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MU Radar Measurements of Orbital Debris

Toru Sato,* Hidetoshi Kayama,t Akira Furusawa,{ and Iwane Kimura§
Kyoto University, Kyoto 606, Japan

We have determined distributions of orbital debris vs height and scattering cross section at 46.5 MHz, the
lowest frequency ever used for this purpose, from a series of obsérvations made with a high-power VHF Doppler
radar (MU radar) of Japan. An automated data processing algorithm has been developed to discriminate echoes
of orbiting objects from those of undesired signals such as meteor trail echoes or lightning atmospherics.
Although the results are preliminary, they show good agreement with previous results using much higher fre-

quendcies.
Nomenclature
Ff(8) =the antenna pattern of the MU radar
G,  =the coefficient of gravity, 3.99 x 10" m*/s?
H =the height of the object, m
P; =noise intensity determined from smoothed profile, W
P.(¢) =signal intensity at each time, W
R, =the Barth’s radius, 6.37 % 10 m
t =time, s
t, =time when the object passes through the center of
the main beam, s
v =velocity of the object, m/s
¢ = off angle measured from the center of the main
beam
o =standard deviation of noise intensity distribution, W
o' . =standard deviation of signal intensities at each
height, W
Introduction

ETERMINATION of mass and shape of orbital debris is
an important issue for safe operation of the future space
stations. An extensive catalog of orbiting objects provided by
the United States Space Command {USSPACECOM) has
been the major source of the information and is routinely up-
dated based on observations made with various radars and op-
tical devices. The distribution of objects obtained from this
catalog has been used to assess the safety of space traffic now
and in the future.!? However, the main information obtained
on each object from these observations is the radar scattering
cross section, which is not necessarily correlated with its mass.
Although the area-to-mass ratio has been estimated by
measuring perturbations of the orbit of debris due to at-
mospheric drag,>* apparently a more extensive study on the
mass and shape of debris is needed. Radar observations at
various wavelengths will provide important information on
the physical size and shape of the debris. While most tracking
radar employ UHF or higher frequencies to obtain a sharp
beam and high gain with limited antenna aperture, we demon-
strate here that powerful VHF radars also can be used for
debris observations.
The middle and upper atmosphere (MU} radar was con-
structed at Shigaraki, Shiga prefecture, Japan (34.85°N,
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136.11°E) in 1984 mainly for the purpose of investigating at-
mospheric and plasma dynamics in the wide region from the
troposphere to the ionosphere.®

The radar is a powerful monostatic pulse Doppler radar
operating at 46.5 MHz with an active phased-array antenna,
which consists of 475 Yagi antennas and identical number of
solid-state transmit/receive modules. The design realized a
very fast beam steerability. The antenna beam direction can be
switched to any direction within the steering range of 30 deg
from zenith from pulse to pulse. The antenna aperture is §330
m? (103 m in diam), and the peak and average output power is
1 MW and 50kW, respectively. The antenna beam has a coni-
cal shape with the round-trip (two-way) half-power beam-
width of 2.6 deg. The details of the system are described else-
where. %7

Here we present the experimental setup and preliminary
results of a series of observations made with the MU radar as
the first attempt of measuring the distributions of orbital
debris vs height and scattering cross section at the VHF band.

Observations

The MU radar operates an ionospheric sounding mode
about 48 hours every month, measuring the echo power and
autocorrelation functions of ionospheric scattered echoes. The
same data can be utilized to pick up hard-target echoes from
orbiting objects for a height range between 300-1240 km and
to determine their statistics. The observations have been made
for four beam directions of 20 deg off vertical in the east,
west, north, and south directions. For transmission, a 7-bit
Barker code with 64-us subpulses has been used for the power
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Fig. 1 Detectivity of the MU radar for a hard target in terms of mini-
mum scattering cross section and corresponding radius of perfectly
conducting sphere vs height.
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mode of ionospheric observation. The received echo signals
are sampled at 207 different range bins with 4.8-km intervals
and averaged over 25 transmitting pulses for incoherent inte-
gration. The resultant time resolution is about 1 s.

Figure 1 shows the detectability of the MU radar for a hard
target with these parameters in terms of the minimum scatter-
ing cross section and corresponding radius of perfectly con-
ducting sphere vs height, The background noise temperature is
assumed to be 10,000 K, which is the mean galactic noise tem-
perature at 46.5 MHz. Capability of the MU radar for a hard
target is about 1.5 x 10~% m? in its cross section at an altitude
of 300 km and about 3.7 % 10-% m? at an altitude of 1240 km,
which correspond to radii of conducting spheres of 13 cm and
34 cm, respectively.

As is clear from this figure, most small objects fall within
the Rayleigh region of scattering, in which the scattering cross
section is much smaller than the physical cross section. While
this is an obvious disadvantage in terms of detectivity, a large
difference in the operating frequency from other radars usu-
ally chosen for this type of study will provide us with a unique
opportunity for obtaining the scattering cross section at a
much lower frequency.

Data Analysis

These data have shown that in addition to the echoes from
the hard targets, there are several other kinds of signals in-
cluded, such as cosmic noise, incoherent scatter echoes from
the ionosphere, and impulsive signals like lightning at-
mospherics. Also, the observed hard targets include a large
number of meteor trails as well as the desired artificial orbiting
objects. Ionized trails generated by an encounter of a meteor
into the Earth’s atmosphere produces strong coherent echoes
for the VHF band, which usually last for a fraction of a sec-
ond. Although their occurrence is limited to a narrow height
region of 80-110 km, they are often strong enough to be
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observed through low-elevation sidelobes of the antenna at
much longer ranges.

During the MU radar observations, all data are recorded on
magnetic tapes in a form of sequential height profiles of the
echo power. We have developed an automated algorithm as
described below to select echoes from the orbiting objects out
of all recorded signals included in the radar echo data. The
procedure makes use of the known statistical characteristics of
each type of echoes and interferences in classifying them. It
consists of two stages: 1) detection of hard targets out of con-
tinuous background, and 2} recognition of echoes from de-
sired orbiting objects among other types of signals. The fol-
lowing sections describe some details of the technique.

Detection of Hard Targets

The first step of the data analysis is to detect strong echoes
due to hard targets out of continuous background noise. If the
noise power was constant, a constant threshold level could be
determined with a given false-alarm rate. However, the back-
ground cosmic noise level changes with local time and season,
and at lower altitudes the ionospheric incoherent scatter
echoes, whose magnitude varies both with time and height,
add to the background continuum level.

In the following we first describe the process of general data
analyses and present the characteristics of background noise
and those of the ionospheric incoherent scattering appearing
at altirudes lower than 500 km.

In general, signals detected by two-channel {(in phase and
quadrature phase) receivers of the MU radar constitute real
and imaginary parts of the complex baseband signal.

The signal power is calculated by adding the square of these
two compornents. In the case of the cosmic noise, the real and
imaginary part are independent random signals that follow a
Gaussian distribution. Therefore the power calculated previ-
ously follows a x2 distribution of the deg 2. To reduce a large
fiuctuation in a raw data, 25 times of incoherent integration is
made to get every 1 s datum at 207 height points for an altitude
range from 300 to 1240 km. This averaging process changes
the power distribution of the data at each altitude pointto a x°
distribution of the deg 50.

Actually, at any altitude point above 500 km, the intensity
{power) distribution of echoes exactly follows this x? distribu-
tion of the deg 50 as shown in Fig. 2a. In such a case, the prob-
ability of a signal intensity exceeding seven times the standard
deviation (o) of the previous distribution is estimated to be
very small, i.e., about 1.1 X 10-7. Therefore 7o is an appro-
priate value for the threshold level of hard target detection
with sufficiently low false-alarm rate against random noise.
However, as shown in Fig. 2b, below 500 km of altitude, the
intensity distribution of echo does greatly deviate from the e
distribution of the deg 50, due to incoherent scattering echoes
from the ionosphere. To remove such an effect, we have to in-
crease the threshold level to 10-15¢.

If we use these larger threshold values for whole altitude
range, the minimum detectable cross section of the hard
targets is reduced. In our data analyses, we have decided to
choose an altitude dependent threshold value that is deter-
mined by the following processes. First, the signal level at
every altitude is averaged over 2 min and that averaged value is
smoothed out by taking a running mean vs height. The
threshold level for detecting hard target is determined by

P+ 7o’ 0

This altitude profile depends on local time and season, so that
the threshold level is determined individually from real data to
be analyzed.

Figure 3a shows an example of an observed time series of
the echo power. The solid line denotes the maximum value in
each echo power profile consisting of 207 samples. Dashed
and dot-dashed lines show mean background noise level and
the threshold level, respectively, as described previously.
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Fig. 3a  Example of observed time series of the maximum echo power
among each instantareous height profile.
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Figure 3b illustrates examples of time and altitude plots of
the data around four of the points that exceed the threshold in
Fig. 3a. The background noise level that is indicated by a
dash-dotted line in the time patterns and by a dashed line in
the height patterns is subtracted from these figures. The
dashed line in the time pattern illustrates a time sequence of
the signal level calculated theoretically from the antenna beam
pattern of the MU radar, assuming that the object has a circu-
lar orbit. As will be seen later, only cases 1 and 3 are the
echoes from orbiting objects. An automated algorithm to dis-
criminate these objects is explained in the following section.

Occasionally, the background signal level is enhanced by
10-20 dB due to the contamination of strong coherent echoes
probably originating from the ionospheric field-aligned irreg-
ularities due to spread F layers or sporadic E layers. Such
periods are removed beforehand manually from the analysis.

Recognition of Echoes from Orbiting Objects
We then examine the time and height patterns of the indivi-
dual echo. Peculiar time and height patterns -accompanied
with some kinds of interferences, such as the echoes from
overdense meteor trails or external impulsive noises, are used
to identify and remove them before examining the echo pat-
tern in details.

Echo Pattern of Orbiting Objects

A small portion of an arbitrary orbit of orbiting objects can
be approximated by a circular orbit at the altitude of interest
from the point of view of its radial distance vs time of the
order of a few tens of seconds. The velocity of a circularly or-
biting object is determined by

v=vG,/(R, + H) @
The antenna beam pattern of the MU radar f(f) is known.

In case an orbiting object traverses just over the beam center,
the expected echo power should be

P(t) o f16)
0 =tan~'{v(r — 1,)/H} (3)
where the cross section of the orbiting object is assumed con-

stant. The antenna echo paitern becomes a function of the ob-
jeet altitude only.

MU RADAR MEASUREMENTS OF ORBITAL DEBRIS 679

To discriminate orbiting objects, the antenna echo patterns
thus calculated for the altitudes of the objects are used. Figure
4 illustrates an example of observed echo patterns vs time (s)
{solid curve) and theoreticaily calculated echo pattern (dashed
curve). An automated algorithm was developed to identify
echoes from orbiting objects by comparing the echo pattern
with the theoretical ones using the least squares fitting
technique. The conditions for decision were chosen em-
pirically so that the result of the identification matches manual
identification.

So far we have assumed that the orbiting objects pass over
the antenna main beam. When the target does not pass
through the center of the beam, the reduced gain of the beam
results in an underestimation of the scattering cross section. If
the target passes more than 2 deg off the center of the beam,
however, the relative strength of the sidelobes becomes large
enough to identify the echo pattern as being multiple peaked.
Such echoes are not used in deriving the distribution of or-
biting targets shown later, since their scattering cross section
cannot be measured accurately. Considering that the
measured paths of objects should distribute evenly within 2
deg from the center of the beam, we can calculate the expected
magnitude of the underestimate to be about 1.4 dB. The scat-
tering cross section shown in the following sections is compen-
sated for this value.

There are other interesting examples of echoes as shown in
Fig. 5, whose intensities violently fluctuate in time. These
cases are interpreted as a result of fast spin motions of
nonspherical targets. Further analyses of such fluctuations
will provide important information on the shape of individual
targets.

Eche Pattern of the Meteor Echoes

The meteor trails are generated in the altitude range of
80-110 km, and this trail produces a very strong coherent echo
even for low elevation sidelobes of the MU radar, as discussed
before. This means that the meteor echo effectively appears as
if the echo comes back from the height range of our observa-
tions.

The meteor echoes are classified into two types, underdense
and overdense echo. While the former has a relatively small
electron density at the center of the trail that causes only co-
herent scattering, the latter is dense enough to cause a total re-
flection of the radar wave. The former echo lasts only a frac-
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Fig. 4 Example of observed echo pattern vs time (solid curve) and

theoretically ealculated echo pattern (dashed curve). The dot-dashed
Hne indicates the background noise level, which is subtracted.

31-MAY-1988 05:56:37

HE{GHT : 1031.1 km
—_— T T R T T T
% [ /,/ \\ i
= -80 ) -
> L 4 W J
g o0l -
L = 5

b= /!

B -100 7 NS
iy -
110 L LTSI SRR BT

¢ 10 20

Time(s)

Fig. 5 Example of echo pattern as shown in Fig. 4 but with large
fluctuations in the echo power.



680 SATO, KAYAMA, FURUSAWA, AND KIMURA

30-MAY-1988 12:11:52

HEiGHT : 351.4 km
- —— T
E i 3
B o-got A =
& L S ]
& w0
£ -100§ 7 5
= r ! ! 1
-0 s L ol vt o 11
o 10 20
a) Time{s}
J1-MAY-1988 06:16:17
HEIGHT : 1017.4 km
= T T T 1] I T T T T I T 1]
a I Pl 1
2 -90r s AN -
:.z—” L l’n’l \\\ -
v
§ -100 4 Y
) i A
ﬁ [ r Vl \ \\ |
110 P 1 N J |
[ 10 20
b) Time(s)

Fig. 6 Examples of the echo pattern of a) underdense, and b) over-
dense meteor trails.

10-DEC-1588 04:09:25

HEIGHT : 738.3 km
R ‘ —T ./,’, ‘.\\ T 3
m Ay
E _90 I .,"I \\‘ =
) L i i
G ; A
g -100 R VV \ o
-— Il \
E o h l |\ F
—110 ! | il
0 i0 20
Time(s)
800 T T T T T T T
| H J
= r ! 1
= - ®
=
= L E
=0
é 700_3 —
bt L g g ey
-0 =90 -80 -70
Intensity(dB)

Fig. 7 Example of the lime and height patterns of external impulsive
noijses.

tion of a second, like an impulse, whereas the latter echo
builds up sharply within a second and decays slowly with sev-
eral seconds, as shown in Fig. 6. A characteristic difference of
the overdense echoes from the hard target echoes is that the
echo shape is asymmetric with respect to the time of the ampli-
tude peak.

Impuisive Noises

The final category of signals exceeding the threshold level
for hard-target discrimination is external noises that form
sharply isolated impulsive time patterns like the underdense
meteor echoes. Most plausible sources of such noise are the
lightning atmospherics and artificial discharges due to power
switching.

Since we employ the pulse compression technigue, echoes
from hard targets show an impulsive height pattern only after
the decompression operation. In contrast, external impulsive
noises have an impulsive height pattern before the decompres-
sion, so that they show a box-car height pattern of the Barker
code itself extending over a height range of 60 km after the
cross-correlation operation. Figure 7 shows an example of the
time and height pattern due to impulsive noise. These echoes
can be identified and removed fairly easily based on this pecu-
liar height pattern.

J. SPACECRAFT

Percentage of Various Types of Detected Signals

As described above, it has been found that the meteor

echoes and impulsive noises are observed in addition to echoes
from orbiting objects.

Also, when an orbital object with a large scattering cross

section passes through sidelobes of the radar, we get multiple
peaks with small intervals in the received time pattern.
Although they are interpreted as separate echoes by the auto-

matic selection procedure, they are later recognized as the
echo from a single object by checking the intervals between the
occurrence of the echoes.

Therefore, many of the signals detected from background
based on the threshold determined in the previous section are
rejected by these criteria. The percentage of occurrences of
various types of signals thus identified are illustrated in Fig. 8
based on the statistics obtained from about 117 h of observa-
tions that are examined later. It turns out that the echoes from
orbiting objects are only 12.7% of total signals exceeding the
threshold level, Only these echoes are used in the statistics that
follow,

Statistical Distribution of Orbiting Objects

The previous algorithm has been applied to the MU radar
data obtained for a period from May 1988 to January 1989,
where during 117 h of observations, a total of 4379 orbiting
objects were detected to obtain the distribution of objects with
respect to the height and the scattering cross section. Echoes
from orbiting objects are detected about once per 2 min.

In spite of all these rejections, a clear sign of contamination
due to weak meteor echoes was found in low-altitude data.
Figure 9 illustrates the flux, or the number of orbiting objects

sidelobe or multiply

counted echoes 5.8% e others 0.9%

orbiting
objects

12.7%

impulsive signals
39.8%

echoes from
meteors etc. 40.8%

Fig. 8 Percentage of various types of signals classified by the auto-
matic daia processing afgorithm.
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low altitude indicating contamination of weak meteor echioes.
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passing through a unit area per year, vs local time of the day
(LT) for a height range of 300-350 km. It should be noted that
since the present observation is made with a radar having a
conical beam, the sample area is its cross saction, Thus, the
flux shown here times the cross section of a spacecraft target
gives the estimated number of impacts on the spacecraft,

A diurnal variation is obvious, as shown by the best fit sinu-
soids of the 24-h period. The solid curve is a best fit with the
time of the maximum fixed to 6 LT, and the dashed curve is
obtained without giving constraint on the phase.

It is hard to think of any reason that orbital debris shows
such local time dependence because the same object ex-
periences various local time in one orbit, except for those in
solar-synchronous orbits. On the other hand, meteor echoes
are known to have a clear diurnal variation in their frequency
with a maximum at 6 LT and a minimum of almost no occur-
rence at 18 LT. The magnitude of such diurnal variation
decreases with increasing height and becomes negligibly small
above 500 km. Also the diurnal variation can be found only in
weak echoes with scattering cross sections close to the detec-
tion limit. Weak echoes at low altitudes are in fact hard to
identify because of their large angular velocity and small mar-
gin against statistical fluctuations. At a height of 300 km, for
example, only a few samples are available for each target.

Although it is very hard to identify each of these echoes, it is
easy to subtract their effect in the obtained distribution. We
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Fig. 10 The observed hieight distribution of the orbiting objects. The
ordinate is expressed in terms of the number of objects passing
through a unit area per year. Gray scales indicate the scattering cross
section of the objects as shown on the right of the figure.
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simply subtract the diurnally varying compenent from the dis-
tribution by taking the minimum value of the fitted sinusoid in
Fig. 9 (= 1.0 x 10%) as the real contribution from orbital
debris. It is equivalent to assume that meteor echoes have zero
occurrence at 18 LT, which is reasonable as the first-order
approximation.

Figure 10 shows the observed height distribution of the or-
biting objects after this subtraction for several ranges of the
scattering cross section denoted by gray scales. The distribu-
tion shows maxima at around heights of 600 km, 800 km, and
1000 km, which agree with those of the distribution calculated
by NASA based on the USSPACECOM catalog.? The flux is
1-2 % 10-%/mZ/yr at this height range. Figure 11 draws the
same distribution versus the scattering cross section and the di-
ameter of the equivalent conducting sphere, The dashed line
denotes the minimum observable cross section at the maxi-
mum height of 1240 km. The flux for the cross section smaller
than this value is calculated from the data of limited height
ranges and thus is less reliable. No correction is applied to
compensate for possible height dependence of the size of orbi-
tal debris.

In the present study, only the height and ¢ross-sectional dis-
tributions measured at 46.5 MHz have been presented without
identifying each object. Since the comparison of the radar
scattering cross section of the objects at different frequencies
will provide useful information on their shape, and hopefully
on their mass, an extensive survey with several different wave-
lengths is strongly needed.

Summary

Preliminary results of a series of observations made with the
MU radar to determine height distribution of orbital debris
were presented as the first attempt at deriving the statistical
distribution at VHF. An automatic data processing procedure
was first developed to discriminate backscatter echoes from
orbiting objects from those of meteors or other interferences.
The height distribution of the debris showed good agreement
with that obtained from USSPACECOM data using micro-
wave frequency tracking radars and optical telescopes.

The present results have shown that it is feasible to obtain
radar scattering cross section of space debris at a frequency of
as low as 46.5 MHz. Further observations with the MU radar
or similar VHF radars will be an important source of informa-
tion in studying the relation between the radar cross section
and physical characteristics of the debris.
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