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ABSTRACT 

While every orbiting debris object larger than 10cm is tracked, and while some debris particles a few centimeters 
and larger are sporadically observed, there is very little data on particles between 1mm and a few centimeters. This 
observation gap has prompted calls for better characterization of the orbital environment and validation of debris 
models. To this end we propose a 95 GHz CW (continuous wave) radar concept for characterizing orbital debris 
larger than 1 mm. With a multi-channel interferometric design, the radar can detect millimetric debris particles, 
estimate their size, velocity, altitude and determine orbital trajectories to varying degrees of accuracy. This radar is 
expected to encounter and characterize thousands of debris particles per year, contributing significantly to the 
overall understanding of the orbital debris environment. 

1 INTRODUCTION 

Human space exploration has led to 
increasing accumulation of orbital 
debris that is a threat to existing and 
future satellites missions. The last 
National Space Policy [1] identified 
tracking and mitigation of orbital 
debris as a key goal, "...decades of 
space activity have littered Earth’s 
orbit with debris; and as the world’s 
space-faring nations continue to 
increase activities in space, the chance 
for a collision increases 
correspondingly", and stated that US 
departments and agencies shall 
"...identify potential areas for 
international cooperation that may 
include, but are not limited to debris 
monitoring and awareness,...". Figure 1 
shows monthly increase in orbital 
debris including fragmentation particles, rocket bodies and spacecraft as seen by the Space Surveillance Network 
(SSN) [2,3]. Sensitivity of the SSN is limited to particles 10 cm and larger, so smaller particles are not included 
here, but it is expected that they accumulate at least at a similar rate. Scientific models estimate the total number of 
space debris objects in Earth orbit to be in the order of 29,000 for sizes larger than 10 cm, 670,000 for sizes larger 
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Fig. 1. An illustration of the monthly increase in orbital debris over time 
from the SSN. Note the dramatic increase in fragmentation debris 
particles due to the 2007 FY-1C (anti-satellite test) and the 2009 Iridium 
33 and Cosmos 2251 collision event [3] 
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than 1 cm and more than 170 million for sizes larger than 1 mm. Any of these objects can cause harm to an 
operational spacecraft. For example, a collision with a 10 cm object would entail a catastrophic fragmentation of a 
typical satellite, a 1 cm object would most likely disable a spacecraft and penetrate the ISS shields, and a 1 mm 
object could destroy sub-systems on board a spacecraft. A 2015 JPSS (Joint Polar Satellite System) MMOD 
(Micrometeoroid Orbital Debris) assessment [4] concluded that objects smaller than 3mm pose the highest 
penetration risk to most satellites because of their abundance and capacity to cause damage, and also concluded that 
theoretical predictions of the environment beyond orbital altitudes of 600 km have not sufficiently been validated to 
enable their effective use in assessing the risk posed to orbital assets. High-quality measurements of the orbital 
debris environment in this regime (including debris size, compositions, and distribution by orbital altitude, 
eccentricity, and inclination) is therefore necessary for a proper assessment the debris hazard to spacecraft in various 
orbits. Furthermore, such measurements would also allow us to better predict the evolution of the orbital debris 
environment and to enable successful future missions for debris mitigation.  

1.1 State of The Art and Data Gaps 

Our current understanding of the overall debris environment is based on measurements from ground-based radar, 
orbital and ground based telescopes, in-situ debris detectors, theoretical models, and by examining the surface of 
returned spacecraft. Figure 2 summarizes the various sources of data that the NASA uses for quantifying debris. The 
U.S. SSN employs a suite of dedicated systems including electro-optical sensors, radars and space-based IR sensors 
to track any debris larger than 10 cm. 
The future SpaceFence system (in 
development) would be capable of 
detecting and tracking objects as small 
as 1 cm. Currently, NASA Goldstone 
(X-band) and MIT Haystack radars 
(HAX: Ka-band and HUSIR: 10-150 
GHz) are used to study smaller debris 
particles (as small as 3 mm at low 
altitudes), but these radars are not 
dedicated to debris surveillance. Of 
particular note in Fig. 2 is the 
highlighted observation gap, termed ‘the 
interpolation region’, for debris around 
the 1-3 mm in size, where no data exists 
and debris models remain unvalidated.  

To better understand the orbital 
environment NASA relies on the Orbital 
Debris Engineering Model (ORDEM), a 
physics-based model developed by the 
NASA Orbital Debris Program Office 
(ODPO). This model is widely used 
within NASA for simulating Earth’s 
orbital environment, the evolution of orbital debris over time, and for assessing potential risk to future satellites. 
Various ground-based radar observations are used to validate ORDEM for objects larger than 3mm. In the 
micrometer regime impact data from surfaces of returning orbiting bodies (e.g. space shuttle radiators) are used to fit 
and adjust debris propagation models. Figure 3 illustrates ORDEM predictions of orbital debris flux, and the data 
used to validate it (HAX in this case). In the 500 um to 3 mm regime, ORDEM needs to interpolate the two different 
sources of measurements, making assumptions about the origins of smaller bodies, adjusting production rates etc. 
This is particularly true for orbits 600 km or higher, since no data exists beyond this altitude. Uncertainties in 

Figure 2. An illustration of the current state of NASA’s orbital debris 
database. The gap in NASA’s knowledge of the orbital environment, in 
the LEO region for particles ranging from sub-millimetric up to 3mm 
in diameter is labelled the ‘interpolation region’ [4] 
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ORDEM predictions are dominated by sampling 
errors and are currently at 100 percent. Ground-
based sensors are not sensitive enough to fill the 
highlighted data gap and reduce this uncertainty. 
In-situ sensors for sampling sub-millimetric debris 
such as the SDS (Space Debris Sensor), or its 
proposed follow-on CapSat DRAGONS, a 1 square 
meter collector in a 700x1000 km orbit, would 
likely make much needed measurements in this 
regime. The proposed mission is targeting an 
observation of 3 meters-squared/year (roughly 
equivalent to three 1 mm or larger debris particles 
detected over a mission duration of 3 years).  An 
orbiting radar, however, can overcome the lack of 
sensitivity of ground-based sensors, and can 
observe debris particles over a large enough region 
to potentially detect thousands of debris particles 
per year, greatly enhancing our understanding of 
the orbital debris environment. 

 

2 RADAR DESIGN CONSIDERATIONS 

The challenges of detecting and characterizing millimetric sized debris moving at speeds of tens of kilometers per 
second are quite significant, to state the least. Most traditional radar designs would impose impractical requirements 
on instrument hardware, particularly for resource constrained platforms such as CubeSats. A successful orbital 
debris measurement from an in-orbit sensor would require a new approach.  

2.1 Radar Sensitivity and Operating Frequency 

The most important factor determining the final 
design of an orbiting radar is its operating 
frequency. This choice is guided both by sensitivity 
to small particles and ability to fit the design in a 
CubeSat form factor. Figure 4 shows radar cross-
sections of Perfect Electric Conductor (PEC) 
spheres (a radar’s proxy for an orbital debris 
particle) with diameters between 0.01 mm and 10 
mm for several common radar bands (S, X, Ku, Ka 
and W-band). These cross-sections are extremely 
low, which highlights the biggest obstacle in radar 
detection of the space debris of that size. While 
increasing the operating frequency increases RCS 
up to a point, scattering eventually transitions from 
Rayleigh to Mie scattering where a further increase 
in frequency is no longer as beneficial. For a small 
platform such as a CubeSat, W-band offers the 
most sensitivity with the most compact design 
possible. A radar with similar sensitivity at Ka-
band would be too large for a CubeSat platform. 
Based on realistic parameters, a practical W-band 
radar with approximately a 20 degree half power 
beam-width and 2 W transmit power could achieve an 
effective maximum range on the order of 100 m. 
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Figure 4. Radar cross-section of the PEC sphere vs. sphere 
diameter, with radar frequency as a parameter. Rayleigh 
and optical approximations are added for W-band only 

Fig. 3. Flux measured at 800km altitude by HAX as a 
function of debris particle size compared to ORDEM 
and SSN predicted flux [4] 
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2.2 Relative Target Velocity 

In addition to radar cross section, the relative velocity of an orbital debris target significantly impacts design 
considerations. Most notably, relative velocity between the radar and target shifts frequency of the received signal, 
i.e. the Doppler shift. Assuming 750 km orbital altitude, the expected largest relative velocity (twice the orbital 
velocity) is on the order of 15 km/sec which at W-band results in Doppler shifts of ±10 MHz.	From the W-band 
front-end electronics point of view this is not a problem, but processing Doppler bandwidths of nearly 20 MHz can 
pose significant challenges to some radar architectures. 

Typical radar observation strategies would include pulse-Doppler radar, Frequency Modulated Continuous Wave 
(FMCW) radar and Continuous Wave (CW) radars among others. While ranging is pretty straightforward in a pulse-
Doppler radar, velocity estimation is limited by Doppler ambiguities related to the pulse repetition frequency (PRF). 
Typical radar PRFs are on the order of 1-20 kHz, but the PRFs required to measure Doppler shifts in the megahertz 
range would lead to an unambiguous range of a few meters and require pulse-widths of a few nanoseconds (and thus 
large noise bandwidths) resulting in a low performing instrument not to mention quite impractical from a hardware 
point of view. Similarly, when targets have significant Doppler shifts, FMCW ranging becomes ambiguous. These 
velocity and range measurement ambiguities can be addressed using various strategies, say by staggering PRFs 
(pulsed-Doppler) or by alternating up and down chirps (FMCW) but these methods require additional 
measurements. Orbital debris and spacecraft velocities are very high and a debris particle is not in view of the radar 
long enough to make all the necessary additional measurements.  Furthermore, due to these high relative velocities, 
chirp processing in either observation strategy suffers from smearing leading to SNR loss.  

 The CW radar system has the best chance of overcoming inherent problems in Pulsed-Doppler or FMCW systems. 
As such, a CW system is ideal for observing a large range of velocities by simply measuring the difference in the 
frequency between the transmitted and received signals. The received energy is localized to a narrow range of 
frequencies for an object moving at a constant velocity thus improving SNR (lowering the effective noise 
bandwidth). The obvious drawback to CW radar is its inability to measure range to target and consequently its 
inability to determine effective particle size. This drawback can be overcome using a unique and novel observation 
strategy we term Doppler Shift Interferometry (DSI) that is ideally suited for a small platform and a measurement 
scenario with large relative velocities. 

2.3 Doppler Shift Interferometry 

In this proposed measurement configuration two 
or more receive antennas are placed in relative 
proximity of each other, separated by a distance 
termed the interferometric baseline. Figure 5 
illustrates this two-antenna interferometric 
configuration. The gross Doppler velocity 
measured by each antenna is approximately the 
same, and the particle is in view of both antennas 
for approximately the same time, but the 
difference in Doppler velocities measured by the 
two antennas is non-zero and is related to the 
particle’s instantaneous range and trajectory. The 
differential Doppler shift, 𝑓", measured by a CW-
DSI instrument in this configuration can be 
approximated as 

 

𝑓" = −
𝑣	𝐵 cos𝜃
𝜆	𝜌 																								(1) 

Fig. 5. Viewing geometry for a two channel Doppler shift 
interferometer traveling with a velocity �⃗�2 observing a single 
particle traveling with a velocity  �⃗�3 using two antennas 𝐴5, 𝐴7 
separated by the interferometric baseline 𝐵8⃗  
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where 𝐵 is the baseline length, 𝑣 is the total 
velocity (the sum of particle and spacecraft 
velocities), 𝜃 is the angle between the baseline 
and velocity vector, 𝜆 is the radar wavelength 
(approximately 3 mm for W-band) and 𝜌 is the 
effective range to target. The differential 
frequency can either be estimated by 
differencing the estimated frequencies at each 
channel or coherently mixing the two channels 
(the latter incurring an additional SNR 
penalty). For a general DSI measurement, 
parameters known a-priori are the baseline 
lengths (assuming more than one baseline), 
and the radar wavelength. The unknown 
parameter set related to aspects of particle 
trajectory consists of particle velocity, range 
of closest approach (assuming a locally linear 
trajectory, i.e. 𝜌(𝑡) = 𝑟; + 𝑣𝑡) and the track 
angle,	𝜃=, relative to the 𝑖?@ baseline. For any 
one DSI measurement, 𝑓"A  we have a set of three 
unknowns: {𝑣, 𝑟;, 𝜃=}. For three perpendicular 
baselines, and thus three independent DSI 
measurements, we’ll have a set of five unknown parameters, {𝑣, 𝜃5, 𝜃7, 𝜃D, 𝑟;} (assuming that range of closest 
approach to each antenna can be determined by a-priori knowledge of the baseline configuration relative to some 
reference point on the spacecraft). With each additional independent measurement in time, estimation can be further 
constrained and a unique solution can be determined. Figure 6 shows the expected maximum differential Doppler 
shift for a W-band CW-DSI radar with realistic baseline configurations on a CubeSat platform. The maximum 
differential Doppler can be as high as 2 MHz or as low as a few kHz for a particle passing by within 100 m of the 
radar. Such frequency differences are distinguishable in practice making DSI a highly attractive method for 
determining range and trajectory of the debris particle. Range information from a CW interferometer, along with 
backscatter power can be used to determine effective particle diameter, while the velocity, track angle estimates and 
time of detection can be used to determine a particle’s orbit.  

3 SYSTEM SIMULATIONS 

Verifying the DSI concept through 
simulation required the development of a 
new simulator from first principles, due to 
the high-velocity non-stationary nature of 
the measurement. The simulator, 
developed at JPL, adopts a time-domain 
ray-tracing approach but requires an 
analytical solution for the timing and 
geometry computations that accounts for 
the significant motion of the particle 
between transmission and reception. The 
received signal, 𝑠FG(𝑡), is simulated as a 
function of the transmit and receive 
antenna patterns, 𝐺?G, 𝐺FG, particle RCS, 𝜎 
(based on PEC scattering), wavelength 𝜆 
as 

Fig. 6. Expected maximum differential Doppler signature for 
realistically achievable baseline lengths on a CubeSat platform 
as a function of range 

Figure 7. Simulated signature for an orbital debris particle. The DSI 
signal, difference between the radar two channels, is shown in the inset 
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𝑠FG	(𝑡) = 	J
𝐺?G𝐺FG𝜎
4𝜋

𝜆
4	𝜋𝑟7(𝑡) 𝑠?G

M𝑡 −	
𝑟(𝑡)
𝑐O

P																																																																(2) 

 

where 𝑠?G(𝑡) is the transmitted waveform (a single-tone) and 𝑐; is the speed of light. The reception time t and two-
way range 𝑟(𝑡) are not independent of each other, but an exact solution can be found for linear trajectories. For a 
monostatic radar this is  

 

𝑟(𝑡) = ±2S𝑟;7𝛾7 + 𝑣7𝛾U(𝑡 − 𝑡;)7 −	
2𝑣7𝛾7

𝑐;
(𝑡 − 𝑡;)																																																									(3) 

 

where 𝑟;  is the range of closest approach and 𝛾W7 = 1 − 𝑣7/𝑐;7	. Figure 7 shows an ideal simulation for a two-
channel configuration with antennas pointing forward, observing a debris particle travelling in the opposite 
direction. The raw-data generated by the simulator is plotted here using waterfall FFTs. As expected, in the far range 
the observed Doppler shift in either channel approaches +/-10 MHz, and as the particle passes by the radar the 
Doppler shift changes rapidly. Doppler shifts seen by the two channels diverge as particle approaches the radar. This 
is the predicted interferometric signal and is shown in the inset.  

Figure 8 shows full system simulation results with expected system noise, variation in received power as a function 
of range and antenna gains, plotted for varying system parameters such as antenna beamwidth (a), pointing (b) and 
varying particle velocity (c). Since this simulation adopts realistic antenna patterns, only a portion of the particle 
trajectory is visible compared to the full trajectory shown in Fig. 7. As expected, decreasing antenna beamwidth 
leads to better gain and better SNR but reduces the observation time of the particle trajectory, and thus provides 
fewer DSI measurements for model inversion. Changing the pointing of the antennas changes the portion of the 
trajectory visible to the radar, suggesting spacecraft and antenna pointing will need to be well known. Particle 
parameters cause the signal to change as well, e.g. size changes SNR, velocity and trajectory change the rate of 
change of the Doppler curve as well as the magnitude of the differential Doppler.   

 

 
Figure 8. Full System simulations (a) Increasing Antenna gain (b) varying antenna pointing (c) varying particle 
velocity  
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4 DEBRIS ENVIRONMENT AND EXPECTED MEASUREMENTS 

The number of debris particles detected by the 
radar instrument is based on several factors 
including but not limited to the environment 
itself, in particular the particle flux for a given 
orbit, maximum radar range, antenna beam 
width etc.  Figure 9 shows ORDEM simulations 
of orbital debris flux for particles 1mm and 
larger as a function of local azimuth for various 
orbital altitudes and inclinations (chosen to 
cover a wide range of possible orbital 
configurations for the radar). ORDEM simulates 
flux as a function of local azimuth and 
elevation, however to the first order azimuthal 
dependence captures most of the flux variance. 
The expected number of detectable particles can 
be approximated projecting the surface area of 
the volume illuminated by the radar (a cone) for 
each azimuth angle, multiplying the surface area 
by predicted flux at each azimuth and summing 
over all angles, such that 

𝑁3 =Z𝜋(𝑟 tan𝜃D^_)7 cos 𝜃`a 𝐹(𝜃`a) + 	𝑟7 tan𝜃D^_ sin 𝜃`a 𝐹(𝜃`a)
def

																																								(4) 

 

where 𝜃D^_ is the 3 dB antenna beamwidth, 𝑟, is the 
maximum radar range, 𝜃`a	is the local azimuth and 
𝐹(𝜃`a) is the orbital debris flux for particles larger than 
1mm as a function of local azimuth. Table 1 summarizes 
the number of detectable 1 mm-and-larger particles per 
year computed using eq. (4) for various maximum radar 
ranges, orbital altitudes and inclinations. As expected, an 
increase in radar range results in increase in the number 
of detectable particles. At a range of 100 m this number 
can exceed ten thousand particles per year, which, even 
with 50% detection probability is high enough to make a 
significant impact on our understanding of the orbital debris environment and contribute to validation of debris 
models. 

5 HARDWARE CONSIDERATIONS AND REQUIREMENTS 

The choice of W-band as the radar operating frequency is driven mostly by higher sensitivity to millimetric 
particles, but an additional advantage of choosing W-band is the reduction in size of the RF components, in 
particular the antennas. This, along-with the relative simplicity of a CW front end results in a compact design, ideal 
for a CubeSat form factor.  Table 2 captures some of the radar parameters and hardware requirements for CW-DSI 
radar on a CubeSat platform. The radar configuration includes one transmit and three receive antennas forming, 
between them, three orthogonal baselines for capturing debris trajectory. An antenna beamwidth of 20 degrees is 
chosen since it serves a good balance between gain and coverage, although transmit antenna beamwidth can be 
wider to provide more coverage. Standard gain horns generally have narrow beamwidths (12 degrees), however 
scalar horns can be custom made with beamwidths ranging from 10 to 60 degrees. In either case the antenna size 
varies between 18-23 mm which is ideally suited for limited surface area available on a CubeSat platform. Antenna 
cross-talk is based on receiver saturation by transmitter leakage (at -40 dBm), requiring an additional 18 dB isolation 

Max Range (m) 10 40 70 100 
800km, 65deg  96  1,533  4,695  9,581  
800km, 81deg  144  2,310  7,074  14,437  
800km, 97deg  143  2,281  6,985  14,255  
600km, 97deg  31  501  1,534  3,130  
1000km, 97deg  183  2,936  8,991  18,350  

Table 1. Number of detectable particles per year, for 
various maximum radar ranges and orbital altitudes 
and inclinations  

Figure 9. Debris flux as a function of local azimuth angle for 
various orbital altitudes and inclinations using ORDEM v3.0 
simulations 
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between antennas using absorbers and structural obstructions 
which is challenging but achievable. The transmit power is 
limited by the available DC power on board the CubeSat 
(approximately 28 W total), and at 4 W will likely be using  

half of the available power. The system bandwidth is set to 
10 MHz, determined by the Doppler smearing of the single-
tone transmit frequency. From a RF front end and digital 
back-end point of view this is fairly manageable. The thermal 
noise power is determined by antenna background 
temperature, LNA noise figure and system bandwidth. 
Commonly available LNAs have noise figures on the order 
of 4-5 dB at W-band, any better will add to the SNR and 
maximum range of the radar.  The required quality of the LO 
(in particular its phase noise) is determined by the need to 
differentiate individual frequencies, i.e. the various Doppler 
shifts within the 10 MHz bandwidth, in particular the 
frequencies closest to DC (or the carrier if offset video 
sampling is used). The back-end electronics, data acquisition, 
on-board processing can be implemented on integrated 

solutions currently available off-the shelf (such as the Xilinx Ultrascale+ chips) that are not only capable of handling 
the necessary workload, but also help reduce the overall size, weight, mass and power requirements. 

5.1 Data Rates and On-board processing 

The instrument digital sub-system will need to have at least 20 MHz of bandwidth to effectively capture the range of 
expected Doppler shifts. With three interferometric channels the radar can have data rates upwards of 240 MBps. 
Such high data rates are not sustainable for the downlink bandwidths available on resource constrained platforms 
such as CubeSats, necessitating on-board detection of events. The expected flux of 1 mm and larger particles for a 
CubeSat based radar is on the order of a few events per day, which means a very small fraction of the sampled data 
will have backscatter echoes – a highly asymmetric detection scenario.  Since the instrument will need to operate in 
a low SNR regime, low false-alarm rates are needed to keep data rates within the downlink capacity, while low 
detection probabilities would mean fewer measurements of the already scarce debris interactions. The need for a 
smart on-board real-time event detection algorithm is critical to mission success.  

 

Requirement Value 
Operating Frequency 94.5 – 95.0 GHz 
Bandwidth 10 MHz 
Transmit Power 2-4 W 
Noise Figure <4 – 5 dB 
System Noise 
Temperature  440 – 920 K 

Net Gain (RF to IF) 40-60 dB 
Antenna Beamwidth 10-20 deg 

Antenna Cross-talk -40 dBm CW at the 
input of the Rx 

Power Dissipation < 30 W 
LO Phase Noise -94 dBC @ 10 kHz 

Figure 10. Performance of on-board detection algorithms required for successful implementation of the 
instrument. The left pane shows F1 Scores (a combination of the precision and recall), of the three possible 
algorithms: Convolutional Neural Networks (CNN), Random-Decision Forests (RDF 0.95) and SNR 
thresholding (RDF-0.5). An example of RDF detections of debris signatures in simulated data is shown in the 
right pane, detections highlighted in red 

Table 2. Preliminary set of radar parameters and 
RF hardware requirements for a CubeSat based 
implementation    
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Our preliminary analysis confirms that SNR thresholding methods are not suited for this instrument but that 
machine-learning based methods are feasible. Figure 10 illustrates this analysis using the F1 score (a combination of 
precision and recall) over a large number of simulated events for three different detection algorithms, SNR 
thresholding (labeled as RDF 0.5), Random Decision Forests (RDF 0.95) and Convolutional Neural Networks 
(CNN) as a function of SNR. An example of detection using RDFs for three simulated events are shown on the right 
pane in Figure 10. Of these methods, random decision forests (RDF) were found to perform comparable to a CNNs 
at high noise levels up to an SNR of 25 dB. While CNNs have slight advantage over RDFs for high SNR, RDF 
performance is still significantly better than conventional signal detection methods, and Random forest-based 
methods can be effectively deployed for onboard use [5]. 

6 CONCLUSIONS  

We propose a radar design and mission concept for observations of millimetric debris particles in the LEO region 
(up to a 1000 km altitude). The small size and large relative velocities of the particles in question pose serious 
technical challenges. The limitations of Pulse Doppler and FMCW radars make them unsuitable for the task of 
detecting debris; in contrast, a CW system is shown to hold the most promise. Its advantages include being able to 
easily measure the large relative velocities expected for an orbiting observatory, while its disadvantage is the 
inability to measure range directly. However, this limitation is overcome using a novel technique; Doppler shift 
interferometry, allowing estimation of vector velocity, range, and debris size. Simulations of radar returns show 
debris trajectories for a CW radar appear as hyperbolic tracks with transit times on the order of milliseconds, 
allowing enough samples to gain SNR while charting the trajectory of a particle in time-frequency space. An initial 
look at the required RF and digital hardware highlight a simple design, high heritage for most components, and the 
possibility of building the radar with COTS components. A CubeSat-based radar at 20deg beamwidth and maximum 
range of 100 m could encounter tens of thousands of 1-3 mm sized particles per year, contributing greatly to debris 
measurements in this size range and helping reduce the current data gaps. 
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