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SUMMARY  Orbit estimation of space debris, objects of no inherent
value orbiting the earth, is a task that is important for avoiding collisions
with spacecraft. The Kamisaibara Spaceguard Center radar system was
built in 2004 as the first radar facility in Japan devoted to the observation of
space debris. In order to detect the smaller debris, coherent integration is
effective in improving SNR (Signal-to-Noise Ratio). However, it is difficult
to apply coherent integration to real data because the motions of the targets
are unknown. An effective algorithm is proposed for echo detection and
orbit estimation of the faint echoes from space debris. The characteristics
of the evaluation function are utilized by the algorithm. Experiments show
the proposed algorithm improves SNR by 8.32 dB and enables estimation
of orbital parameters accurately to allow for re-tracking with a single radar.
key words: space debris, KSGC radar, orbit estimation, coherent integra-
tion

1. Introduction

Space debris, such as fragments of satellites and rocket bod-
ies orbiting the earth, is regarded as an environmental prob-
lem. More than 2,000 tons of artificial objects are in the
earth’s orbit, and 95% of these items are not functioning. In
the event of the circular motion at the altitude of 500 km, the
average relative velocity of space debris is about 10 km/s.
As kinetic energy is proportional to the square of the ve-
locity, the collision energy is enormous, and thus even tiny
debris may cause serious damage to spacecraft.

The number of space debris with a diameter larger than
1073 m is greater than 3.5 million [1],[2]. Therefore, the
possibility that space debris could collide with operational
spacecraft is likely. For these reasons, obtaining precise or-
bital information by observing space debris is indispensable
for avoiding accidents. Space debris with a size greater than
0.1 m has been observed and cataloged with a network of
multiple radars and optical sensors by US SPACECOM in
the United States [3].

The KSGC (Kamisaibara Spaceguard Center) radar
system was built by the Japan Space Forum as the first radar
facility in Japan devoted to the observation of space debris
and began operations in 2004. Table 1 shows the main pa-
rameters of the KSGC radar. The KSGC radar is equipped
with an active phased array antenna mounted on a rotational
base. Therefore, it is possible to track unknown targets for
the full angular region above a 15 degree elevation such that
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Table1  Main parameters of the KSGC radar.
Parameters Value
Location Kamisaibara, Okayama, Japan
(35.31°N, 133.94°E)
Radar System Active Phased Array
Antenna Size 2.8m x 2.8 m

Number of Elements 1,395

Antenna Gain 38.4dB

Peak Output 96 kW (69 W X 1,395)
Polarization Vertical

Center Frequency 3,265 MHz

Beam Width 1.9°

Range Resolution 225m

Band Width 800 kHz

Pulse Length 200 or 300 usec

the orbit can be determined by a single observation pass.
Moreover, it has the ability to simultaneously observe ten
pieces of debris with the time division control.

When considering the danger of collisions with space-
craft, only debris larger than 0.01 m needs to be observed
as fragments smaller than 0.01 m do not damage spacecraft
with surface protection materials. Currently, the KSGC
radar system can observe space debris with a RCS (Radar
Cross-Section) larger than 1 m? for a range of 600 km. In
the future, the radar system will be used to observe 0.01 m
debris. Effective algorithms for echo detection and orbit es-
timation of the faint echoes from space debris [4] are pro-
posed as follows.

2. Conventional Method Utilizing Incoherent Integra-
tion

Linear-chirp pulse compression is used for the KSGC radar
system to enhance the range resolution and SNR. We de-
fine s.(f) exp (—j2n fo1) as the transmitted signal, and s,(¢) as
the received signal after synchronous detection. They are
expressed as

B
si(f) = A exp (—j2ﬂﬁt2), 1)
se(t) = s(t—ta)exp [—j2rm { fa (t—ta)— feta}] . )

where A(t), T, B, t4, fi, fo are the window function, the
pulse length, the frequency bandwidth, the delay time, the
Doppler frequency, and the center frequency, respectively.
This is applied to the matched filter whose impulse response
is expressed as

W (t) = s{(-1), (3)
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where * means a complex conjugate, and estimate the delay
time. The pulse compression ratio Ry is expressed by R,. =
BT. The range resolution is improved by Ry, and the peak
output power is also enhanced by Ry [5].

However, the delay time includes an error if the
Doppler frequency has an offset. Figure 1 shows a model
of the linear-chirp pulse compression. Solid lines of s(f)
and s.(#) are the transmitted and received signal, respec-
tively. s.(r) has a time offset 74 and a frequency offset f4
as in this figure. h(¢) has a frequency offset f; compared
to h’(t), that is matched to s.(f). We convolute s.(¢) with
the matched filter without the effect of the Doppler shift
K (t) and obtain the delay time including the error of .,
which is expressed as t. = fq7/B. The Doppler shift has
to be considered for the matched filter, which is expressed
as h(r) = W(H)exp (—j2xfat). Therefore, there is ambiguity
between the delay time and the Doppler frequency.

If f3 is accurate, an accurate delay time can be ob-
tained where the response of the filter is at maximum. In
an echo detection method using a single pulse, we search
for the Doppler frequency which maximizes the response of
the matched filter as

2

“)

max f se(Dh(t — T)dt
st

In order to detect echoes, incoherent integration is ef-
fective to reduce fluctuation of signal due to noise. Inco-
herent integration does not require adjustment of phases and
is thus easy to implement. We define N as the number of
integrations and call each pulse a ‘hit.” The SNR is not ame-
liorated, but noise fluctuation is reduced to 1/ /N with in-
coherent integration, which makes it easy to detect echoes.
Equation (4) is expanded to incoherent integration as

N

max Z
4.t

i=1

2

f (it = 2ivgTipfc - T)de] | 5)

where s;(f) is the received signal for i-th pulse, A;(¢) is the
impulse response with the Doppler shift, Tpp is IPP (Inter
Pulse Period), and c is the velocity of light, vqg = fac/2f; is
Doppler velocity respectively. In observation of space de-
bris, the range changes by 2v4NT1pp in the integration dura-
tion. If we set vy = 4km/sec, N = 16, Tpp = 7,500 usec,
2v04NTipp becomes 960 m, which is longer than the range
resolution Ar = 225 m. Therefore, the time shift 2ivqTipp/c
is utilized in Eq. (5). In this paper this method is termed the
incoherent method.

Figure 2 shows the result of the incoherent method ap-
plied to the real data of the KSGC radar. The left and right
figures are echoes from H2A-R/B (H2A-Rocket Booster)
and LCS-4 (The Lincoln Calibration Sphere) [6] whose RCS
are 27.6 m? and 1 m?, respectively. Figure 2 shows the diffi-
culty in detecting echoes in low SNR condition even if inco-
herent integration is used. Therefore, in order to detect the
faint echoes, it is necessary to develop a method to improve
the SNR.
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Fig.2  Example of the incoherent method applied to the real data.

3. Coherent Integration Utilizing a Motion Model

In order to improve SNR, we integrate received signals co-
herently. The range, the Doppler frequency, and the phase
of signals from space debris change at every pulse during
observation. Therefore, the parameters have to be updated
for each pulse. However, coherent integration is difficult to
calculate as the motion of space debris is unknown.

The instantaneous orbit of space debris is an ellipse
with a focus at the center of earth’s gravity. The orbit can
be approximated as a uniform motion within a short time.
We approximate an orbit of space debris as a uniform mo-
tion and take the coordinate plane including the orbit and the
radar antenna. Figure 3 shows the system model. The orbit
can be expressed with 3 parameters (ry,vq;,¢1) = x. The
range, the Doppler frequency, and the phase of space debris
are expressed as

2
ra(t) = \/rf — 2rvait + (C;’;“qs] ) 2, (6)
2f. dry(t)
Ja@® = BT @)
o(r) = 4’"d(’)fc, (8)

where r|,vq; and ¢, are the range, the Doppler velocity, and
the angle between the direction of the motion and the line-
of-sight of the first echo, respectively. The received signals
are integrated coherently according to Egs. (6), (7), and (8),
and the evaluation function

N 2
E(x) = Zfsri(T)hi(tdi_T)dT'eXp(jAei) )
=
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Fig.5  Evaluation function for true ¢; in detail.

is maximized, where 7g4; is the delay time for i-th pulse, and
AB;(i = 1,---,N) is the difference of a phase between the
first pulse and the i-th pulse. They are uniquely determined
with x = (71, vq1, ¢1). There are expressed as

ta; = 2ra((i = 1)Tpp)/c (10)
A6; = 2n fe(tar — tai) (11)

In Eq. (9), we convolute s.;(¢) and h;(¢), and find the opti-
mum the delay time, the Doppler frequency, and the phase
to maximize E(x). Coherent integration is then applied. In
order to estimate an orbit we search for x which maximizes
the power after coherent integration. The orbit estimation
process can be regarded as an optimization problem.
Figures 4, 5, 6, and 7 show a part of the evalua-
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tion function for true ¢;, vq;, and r| respectively, where
x = (800km, 4 km/s, 600), N = 4, Trpp = 7,500 usec, and
pulse length T = 300usec. Figure 5 is a part of Fig. 4.
These figures have the following two significant character-
istics: First, the correlation between r; and vg; is shown in
Fig.4. As explained in Sect. 2, the ambiguity between the
delay time and the Doppler frequency caused by the linear-
chirp pulse compression and its gradient « is expressed as
_ B

T
This equation shows the gradient of the correlation is
uniquely determined by the parameters of the radar systems.
Second, there are many periodic peaks in the direction of
vq; in Figs. 5 and 7. This is due to the occurrence of cycle-
slip when determining the Doppler velocity. Figure 8 shows
the model of a uniform motion in a line-of-sight. In this
case, the range changes by v4Tpp at every pulse, which also
changes the phase of each pulse. If the error corresponds
to half the wavelength 1/2, coherent integration can be ap-
plied, where A is the carrier wavelength. Therefore, many
suboptimal solutions are generated in the direction of vy .
We define vqg as this period, which is expressed as

A
2Tpp

vq1 has to be searched for in the accuracy of m/s as it is un-

12)

[0

Udqo = (13)
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Fig.8 Ambiguity in determining vq; .

realistic to use the units of typical parameters of the KSGC
radar which are 4 = 0.0918 m and Tipp = 10ms. It is
difficult to find a global solution because of these reasons.
Therefore, an effective optimization method needs to be de-
veloped. Here, the optimization algorithm is divided into
two stages; echo detection and orbit estimation.

4. Effective Echo Detection Algorithm
4.1 Proposed Detection Algorithm

An echo detection method is proposed in this section. The
proposed algorithm detects the desired echoes, where the or-
bital parameters are disregarded. One of the suboptimal so-
lutions in this algorithm is effectively found. Table 2 shows
the comparison of the detection algorithms.

To find a suboptimal solution the correlation between
ri and vy is utilized. Figure 9 shows the outline of the pro-
posed detection method. We define u-axis and w-axis as the
orthogonal axis and the parallel axis to the direction of the
correlation, respectively. The simplest method is a search
with the parameters of u, vq;, and ¢, iteratively calculating
the evaluation function. However, this method requires a
long calculation time as a filtering process is necessary to
update the parameters.

In order to decrease the calculation time, the calcula-
tion of the evaluation value is simplified. The local shape of
the evaluation function is especially dependent on the phase
difference Af; when compared to the other factors. Accord-
ing to Eq. (13), the Doppler velocity is divided into nvgqp and
ovq. They are expressed as

Vg = Nugqo + 51)(], (14)

where 7 is an integer and |6vg| < vgo/2. We define nvgy and
ovg as the global Doppler velocity and the local Doppler
velocity, respectively. The global Doppler velocity deter-
mines the orbit of debris and influences the response of the
matched filter. The local Doppler velocity determines the
phase difference. Updating nvq requires a long calculation
time due to the filtering process. In order to omit the fil-
tering process we approximate nvgy + dvg as nvgo except for
Eq. (11).

Figure 10 shows a section of the evaluation function
in the direction of the vq; axis. In this figure, the dashed
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Table2  Comparison of the detection algorithms.

Ab; lai hi(t)
conventional | update | update | update
proposed update fixed fixed

line corresponds to the true evaluation function. The solid
line is the section of the simplified evaluation function using
ovq instead of vgq;. As vq; shifts from the true value vy, =
4 km/s, the evaluation values of the peaks become small due
to the error of the Doppler frequency. On the other hand,
in the case of dvy, the evaluation values of the peaks are
constant because other parameters are fixed. If dvq is less
than vq9, we can approximate vg; as dvgq. In the simplified
evaluation function, the Doppler frequency for the matched
filter is fixed. Therefore, pulse compression process is not
required when searching along dv4 axis. This characteristic
can be applied for ¢, which is utilized to develop a high-
speed algorithm.

We define Xexp, Wi, Au, Avg, and A¢ as an expected
orbital parameter, a threshold, and step widths of u, dvq and
o¢, respectively. Au corresponds to the projected amount of
the range resolution and Ar to u axis, which is expressed as
Au = alAr. Avg and A¢ are a —3 dB width of vg; and ¢,
in the evaluation function. The echo detection algorithm is
described as follows:

1. Set the search area with Xexp. k < 1. X ¢ Xexp.

2. If k is an odd number, go to 3. Otherwise go to 4.

3. Update x by %’%1 in the direction of —u axis from
Xexp- GO 1O 5.

4. Update x by %% in the direction of +u axis from Xeyp.
Goto 5.

5. Search along dvgq and 5¢ axes with step widths of Avy/2
and A¢/2, and set Ep,x as the maximum evaluation
value.

6. If Epax > Wi, go to 7. Otherwise k < k + 1 and go to
2.

7. Optimize r; with the quasi-Newton’s method. Detec-
tion.

Next, the calculation time of the proposed echo detec-
tion method is explained. We define 7, as the time to cal-
culate an evaluation value. The calculation time is /KT, to
search along vg; and ¢; axes by I and K points. The cal-
culation time of the proposed method is approximately T
because the search along vg; and ¢; axes can be replaced
by a simple phase rotation. The filtering process is not re-
quired when searching along vg; and ¢, axes. Therefore, the
calculation time improves by /K. We search along vg; axis
with the step width of Avg/2. The number of calculations is
expressed as I = 2v49/Avg. K = 30 is set as the number of
calculations along the ¢, axis. In this case, Avq and vgg are
0.00034 km/s and 0.00612 km/s, respectively, where N = 16
and Tpp = 7,500 usec. Therefore, IK becomes 1,080 and
the calculation time becomes 1,080 times shorter compared
to the conventional method.



ISODA et al.: EFFECTIVE ECHO DETECTION AND ACCURATE ORBIT ESTIMATION ALGORITHMS FOR SPACE DEBRIS RADAR

u

Vai

6' Emax >‘/Vth
3.
X

7. .
. expw t Detection
w 5 ~8Vd H 6¢
il

Fig.9  Outline of the detection method.

Section of the Evaluation Function using vy, and dv,

18

16t using Sv‘d
= | JLES 11T D — i
g 4 a
Q
: U
> 10 i R | | ‘
E 8 W g E i
5‘ 4

2

0 il i fE E A8 §E fLlidl

3.9 3.923.94 396 398 4 4.02 4.04 4.06 4.08 4.1
Va1,4+0v, [km/sec]
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4.2 Evaluation of the Proposed Echo Detection Method

As we explained in Sect. 1, the minimum detection size of
the KSGC radar system is 1 m? for the range of 600 km. In
order to clarify the improvement of the proposed detection
method, noise was added to the real data to intentionally
deteriorate SNR to simulate severe conditions.

Data from satellite COSMOS-1825 with RCS of
7.87m? was used. The expected value iS Xexp, =
(721.709 km, —3.661 km/s, 61.92°). According to the radar
equation [7], the received power from the target with RCS
= 1 m? for the range of 600km is equivalent to the target
whose RCS = 2.085m? for the range of 721 km. The re-
ceived power of COSMOS-1825 is 3.77 times (= 5.8dB)
larger than the minimum detection power. Gaussian noise
was added to the real data to deteriorate SNR by 5.9dB. In
this case, the RCS corresponds to 2.0 m?2, which is the de-
tection limit of the KSGC radar.

Figure 11 shows an example of the proposed detec-
tion method applied to the experimentally observed data of
COSMOS-1825, where N = 16. Figure 12 shows an exam-
ple of the incoherent method. The noise level is set to 0 dB
in these figures. In these figure, the value at the range deter-
mined by x corresponds to the evaluation value E(x). Note
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Fig.11  Example of the proposed detection method applied to the real
data.
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Fig.12  Example of the incoherent method applied to the real data.

that the values in these figures are normalized by the noise
level. The Doppler frequency used in the incoherent method
is an expected value, that is used for the delay compensa-
tion and pulse compression for incoherent method, that has
been explained in Sect.2. Figure 12 is a close-up of these
figures. The peak SNR is shown to improve by 8.0 dB com-
pared with the incoherent method. In this case, the effect
of coherent integration is smaller than 12 dB because the re-
ceived power from space debris is not constant.

Next, the determination of the threshold is discussed.
If a power larger than the threshold is detected, the desired
echo is located. The threshold is determined with the false
alarm probability. The method to keep the false alarm proba-
bility constant is called CFAR (Constant False Alarm Rate)
[8]. The idea of CFAR is adopted for the detection of de-
bris. Py, is defined as the false alarm probability and is set
as 107*. In this case, the thresholds of the proposed method
and the incoherent method are 9.64 dB and 3.43 dB, respec-
tively, compared with the average noise level. The dashed
lines in Figs. 11 and 12 are the thresholds. Figures 11 and 12
show that the proposed algorithm identifies the echo which
cannot be detected by the conventional incoherent method.

We define x4 as the obtained parameters with the pro-
posed detection method. In the case described above, we ob-
tain xger = (721.416 km, —3.274 km/s, 62.92°) which causes
the difference in range of the peak between the proposed de-
tection method and the incoherent method in Fig. 13. The
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Fig.13  Comparison between the proposed detection method and the

incoherent method.

estimated parameters with the echo detection algorithm has
errors. Therefore, global optimization is required with these
estimated parameters as the initial values to accurately esti-
mate the orbital parameters.

5. Accurate Orbit Estimation Algorithm

An orbit estimation method is described in this section. The
global optimal solution is searched for with the initial pa-
rameters Xg4¢ estimated from the echo detection algorithm
of the previous section. It is difficult to globally optimize
the evaluation function because it has many peaks along a
diagonal line. We propose an effective algorithm to resolve
this problem.

A simple strategy would be to update the parameters
to increase the evaluation value with the linear search in the
direction of w. However, this simple method is not accurate
because the period varies slightly in the order of 10~ m/s.
This is due to the nonlinearity of the change in Doppler ve-
locity as expressed in Eq. (7), which shows that the evalua-
tion function has a quasi-periodicity. Equation (13) is accu-
rately satisfied if the motion of space debris is uniform for
line-of-sight. The dashed line in Fig. 14 displays the proce-
dure of this simple method. The estimated points gradually
shift from the local maxima. Therefore, this simple algo-
rithm does not work for actual data.

In order to estimate accurate orbital parameters, x has
to be updated to the next suboptimal solution according to
vqo in the direction of w. The evaluation function has to be
optimized each time. The solid lines in Fig. 14 show the pro-
cedure of this method. As previously explained in Sect. 4.1,
this method requires a long calculation time as filtering is
needed for every update. A new orbit estimation algorithm
is proposed which solves the problem of long calculation
time.

In order to optimize x, we introduce dvg and ¢ sim-
ilarly to the proposed echo detection method. In the local
optimization, the fine parameters are optimized instead of
the original parameters. Figure 15 illustrates the procedure
of the proposed orbit estimation method. We define x.y as
the orbital parameters obtained by the proposed orbit esti-
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Fig.16  Example of the proposed orbit estimation method applied to the
real data.

mation method. The orbit estimation algorithm is described
as follows:

X ¢ Xdet-

X «— x + (a/v40, Va0, 0).

Optimize dvg, 6¢ with the quasi-Newton’s method.

x « x + (0, dvq, 6¢).

Optimize r; with the quasi-Newton’s method, and set

E as the evaluation value.

6. If E is the maximum value compared with the evalua-
tion values of the previous steps. Go to 7. Otherwise
go to 2.

T. Xest < X.

N

Figure 16 shows the result of the proposed orbit esti-
mation method applied to the experimental data in Fig. 11.
The value at the range determined by x is normalized E(x)
just like as Figs. 11, 12. In this figure, the solid line is the
coherently integrated signal with x.y and the dashed line is
the same as the solid line in Fig. 13. The estimated range
ry is updated by using the proposed orbit estimation algo-
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Table3  Comparison of the detection, the orbit estimation, and the

expected parameters.
| [ rilkm] [ vailkm/s] | ildeg] |

Detection xge¢ 721.422 -3.274 62.92
Estimation X 720.268 —4.180 57.16
Expected Xexp 721.709 -3.661 61.92
Erorr [Xest — Xexp| 1.44 0519 4.76

rithm. Figure 17 shows the estimated orbit in the vq; di-
rection, which displays an evaluation value E(x) in Eq. (9)
is 0.32dB higher than the detection method. Table 3 is the
comparison between the detection, the orbit estimation, and
the expected parameters, which shows the error of the esti-
mated parameters are 1.44km for r;, 0.519 km/s for vqy and
4.76° for ¢, respectively. Note that xcyp is not the true pa-
rameter but an expected parameter. In this case, xg4e 1S ac-
curate although this accuracy cannot be expected in general
cases. In the next section, we evaluate the accuracy of the
estimated parameters.

6. Accuracy Evaluation with Experimental Data

The accuracy of the estimated parameters is examined in
this section. Equation (5) is used to search for vy which
maximizes the response of the filter with incoherent integra-
tion. This method is simple as it does not require the signal
phases. In this method, however, the error does not become
zero even for the noiseless case because the motion of space
debris is assumed to be uniform for line-of-sight.

Figures 18, 19, and 20 show the estimation errors vs.
the peak SNR, where the true x = (800 km, 4 km/s, 60°) and
N = 16 is set. The estimation error is evaluated as RMSE
(Root Mean Square Error). In this condition, the accuracy
limit of the incoherent method is about 0.039 km/s for vy .
These figures show the accuracy of the proposed method
is better than the incoherent method for SNR < 10dB and
15dB < SNR. In the incoherent method, the estimation of
r1 has a large error for SNR of 0 dB because SNR is smaller
than the detection limit.

To observe space debris larger than 0.01 m and deter-
mine the orbit, multiple large radar systems would be re-
quired around the world which is not realistic. Therefore,
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the KSGC radar system is required to re-track space debris
24 hours later with the estimated position and the velocity
obtained in a single observation pass. The velocity has to
be estimated with an error smaller than 0.05km/s for re-
tracking. The velocity is expressed as V = vq1/ cos ¢;. The
estimation error of V in Fig. 20 confirms that it is possible
to re-track space debris 24 hours later for 13.6dB < SNR.

7. Discussion

In order to obtain a velocity with an error less than
0.05 km/s, the estimated parameters with 16 pulses are av-
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eraged over multiple CPI. CPI (Coherent Pulse Interval) is
defined as a unit of the integration time, which shows that 16
hit = 1 CPI. The observation time in a single pass is about 5
minutes and the KSGC radar system can simultaneously ob-
serve 10 debris pieces. Therefore, the observation time for
each debris is about 30 sec. The longest CPI is 160 msec in
the case of the KSGC radar, and thus a piece of space debris
can be observed for 187 CPL.

We define V; as the estimated velocity for the i-th CPI
and assume the variable V; has white Gaussian errors with
a standard deviation . The average V = Y¥, V;/M fol-
lows N(y, 02 /M). The confidence interval of the confidence
coefficient 1 — y of i is expressed as

[T/— \szy/z,w el (15)

where
Zyp = @71 - 7/2) (16)
D(z) = f o (-2*/2) dz. a7

We define ¢ as the tolerance of V. The required average
number for V to be satisfied with ¢ at the probability of 1 -y
is expressed as

272
Zy/2

M>—" —

&

(18)

We define M. as the maximum number of M. The
limit of o~ which can obtain the sufficient accuracy of V is
expressed as

i = SV i, (19)

Zyp
We assume 1 —y = 099, ¢ = 0.05km/s and Mp,x =
187 CPL. In this case Z, > is 2.576, and o7, is 0.2654 km/s,
which corresponds to the peak SNR of 0dB. This result
shows that sufficient accuracy of the velocity can be ob-
tained with the proposed method with a peak SNR greater
than 0 dB.

In the observation of space debris, it is not realistic to
continuously average the estimated parameters with a con-
stant SNR because space debris changes position. Accord-
ing to the radar equation, SNR is inversely proportional to
the 4-th power of the range. We define S; as SNR of the
range 7. The change of SNR is expressed as

4
_J
S@t) = {rd(t)} Si. (20)

The square of the estimation error o

a2(1) = 10?5 209(p), 21

where a = —0.055 and b = —0.545, which are obtained by
fitting V of Fig. 20 as a straight line, log o = 10alog SNR +
b. Here, o is a function of SNR. a as —1/20 are approxi-
mated and replace 10?” as C. We define Ty, and Tcpy as the

is expressed as
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Fig.21  The average number of CPI for re-tracking.

observation time and CPI, respectively. The mean value of

o is expressed as

- C fTobs _1
o2 = S~ (e
Tobs 0

C (¥ &y

= ész (_Tébi 2 sts

L+ 52
3

Obs + {xTops + { 22)

where { = ri, & = =2rivar, ¥ = (va1/cos¢1)?, Tops =
NgMTcpy, Ny is the number of space debris pieces being
observed. In order to estimate V with an error less than
0.05 km/s, the following condition should be satisfied.

o &

— < . 23)

v/2

3

Figure 21 illustrates M vs. E/M for reference SNR S| =
0.9dB. The desired accuracy of the velocity is obtained

when 02/ M is less than the dashed line in Fig.21. In order to

estimate the limit condition ;/M touches with the dashed
line because the estimation error has a minimum value.

8. Conclusion

We propose an echo detection method for the signals from
space debris that cannot be identified with incoherent inte-
gration. The orbit of space debris is assumed to exhibit uni-
form motion in the proposed method. The calculation time
for searching along the vq; and ¢; sections becomes about
1,080 times shorter in contrast to the simple method. The
simple method uses a direct search for vy, and ¢;, where
the integration number is N = 16 and IPP is 7,500 usec.
The proposed detection method improves SNR by 8.0dB to
the real data of the KSGC, derived from satellite COSMOS-
1825, with applied Gaussian noise to deteriorate the SNR to
the detection limit.

The proposed method estimates the orbit of space de-
bris effectively with a high accuracy. The proposed orbit es-
timation method improves SNR by 0.32 dB compared with
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the proposed detection method. An example of the errors in
the estimated parameters are 1.44 km for r;, 0.519 km/s for
vq1, and 4.76 © for ¢, respectively. The estimation accuracy
of the proposed orbit estimation method is greater than the
incoherent method especially in a low SNR environment.

Our study confirms that if the orbital parameters and
RCS are x = (800km, 4.0km, 60°) and 0.36 m?, sufficient
accuracy of the velocity can be obtained with the proposed
method.

Acknowledgment

The data of the KSGC radar used in this paper was offered
by the Japan Space Forum.

References

[1] N.L. Johnson and D.S. McKnight, Artificial space debris, Orbit
Book Co., p.111, 1987.

[2] National Research Council, Orbital debris, National Academy Press,
p-210, 1995.

[3] P.A. Jackson, “Space surveillance satellite catalog maintenance,”
Orbital Debris Conference, Paper no.AIAA-1990-1339, April 1990.

[4] K. Isoda, T. Sakamoto, and T. Sato, “An effective orbit estimation
algorithm for a space debris radar using the quasi-periodicity of
the evaluation function,” Proc. European Conference on Antennas
& Propagation 2006, ESA SP-626, no.345431, Nov. 2006.

[5] M.I Skolnik, Introduction to Radar Systems, Second ed., pp.422—
427, McGraw-Hill, 1962.

[6] R.T. Prosser, “The Lincoln calibration sphere,” Proc. IEEE, vol.53,
pp-1672-1676, Oct. 1965.

[7]1 S.A. Hovanessian, Radar Detection and Tracking Systems, pp.1-4—
1-6, Artech House, 1973.

[8] M.I Skolnik, Radar Handbook, pp.5-29-5-31, McGraw-Hill, 1970.

Kentaro Isoda was born in 1982. He re-
ceived his B.E. degree from Kyoto University
in 2005. He is currently studying for the M.L.
degree at the Graduate School of Informatics,
Kyoto University. His current research interest
is in signal processing for space debris radar.

895

Takuya Sakamoto was born in Nara, Japan
in 1977. Dr. Sakamoto received his B.E. degree
from Kyoto University in 2000, and M.I. and
Ph.D. degrees from the Graduate School of In-
formatics, Kyoto University in 2002 and 2005,
respectively. He is a research associate in the
Department of Communications and Computer
Engineering, Graduate School of Informatics,
Kyoto University. His current research interest
is in digital signal processing. He is a member
of the IEEJ and the IEEE.

Toru Sato received his B.E., M.E., and
Ph.D. degrees in electrical engineering from
Kyoto University, Kyoto, Japan in 1976, 1978,
and 1982, respectively. He has been with Kyoto
University since 1983 and is currently a Profes-
sor in the Department of Communications and
Computer Engineering, Graduate School of In-
formatics. His major research interests have
been the system design and signal processing as-
pects of atmospheric radars, radar remote sens-
ing of the atmosphere, observations of precipi-
tation using radar and satellite signals, radar observation of space debris,
and signal processing for subsurface radar signals. Dr. Sato was awarded
the Tanakadate Prize in 1986. He is a member of the Society of Geo-
magnetism and Earth, Planetary and Space Sciences, the Japan Society for
Aeronautical and Space Sciences, the Institute of Electrical and Electronics
Engineers, and the American Meteorological Society.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


