats,
driven by factors such as agricultural expansion, log-
ging, and infrastructure development [7]. Besides human
activities, climate change itself poses a significant threat.
Increasing temperatures, altered precipitation patterns,
extreme weather events, insect infestations, and fires can
all degrade forest ecosystems with negative impacts on for-
est health, growth, and their future carbon sequestration
capacity [8], [9], [10], [11]. According to [12], around
10% of the annual anthropogenic emissions of CO; to the
atmosphere are from land use change, making deforesta-
tion processes a major carbon emitter, second only to fossil
fuel emissions, though the relative uncertainty in this value
is large at ~65%, as degradation and regrowth dynamics
are poorly quantified. Due to the widespread deforestation
and disturbance in tropical forests, boreal forests have the
potential to become a more important sink than tropical
forests [13], [14] but, like tropical forests, their ability to
sequester carbon is increasingly affected by degradation
and deforestation [15], [16]. Understanding the drivers of
deforestation, forest degradation, and forest disturbance
(FD) and how they affect forest ecosystems, including
the physiological responses of trees to climate stressors,
changes in atmospheric CO,, and the potential for forests
to adapt to changing conditions [17], is therefore essential
for understanding forests’ role in the global carbon cycle
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and how their capacity to store carbon will change in
future.

Beyond their central role in the global carbon cycle,
forests also influence local and global climates by regulat-
ing the water cycle, the Earth’s radiative energy balance,
and cloud formation [2], [18]. They provide a wide range
of essential ecosystem services, including the intercep-
tion of water, mitigating floods, the filtration of water,
the stabilization of soils, the supply of building materi-
als and fuelwood, and the provision of key habitats for
wildlife [18]. They also hold significant cultural value and
contribute to human wellbeing.

Given their importance, understanding how forests
function—and how they are changing—has become
increasingly urgent. Although forests are fundamental to
the climate system and provide vital ecosystem services,
major research challenges remain in assessing the influ-
ence of human activities and climate change on forest
dynamics. Land use change and terrestrial CO; uptake—
reflecting losses and gains of forest biomass—continue to
present some of the largest uncertainties in the global
carbon budget [12]. While our qualitative understanding
of forest processes is well developed, major gaps persist in
their quantitative assessment, making the study of forest
ecosystem dynamics an urgent scientific priority.

Accurately estimating the carbon stored in forests is
a major challenge. Typically, the carbon stored in trees
is derived from an estimate of the above-ground forest
biomass, which in turn is derived from forest structural
measurements. Forest ecosystems are highly complex, with
carbon storage and release influenced by many factors,
including stand structure, forest age, species composition,
soil type, disturbance, and management practices [3].
Thus, for monitoring, it is important to characterize forests
not only by a single number (e.g., leaf area index or
biomass) but also to embrace structural information such
as the vertical distribution of biomass.

Traditional methods to measure forest structure and
estimate biomass, such as forest inventories, have lim-
itations in terms of coverage and repeatability. Modern
sensor technology such as airborne lidar scanning [19] and
drone lidar [20] or terrestrial lidar scanning [21], [22] can
complement ground-based forest census observations, cap-
turing forest structural information on a landscape scale
up to several square kilometers or providing accurate 3-D
forest structure models. However, these technologies can-
not provide the required wide area mapping capabilities
needed, for instance, in the pan-tropics. Satellite imagery
has the potential to overcome these limitations and offer
new opportunities to improve the accuracy of biomass
estimation [4]. In particular, synthetic aperture radars
(SARs) [23], spaceborne lidar [24], and low-frequency
passive microwave instruments [25] have been used indi-
vidually or in various combinations to produce global
biomass maps. Building on these advances, the ESA CCI
Biomass time series provides annual global above-ground
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biomass maps at 100-m resolution for 2007-2022, cali-
brated using extensive LiDAR measurements from NASA’s
GEDI and ICESat-2 missions to improve allometries and
temporal consistency [26]. Another example of a pantrop-
ical biomass dataset has been created through the fusion
of GEDI lidar with TanDEM-X SAR, delivering 25- and
100-m resolution above-ground biomass maps for regions,
including the Amazon Basin, Gabon, French Guiana, and
Mexico, offering high-detail wall-to-wall estimates in trop-
ical forests [27]. Complementing these global products
are a range of regional and local products. While these
products are widely used today, they usually do not meet
the full array of requirements expressed by the scientific
community, due to lacks in resolution, revisit, or sensitivity
to forest structure in dense forest environments.

The BIOMASS satellite, launched on April 29, 2025,
is designed to address these scientific challenges by provid-
ing repeated, spatially continuous low-frequency (P band,
432-438 MHz) SAR measurements. Low-frequency SAR
can penetrate deep into the densest forest canopies and,
in combination with novel information retrieval concepts
such as polarimetric interferometric SAR (Pol-InSAR) [28],
[29], [30] and tomographic SAR (TomoSAR) [31], [32],
[33], can map forest structure parameters such as above-
ground forest biomass density (AGBD) and FH with
accuracies in the range of 20%-30%, which is comparable
to ground-based observations [34], [35].

II. MISSION OBJECTIVES

The primary scientific goal of the BIOMASS mission
is to reduce the major uncertainties in calculations of
carbon stocks and fluxes associated with the terrestrial
biosphere, including those related to land use change,
forest degradation, and forest regrowth. To achieve
this goal, the primary objective of the BIOMASS mis-
sion is to deliver estimates of AGBD, FH, and FD,
all of which are crucial for understanding forest struc-
ture and dynamics. To fulfill the scientific community’s
demand for accurate and comprehensive forest data, the
mission’s products must meet the following high-level
requirements.

1) Ability to Map Tropical Dense Forests: The measure-
ment system must be capable of accurately estimating
biomass in tropical regions, where the combined effect
of deforestation, forest degradation, and forest regrowth
makes a major contribution to global land use emis-
sions [7]. These regions are critical due to their significant
carbon fluxes, yet are where we have the least information
and knowledge [36].

2) Hectare-Scale Estimates: Estimates of AGBD, FH, and
FD need to be available at a resolution around a hectare,
which is the effective scale of forest variability [37]. This
fine-scale resolution, particularly in conjunction with the
vertical distribution of tree mass, can capture localized
changes in forest biomass such as the falling of large
canopy trees and the subsequent gap filling.
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Fig. 1. Graphical sketch of the BIOMASS satellite in stowed,
unfolding, and deployed configuration.

3) Wall-to-Wall Coverage With Repeated Measurements:
Due to the diversity and fragmentation of tropical forests,
the mission must provide spatially continuous coverage
of tropical and subtropical forested regions with repeated
measurements over multiple years, enabling the identi-
fication and monitoring of deforestation and regrowth
patterns over time [35], [38], [39].

4) Target Accuracy: The target accuracy for AGBD and
FH products is 20% at 4-ha resolution, comparable to
ground-based observations. Achieving this level of accu-
racy is crucial for ensuring the reliability of satellite data
for scientific research and policymaking [40], [41].

These high-level objectives have been used to size and
design the mission. Secondary applications to map ice,
deserts, topography, and the ionosphere, taking full benefit
of the novel BIOMASS P-band SAR observation capabilities,
have also been identified but were not used to drive the
mission design.

III. SATELLITE DESIGN

BIOMASS is implemented as a single-platform, P-band
(435 MHz) fully polarimetric SAR with an orbit enabling
repeat-pass interferometric processing of the data (Fig. 1).

A. Platform

The satellite platform comprises two major elements, the
mechanical platform (structure, propulsion, solar array,



and harness) and the avionics platform (command and
data handling, power, comms., payload data handling
and attitude, and orbit control system AOCS) [42]. For
the mechanical platform, an aluminum composite panel,
H-structure design, is used as the core structure, building
on heritage from Mars Express, Venus Express, and Aeolus
missions. This structural concept meets the mass, stiff-
ness, and pointing stability requirements of the mission.
A monopropellant, hydrazine propulsion system with a
single tank and four pairs of thrusters is implemented
to provide orbit maintenance delta-V and attitude control
capability for rate damping during initial acquisition and
safe modes. A single deployable fixed solar array featur-
ing 7 m? of triple junction gallium arsenide (GaAs) cells
generates 1.5 kW of power. which is stored in a 156-Ah
lithium-ion battery, ensuring continuous operation even
during periods of eclipse.

The avionics platform is based on the Airbus AS250
platform, which was also used on the Sentinel-5P mission
and has been adapted to fulfill the BIOMASS requirements.
It is three-axis stabilized with yaw steering, providing pre-
cise orientation control. To control the deployment of the
large deployable reflector (LDR), a customized reflector
deployment interface unit is implemented. The AOCS is
also customized with higher capability reaction wheels,
larger magnetorquers, and a GNSS receiver to be able to
cope with the wide range of system inertias during the
deployment. For telemetry and telecommand (TC/TM),
the satellite utilizes an S-band communication system with
a 64-kb/s uplink and a 571-kb/s downlink. The scien-
tific data collected by the satellite are transmitted via an
X-band communication system, which provides a high-
speed downlink at 500 Mb/s, essential for the timely
transmission of the large volumes of data generated by the
SAR system.

B. Instrument

The BIOMASS SAR instrument operates at 435 MHz with
a 6-MHz bandwidth and with a fully polarimetric transmit
and receive chain, capable of transmitting and receiving
signals in H and V linear polarizations that allow the full
polarimetric scattering matrix [43] to be measured. The
comparatively small bandwidth of 6 MHz is in line with the
frequency allocation to Earth Exploration Satellite Service
in the 432-438-MHz band of the International Telecom-
munication Union (ITU) Radio Regulations. The most
distinctive feature of the satellite is the LDR antenna with a
projected circular aperture and diameter of approximately
12 m, a focal length of 7.8 m, and an offset of 2.1 m. The
LDR was mounted on the side of the satellite platform and
folded for launch so that it could be accommodated within
the rocket fairing. On the outer side of the satellite at the
bottom of the instrument panel, the antenna feed array
(FA) is positioned, consisting of four patches connected to
the instrument as two doublets (2 x 2). The main functions
of the FA are the radio frequency (RF) signal transmission
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Payload Data
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.. Feed Array
(not visible)

Digital Control
Unit (x2)

Calibration
Distribution
Network (x2)

Receiver Amplifier
Subsystem (x2)

Power Amplifier
Subsystem (x6 SSPAs)

Fig. 2. Image of the BIOMASS instrument and its integration on the
platform.

and reception for the BIOMASS SAR instrument. Each
doublet consists of two patches, an FA network and two
input ports, one per polarization.

On the inner side of the instrument panel, located in
the platform interior, the instrument architecture consists
of the following:

1) digital control unit (DCU);

2) calibration and distribution network (CDN);
3) power amplifier subsystem (PAS);

4) receive amplifier subsystem (RAS).

Fig. 2 provides an image of the Biomass instrument and
platform.

The DCU is the heart of the instrument and performs the
instrument control and internal calibration functions. The
CDN routes the transmit RF signals generated by the DCU
to the PAS and routes the received radar ground echo via
the RAS back to the receive modules in the DCU. In addi-
tion, it ensures routing of the internal calibration signals
through the instrument elements. The function of the PAS
is to amplify the RF transmit chirp (Tx) to a peak power of
+49.5 dBm (90 W) (adjustable by +1 dB). The PAS is com-
posed of two identical assemblies, one for vertical and one
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Fig. 3. Instrument block diagram [43], ©Airbus Germany.

for horizontal polarization. Each PAS assembly contains
two nominal solid-state power amplifiers (SSPAs), operat-
ing in parallel for power amplification of the Tx chirp, and
one redundant SSPA. The main function of the RAS is to
route and amplify the received radar echo from the PAS
to the CDN at low noise (RAS noise figure < 2.3 dB) for
each polarization. The DBIOMASS Instrument Proto Flight
Model (PFM) contains two RAS: one for V and one for H
polarization. Each unit is internally redundant (Fig. 3).

The latest available pre-flight instrument predicted per-
formance values based on laboratory measurements and
analysis performed as part of the satellite qualification
review are given in Table 1 together with the confidence
levels, applying to the acquisitions. Where a specific confi-
dence level has not been specified, the performance level
is considered as a worst case (w.c.) value. Parameters
affected by the ionosphere (such as geolocation or residual
phase error) assume no ionospheric impact. The pre-flight
predicted performance is better than the requirements
requested by the scientific community [44] except for the
across-track peak-to-sidelobe ratio (PSLR), which is not
compliant at the near edge of Swath 1, and the chan-
nel imbalance, which is not compliant at the required
3 sigma level. The requirement of the across-track PSLR
is —16 dB, and the current noncompliance is not consid-
ered critical. The requirement of the channel imbalance is
—25 dB and compliance is critical to achieve the polari-
metric performance. The current approach to mitigate this
noncompliance is to compensate the channel imbalance
distortion using channel imbalance measurements over
the BIOMASS Calibration Transponder (BCT) and over
suitable distributed targets [45].

The first results obtained at the end of the commission-
ing phase indicate that all performance goals have been
met and exceeded.

The instrument is operated in a stripmap left-looking
imaging geometry. Platform rolls enable access to three
swaths (Fig. 4). At the equator, for the ascending node, the
incidence angle ranges per swath are 23.00°-27.79° for
Swath 1, 27.06°-31.18° for Swath 2, and 30.49° to 33.90°
for Swath 3. The resulting swath widths are 51.1 km for
Swath 1, 54.5 km for Swath 2, and 52.0 km for Swath
3. The overlaps between Swaths 1 and 2, and between
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Swaths 2 and 3 are about 10 km. Incidence angles, swath
widths, and swath overlaps vary slightly between ascend-
ing and descending orbits and with latitude and between
mission phases.

C. Calibration

The BIOMASS mission gives completely new challenges in
external calibration arising from the orbital pattern needed
for the tomographic and Pol-InSAR phases of the mission,
the strong effects of the ionosphere at P band, and the lack
of preexisting P-band data. Together, these create problems
that can only be solved by combining infrequent visits to
instrumented calibration sites with systematic exploitation
of the properties of distributed targets and targets of
opportunity [43]. For system calibration, BIOMASS uses
the active BCT transponder [46]. The BCT antenna is a
4.8-diameter 2-D array composed of 40 active patches

Table 1 Biomass System Requirements and Predicted Performance

Parameter Requirement Specification
Channel Imbalance <-25dB <-23.5dB
(30), Tx and Rx| (30), Tx and Rx
combined combined
Cross-Talk <-30dB (30) <-332dB
(30)
Radiometric bias <0.3dB (lo) <0.23dB
(10)
Radiometric stability <0.5dB (lo) <0.26 dB
(1)
Noise Equivalent <-27dB <-30.4 dB
Sigma Nought (w.c.) (w.c.)
Total Ambiguity <-18dB <-19.1dB
Ratio (w.c.) (w.c.)
Spatial resolution 60 mx 8 m 59mx8m
(SLC), range and
azimuth
Residual phase error <10 deg(lo) <4.0 deg
over pulse travel time (1o)
Residual phase error <10 deg (lo) <3.7deg
over data take time (1o)
(12 min)
Peak to Sidelobe <-16dB <-18.0dB
Ratio Along Track (w.c.) (w.c.)
Peak to Sidelobe <-16dB <-14.1dB
Ratio Across Track (w.c.) (w.c.)
Integrated Sidelobe <-9dB (w.c.) <-94dB
Ratio (w.c.)
Geo-location <25m(w.c.) <4.1m
accuracy (w.c.)
Dynamic range -30dBto 5 -30dBto 5
dB dB




33.9°

Sy, o
%

'S‘hf%e

a0

Fig. 4. BIOMASS operates in a strip map mode covering three
swaths that will be accessed by roll maneuvers of the platform.

(Fig. 5). The antenna can be steered in azimuth and
elevation to track BIOMASS during the satellite overpasses.
To ensure a high system performance and stability, the BCT
contains an internal calibration network and an external
calibration disk with a known radar cross section (RCS).
BCT specifications are given in Table 2.

IV. MISSION OPERATION
A. BIOMASS Orbit

BIOMASS flies in a dawn-dusk sun-synchronous drifting
orbit with a mean altitude of 666 km, an inclination of
97.97°, and a local time of the ascending node (LTAN)
at 06:00 A.M., completing 14 + 2/3 revisions per day.
The orbit’s near-repeat cycle is three days, where the
exact repeat position slightly deviates due to the drift.
The actual drift and its direction depend on the mission
phase and are specified in Sections IV-A and IV-B. The
drift results in controlled interorbit distances (baselines)
between successive revisits to the same site, which enables
the Pol-InSAR and tomographic processing of the data. The
ground track of the satellite is controlled to be within 10%
of the critical baseline, which is approximately +480 m.

B. In-Orbit Commissioning Phase

Following the launch and early orbit phase (LEOP), which
took nine days and included the platform switch-on and

Fig. 5. BCT 2-D antenna array and housing, ©C-Core Canada.
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Table 2 Biomass Transponder Specification

Parameter Specification

Antenna Beam 12 deg HPBW. Gain 22.7

dBi

Simulated RCS 85 dB(m2) with an

uncertainty < 0.2 dB (1o)

Gain stability < 0.1 dB (lo) over the entire

mission lifetime

Sensitivity Capability to detect PFD > -

90 dBm/m2

Cross-Polar isolation <40 dB (1-way) in both Tx

and Rx

Channel Imbalance < 0.1 dB (1o) in amplitude
and < 0.77 deg (1o) in phase,

including the antenna (2-way)

Signal to Multipath >43.5dB
Ratio
Absolute pointing error < 0.5 deg (30) azimuth and

elevation combined

the deployment of the LDR, the in-orbit commissioning
phase (COM) started. This phase aimed at a complete
characterization of the platform and payload performance
to verify that the system was ready for the transition into
the routine operations phase.

During this phase, the satellite, including the payload,
was brought into a fully operational state. Relevant adjust-
ments were made to the payload operational parameters
and software to optimize its performance. The requirement
of repeated passes over the BCT during this phase resulted
in a dedicated orbit that differs slightly from the opera-
tional orbit, by around 30-300 m depending on the COM
phase (Table 3). The COM phase lasted about six months
and was split into six subphases, each characterized by a
dedicated orbit.

COM-0 was the LEOP during which the platform was
commissioned, and instrument functional checks were car-
ried out. COM-1 was dedicated to a full instrument check
to determine instrument health and readiness and to check
out the operation of the BCT with BIOMASS. COM-2 was
dedicated to the antenna pattern characterization using
the BCT. This focused on acquiring 21 azimuth antenna
pattern cuts of the individual doublets at different ele-
vation angles as BIOMASS flew over the BCT. Biomass
operated in a specific mode over the BCT to enable the two
doublet patterns to be characterized. Following the col-
lection of the 21 azimuth antenna cuts, the characterized
doublet antenna secondary patterns were generated. This
was used by the image processor together with the internal
calibration data and ground characterization data to form
the characterized antenna secondary patterns (CASPs).
The comparison of the CASP with the combined pattern
from the reference antenna secondary pattern (RASP) was
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Table 3 Biomass System Commissioning Phases

Sub-Phase Orbit type / Task duration
requirements

COM-0 From end of 30 days
LEOP, on the
move to Zero
Drift orbit

COM-1 Zero Drift orbit, 18 + 9 days for
Swath-1 manoeuvres; 7 BCT

revisits

COM-2 Swath-1, 60 + 9 days for
westward drifting | manoeuvres; 21 BCT
orbit with a 3.42 revisits.
km drift / 3 days

COM-3 Swath-1, eastward | 24 + 3 days for
drifting orbit with | manoeuvres; 8 BCT
a 6.875 km drift/ | revisits
3 days

COM-4 Pseudo TOM, 18 + 9 days for
Swath-2, eastward | manoeuvres; 7 BCT
drifting orbit with | revisits
a 0.887 km drift /
3 days

COM-5 Pseudo TOM, 18 days; 7 BCT
Swath-3, eastward | revisits
drifting orbit with
a 0.887 km drift /
3 days

C. Nominal Mission Phases

To achieve the mission objectives, BIOMASS operates in
two phases. Following the initial six-month commissioning
phase, the mission proceeded with the tomographic phase
(TOM) of 18 months on November 21, 2025. The TOM
phase will be followed by the interferometric phase (INT)
of 42 months, which will complete the mission’s five-year
operational lifetime. During the TOM phase, an interfer-
ometric stack (STA) of seven images is collected for each
point within the TOM acquisition mask. In the INT phase,
an interferometric STA of three images will be collected
for each point within the INT acquisition mask. For both
phases, the temporal repeat cycle between images of an
STA is three days.

The drift during these phases and hence the horizontal
baselines between successive revisits to the same site is
0.87 km (15% of the critical baseline) during the TOM
phase, which translates to a height of ambiguity of 160 m
and a vertical resolution of 25 m, and 1.49 km (30% of the
critical baseline) during the INT phase, which translates to
a height of ambiguity of 100 m. The baselines are defined
at the equator and will reduce with latitude.

After completing an interferometric or tomographic STA,
the platform performs a roll maneuver to access an adja-
cent swath. This pattern is repeated to cover the three
swaths, forming a major cycle (MC) of the mission that
takes 63 days during the TOM phase and 27 days dur-
ing the INT phase. The overlap between the different
swaths guarantees the generation of a seamless STA with
some overlap between the STAs, which is subject to the
orbit control uncertainty. Since the total equatorial swath
imaged during an MC is insufficient for global coverage

then performed to determine the pointing. COM-3 foresaw
further calibration and verification activities. Following
the antenna pattern and pointing characterization, this
phase used the point target formed by the transponder
operating in echo generation mode. The same echo data
were used for polarimetric and radiometric calibration
activities. COM-4 and COM-5 were finally dedicated to
the calibration/verification of Swaths 2 and 3. During the
different COM phases, each phase was dedicated to one
of the three BIOMASS swaths and the satellite flew in
dedicated orbits.

The BIOMASS commissioning phase was also a unique
opportunity to investigate subsurface ice structure over
Antarctica by means of P-band SAR tomography. Due to
the relatively large drift during COM-2 and COM-3, the
baselines achieved at high latitudes were more favorable
for tomographic processing than those during the nominal
mission phases. It must, however, be noted that due to the
need to observe the BCT, full coverage of Antarctica could
not be achieved during the COM phase (Fig. 6).
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Fig. 6. Antarctica acquisition footprints during COM-2 and COM-3.
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at the equator, a satellite repositioning maneuver (SRM)
is conducted to shift the satellite’s ground track. This is
achieved by raising the orbit by about 2 km relative to
the nominal operational altitude to induce a fast westward
drift. Once the required drift distance is achieved, the orbit
is lowered back to the nominal altitude to start another
MC in Swath 1 geometry, accessing the next ground region
to be imaged (Fig. 7). For the TOM and INT phases, the
orbit drift phase lasts 9 and 12 days, respectively. During
the SRM’s drifting phase, the SAR will acquire images over
secondary target areas. After seven MCs, a global cycle
(GQ) is completed, covering the entire globe. The duration
of a GC for the TOM phase is hence 504 days, and for the
INT phase, it is 273 days.

D. Acquisition Planning

BIOMASS aims to cover forested areas between 75°N and
56°S. The BIOMASS mission is a secondary user of the
allotted frequency band and is subject to ITU-imposed con-
straints on both the power flux density of transmissions at
the Earth’s surface and restrictions on the regions in which
the SAR can be operated. Its coverage is restricted since
BIOMASS is not currently allowed to operate within the
line of sight of U.S. Department of Defense Space Object
Tracking Radar (SOTR) radars. This mainly excludes the
North American continent and Europe (Fig. 8). The impact
of this restriction has been assessed and found not to com-
promise the mission objectives and scientific goals [47].
For the primary acquisition mask, data will be collected
systematically, resulting in complete coverage for both
ascending and descending passes. During its five years
of operations, BIOMASS will hence systematically acquire
one global coverage with TOM STAs and five global cov-
erages with INT STAs in both ascending and descending
geometries. It is important to note that the acquisition plan
is quasi-frozen. The unusual acquisition build-up and the
need to acquire STAs with a three-day temporal repeat
cycle do not allow additional constraints to be ingested in
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the mission planning, such as observation of targets during
specific time windows or seasons.

For secondary applications, data will be collected on a
best effort basis after covering the primary objectives, with
priorities defined in [44]. Secondary areas cover arid areas,
Antarctica, and regions of interest in the ocean that are
characterized by strong currents, salinity gradients, or sea
ice for which P-band observations could be of interest
(Fig. 8).

V.PRODUCTS AND PROCESSING

The BIOMASS Processing Suite (BPS) processes Level-0
data up to Level-2, generating a wide range of products.
The documentation detailing the L1 and L2 processing
algorithms, configuration parameters, and product format
specification is available online at https://earth.esa.int/
eogateway/missions/biomass/documentation, while the
software can be downloaded at https://github.com/
BioPAL/BPS. The product tree with the different product
levels and types is illustrated in Fig. 9. The processing
involves the following steps.

1) Lla/b Processing: This is the BIOMASS image forma-
tion step, going from raw data to focused images. This
includes, e.g., compensation of antenna pattern, sup-
pression of RFI artifacts, and the first compensation of
ionosphere effects. The ionospheric calibration step is
key to ensuring the quality of BIOMASS data and was
specially designed for the mission. Two kinds of cor-
rections are foreseen in the L1 Processor framework:
correction of Faraday rotation (FR) and correction of
ionosphere-induced phase distortions [48].

2) Llc Processing: This is the interferometric processing
that generates the seven-image tomographic STAs or
the three-image interferometric STAs. It includes the
coregistration of the images, filtering of the com-
mon Doppler spectrum, and phase calibration steps
to compensate for residual ionosphere and baseline
errors. It also includes computation of the ground
steering phase required for subsequent processing
steps (e.g., L2 or digital terrain model (DTM) gener-
ation), which is done by means of sum of Kronecker

Fig. 8. Observation mask covers primary objective areas in red,
secondary objective areas in yellow, and the SOTR exclusion zones
in gray shaded areas.
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Fig. 9. Product tree for the BIOMASS mission.

products (SKP) decomposition [49]. The SKP calibra-
tion step aims to compensate the ground phase and
residual disturbances. The Llc processing uses the
Copernicus DEM as input, e.g., for geometric coreg-
istration and computation of flattening phase screen.
Once the BIOMASS-derived DTM is available, it will
also be considered for supporting the L1c processing.
3) L2a Processing: Intermediate L2 processing performed
for each STA. For one GC, the number of STAs varies
mainly with latitude, approximately from a mini-
mum of two at the Equator (ascending/descending)
to about six at higher latitudes (three ascend-
ing/descending pairs) [50].

4) L2b Processing: This processing aggregates, for each
GC, all the L2a products covering the same location
on the ground, generating a single BIOMASS L2b
product tile. A different number of STAs may be
available for each geographic grid tile, depending on
swath coverage with respect to grid tiling.

5) L3 Processing: This processing improves the consis-
tency of L2b maps by enforcing geophysical con-
straints through an iterative statistical regularization
process. The processor is currently being developed
and will be integrated in the BPS once validated
with real BIOMASS data at the end of the second
global coverage around the end of 2027. Fig. 10

L2b and L3 products combine

L2a frames from ascending
and descending tracks for
predefined tiles

L1 a/b/c and L2a products are
provided as standard frames

Fig. 10. Schematic of the L1 a/b/c and L2a products in standard
frame geometry and L2b tile products.

228 PROCEEDINGS OF THE IEEE | Vol. 114, No. 2, February 2026

shows the different product characteristics. L1a/b/c
and L2a coverage corresponds to standard image
frames, whereas L2b will be delivered on a 1°x 1°
global grid tiling combining all available frames from
ascending and descending acquisitions in a single
product. The core scientific processing suite for the
L1c calibrator and L2a/b products is maintained as an
open-source library, allowing the scientific community
to access the code and directly contribute to the
evolution of the processors (https://www.biomass-
disk.info/biopal, https://github.com/BioPAL)

Within these product levels, the BIOMASS BPS product
family includes the following.

1) Lla or Single-Look Complex Slant Range (SCS): Lla

products are images in the slant range versus azimuth
plane, i.e., in the image plane of satellite data acqui-
sition. Each pixel is represented by a complex value
containing calibrated radar amplitude and phase. The
processing for all L1a products results in a single look
in each dimension using the full available signal band-
width. L1la images are produced in a Zero-Doppler
geometry. This convention is common with the stan-
dard slant-range products available from other SAR
sensors. The Lla products contain one image per
polarization channel. The Lla image is sampled at
the natural pixel spacing in range (i.e., the radar
range sampling frequency) and at a configurable pixel
spacing in azimuth. Examples of polarimetric HSI
images are given in Fig. 11.

Azimuth

Range

Fig. 11. BIOMASS polarimetric HSI image from Kongo River, Niger
Delta, and the Amazon (from left to right).



2) L1b or Detected Ground-Range Multilooked (DGM):
L1b products lie in the ground range versus azimuth
plane, with image coordinates oriented along ground
range and flight direction. The standard L1b prod-
ucts are detected, multilook products (six looks),
with square resolution cells and square pixel spac-
ing. The resolution of the product will be 50 x
50 m?. Each image pixel is represented by a real
(amplitude) value, which can be translated to cali-
brated radar brightness. Thermal noise compensation
is not applied by default on data, but the informa-
tion to perform the procedure is included in the
metadata.

3) LIc or Coregistered STA: L1c products are obtained by
coregistering a given Lla image to a reference Lla
image. The coregistration operation consists in a bidi-
mensional interpolation of the data over a reference
sampling grid. From a product definition perspective,
Llc products are very similar to L1a ones. The only
exception is the number of polarizations, which can
be either 4 or 3, since cross-polarization channels can
be combined, e.g., to improve SNR. A specificity of
this product is that L1c images are stored indepen-
dently and not as STA files.

4) L2a (STA-Based Biophysical Product): L2a products
are biophysical properties. There is no dependency
between different L2a products, and they can be con-
sidered as a biophysical extension of the STA products
(L1c). The products are geocoded and are obtained
from a single STA. There are three L2a products.

a) FD: The FD L2a product represents forest change
between two GCs. Deforested or logged areas are
defined as an area where a patch of forest has
been cleared to zero biomass (or below the sen-
sitivity limit for BIOMASS). The product has a
resolution of 50 x 50 m2. The FD product has a
finer resolution because less sensitivity is needed
to detect the large backscatter changes associated
with deforestation.

b) FH: The FH L2a products represent the top canopy
height (TCH). It is envisaged that the INT and TOM
phases will use the same algorithms to generate
this product, which in both phases will be based
on a three-image STA. The product has a resolution
of 200 x 200 m?.

¢) Ground Notch (GN): The GN L2a is a preprocessing
product of the L2b AGBD product. This product
represents ground-canceled data, i.e., a signal pro-
cessing filter is applied on the three-image STA,
which cancels the signal contribution from the
ground layer and enhances the signal contribution
from the above-ground volume layer [51]. It is
envisaged that the INT and TOM phases will both
use the same algorithms to generate this product
from a three-image STA. The product has a resolu-
tion of 200 x 200 m?.
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5) L2b (Tile-Based Biophysical Product): L2b products
are biophysical, geocoded, and tile-based. They are
derived from merging all L2a products from a given
GC on the tile. The products at this level can take
advantage of FD availability (for the same geographic
tile) or of a forest mask generated outside the BPS to
mask out nonforest pixels. The products are given as
follows.

a) FD: The FD L2b product is similar to the L2a FD
product but combines acquisitions from ascending
and descending acquisitions and overlapping areas.
It also contains the aggregation of the probability
change map and a computed forest mask. The
product has a resolution of 50 x 50 m?.

b) FH: The FH L2b product is similar to the L2a FH
product but combines ascending and descending
acquisitions and overlapping areas using weighted
averaging and feathering. An aggregated quality
indicator is also provided. The product has a res-
olution of 200 x 200 m?.

¢) Above-Ground Biomass Density: The AGBDL2b
product represents above-ground dry biomass per
unit area in tons/ha and its quality layer in a
geographic tile (latitude-longitude) retrieved from
L2a GN. The product combines acquisitions and
overlapping areas [52]. The product has a resolu-
tion of 200 x 200 m?.

Level-1 and Level-2 products will be routinely pro-
cessed during the TOM and INT phases in the ESA
ground segment. Products will be free and open in a
cloud-friendly data format based on Cloud Optimized Geo-
TIFF (COG) and SpatioTemporal Asset Catalog (STAC)
metadata.

A Level-3 processor is also under development and will
be able to provide consolidated global biophysical param-
eters (AGBD and FH). The L3 products are planned to be
delivered after completing a GC and will respect the same
tiling concept in place for L2b products. The L3 processor
aims at ensuring temporal consistency by constraining L3
variations over different GCs and spatial consistency by
regularizing spatial anomalies. It also targets consistency
between FH and AGBD estimates using local regression.
The production model for Level-3 products is currently
being consolidated.

Biophysical Level-2 and Level-3 products will be fully
validated using data from the GeoTrees project. This
project plans to establish 100 Reference Measurement
Sites across the tropics, encompassing forest census,
airborne, and terrestrial lidar measurements (https://geo-
trees.org/)

BIOMASS follows ESAs open data policy for its Earth
Explorer missions. Level-1, Level-2, and Level-3 data will
be fully free and open through ESAs Earth Observation
Gateway (https://earth.esa.int/eogateway). Level-0 data
will follow the same approach but will only be shared
following a data release request through the ESA Tellus
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system (https://esatellus.service-now.com/). In addition
to this traditional way of accessing BIOMASS data, data
can also be accessed through the BIOMASS MAAP plat-
form, which is a novel infrastructure providing access
to data and computing resources for ESA's new Explorer
missions (https://portal.maap.eo.esa.int/biomass/)

VI. SECONDARY APPLICATIONS

BIOMASS carries the first spaceborne P-band SAR, which
provides unprecedented observational capabilities that
naturally enable a variety of secondary applications
beyond its primary objectives. These opportunities arise
as beneficial by-products of the mission’s unique instru-
mentation rather than as drivers of its design. BIOMASS
will provide valuable observational data for ice sheets,
deserts, the ionosphere, below canopy topography, and
other domains. BIOMASS will complement operational ice
sheet velocity mapping [53], [54], because its left-looking
geometry ensures a smaller polar gap in Antarctica than
most existing SAR satellites. Also, its lower frequency
ensures longer coherence time due to deeper penetra-
tion [55], which favors interferometry and results in less
noisy velocity maps. This is crucial in the interior of
Antarctica, where the current ice velocity error can be
three times larger than the velocity itself [56]. Finally, the
low frequency facilitates phase unwrapping, especially for
fast-flowing glaciers, which tend to decorrelate because
of large velocity gradients in shear zones [57]. Structural
mapping of ice sheets and ice shelves also benefits from
the deeper penetration at P band and the Pol-InSAR and
TomoSAR phases of the BIOMASS mission. With airborne
P-band TomoSAR and Pol-InSAR, ice sheet structure and
basal topography of up to 120-m-thick ice have successfully
been mapped [58], [59], [60], [61]. This will provide
new insight on firn depth and density and its meltwater
absorption capacity [62] and on the contribution of run-
off to mass balance, as well as the stability of ice sheets
and ice shelves. The basal topography is of interest to
understand the impact of basal canals on the stability of
ice shelves and gain detailed information on the grounding
zone.

Over arid regions, low-frequency spaceborne SAR has
the capability to image subsurface features down to several
meters. A first demonstration of this capability was per-
formed in Egyptian desert during the early eighties [63]
and, more recently, L-band SAR satellites, such as the
Japanese ALOS and ALOS-2, allowed the mapping of vast
ancient hydrographic systems in Northern Africa [64],
[65], southern Mongolia [66], and Namibia [67]. Com-
pared to existing L-band sensors, the BIOMASS P-band
SAR should be able to probe even deeper into the sub-
surface, down to more than 5 m, as was demonstrated
from airborne P-band SAR acquisitions over a desert site
in southern Tunisia [68], opening a new era in terrestrial
desert study.
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As an integral part of its ability to make height-resolved
measurements in forest canopies, the tomographic phase
of the mission will gain access to a true DTM that is
unaffected by forest cover [69]. Since global tomographic
acquisitions occupy the first phase of the mission, this
improved DTM will be available early in the interferomet-
ric phase and, besides its general use, will improve the
BIOMASS L2 biophysical products.

Finally, BIOMASS will yield new insights on the iono-
sphere. The high susceptibility of P band to the electron
content of the ionosphere will provide new observations
along the orbit based on SAR polarimetry [70], [71] and
interferometric techniques [72] at spatial resolutions of
around a kilometer, giving an unprecedented capability
to measure spatial structures and their changes, since
they will be viewed every 2 h as the orbit repeats. The
dawn-dusk orbit will cover major features, including the
quiescent ionosphere at low latitudes and mid-latitudes,
steep gradients around the dusk-side mid-latitude trough,
and large irregularities in the auroral ovals and the polar
cap.

VI. CONCLUSION

The ESA's BIOMASS mission is an innovative Earth obser-
vation satellite mission launched on April 29, 2025. Use
of a P-band SAR will allow the BIOMASS radar to pene-
trate dense forest canopies and to capture structural data
even in these challenging environments. The mission will
operate in two phases: the tomographic phase and the
interferometric phase, supporting advanced SAR imaging
techniques.

BIOMASS will deliver estimates of FH and above-ground
biomass at 200 x 200 m? resolutions and loss dynamics at
50 x 50 m? resolution for the largely underobserved and
vulnerable forest areas worldwide. Its novel monitoring
capabilities pave the way to greatly improve quantitative
understanding of forest dynamics and constrain estimates
of terrestrial carbon fluxes in the land surface models
that underpin Earth system models [73], [74]. Further,
by improving the representation of mortality, disturbance,
and regrowth dynamics, BIOMASS will help to reduce the
current large uncertainties in forest models [75] and the
representation of the future trajectory of the land carbon
cycle [76]

The science driver of BIOMASS is the role of forest
in the Earth’s carbon cycle, but this has naturally led to
the mission using pioneering space technology, advanced
instrumentation, and innovative methods. It is the first
civilian P-band in space and the first mission to support
the systematic exploitation of Pol-InSAR and TomoSAR
processing. These unique capabilities open the door to
opportunistic and unanticipated applications extending
beyond the mission’s core science goals and make the
mission a true Earth Explorer. ]
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