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Shape Estimation of Space Debris Using
Single-Range Doppler Interferometry

Toru Sato Member, |EEE

Abstract—Shape estimation of space debris, or the fragments of satellites ~ The most important target of future observations of space de-
and rocket bodies left on the earth’s orbit is an important task in evaluat-  pris is those in the size region of 1-10 cm, because it is possible

ing its danger of a possible collision with operational spacecraft. A method . .
of imaging a space debris whose size is smaller than the range resolutionto protect spacecraﬁ against small debris of less than 1cm by an

of the radar is proposed. It is called Single Range Doppler Interferometry appropriately designed shield, and those larger than 10cm has
(SRDI) in contrast to the conventional Doppler interferometry which re-  peen constantly monitored by the existing network of radar and

construct the two—dimensiqnal image based on the high range resolution as optical sensors around the world by the US SPACECOI\/I[8].
well as the Doppler resolution. The proposed method makes use of the fact

that space debris usually follow a simple spin motion around their major In choosing the operational frequency of a debris radar, a
axis. Two-dimensional image of a target can be obtained by migrating the higher frequency is better from the standpoint of sensitivity. On
Doppler spectrogram over one spin period. The characteristics of the pro- the other hand. a lower frequency provides a broader beamwidth
posed SRDI method are examined by means of numerical simulation. For . . . .
targets which consists of isolated isotropic scattering centers, clear image @Nd thus a higher detection rate of debris. The available trans-
can be reconstructed with a resolution of half the radar wavelength, which mitter power is also a decreasing function of the frequency. The
is equivalent to the conventional RDI (or ISAR) technique that is applicable compromise of the choice of frequency for a future debris radar
only when the range resolution of the radar is much finer than the size ofthe . . .
target. The image obtained from a conductive body is dominated by strong will be 'r_1 S- to X-band .(10_3 cm waveleng_th). Obvpusly_ the
scattering centers which corresponding major reflections, although the size conventional RDI technique cannot be applied to the imaging of
of the body could be roughly estimated. small debris of 1-10 cm size at these frequency bands. Here we
Keywords—Radar imaging, remote sensing, shape estimation, space de-propose a technique which is applicable to the imaging of objects

bris. R
s whose size is comparable to the radar wavelength.

I. INTRODUCTION II. RDI AND SRDI
Space debris, or fragments of satellites and rocket bodies Ief[:2

onthe earth’s orbit, is now recognized as a serious environmental DI makes use of the fact that echoes from different parts of

problem in the space [1], [2]. Since these objects have a v otating .object haye different qupler _shifts. It has already
high velocity of more than 8 km/sec, which is one order high en applied to the imaging of orbital objects, such as the case

than a ballot, collision of a tiny debris with a spacecraft m Salyut-7/Kosmos-1686 complex body observed by X-band

cause a disaster. Monitoring is the first step to this environmen % AN radar[9]. The size of the object in this case was about

problem as is so for other problems. 0 wavelengths. L .
Among various means of observing space debris, ground-Wh”e the cross-range resolution is obtained by the Doppler

based radar is the most powerful tool in observing objects §H€Ct: the range resolution is determined by the system band-

low-earth orbits. Shape estimation is an important issue in tf&th- Since the signal-to-noise ratio is inversely proportional

observation of space debris, since it is directly related to the if- the bandwidth, its choice depends on the sensitivity of the

pact of collision. Statistical study has shown that their size esf/SteM to the desired target. The very large scattering cross sec-
mated from the radar cross section (RCS) assuming a spher‘toti_l ofthe sate_lllte enabled the use of awide bandW|dth, an(_j thus
shape do not agree with the size estimated from the atmosph&rt1€r resolution than the size of the target was obtained in the
drag[3]. Analysis of RCS variations associated with the spin mgP0Ve case. Since the detection of objects in the size region of
tion of space debris observed by a VHF radar suggests prolife-C €M at & distance of 100-1,000 km is a difficult task even
shapes rather than spherical ones[4]. W!th powerful radars, |_t is necessary to limit the s.y.st.em band-
A commonly used technique for imaging a rotating object witfidth narrow enough in order to assure the sensitivity to such
aradar is the Range-Doppler Interferometry (RDI)[5], or the ismall targets. It is not reqllstu? to obtain a range resolution of
verse Synthetic Aperture Radar (ISAR) technique, in a differelgSS than 10 cm for such situation. - . S
notation. This technique makes use of Doppler spreading of roHowever, itis still possible to obtain a two-dimensional image
tating target together with the conventional range gating in o$8ing only the cross-range information if the same target can be
taining two-dimensional images of the target. It was first deveélPserved for more than one spin period. We hereafter refer this
oped in the field of planetary radar astronomy[6], and has be®#§thod as Single Range Doppler Interferometry (SRDI) in con-
utilized more recently in military imaging radars[7]. The aptrastto RDI. Figure 1 schematically compares the two methods.
plication of this technique, however, has been limited to casédth SRDI method, only the cross-range resolution is obtained

where the size of the target is much larger than the radar wa@é-any instant, but the two-dimensional image can be retrieved
length. by synthesizing the image over one spin period.

Here we assume that
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RDI SRDI (r,0) in the body to the radar is given by
Vg = —wor COSA (1)
) —‘) ) //—7
%ﬁ %0 Doppler shift of the radar echo from the point is thus given as
e ~ (_// 4
wd = Tvd
Doppler Doppler - _ 47TWOT cosh
Fig. 1. DRI(ISAR) method and SRDI method. 47r)\wo
= ——a 2
L ()
gﬁ‘ggﬁ) \ where )\ is the radar wavelength, andis the cross-range dis-
tance. The cross-range resolution is thus related to the Doppler
RN frequency resolutiofwqy as
Bz 4
ol Awg = TN . 3)
dCIfrgi:ange The Doppler frequency resolution is limited by the duration of
observatiorl”, and thus by the range of rotational anfteused
in the imaging of each part of the target as
2t 27mwg
Avg >~ — = 4
] ] wg = o = =g (4)
As a result, the cross-range resolution of RDI is given by
Radar wave
A
Fig. 2. Orientation of a rotating target. fa = 200 ©)

The cross-range resolution of SRDI is of course equivalent to
that of RDI. WhileAa becomes smaller by choosing lardgt,
2. the radar can observe the target for a period longer thanti{g image smears out because different parts of the target are
spin period. used in the imaging of a point. Here we set the upper limiitbf

The former assumption safely holds as far as the target has sdémabout 1 radian aiming to image the rough shape of the entire
internal loss, or dumping[10]. The latter assumption sets an ifvedy.
portant condition in designing the radar. The duration of obser-It should be noted thalf itself cannot be directly measured,
vation, which is limited by the traverse time for a debris acrogghich means that we cannot distinguish a small body with a
the radar beamwidth, is usually a fraction of a second for a highafge angular velocity from a large body spinning slowly. In our
sensitivity radar if the beam direction is fixed, while the spinase, however, the rotation period can be determined by track-
period may extend to a second or more even for the small abg the target for more than one spin period, and by taking auto-
jects of the current interest. Since the tracking of objects usingairelation of the received signal.
mechanically steered antenna is possible only for a target whose
orbit is precisely known, it is essential that the radar has an elec- ITI. SIGNAL PROCESSING OF SRDI
tronic steerability of the antenna beam in order to monitor smallin SRDI, we need to represent the Doppler spectrum of the
objects which have not been cataloged. target as a function of rotation angle The Doppler shift of the

The capability of active phased array radar for the monitoradar echo from a point whose original positionistp) is given
ing of space debris has been demonstrated at VHF band[4], &yd
u_n.kll"nown tar.ge.ts were tracked for about 10 sec, although the sen- wa0) = — 47rwor cos +6;) - 6)
sitivity was limited to the targets larger than 10 cm. Here we as-
sume that the radar has such electronic steerability, and thatfgure 3 shows an example of the received signal time series for
received echo is coherently detected at a sufficiently high sampoint target located at £20°). The solid and dashed curves
pling rate to detect the electric field variation associated with teaow the output of the in-phase and quadrature channels of a
spin motion of the target. We also assume that the mean Dopléherent receiver, respectively. The ordinate is normalized to an
shift due to parallel motion of the target is properly compensatagbitrary scale. While the periodicity of the signal varies as the
for. If the radar system has a polarimetric capability, it wouldngle changes, the two curves keeps constant phase difference of
also provide the information of the target shape. about 90. The highestinstantaneous frequency seef, &,

Let us consider a body rotating at the angular frequency and 360 corresponds to the fastest motion of the target relative
about its axis as shown in Fig. 2. The relative velocity of a poitw the radar when the target is located in the cross-range direction
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Fig. 3. Normalized scattered signal of a point target located &in the center  _. .
9 versus the rotation angle 9 P g Fig. 4. Doppler spectrum of a point target located &af@m the center versus

the rotation angle.

in Fig. 2, and the stationary phase found &t&@d 270indicates
the zero-Doppler condition met when the target is in the rangderes(f) is the complex receiver output at angleandw(6) is
direction. It is thus possible to directly relate the instantaneoasaised cosine window of the half angular width of 80 given
frequency of the signal to the relative location of the target to thy
center of rotation.

In an actual observation, the abscissa is expressed in terms [ (1+cos®)/2 (-7/6<6<1/6)
of time ¢ instead of anglé. We first need to take the auto- w(f) = _

. : A . ' i . 0 @< —n/6, 8 >1/6)
correlation function of the received time series to find the peri-
odicity due to spin motion. After determining the spin frequen o .
wo from this analysis, we can conveiinto # as shown in Fig. 3. c¥he_ radius- is related. ta_‘)d viaEq. 7. ) _
The Doppler frequency is further converted to apparent radiusigure 4 shows this image on a polar coordinate as an iso-
by power contour map. As expected from Eq. 6, the signal from

_ a point target makes a circular trace on this figure. It is found
r(0) = 47W01«°"d(9) () that the SRDI imaging is a process to convert a delta function

While the instantaneous frequency can be easily determi 8(dated at_ (2,07 mt(.) the distributed Image as shpwn n this
jure, which can be interpreted as the two-dimensional impulse

for such a simple case by taking the derivative of the phase vep . : . e
sus#, it is not straight forward in the general case where t gsponse, or the s_moothlng functlon. S'nce this dlstr|but|on_|s
received signal contains echoes from various parts of the tar pwn, the image |_nt(_arpretat|on of SRDI.'S regardgd as th? n-
Itis especially so for the case~ A, wherewg(d) /wo is only on erse problem to eliminate the effect of this smoothing function.
the order of 10. The simplest method for this is the deconvolution. It is to
A number of time-frequency distribution techniques havi@ke the two-dimensional Fourier transform of the given image,
been proposed for such a situation to obtain high frequency &#idide it by the Fourier transform of the smoothing function, and
time resolutions simultaneously[11]. However, here we use titen take the inverse Fourier transform. However, the deconvo-
simplest and most stable method of the short-time Fourier traf&ion, or similar super-resolution techniques, are not applicable
form (STFT). The spectrogram, or the time-frequency pow#fhen the signal-to-noise ratio is low, because they tend to en-

spectrum, is given by the STFT method as hance fluctuations due to noise.
The opposite approach is to apply the matched filter. Itis to
S(t,w) = {/ sw(t' — t)e—iwt’dt'}Z , (8) apply the same smoothing function once again to the obtained

image. The idea is to enhance the area where the signal contri-
wheres(t) is the signal, andb(¢) is the window function. As eas- bution is largest in the impulse response. This method is stable
ily understood from this equation, narrowing the windey) in  in the presence of strong noise, as is the case of our current con-
order to achieve a better time resolution causes smearing of €&, but is apparently poor in terms of the resolution.
spectrum in the frequency domain, because the Fourier transMigration is a technique based on a similar idea as the matched
form of w(t) broadens. The spectrogram reduces to the convdifter, and is widely used in the field of geophysical prospec-
tional power spectrum when(t) = 1, and tos(t)? whenw(t) is  tion[12]. It is often encountered in observations that a group of

the delta function. points in the observed image have equal probability as the can-
The image versus angle and the apparent radius is thus gidéfate of the actual location of the target. In our case, all points
by on a circle of radiug centered ati(, #) are the candidates of the

source that produced an image obtained at point2 So we

2w
- ’ o —jwab’ 4p1 2
S(r.0) = {/0 S(0")w(®" — O)e " do'} (9 re-distribute the intensity of each measured point of the image
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) ) ) Fig. 7. Scattered signal (I and Q channel) from a conducting elliptic plate shown
It is readily understood that all these circles cross at the correctin Fig. 6.

position of the target, which is high-lighted.

An example of this procedure for two point targets at radius
2)\ and 1\, respectively, is shown in Figure 5. The contours
are drawn at an equal interval of the intensity, and normalizgét size is on the order of the radar wavelength, it is anticipated
to the peak value in the figure. This figure demonstrates tliat the change of scattering centers due to the entire spin period
SRDI method has a resolution (half-power width) of abgi#X, is substantial, and thus may seriously distort the image.

which is the same as the cross-range resolution of RDI shown inp, orer to simulate the scattered field from a continuous con-

Eq. 5. ductive body, a two-dimensional wire grid approach is taken.
For simplicity, elliptic plates of various size and shape are con-
sidered. Figure 6 shows the model of & 4 0.5\ ellipsoid.
The above simulation assumed isotropic point targets, anfe elliptic plate is divided into 32 and 2 sectors in the angular
more over, the linear superposition of multiple targets, whighd radial directions, respectively, and the radius of each wire
is equivalent to assume weak (or Born) scattering. The actyket to 0005\. Assuming a partial sinusoidal current distribu-

target usually consists of a continuous body, along which the ifon function on each element of the grid, the scattered field is
duced current due to the incidental electric field flows. If th@omputed by the moment method.

body consists of non-conductive material whose relative dielec- _. . -

tric constant is close to one, the above model which assumt?di:'.gure 7 shows the scgttered signal from the elliptic plate
superposition of point scatterers would be still valid. Howeve?! Fig. 6 computed_by_ this method._ The enha_nced e_choes at
the echo intensity will be very weak for such cases. If, on tlﬁ"éound 90 and 27Q |nd|c_ate the dO“.“'”a”t reflection which oc-
other hand, the body is made with metallic material, the sc&t’S when the major axis of the ellipse becomes perpendicular

tered field from the body will be dominated by the reflection a _the dire_ction O.f the incident wave. The image generated from
refraction. this data is dominated by these components, and only the two

In conventional RDI, which deals with a body whose dimerstrong scattering centers are identified in the image. This is also

sion is much larger than the radar wavelength, the reconstruc g case for conventional RDI method, butitis not as serious as

image shows the location of strong scattering centers such asifjifgPresent case because a large body may have a number of out-

apexes and edges which usually represents the outer shap%tad?d'ng scattering centers which more or less represent the out-

the body. The relation of the physical shape of the target and {? of the target. It Sh.OUId be noted here that the. correc_t image
scattered field is readily obtained by numerical methods such® f perfectly conductlng sphere cannot be obtained W'th.RDI
the geometrical theory of diffraction, which makes use of higﬁ:‘_lt er, because the rotation does not affect the scattered field at
frequency approximations. Although the location of scatterirﬁad'

centers moves as the target rotates, it does not largely affect thin order to reduce the prominence of these strong scattering
image since the image is obtained from the scattered field ofenters, the power of the spectrogram at edh normalized
limited angular range of rotation. In our situation where the tapy the total reflection power at each angle before applying the

IV. SCATTERING FROM A CONTINUOUS BoDY
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Fig. 10. Scattered signal from a conducting square plate.

Fig. 8. SRDIimage of a conducting elliptic plate shown in Fig. 6. Dashed curve
shows the given shape.
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Fig. 11. SRDI image of a conducting square when the spin period is correctly

Fig. 9. Same as Fig. 8, but for an elliptic plate 6f 2 0.5). estimated. Dashed curve shows the given shape.

migration operation. The normalized spectrogram given by  as the case for a rocket body. For such cases, the estimated spin
oo period estimated from the periodicity of the echo will be half of

Sn(r,0) = S(r, 9)// S(r,0")do’ (11) the real period, or even shorter if there are more than one axes

- of angular symmetry. The proposed method apparently does not

is substituted fos (r, #) on the right hand side of Eq. 10. Figure 8vork properly under these conditions. Here we briefly examine
shows the result of imaging of a perfectly conducting elliptithe possible effect of this ambiguity.
plate of 4\ x 0.5)\. Although the two prominent points are still Figure 10 shows the scattered electric field computed for a
emphasized in the reconstructed image, the prolate shape ofabieducting square plate. As shown in the figure, the scattered
body and its size can be roughly estimated. signal shows a periodicity of 90 Although it is not likely that

For smaller elliptic plates, the prominent points tend to colhe real debris has such pure symmetry, the periodicity estima-
lapse into single point, and thus it becomes harder to identiigpn based on the autocorrelation analysis of the received signal

the entire shape of the target. Figure 9 shows the image fortéme series may result in the shorter estimate if the target has a
elliptic plate of 2\ x 0.5). quasi symmetry in its shape. Figure 11 is the SRDI image of this
object when the spin period is correctly estimated. Four corners

V. ANGULAR AMBIGUITY of the square is clearly marked as outstanding scattering centers

We have so far assumed that the spin period of the target carffbée image.
correctly estimated by examining the periodicity of the scatteredFigure 12 shows the same image when the spin period is incor-

signal. This assumption is valid when the target has an irregutactly estimated to be the half of its true value. As easily imag-
shape with no inherent axis of symmetry, as is generally believiegd, the reconstructed image has two outstanding edges instead
to be the case for small space debris. of the four in the correct image. It should be noted, however,
However, the estimated period may be shorter than the tibat the size of the estimated image roughly agrees with the real
spin period if the shape of the target has symmetry axes, ssite of the target. While the physical size of the target should be
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method makes use of the fact that space debris usually follow
a simple spin motion around their major axis. Two-dimensional
image of a target can be obtained by migrating the Doppler spec-

trogram over one spin period
The characteristics of the proposed SRDI method are exam-
ined by means of numerical simulation. For targets which con-
sists of isolated isotropic scattering centers, clear image can be
%\t\ reconstructed with a resolution of half the radar wavelength,
3 (r/N) which is equivalent to the conventional RDI (or ISAR) technique

% that is applicable only when the range resolution of the radar is
much finer than the size of the target.

The image obtained from a conductive body is dominated by

strong scattering centers which corresponding major reflections,

Image after migration
Rectangle (2.0N x 2.0A)

although the size of the body could be roughly estimated. If
the estimated spin period is in error, which may occur in rather
Fig. 12. SRDIimage of a conducting square when the spin period is incorreqtiyre situations of unknown targets with symmetrical shapes, the

estimated to be half of the true period. rough size of the target is still correctly estimated although the
shape can no more be reconstructed. Further study is needed to
properly interpret the image of a continuous body.

%
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