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ABSTRACT
We present an overview of the capabilities of LeoLabs’ Kiwi Space Radar (KSR), our recently completed S-band
radar located in New Zealand. KSR provides high precision range and doppler velocity measurements of Resident
Space Objects in Low-Earth Orbit down to radar cross-sections of -34dBsm. We perform a quantitative analysis of
the measurement precision of the radar, its impact on our orbital tracking of LEO objects, and its ability to measure
previously untracked RSOs. KSR is the first of several S-band radars that LeoLabs is building, and we present the
anticipated performance of our world-wide network of radars when completed.
1.

INTRODUCTION

The low-Earth orbit (LEO) space environment is undergoing a dramatic transition, with the deployment of constellations of commercial satellites numbering in the 10s of thousands. The launch cadence has grown dramatically, and the
number of spacecraft to LEO has tripled over the last 10 years. The increased traffic in LEO means that situational
needs are growing rapidly. A sustainable space traffic management (STM) system requires (a) independent, verified,
data sources (b) a responsive service model focused on real-time information streams (c) scaling for large amounts
of data, to track the increased number of satellites and space debris objects, and (d) global coverage with high revisit
rates on all resident space objects (RSOs).
With current tracking capabilities, satellite operators are able to mitigate the risk of collision with ∼10 cm and larger
objects in LEO, a count of roughly 15,000 objects. However, this represents only about 5% of the risk of potentially
damaging collisions. According to the European Space Agency, there are ∼900,000 objects from 1-10 cm in size that
are currently untracked. Because objects in the few-cm range can cause catastrophic damage to a spacecraft and result

Fig. 1: Rendering of the FOV of KSR, from https://platform.leolabs.space/visualizations/leo
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in the creation of new debris, a scalable STM system needs to be fueled by radar systems that can track and catalog
objects in this size range.
LeoLabs was founded to address the need for new sources of tracking data driven by the rapid commercial development
of LEO. LeoLabs operates a commercial space situational awareness platform serving the LEO space community,
including satellite operators, civil space agencies, SSA organizations, and researchers. LeoLabs builds and operates
a proprietary, worldwide network of radars and the cloud-based software platform that turns this radar data into realtime, actionable information. This information is delivered via a RESTful application program interface (API) and a
web-based platform, available at https://platform.leolabs.space.
LeoLabs began construction of it’s first S-band radar in 2019. The Kiwi Space Radar (KSR) began operations at the
end of 2019 and begin serving data to customers in early 2020. The radar represents LeoLabs’ first system capable
of tracking sub-10 cm objects in LEO, with a target of detecting and tracking >100,000 objects. LeoLabs operates
two additional radar systems to monitor LEO: one near Fairbanks, Alaska (the Poker Flat Incoherent Scatter Radar PFISR) and the other near Midland, Texas (the Midland Space Radar - MSR) [1]. These radars continually monitor
satellites and debris as they pass overhead. LeoLabs’ radars are phased arrays, with no moving parts. They consist
of hundreds to thousands of transmit and receive elements, and are operated remotely with no onsite staff. The radars
have the ability to track more than 1,000 objects per hour. This high tracking rate is critical for persistently monitoring
the entire LEO population of space debris.
Today LeoLabs’ network consists of KSR and the two UHF radars, and is able to regularly track nearly 15,000 objects
in the LEO public catalog. The field-of-view (FOV) of KSR is illustrated in Figure 1 along with a snapshot of the
space environment. KSR is uniquely situated in the Southern Hemisphere, with provides complementary data when
combined with its other sensors. The network tracks objects at inclinations of ∼30◦ and higher, and objects that have
an equivalent RCS of roughly a 10-cm sphere or larger. They revisit prioritized objects several times per day and
revisit most objects at least once every day. LeoLabs plans to deploy several additional S-band radars in the near
future, which will allow it to expand its catalog to sub-10 cm objects, markedly increase revisit rate, and provide a
new level of service to spacecraft operators. In this paper, we present performance metrics for KSR that demonstrate
its ability to provide accurate, timely, and actionable data to the space community.

Fig. 2: The Kiwi Space Radar near Naseby, New Zealand.
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2.

INSTRUMENT DESCRIPTION

KSR, pictured in Figure 2 is located near the town of Naseby, Central Otago on the South Island of New Zealand. The
coordinates of the radar site are 45◦ 20 1900 S 170◦ 50 4500 E, and the site sits ∼600 m above sea level.
KSR operates in the S-band. The carrier frequency is approximately 3 GHz and operates with a transmit (TX) bandwidth of 2.5-10 MHz (the analog bandwidth of the system permits operations at much larger bandwidths, up to
∼50 MHz). The radar operates with a TX power of ∼50 kW and has a beamwidth at boresight of ∼0.1◦ × 0.2◦ .
The radar performs coherent measurements over multiple pulses, providing significant advantages for radar sensitivity
and doppler velocity resolution as compared to single-pulse operations. KSR uses pseudo-random phase modulation
to decorrelate range and doppler uncertainty and provide robustness against interference and clutter.
It bears emphasizing that the doppler velocity measurements from KSR are truly independent measurements. This
is in contrast to systems which estimate range-rate by taking the time derivate of subsequent range measurements.
As discussed later, the high-precision, independent doppler velocity measurements greatly enhance KSR’s ability to
constraint orbits for catalogued objects and fit initial orbits for uncorrelated tracks (UCTs).
The optical design of KSR operates as an independent pair of quasi-monostatic radars, called KSR1 and KSR2. Each
half of the radar is comprised of two 1-D parabolic reflectors with 1-D phased-arrays at the optical foci, as depicted in
Figure 3. The larger of the two reflectors is populated with transmit/receive (TX/RX) receivers (single polarization),
while the smaller reflector has RX/RX receivers (dual polarization). The two halves of the radar have symmetric
fields-of-view: the two boresights are located at 70◦ elevation, with KSR1’s boresight at −13◦ azimuth and KSR2’s
boresight at 167◦ azimuth. The FOV of the system is depicted in Figure 1.
The RX phased-arrays in each of the two KSR halves are electronically divided into eight channels. The TX/RX
and RX/RX measurements can either be added coherently to form a single beam, or they can be correlated via radar
interferometry to provide sub-beam position information on radar targets. The polarization information provides
increased sensitivity over single-polarization systems and polarized RCS measurements of radar targets.
Raw data processing occurs automatically on-site. The raw data are demodulated, filtered, and Fourier-transformed
prior to measurement detection. The output measurements are saved to disk and automatically streamed to LeoLabs’
cloud-based processing system.
The paired fields-of-view, independent range/doppler measurements, interferometric position measurements, and onsite data processing enable KSR’s new-object discovery capability. By measuring the range, doppler velocity, and
angular trajectory of UCTs in one field-of-view, KSR is able to quickly predict where that target should appear in the
second field-of-view. Follow-up measurements are rapidly scheduled, allowing for a second set of range/doppler and
angular measurements to occur just a few minutes later. By combining these 8 independent measurements (range,
doppler velocity, azimuth, and elevation in both fields-of-view), KSR enables an over-constrained initial orbit determination (IOD) on the newly-discovered UCT.

Fig. 3: Cross-sectional drawing of the KSR optical design. The antennas are located at the focuses of the paraboloids.
The larger reflectors are populated with the TX/RX arrays, while the smaller reflectors are populated with the RX/RX
arrays.
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3.

MEASUREMENT PRECISION

Range precision is inversely proportional to TX bandwidth, while doppler velocity precision is inversely proportional
to the time length of the coherent integration. During standard operations at KSR, the theoretical range precision is 6 m
and the theoretical doppler velocity precision of 0.1 m/s. We experimentally estimate the range and doppler velocity
precision for KSR in two ways: first, we calculate measurement residuals from International Laser Ranging System
(ILRS) ephemerides [2]; second, we calculate measurement residuals from polynomial fits to individual radar transits.
The former method has the advantage that it is comparing measurements to high precision truth estimates. However, it
is not possible to use this method to estimate measurement precision that is smaller than ILRS ephemerides precision.
The second method is not limited by external truth precision, but it is insensitive to any systematic errors that may
affect an entire transit. Thus, these two precision estimation methods are complementary.
The range and doppler velocity residuals from the ILRS comparison are shown in Figure 4, and the range and doppler
velocity residuals from the polynomial fits are shown in Figure 5. Figure 4 shows the range and doppler residuals as
compared to ILRS ephemerides as a function of time, since KSR began normal operations in January 2020. The plots
show the weekly averaged biases and residuals, along with errorbars representing the standard deviation. Note that
the bias estimates are removed in normal analysis to provide statistically unbiased data products. The results from
this analysis show stable biases and residuals over an eight-month period. Typical range residuals are ∼15 m, with a
standard deviation of a few meters. Typical doppler residuals are ∼17 cm/s, with a standard deviation of a few cm/s.
The independent analysis in Figure 5 is consistent with the ILRS comparison. The estimated range and doppler
precision from this analysis is approximately 9 m, 0.12 m/s, in reasonable agreement given the different approaches.
LeoLabs’ standard data products include residual and bias estimates for all measurements. LeoLabs also plans to
increase its TX bandwidth to further reduce range precision by a factor of approximately 2 (to ∼5-7.5 m).
We also estimate the precision of our RCS estimates. We do so by considering our RCS estimates on the RIGIDSPHERE 2 satellite (NORAD ID 5398), which is a 1.12-m diameter calibration sphere with an isotropic RCS. We
take the ensemble of all RCS estimates from KSR from 2020 February 1 through 2020 August 15, apply an elevation-

Fig. 4: (The range (left) and doppler velocity (right) bias and RMS residuals for KSR, as measured in comparison
to ILRS ephemerides. These are averaged per-week, with the error bars showing the 1 σ spread of the individual bias
and residual estimates.
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Fig. 5: The range (left) and doppler (right) residuals as calculated from a polynomial fit to the range and doppler
velocity measurements of KSR for all measurements in July, 2020. Also shown are Gaussian models with standard
deviation equal to the width of the empirical distribution.

Fig. 6: Residuals of RCS measurements of the RIGIDSPHERE 2 satellite.
dependent beam gain calibration, and then estimate the variance of our RCS estimates. The estimated PDFs of the
spread of RCS values is shown in Figure 6, and our resulting RCS precision is 6.0 dBsm and 4.4 dBsm for KSR1
and KSR2, respectively. Note that these are early results and we expect significant reduction in the RCS precision as
further calibration is performed.
4.

MEASUREMENT STATISTICS

The inclusion of KSR in LeoLabs’ data platfrom has significantly improved the performance of LeoLabs’ catalog
maintenance. We quantify this in terms of total number of measurements, number of unique targets measured, number
of state vectors generated, and target revisit rate.
These quantities are important, as they ultimately translate to the rate at which we can provide updated state vectors
for each RSO. This is beneficial to, for example, conjunction analysis, as a more rapid update of state vectors allows
for more timely production of Conjunction Data Messages (CDMs). More rapid state vector updates also allow us to
detect maneuvers earlier and quickly produce high quality orbits on newly launched and recently maneuvered objects.
In order to quantify these changes, we plot measurement statistics as a function of time in Figure 7. KSR data were

Copyright © 2020 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) – www.amostech.com

Fig. 7: Monthly measurement statistics as a function of time for LeoLabs’ radars. The top panel shows the monthly
number of measurements, the middle panel shows the number of unique RSOs measured per month, and the bottom
panel shows the total number of state vectors generated. The plots show a clear increase in the total number of
measurements, unique targets, and state vectors due to the inclusion of KSR data.
integrated into LeoLabs’ orbit determination system beginning in December 2019, and we see a dramatic increase
in the number of measurements. KSR has been producing over 5 million measurements on a monthly basis since
February 2020. We also see a step-function increase in the number of tracked targets. With KSR, LeoLabs is now
tracking over 14,000 unique targets in the LEO public catalog. KSR is sensitive to nearly all objects in the public
catalog, and provides a valuable data source for SSA. As we describe below, further improvements are being made to
catalog UCTs. Finally, the increased measurements on a large number of new targets is resulting in a large increased
in the number of state updates achieved through LeoLabs’ platform.
To further demonstrate the improvement in revisit rate, in Figure 8 we show the cumulative distribution function (CDF,
hereafter) of the revisit rate for July, 2020 when including and excluding KSR data. When including KSR data, the
median revisit rate improves from 0.484 day−1 to 1.03 day−1 .
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Fig. 8: The CDFs of revisit rate for all RSOs tracked by LeoLabs during the month of July, 2020 with and without the
inclusion of KSR data. The improvement in revisit rate with the inclusion of KSR data is clear.
5.

UNTRACKED TARGETS

One of the chief goals of our new S-band radar network is to track and catalog previously-uncatalogued RSOs. Such
objects represent an existential threat to operational RSOs, and yet they remain untracked under current SSA capabilities. KSR, and additional LeoLabs S-band radars that will follow, will correct this issue by discovering and cataloguing
objects down to ∼ 2 cm in size.
We present preliminary results on KSR’s detection of uncatalogued objects. During the days of July 27 through August
6, 2020, we performed search radar analysis on 10% of our regular tracking data. This search radar analysis was very
similar to our standard tracking analysis, with the exception that we searched for objects at all ranges between 425 km
and 1500 km and with doppler velocity values between ±5000 m/s. We then compared all detected objects to states of
catalogued objects in order to identify UCTs.
During this period, we detected several hundred unexpected objects at KSR. Of these, approximately two-thirds were
not consistent with any catalogued states. Figure 9 shows the range and doppler velocity differences between these
objects and their closest spacetrack TLEs. The separation between the catalogued and potentially uncatalogued objects
is striking.
Deducing a total catalog size from these numbers is fraught with uncertainty. Nonetheless, we suggest that this implies
an order-of-magnitude of 50,000 potential UCTs that KSR could be sensitive to in this mode.
We also note that this experiment used a detection criterion that was aggressive in suppressing false-positive detections.
Our algorithm development is continuing, and we anticipate being able to make more sensitive detections in KSR data
that will further increase the potential catalog size. LeoLabs intends to begin offering its UCT data via its platform as
a data service in late 2020.

Copyright © 2020 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) – www.amostech.com

Fig. 9: The difference in range and doppler velocity between unexpected targets and their nearest TLE. There is a clear
separation between targets which are potentially associated with catalogued objects and targets which are potentially
UCTs.
6.

CONCLUSION

The Kiwi Space Radar is LeoLabs’ first next-generation radar system capable of tracking sub-catalogue objects in
the centimeter size range throughout LEO. It is uniquely situated at a Southern Hemisphere location providing complementary data to other LeoLabs and space surveillance network radars. The addition of KSR data to LeoLabs’
catalogue has improved its data services substantially, with a significant increase in the number of measurements and
unique targets tracked. The revisit rate for catalogued objects has nearly doubled. KSR range and doppler precision
are exquisite, and yet we expect further refinements as its operations are optimized.
KSR is only the first of many LeoLabs S-band radars. By 2022, LeoLabs expects to have 6 radars distributed globally,
and expects to have expanded the LEO catalogue to well over 100,000 objects. With this network fueling platform
services such as Collision Avoidance and Orbit Analytics, a modern space traffic management system is within reach.
7.
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