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ABSTRACT

We present the development, validation, and use cases from a new pipeline that assesses the kinematic doppler resid-
uals from standard tracking observations from Leolabs’ global network of eight S-band radars. We show that the 
distribution of doppler residuals is sensitive to the aspect ratio, attitude dynamics as well as shape/configuration of the 
resident space objects (RSOs). This pipeline monitors more than 20,000 objects with revisit rates of between six to
twenty times daily for most intact payloads for changes in their doppler residuals. It provides low latency ( ≲ 1 day) 
alerts to analysts for statistically significant changes which may indicate a  change in operational status or behavior. 
This pipeline provides persistent and large scale monitoring of RSOs and we discuss how the information can be 
combined with other signal streams for monitoring anomalous behavior in non-cooperative constellations, alerting for 
changes in attitude stability or configuration, as well as possibly estimating lethal non-trackable debris statistics.

1. INTRODUCTION

The characterization and identification of objects, their configuration, and operational status at scale is a critical facet of 
space domain awareness (SDA). Operators use ground-/space-based optical imaging, high time-resolution lightcurves, 
as well as ground-based interferometric radar systems to analyze the behavior of resident space objects (RSOs), es-
pecially for those from non-allied or non-cooperative operators. All optical techniques require appropriate target-Sun 
geometries. Space-based non-Earth imaging and interferometric radar systems are scarce resources which are chal-
lenging to scale up. Our work here focuses on building low-latency, large-scale monitoring techniques that can identify 
changes in object configurations, stability (and hence infer operational statuses).

Radar measurements (range as well as range rate, hereafter doppler) are a result of coherent summation of scattering 
from every radar-responsive point on the target. Micro-doppler (mD) processing [1] is a coherent processing technique 
used to identify the frequency modulations induced by vibrations, rotations or other non-rigid motions in targets. This 
has been used to distinguish birds from drones [2], identify signatures of diesel engines and gait analysis for human 
identification [3]. The utility of mD signatures for SDA applications has also been demonstrated in identification of 
rotation for RHESSI and TOPEX/Poseidon [4]1. Simulations of EM signatures of different payload shapes have used 
for demonstrating the possibility of payload identification using mD signatures [5].

Data processing for mD signatures is different from the standard radar signal processing for pulse doppler radar. mD 
processing uses one of many techniques for time-frequency radar processing, including a short time Fourier Transform 
(STFT) or wavelet processing to identify features in the frequency modulation. This is computationally intensive and 
requires dedicated long radar passes.

Standard radar processing for orbit determination estimates the peak or centroid of the summed signals in the range 
and doppler dimensions. It cannot identify microdoppler features. However, in the presence of frequency modulation 
(due to asymmetric relative motion between scatterers either through rigid body rotation or flexure) t he measured 
doppler can be different from the expected center of mass motion of the target. The precise response can theoretically 
be calculated using a material model of the target, the scattering geometry, and electromagnetic propagation equations. 
However, this is computationally infeasible in most cases and is not relevant to our work here. We instead consider the 
statistical distribution of doppler measurements around the center of mass motion as the target passes through different 
scattering geometries with respect to the radar. We consider the size and change in doppler residual distributions with 
time and object family as a tool for identifying object stability and characteristics. This tool allows us to leverage the

1Table 1 specifies the NORAD satellite numbers for each RSO in the manuscript.
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data collection from LeoLabs’ global network of radars and create a quick-response, expansive monitoring tool for
RSO characteristics.

This paper is organized as follows: In Section 2, we discuss the definition of kinematic doppler residuals and calcu-
lation methodology as well as the characterization and validation of large doppler residuals through external means.
In Section 3, we discuss specific case studies of how doppler residuals can be used for monitoring non-cooperative
satellites and object characterization. We discuss future directions and applications of doppler residuals monitoring in
SDA and STM domains in Section 4.

2. KINEMATIC DOPPLER RESIDUALS

2.1 Definition and Data Processing

LeoLabs’ global network of ten radars measures the range and doppler for resident space objects (RSOs) as they
pass through the radar beam [6, 7]. Each target pass consists of between 3 to 100 independent range and doppler
measurements over a timespan of between a few seconds to few tens of seconds. The variation of range and doppler
measurements over time allows the estimation of acceleration, jerk (rate of change of acceleration) and other higher
order derivatives of motion. The doppler measurement process has intrinsic uncertainties that are dependent on the
signal to noise ratio (SNR, often measured on a logarithmic decibel scale, marked as dB). The measurement uncer-
tainties also differ between the UHF and S-band radars as well as the radar mode (pulse sequence, power etc) used for
data acquisition.

We define kinematic doppler residuals as the residuals in doppler measurements after subtracting a kinematic model
of the center of mass motion of the RSO2. The center-of-mass motion is approximated by a low-order polynomial fit
to each target. We use iterative outlier rejection to reject possible doppler sidelobe measurements that can arise from
multi-pulse coherent processing.

Specifically, in this implementation, we focus on data from the eight S-band radars while in their regular operating
modes. For statistical consistency, we also filter out any passes with fewer than ten inlier measurements with SNR
> 10 dB. The study below uses data for ∼20k objects in the LeoLabs catalog gathered between August 1, 2024, and
August 1, 2025.

Collecting the doppler residuals over multiple passes allows us to create a statistical distribution for each object. The
term “25 dB noise” is defined as the standard deviation of the doppler residuals at an SNR of 25 dB. This is used as a
single value for comparing the size of the doppler residuals distributions for different objects.

2.1.1 Instrumental Uncertainties

We estimate instrumental/measurement process uncertainties from reference spheres. Since the spheres are symmetric,
we expect that multiple scattering will not bias/affect the doppler measurement process and any noise would solely be
limited to that from the measurement process. We use the following reference objects for doppler noise: Rigidsphere
2 (LCS 4), OPS 5712 (P/L 160), Surcal 150B, Calsphere 1, 2, and 4(A), Tempsat 1 and 2, POPACS 1, 2, and 3. The
instrumental uncertainty (as a function of SNR) is calculated as the median over the standard deviation of doppler
residuals at each SNR bin for each reference target.

The instrumental uncertainties (i.e., doppler noise distribution) of the reference spheres are used as an absolute com-
parison for calculation of excess noise, as well as for Monte Carlo simulations when comparing distributions of noisy
estimates using a Kolmogorov-Smirnov test.

2.2 Characterization

Physically, we expect that doppler residuals will depend on the size, RF-responsiveness (i.e., structures with signifi-
cant metal content), aspect ratio (i.e., the ratio of the maximum dimension to minimum dimension), and the attitude
dynamics of the RSOs (e.g. stable, rotating, or tumbling). Larger objects will have larger doppler residuals compared
to smaller objects of the same shape rotating at the same speed. Symmetrical or low aspect ratio objects are expected

2Note that we do not utilize any orbital dynamics information or the tracking history of the object. The kinematic model is solely estimating the
center-of-mass motion for each pass.
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Fig. 1: S-band Doppler residuals for April & May 2025 for a sample of targets — Top row: Rigidsphere 2 (LCS 4),
LEMUR 2 THENICKMOLO (Cubesat); Second row: Hubble Space Telescope and TOPEX/Poseidon (known to be
rotating); Third row: OneWeb-25, Starlink-30327; Bottom row: QIANFAN-81 (operational), QIANFAN-24 (likely
tumbling and possibly non-operational).

to have low doppler residuals that are close to the instrumental noise at any size/rotation speed. Further, objects that
have a relatively stable attitude will likely have smaller doppler residuals even for large sizes. Figure 1 shows a few
examples of doppler residuals for the months of April and May 2025 for various targets. The examples are chosen to
highlight the dependence of doppler residuals on size, aspect ratio, and stability. The y-axis scale is matched in all
subplots for easier comparison. RIGIDSPHERE 2 (LCS 4) is a 1.11-m-diameter rigid aluminum sphere3. LEMUR
2 THENICKMOLO is a 0.1 m × 0.3 m cubesat with a box + 2 wing design. Hubble Space Telescope (HST) is a
13.2 m × 4.2 m cylinder which maintains accurate attitude control for astronomical observations. TOPEX/Poseidon
is a 6.6 m × 2.8 m polygon + wing satellite that underwent a failure in January 2006 and has been observed to rotate
with a period of 10-11 s [9, 4]. Oneweb-0025 is an active 1.3 m × 1 m box + 2 wing design satellite. Starlink-30327 is
an active 4.1 m × 2.7 m box + wing design (Starlink V2 type). QIANFAN-81 and QIANFAN-24 are 3 m × 3 m box
+ wing design. Of these, QIANFAN-81 has reached the constellation’s operational altitude of 1080 km after multiple
orbit-raising operations from launch altitude while QIANFAN-24, currently in an 805 km × 822 km orbit, and is
known to be tumbling from optical data, presumably non-operational. These examples are intended to highlight the
difference in doppler residuals between stability and tumbling for small as well as large RSOs.

Figure 2 shows a comparison plot of the 25 dB doppler noise vs median radar cross section (RCS) as a proxy for size
for all payloads in the LeoLabs catalog. Known non-operational satellites are marked with an ‘x’ while suspected
operational satellites are marked by circles4. Some of the major constellations are colored to show the distinct nature
of their doppler noise and few objects of interest are labeled separately. We note that the while the 25 dB doppler noise
is low (≈ 0.02− 0.05ms−1) for a majority of targets over more than three decades in RCS, there are a few objects
that show extremely large doppler noise. All calibration spheres for many different sizes (from POPACS 1, 2, 3) to
RIGIDSPHERE 2 show very small 25 dB doppler noise. LINCS 1 and 2 were 0.2 m × 0.3 m cubesats that showed
high doppler residuals before their reentry in March and April 2025 and are shown as examples of cubesats with large
residuals. Below we validate our hypotheses that these objects are rotating or tumbling through a variety of external
data.

3We use the European Space Agency DISCOS catalog https://discosweb.esoc.esa.int/ as a reference for RSO sizes and shapes [8].
4The classification of operational/non-operational payloads is based on operator reported status in the public catalog.
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Fig. 2: : Plot of the doppler noise at SNR = 25dB as a function of median RCS (as a proxy for size). All payload
objects in the Leolabs catalog are shown as gray points. Major constellations are identified by colors. The operational
status of payloads (if known) is marked by the symbol (◦: Operational, ×: Non-operational). Specific objects of
interest are marked with ‘+’ symbols: Calibration spheres of various sizes — POPACS 1, 2, & 3; Calsphere 1, 2, &
4(A) and Rigidsphere 2 (LCS 4); Cubesats: SNUSAT 2, LINCS 1, 2; NuSTAR, ACS3, COSMOS 2553, QIANFAN-
36, as well as all objects from Figure 1.

2.3 Validation

We have extracted information from public data and operator reports as well as studies requested through partners to
validate the inferences from changes in doppler residuals. Here we discuss three specific examples of COSMOS 2553,
ACS 3, and QIANFAN-36.

2.3.1 COSMOS 2553

Cosmos 2553 is a 4 m × 2 m size payload launched in February 2022 into a 2000 km circular orbit. Around November
15, 2024, LeoLabs’ doppler residuals change detection algorithm identified an increase in the doppler residuals which
slowly increased till December 1, 2024 (Figure 3, top panel). Following the alert, a series of closely spaced images
COSMOS were acquired using MAXAR’s WorldView-3 imaging platform on December 15, 2024, and compared to a
previous imaging sequence from January 2024 (Figure 3, right panel and left panel, respectively). Each image in the
sequence is separated by 30-s. The imaging shows COSMOS 2553 tumbling on a very short timescale confirming the
hypothesis from the doppler residuals change detected by LeoLabs.

2.3.2 ACS 3

NASA’s Advanced Composite Solar Sail System (ACS 3) was launched as a 12U (20 cm × 20 cm × 30 cm) cubesat to
demonstrate solar sail deployment and propulsion technologies. On August 29, 2024, its 9-m solar sails (aluminized
polyethylene terephthalate; PET) were deployed. At deployment, the spacecraft’s attitude control system was deacti-
vated since the spacecraft’s dynamics would change drastically at solar sail deployment. Figure 4 shows the doppler
residuals from ACS 3 through its solar sail deployment and subsequent tumbling. The y-axis is scaled with a sym-
metric log scaling for accommodating the large dynamic range of the changes. This scaling is linear for positive and
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Fig. 3: Top Panel: Doppler residuals for COSMOS 2553 showing the initiation of tumbling around Nov 15, 2024.
Bottom left panel: MAXAR WorldView-3 imaging of COSMOS 2553 in January 2024 showing a stable orientation.
Bottom right panel: MAXAR WorldView-3 imaging of COSMOS 2553 in December 2024 cued by LeoLabs showing
rapid tumbling. The images in each of the sequences are collected 30-s apart.

Fig. 4: Doppler residuals for ACS 3. The y-axis is scaled with a symmetric log scale for clarity (see text for expla-
nation). The deployment of the 9-m solar sails on August 29, 2024, caused a change in the doppler residuals. The
attitude control system was subsequently deactivated to accommodate the spacecraft’s changing dynamics. The space-
craft increased tumbling through October 2024. The data gaps are due to data unavailability caused by large variations
in the area to mass ratio and hence spacecraft dynamics.

negative values closer to zero than a threshold and logarithmic outside it5. The step change in doppler residuals on
August 29, 2024 co-incident with the solar sail deployment (structural change) is clearly visible. The slow increase
in doppler residuals through October 2024 is also visible. Due to the large change in spacecraft area, its dynamics
changed sufficiently to cause data unavailability between mid October and mid November.

2.3.3 QIANFAN-36

The Qianfan (Thousand Sails) constellation is a Chinese LEO communications system that is planned to constitute
14,000 satellites. Groups of QIANFANs are launched into a lower orbit (around 800 km altitude) and are orbit raised
over a period of 100–150 days to an operational orbit of altitude 1080 km.

Figure 5 (top panel) shows the doppler residuals for Qianfan-36, launched on November 13, 2024. It underwent
multiple orbit-raising campaigns between December 2024 to the end of March 2025 (horizontal blue bars). On April
1, 2025, LeoLabs’ doppler change detection alert detected a sudden increase in the doppler residuals, along with a
cessation of maneuvers.

The bottom panels of Figure 5 show broadband optical lightcurves for Qianfan-36 acquired by the Mini-MegaTortora

5See https://matplotlib.org/stable/gallery/scales/symlog_demo.html
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Fig. 5: Top panel: Doppler residuals for QIANFAN-36. Blue bars show the date ranges of significant orbit-raise
maneuvers. Vertical dashed lines show the dates of optical photometry in the bottom panels. Bottom left panel: 100-
ms sampled optical lightcurve of QIANFAN-36 acquired on March 12, 2025, from the Mini-Mega-Tortora system.
Bottom right panel: Lightcurve acquired on May 22, 2025, after the step change in doppler residuals on April 1, 2025.
This is a representative lightcurve in the large doppler noise state. Similar behavior is observed for QIANFAN-24.

wide-field imaging system’s photometric database of LEO satellites [10]. Each lightcurve is sampled at 100-ms and
the magnitudes are standardized to a solar phase angle of 90 deg and the distance of 1000 km. The left panel shows the
lightcurve on March 12, 2025, with a variability (after detrending) of 0.2 mag. The right panel shows the lightcurve
on May 22, 2025, with large sub-minute variability of 1.5 mag. The significant increase in variability and periodicity
in the lightcurve indicates that the satellite started tumbling/rotating between the two epochs. The increase in doppler
residuals and the simultaneous abrupt cessation of orbit-raising maneuvers suggests (with moderate confidence) that
this satellite is non-operational.

2.4 Change Detection & Alerts

We developed a monitoring pipeline that tracks the distributions of doppler residuals for each target and alerts if the
distribution changes, indicating a change in the stability or operational status of the object. As new radar measure-
ments are collected through the LeoLabs network, we use a modification of the 2-sample Kolmogorov-Smirnov (KS)
test to measure statistical differences in doppler residuals from one temporal window to the previous one. To maintain
statistical consistency across objects with diverse revisit rates, we define temporal windows in number of measure-
ments. We use exponentially spaced windows of 100, 200, 400, 800, 1600 measurements to estimate changes in the
distribution on a variety of timescales.

The KS test is defined for point samples (i.e., exact measurements) drawn from an underlying distribution and cal-
culates whether the two sets of samples are consistent with being drawn from the same distribution. However, in the
case of doppler residuals, as with any physical measurement, the residuals have individual measurement uncertainties
that depend on the SNR. We sample 1000 times from gaussian distributions of around the measured residuals with
standard deviations equal to the instrumental uncertainties and calculate the median KS test p-value between the two
windows.

The change detection pipeline processes new radar passes in batches every six hours. If statistically significant changes
are detected alerts and diagnostic plots are sent to analysts for

3. USE CASES

Doppler residuals and their statistical distributions are a new signal stream that allows LeoLabs to monitor LEO
objects at scale with multiple daily revisits for most. The dataset allows for large scale analyses of RSO characteristics
independently from other data streams. Here we discuss three SDA/STM uses of kinematic doppler residuals.
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3.1 Tumbling/Attitude Stability of Payloads

We have demonstrated that an increase in doppler residual distribution can indicate a tumbling/loss of attitude stability
of RSOs. This is useful for monitoring non-allied payloads (as demonstrated by our alerting on COSMOS 2553).
Our pipeline continually tracks the doppler residuals characteristics of ∼ 20k objects can send alerts on characteristic
changes with a latency of < 1 day. Most objects are tracked at least daily and intact RSOs have revisit rates between
six to 20 times a day. While doppler residuals do not directly indicate the loss of operational capability, they can serve
as the cue for non-Earth imaging or follow up observations to identify further behavioral changes and draw inferences.
This function is important for both SDA and STM purposes as a non-cooperative operator may not acknowledge the
changed operational status or maneuverability of their payload.

3.2 Object Characterization & Constellation Monitoring

Doppler residuals are dependent on the configuration and operational mechanics of satellites including motion of solar
panels and antennae, attitude changes/controls. For many different spacecraft types, doppler residuals’ distributions
can be a discriminating factor, even for designs with similar RCS estimates. RSOs within the same constellation or of
the same physical design and operation have doppler residuals’ distributions that match very closely while objects of
different shapes have diverse distributions. Thus doppler residuals’ distributions can be used as a new and independent
signal stream for

1. relating unidentified objects to their closest matches, and

2. identifying outliers in large non-cooperative constellations.

From an SDA perspective, constellations launched by non-cooperative operators can be a threat since they can hide, for
example, offensive or defensive payloads among putative commercial payloads. Imaging and monitoring each of tens
of thousands of payloads is challenging. Leolabs has combined doppler residuals with other large-scale monitoring
signals such as area-to-mass ratio (AMR estimates), RCS, maneuvers and patterns of life labeling into a broad moni-
toring system capable of identifying out-of-family behavior (through clustering and anomaly detection), especially in
non-cooperative constellations. This combination provides persistent and pervasive SDA information on anomalous
behavior in RSOs.

3.3 Lethal Nontrackable Debris Statistics

Monitoring of orbital debris has improved over the past few decades. However, most sensor networks today have
detectability limits of about 5 to 8 cm. Fragments smaller than this still have sufficient energy and momentum to cause
mission-degrading, mission-terminating, and debris creation upon impact with a RSO. These fragments are defined as
lethal nontrackable debris (LNT). A number of intact derelicts, usually rocket bodies, have been identified as exhibiting
a rapid spinup, as indicated by a quick increase in doppler residuals, that could possibly be the result of an impact
from an LNT. These impacts may cause the rotational perturbation directly or may trigger on board energetic sources
such as propellant tanks or pressurized vessels that upon impact would produce a combined rotational perturbation.

We have identified a number of passive debris and rocket bodies that show increases and slow decreases in their
doppler noise (Figure 6). For rocket bodies and defunct payloads (such as LANDSAT 4), we cannot yet rule out the
possibility that the increase in doppler noise was due venting or ejection of propellants, however, the sharp changes
in the noise characteristics after a long period of quiescence suggest that it is triggered by an external event. No
conjunctions were reported for these objects at the time of their doppler noise increases suggesting that if there was
an impact, the impactor was not trackable. A 2 cm radius aluminum sphere at orbital velocity of ≈ 7kms−1 has a
momentum of ∼ 103 kgms−1. An order-of-magnitude calculation shows that an empty rocketbody shell (size 4 m ×
2 m) would have a moment of inertia of 103 kgm2 perpendicular to its long axis. An inelastic impact with such a body
is more than sufficient to cause the ≈ 1ms−1 doppler residuals that are observed for these objects. The large volume
of data collected by Leolabs in a large range of orbital shells is a rich resource for future work on LNT statistics.

4. CONCLUSION

Kinematic doppler residuals offer a novel large-scale monitoring and object characterization signal stream for RF
responsive RSOs. Changes in doppler residuals for RF-responsive RSOs with large aspect ratios are sensitive to the
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Fig. 6: Doppler residuals tracks showing possible impact of non-trackable debris on passive RSOs. In some cases of
rocket bodies, the possibility of torque caused by residual propellant/fluid ejection cannot be ruled out. This internal
energy source may have been activated by an LNT impact.

attitude stability and configuration changes providing information for both SDA and STM areas about the operational
nature of payloads. It can provide low-latency alerts for changes in stability or status of satellites, allowing prioritized
cueing of other SDA tools such as ground-/space-based imaging for further analysis. This is of particular importance
in large-scale monitoring of non-cooperative constellations in identifying out-of-family behavior and outliers.
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GLOSSARY

Table 1: NORAD IDs of RSOs used in this study.
Name NORAD ID Name NORAD ID
ACS 3 59588 POPACS 1 39268
BREEZE-M DEB 32026 POPACS 2 39269
Calsphere 1 900 POPACS 3 39270
Calsphere 2 902 QAEM 100 R/B 61071
Calsphere 4(A) 1520 QIANFAN-24 61557
Cosmos 2553 51511 QIANFAN-36 61569
CZ-2D R/B 51103 QIANFAN-81 63167
DELTA 2 R/B(1) 22109 RHESSI 27370
Hubble Space Telescope (HST) 20580 Rigidsphere 2 (LCS 4) 5398
LANDSAT 4 13367 SL-14 R/B 16496
LEMUR 2 THENICKMOLO 43185 Starlink-30327 57707
LINCS 1 48902 Surcal 150B 2909
LINCS 2 48903 Tempsat 1 1512
Oneweb-0025 45138 Tempsat 2 4168
OPS 5712 (P/L 160) 2826 TOPEX/Poseidon 22076
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