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ABSTRACT 
 

Satellites play a significant role in our day-to-day lives.  They support communication, entertainment, 
travel, work, and many other areas that we now depend upon.  However, as an increasing number of 
objects enter space and clutter this apparently endless vacuum, we find that these objects and their 
associated debris are becoming a potential and recurring threat.  The space surveillance community 
routinely tracks and catalogs new entries into space, but debris from new systems and from failed 
existing systems are often missed and are becoming an increasing collision threat as more satellites are 
launched into space.  The space surveillance community attempts to catalog debris through broad area 
search collection profiles, hoping to detect and track these elusive objects.  Mechanical limitations of 
each collection system and how they are configured directly impacts the probability of detecting these 
very small objects.  The United States Space Surveillance Network, consisting of very capable phase 
array systems, can scan massive volumes of space, yet many very small objects pass through 
undetected.  Far too often, we are justly criticized for not “stepping out of the box” and the philosophy 
of “if it’s not broke, don’t fix it” works well only if you assume that it is not broken.  The prevailing 
assumption that we need to increase our surveillance windows and cover as much space as possible to 
find new space debris might be appropriate if looking for large objects, but does not work well in 
trying to find small objects.  Scanning large volumes of space increases the probability that objects will 
pass through the search beam, but it does not improve the ability to detect those objects. This paper 
proposes a paradigm shift which assumes that while large surveillance fences are necessary to see 
“many,” we argue that a single focused beam may be critical to see “any.” We refer to this concept as 
Focused Integration for Debris Observation (FIDO), that is, “teaching an old dog new tricks.” 

 
1. DEBRIS 

As humans began to inhabit space in Skylab, MIR, and most recently the International Space Station, safety became 
paramount.  Air Force Space Command actively monitors all satellites and provides early notification for close-
approach events through conjunction analysis.   This monitoring while quite effective is not perfect, witness the 
Iridium collision with the Russian satellite on Feb 10, 2009.  Although this event seriously impacted the Iridium 
mission, thankfully lives were not lost.  For the crew of the ISS, such an event would have been devastating.  
Surprisingly, much smaller objects (on the order of only a few centimeters) could seriously damage the space station 
and could potentially result in loss of life.  Manned space systems offer some protection, but only from small debris, 
several centimeters and smaller.  Debris of this size is often very difficult to track, thus a method is needed which 
will allow NASA to detect much smaller debris than can currently be detected.  We propose a concept, whimsically 
referred to as FIDO (Focused Integration for Debris Observation), to fill this gap. 
 

2. DEBRIS SIZE 
 
Debris is usually of non-uniform shape, based on the definition of being a discarded part of something else.  Our 
focus is not on naturally-occurring debris (space dust, asteroids, meteors, etc.), but rather on manmade artifacts from 
destroyed satellites, old rocket bodies, separation components, etc.  The size of “small debris,” in terms of its 
width/length dimensions, is on the order of centimeters.  For a radar collection system with a nominal operating 
center frequency (fc = 1GHz) and corresponding wavelength (λ), small centimeter-sized debris measures a fraction 
of a wavelength (less than 0.2λ).  At these relative sizes, debris shape is no longer a determining factor in the 
scattering by such objects, which is determined by so-called Rayleigh scattering.  In this scattering regime, the radar 
cross section (RCS) decreases dramatically as objects get smaller (i.e., RCS falls off as the fourth power of the 
wavelength).  The particular version of the Raleigh scattering equation we employ in this paper is contained in the 



below figure (Fig. 1).  Similar equations that differ slightly also exist, but display a similar trend and support the 
conclusions of our analysis.   

 

 
Fig. 1. RCS of a sphere [1] 

 
3. DEBRIS LOCATION 

 
Satellite location can be estimated by various means.  We will rely on the use of the Space Command Simplified 
General Perturbation (SGP4) satellite propagation algorithm to display the location of the candidate debris.  We also 
employ the Analytical Graphics Incorporated (AGI) Systems Tool Kit (STK) to propagate the notional debris and 
visualize the scenario (debris, radar, search volume, etc.) in 3-dimensional space.  Various estimates exist of the 
number of objects in space; from tens of thousands to hundreds of thousands, depending on size considerations.  
“More than 21,000 orbital debris larger than 10 cm are known to exist. The estimated population of particles 
between 1 and 10 cm in diameter is approximately 500,000. The number of particles smaller than 1 cm exceeds 100 
million” [2].   
 
In this paper we consider debris between 300 - 600 kilometers in altitude.  To gather a sample set, we queried the 
AGI Space Catalog for satellites in this altitude range that are primarily in circular orbits.  Seventy-seven satellites 
were found and propagated, and the figure below (Fig. 2) shows the orbits of these satellites at a snapshot in time 
within a +/- 12 hour window, presented in an Earth Center Fixed (ECF) coordinate system.  Since debris derives 
primarily from manmade objects, we assume that it will exist in similar orbits.  For analysis purposes, we take these 
77 satellites as our debris sample set.  Our goal is to characterize where debris is most likely to transit through the 
Radar Field of Regard (FOR) to logically focus our radar resources.   
 

 
Fig. 2. 24-hour, 77 satellite track history 

 



Fortunately, debris cannot change its orbital path without external intervention.  As long as debris objects remain in 
the higher 300 to 600 km altitude, their trajectories can be modeled and characterized with routine collection 
updates.  As the debris decays to lower altitudes, environmental factors impact its ability to maintain its orbit, with 
the result being that the debris will ultimately reenter the atmosphere.  These factors become more of an issue as our 
characteristic debris descends towards 300 km.   
 

4. RADAR 
 
Our aim is to consider new ways to operate existing radars to find smaller debris, essentially “teaching an old dog 
new tricks.”  Radar systems are very similar and can be generalized using a notional radar range equation, despite 
system differences to support unique collection scenarios dictated by the specific mission (missile warning, space 
surveillance, aircraft surveillance, missile defense, tracking, etc.).  The radar systems we will be simulating are used 
to support the United States Air Force Space Surveillance Network, and these consist of both large phased array 
radars and tracking dish radars.  Generally, phased array radar systems offer very agile electronic beam steering 
which is very attractive in supporting large volume search operations.  Dish radars have historically been paired with 
these large surveillance radars to track individual objects while the large search radars continue their surveillance 
mission. Discussing the pros and cons concerning specific capabilities of these various radar systems and missions 
can consume many hours, but the focus of this paper is to suggest a means of improving the detection of a single 
object in a single beam, rather than addressing the problem of finding many objects across many beams.  Ultimately 
this becomes an academic discussion of radar resource management and overcoming the political argument of “more 
is better,” and replacing it with the question, “Is it better to find many 10 cm targets versus any 4 cm targets?” 
 

5. RADAR RESOURCE MANAGEMENT 
 
Radar resource management effectively implements the radar range equation along with beam management to 
determine how much the radar can accomplish in a given period of time.  Beam steering is a very important issue 
when discussing phase array radars since beams can be rapidly steered to any desired location within the radar field 
of regard, whereas a dish can only move sequentially in azimuth and elevation to adjacent beam locations as limited 
by the mechanical nature of the supporting pedestal.  In both cases, pulses are generated for a specific location, at a 
specific rate (Pulse Repetition Frequency – PRF), and for a specific duration limited by the duty factor.  Some of 
these parameters are driven by the physical limitations of the radar, while others are designed for the specific 
collection need. In this analysis, resource management equations will be utilized to demonstrate how a notional 
radar search profile can be configured to support typical surveillance missions and how it can be configured to 
support the debris discovery mission by employing our FIDO concept.  Our focus is on relative trend analysis rather 
than absolute accuracy. 
 

6. ANALYSIS 
 
To properly analyze the data, we begin with known information.  Since our analysis is notional, we work with a 
hypothetical (but realistic) satellite dataset (i.e., the previously mentioned 77 satellites serving as debris).  The first 
step is to investigate the current space surveillance catalog and employ existing ephemeris data on all satellites to 
identify volumes of space with a high likelihood of encountering a transiting satellite.  For this demonstration, a 24 
hour scenario was conducted which propagated the 77 satellites.  A random location (Kwajalein Island) was selected 
as a candidate from which to conduct the analysis.  STK provided access information on all 77 satellites and a 
topographic coverage diagram (Fig. 3) which presents azimuth and elevation regions that can serve as candidate 
sensor locations for high probability of collection (line-of-sight access).  From this information, it was quite evident 
that the highest probability of observing debris occurred at lower elevations (below 10 degrees) and at discrete 
azimuth locations.  The black concentric annular rings represent contours of increasing elevation (with respect to the 
horizon) in 10 degree steps. 
 



 
Fig. 3. Satellite azimuth and elevation coverage diagram 

 
An azimuth versus elevation plot was generated from the access data (Fig. 4).  This plot gathers data into 1 degree 
by 1 degree cells, ranging from -180 to +180 degrees in azimuth (0 is north, negative is West, positive is East) and 0 
to 10 degrees in elevation (0 is horizon).  Based on the data distribution in azimuth and elevation, it is apparent that 
a horizontal fence appears more likely to increase the likelihood of access. 
 

 
Fig. 4.  24-hour satellite azimuth versus elevation intercepts (0 to 10 degrees elevation) 

 
A 10 degree search fan also appears to be a suitable width for the detection fan to cover a range of high access 
opportunities.  A second filter was applied which averaged data over a +5 to -5 degree window in azimuth and 1 
degree in elevation centered about a boresite vector (Fig. 5).  This grid plots data from -180 to 180 degrees in 
azimuth and 0 to 10 degrees in elevation.  This was used to select candidate detection fans in azimuth and elevation. 
 

 
Fig. 5. 24-hour satellite 10 degree window w.r.t. azimuth and elevation (0 to 10 degrees elevation) 

 
Surveillance radars are designed to detect and track satellites that are usually much larger than debris.  A notional 
radar system will be configured to track satellites that break the horizon at the farthest range.  The system will have 
a 1 degree beamwidth and scan over a 100 degree azimuth sector (surveillance mode), effectively defining 100 



unique beam locations (assuming no overlap).  The radar will scan from -27 to -127 in azimuth and 1 to 2 degrees in 
elevation (effectively 1 layer of 100 beams).  To capture objects passing through from 300 to 600 km in altitude, the 
radar must be able to process objects from 1700 to 2700 km in range with respect to the radar.  We set the notional 
settings to simulate a 1 GHz radar, with 6% duty factor, peak power of 10 Megawatts, and PRF of 50 Hz to satisfy 
the unambiguous range window. This effectively allows the radar to repeat its 100 degree scan every 2 seconds.  
Table 1 provides all of the relevant parameters for this notional radar. 
 

 
Table 1. Generic radar parameters 

 
Historically, such radars were requested to support debris search exercises on a yearly basis.  Given these settings 
and an assumed target Signal to Noise threshold of 11 dB, a minimum RCS of -15 dBsm can be defined, which 
corresponds to a 20 cm diameter piece of debris (at 600 km altitude) that can be detected passing through the 100 
degree search fan at max range.  This is based on single pulse detection on a 20 cm diameter sphere (Physical Optics 
– PO approximation).  This minimum detection level would not be adequate for debris detection over the full 100 

Radar Physical Parameters
Freq 1 GHz
Beamwidth 1 deg
PEAK Power 10 MW
Duty Factor 6.00%
Wavelength 0.299792458 m
Average Power 0.6 MW
Power 57.7815125 dBW
Gain 46.15455129 dBi
Effective Receive Aperture (Ar) 295.0439208 m 2

PowerAperture 177.0263525 Wm 2

Radar Operating Parameters
PRF 50.00 Hz
Duty Factor 6.00% %
PRI (Pulse to Pulse time) 0.020000 sec
RCV Processing Time (necessary to distinguish 
Targets)

1.200000 msec

Pulse Length (Maximum travel distance of the 
beginning edge of the Pulse)

5995.85 km

"ON" Equivalent One-Way Distance 359.75 km
RCV Processing Equivalent One-Way Distance 359.75 km
Min Unambig Range 179.88 km
Max Unambig Range 2818.05 km
Max Data Collection Window (from min to max) 2638.17 km

SEARCH PARAMETERS
Volume 1

Search Volume Height (Multiplier of beamwidth) 1.000 deg
Search Volume Width 100.000 deg
Solid Angle to be searched 100.000 deg^2

Total Volume
Solid Angle to be searched 100.000 deg^2
Number of beams to search 100.000 beams

Missile Parameters
Satellite Fly-Through Rate 0.25 deg/s
Number of required hits per beam for Pd 1
Revisit Time Requirement 4.00 sec
Dwell Time (time for Beam Position) 
- Effectively time for one PRI

0.020 sec

Revisit Time (Time to Scan Volumes) 2.000 sec
Pulses per second per beam location 0.500 sec
Pulses on target during the full transit 2.000 pulses
Time Left for additional Task ing 2.000 sec



degrees.   Even with noncoherent integration of 2 pulses (max allowed for this 100 degree scan width notional radar 
with an estimated transiting debris angular rate of  0.25 degrees per second), we could only detect a -16 dBsm object 
(Table 2) which correlates to 18 cm diameter debris (using a general PO approximation). 
 

 
Table 2.  CASE 001 radar performance 

 
The final step in this analysis is to optimize this search fence to maximize detection performance.  This requires us 
to define the unambiguous min and max range needed to cover the search volume, which extends from 300 km to 
600 km in altitude.  Also, selecting various PRF and duty factor settings will allow the operator to maximize the 
pulse length and keep energy on the transiting debris.   Coherent and noncoherent integration may also be applied 
over successive pulses to lower noise, thus improving signal to noise values and allow detection of lower RCS 
debris.   
 
For this example, we compare the 100 degree horizontal search fence to the 10 degree search fence and present the 
benefits of focusing collection on this dedicated area (Fig. 6).  The 10 degree search fence spans from -98 to -108 in 
azimuth and 6 to 7 degrees in elevation.  The higher elevation requires the search fence to extend from 1300 to 2200 
km in range to monitor the 300 to 600 km debris altitude. 
 

 
Fig. 6. Radar scan 100 degrees versus 10 degrees 

 
During this phase, candidate radar systems are characterized to determine the necessary sensitivity levels to detect 
certain sized objects.  Seven cases are defined with various parameter settings to explore ways for improving 
detection performance (Table 3).   For example, PRF and Duty Factor directly affect the collection window and are 
adjusted to ensure an unambiguous search window in range.   
 



 
Table 3. CASE radar parameters 

 
Physically scanning 10 degrees rather than 100 degrees immediately increases the available time dedicated to 
finding a potential target.  This allows the mission planner to either increase the pulse length or the number of pulses 
on target (which offers the opportunity for additional integration).  Tables 4 and 5 illustrate how the various settings 
can be adjusted to improve the likelihood of detecting smaller RCS targets, thus detecting smaller debris. 
 

 
Table 4. CASE radar settings and constraints 

Radar Physical Parameters CASE 001 CASE 002 CASE 003 CASE 004 CASE 005 CASE 006 CASE 007
Freq 1 1 1 1 1 1 1 GHz
Beamwidth 1 1 1 1 1 1 1 deg
PEAK Power 10 10 10 10 10 10 10 MW
Duty Factor 6.00% 6.00% 6.00% 12.00% 25.00% 12.00% 25.00%
Wavelength 0.2998 0.2998 0.2998 0.2998 0.2998 0.2998 0.2998 m
Average Power 0.6 0.6 0.6 1.2 2.5 1.2 2.5 MW
Power 57.7815 57.7815 57.7815 60.7918 63.9794 60.7918 63.9794 dBW
Gain 46.1546 46.1546 46.1546 46.1546 46.1546 46.1546 46.1546 dBi
Effective Receive Aperture (Ar) 295.0439 295.0439 295.0439 295.0439 295.0439 295.0439 295.0439 m 2

PowerAperture 177.0264 177.0264 177.0264 354.0527 737.6098 354.0527 737.6098 Wm 2

Radar Operating Parameters
PRF 50.00 50.00 65.00 60.00 50.00 50.00 42.00 Hz
Duty Factor 6.00% 6.00% 6.00% 12.00% 25.00% 12.00% 25.00% %
PRI (Pulse to Pulse time) 0.020000 0.020000 0.015385 0.016667 0.020000 0.020000 0.023810 sec
RCV Processing Time (necessary to distinguish 
Targets)

1.2000 1.2000 0.9231 2.0000 5.0000 2.4000 5.9524 msec

Pulse Length (Maximum travel distance of the 
beginning edge of the Pulse)

5995.85 5995.85 4612.19 4996.54 5995.85 5995.85 7137.92 km

"ON" Equivalent One-Way Distance 359.75 359.75 276.73 599.58 1498.96 719.50 1784.48 km
RCV Processing Equivalent One-Way Distance 359.75 359.75 276.73 599.58 1498.96 719.50 1784.48 km
Min Unambig Range 179.88 179.88 138.37 299.79 749.48 359.75 892.24 km
Max Unambig Range 2818.05 2818.05 2167.73 2198.48 2248.44 2638.17 2676.72 km
Max Data Collection Window (from min to max) 2638.17 2638.17 2029.36 1898.69 1498.96 2278.42 1784.48 km

SEARCH PARAMETERS
Volume 1

Search Volume Height (Multiplier of beamwidth) 1.000 1.000 1.000 1.000 1.000 1.000 1.000 deg
Search Volume Width 100.000 10.000 10.000 10.000 10.000 100.000 100.000 deg
Solid Angle to be searched 100.000 10.000 10.000 10.000 10.000 100.000 100.000 deg^2

Total Volume
Solid Angle to be searched 100.000 10.000 10.000 10.000 10.000 100.000 100.000 deg^2
Number of beams to search 100.000 10.000 10.000 10.000 10.000 100.000 100.000 beams

Missile Parameters
Satellite Fly-Through Rate 0.25 0.25 0.25 0.25 0.25 0.25 0.25 deg/s
Number of required hits per beam for Pd 2 20 26 24 20 2 1
Revisit Time Requirement 2.00 0.20 0.15 0.17 0.20 2.00 4.00 sec
Dwell Time (time for Beam Position) 
- Effectively time for one PRI

0.020 0.020 0.015 0.017 0.020 0.020 0.024 sec

Revisit Time (Time to Scan Volumes) 2.000 0.200 0.154 0.167 0.200 2.000 2.381 sec
Pulses per second per beam location 0.500 5.000 6.500 6.000 5.000 0.500 0.420 sec
Pulses on target during the full transit 2.000 20.000 26.000 24.000 20.000 2.000 1.680 pulses
Time Left for additional Task ing 0.000 0.000 0.000 0.000 0.000 0.000 1.619 sec



 

 
Table 5. CASE RCS performance chart 

 
CASE 001 is the reference case for a 100 degree horizon sensor which searches for debris from 1700 to 2700 km in 
range.  Table 5 extends this table by illustrating in three-colors where the RCS (column headings range from debris 
RCS of -16 to -47 dBsm) can be detected in one of three locations: 
 

1. GREEN  – Greater than MAX Range 
2. YELLOW  – Greater than MIN Range and Less than MAX Range 
3. RED   – Less than MIN Range 

 
Focusing on the transition from green to yellow defines the lowest RCS debris that can be detected at 600 km in 
altitude, and the transition from yellow to red indicates the lowest RCS debris that can be detected at 300 km.  These 
variables are not mutually exclusive.  Explaining how the variables are connected and dependent on each other is 
beyond the scope of this paper, but the key finding from this exercise is that there are several ways to improve 
detection performance once reducing the search window is considered.   This leads to immediate radar resource 
savings and allows the operator to manage other parameters (PRF, Duty Factor, Integration, etc.) to improve the 
probability of detection in the new search area. 
 
Since our focus is on small objects, we wish to detect objects -25 dBsm and lower (ref. Table 6).  For 1 GHz radar, 
an RCS of -25 dBsm falls in the upper end of the Rayleigh scattering regime and corresponds to a physical object 
approximately 6 cm in diameter (comparable to a lacrosse ball).  No case can detect objects below -47 dBsm which 
corresponds to a ping pong ball sized object.  For RCS values greater than -25 dBsm, we usually enter the Mie 
resonance scattering regime.  Since debris is not spherical, the associated resonance behavior corresponding to the 
observed constructive and destructive interference pattern and attributed to creeping wave effects is not present.  For 
performance comparisons, larger RCS objects can be calculated using Physical Optics calculations.  
 
Tables 4 and 5 present radar settings (CASEs) and the corresponding RCS performance (detectable debris RCS 
levels).  To illustrate the benefit of FIDO, we examine two cases in detail. CASE 001, corresponding to notional 
radar settings for a 100 degree surveillance fence, allows the radar to detect -16 dBsm (Table 5 column header) 
debris at 2745 km, which is beyond the max range of the detection window.  This entry in Table 5 is GREEN since 
debris at this RCS level can be detected anywhere within the radar unambiguous surveillance range window (1700 
to 2700 km).  Debris at -25 dBsm can only be detected at 1635 km or less, falling short of the range window lower 
limit of 1700 km in this case.  Since it cannot be detected anywhere within the range window it is RED.  Debris in 
the range from -17 to -24 dBsm can be detected at various ranges within the range window, with the larger -17 
dBsm debris detectable close to the max range, and the smaller -24 dBsm debris detectable close to the minimum 
range window extent.  These are all YELLOW since they can be detected within the CASE 001 radar unambiguous 
surveillance range window, but not over the full range window (1700 to 2700 km).   
 
We now compare CASE 001 (100 degree search fence) to CASE 002 through 005 that have a 10 degree search 
fence.  CASE 002 is most similar to CASE 001, but with a 10 degree search fence, and its higher elevation pointing 
reduces the search window range extent (1300 to 2200 km).  Just these two changes alone improve detection 
performance by approximately 8 dB.  The previous CASE 001 minimum detectable RCS (-24 dBsm) at min range is 
now detectable across the entire CASE 002 radar unambiguous surveillance range window.  This is primarily due to 
the increased number of pulses available for noncoherent integration.  CASE 002 offers a minimum detectable RCS 
of -33 dBsm at 1376 km (just within the range window).  CASE 004 and 005 extend the radar performance by 



increasing the duty factor and PRF.  Similar techniques can be applied to the CASE 001 configuration (cf. CASE 
005 and CASE 006), but nothing can account for the resources gained by simply reducing the 100 degree search 
fence to the focused 10 degree search fence. 
 

 
Table 6:  Rayleigh Scattering RCS 

 
7. CONCLUSIONS 

 
Based on our analysis, we conclude that the FIDO concept of employing narrower search windows for the purpose 
of detecting smaller (i.e., lower RCS) debris is superior to the conventional method of using large search windows, 
that is based on the erroneous assumption that more objects will be captured.  The fallacy of the latter approach is 
that while it is true that more objects will transit through the larger search window, the radar will lack the sensitivity 
to detect and track the smaller debris. 
 



FIDO intends to bring awareness to the logical available options for helping to detect smaller objects.  Changing the 
mindset of the in-the-box thinker can be as difficult as actually designing an optimized search fence.  If successful, 
FIDO should expand the capabilities of legacy radars to be effective for a whole new regime of important targets, 
namely, problematic small debris objects. 
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