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Abstract. The detection and recognition of small space debris is an important
task for space security. This paper proposed an interferometric-processing based
imaging method for small space debris. First, based on L-shaped three antennas
system, the signal model for interferometric imaging is established. Then aiming
at the fact that the size of some space debris is smaller than range resolution,
time-frequency analysis is adopted to separate echoes of different scatterers. The
mechanism of time-frequency analysis for echo from three antennas is deduced
in detail. It is proved that the phase for interferometric processing is reserved in
the process of time-frequency analysis. Finally through interferometric pro-
cessing, the positions and image of scatterers can be reconstructed. Simulations
verify the validity of the proposed method.
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1 Introduction

The space debris is a big menace of space craft, satellite, and space stations with more
and more explorations in aerospace [1]. If a collision between them, the surface
properties of spacecraft may be changed and great damages will be brought about. Thus
it is an important task to implement space surveillance for the safety of spacecraft. For
space debris smaller than 1 cm, it is possible to protect spacecraft through an appro-
priately designed protector. For debris whose sizes are larger than 10 cm, the U.S.
Space Command has employed the space surveillance networks which are situated all
over the world to monitor them [2]. Thus an important target of space surveillance is
space debris whose size is 1–10 cm.

High-resolution imaging needs wide bandwidth. In order to overcome the restric-
tion of bandwidth, Ref. [3] firstly proposes a single-range Doppler interferometry
(SRDI) imaging method for spinning space debris. The improved single-range
matching filtering (SRMF) method is put up based on Ref. [3] to improve the range
resolution and computation complexity [4]. Reference [5] proposed a single-range
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imaging (SRTI) method, which takes advantage of the phase trace to realize imaging of
space debris. However, these methods can reconstruct the shape of target instead of the
real position and size, since the angle between target spinning axis and radar LOS is
hard to obtain.

This paper proposes an interferometric-processing based imaging method for space
debris. Through time-frequency analysis, the echo of different scatterers can be sepa-
rated which are inseparable in range profile for resolution restriction. Then based on
three-antenna imaging system, echo of each scatter from three antennas is conducted
interferometric processing on time-frequency plane. The phase information is then
transformed into target position. Thus the real position and size of the target are
obtained. The simulation results verify the validity of the proposed method.

2 Signal Model

L-shaped interferometric imaging system and 3-D spinning targets is given in Fig. 1.
Antenna A transmits signal and antenna A, B and C receive signal. They are located in
the radar coordinate system XYZ at (0, 0, 0), (L, 0, 0) and (0, 0, L), respectively.
Establish the target coordinate system xyz which is originated at point O whose position
is (Xc, Yc, Zc) in the radar coordinate system. Space debris usually rotates around its
axis. A scatterer P of the target, located at (xp, yp, zp), rotates with angular rotation
velocity (xx;xy;xz) when undergoing a translation. Radar transmits linear modulation
frequency (LFM) pulse, which is represented as

s bt; tm� � ¼ rect
bt
Tp

� �
� exp j2p fctþ 1

2
l̂t2

� �� �
: ð1Þ
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Fig. 1. Diagram of three-antenna interferometric imaging system and 3-D spinning targets.
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number. After dechirp with reference range RAO and Fourier transformation, the range
profile of point P from antenna can be obtained as

SA f ; tmð Þ ¼ rpTpsinc Tp f þ 2l
c
RDAPðtmÞ

� �� �
�

exp �j
4p
c
fcRDAPðtmÞ

� �
:

ð2Þ

where rP represents scattering coefficient and RDAP tmð Þ represents the range from P to
antenna A. Suppose that the translation motion has been compensated. Since the size of
target is small, the echo of target should be concentrated in one range cell, that is

SA tmð Þ ¼ rpTp exp �j
4p
c
fcRDAPðtmÞ

� �
¼ rA exp �jUA tmð Þð Þ:

ð3Þ

where rA is a constant. Similarly, the echoes of antenna B and antenna C are

SB tmð Þ ¼ rpTp exp �j
2p
c
fcðRDAPðtmÞþRDBPðtmÞÞ

� �
¼ rB expð�jUB tmð ÞÞ:

ð4Þ

SC tmð Þ ¼ rpTp exp �j
2p
c
fcðRDAPðtmÞþRDCPðtmÞÞ

� �
¼ rC expðUC tmð ÞÞ:

ð5Þ

where rB and rC are constants. Through interferometric processing, the phase differ-
ence of the range profiles between echoes from three antennas can be abstracted.

angle sA tmð Þ�sB tmð Þð Þ ¼ UB tmð Þ � UA tmð Þ
¼ DUAB tmð Þ
¼ 2p

k
RDAP tmð Þ � RDBPðtmÞð Þ:

ð6Þ

angle sA tmð Þ�sC tmð Þð Þ ¼ UC tmð Þ � UA tmð Þ
¼ DUAC tmð Þ
¼ 2p

k
RDAP tmð Þ � RDCP tmð Þð Þ:

ð7Þ

where “angle” is abstracting-phase operation and k is wave length.
Moreover, combined with the geometrical relationship in Fig. 1, the x-axis posi-

tions and z-axis positions are obtained as
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xðtmÞ ¼ DUAB tmð Þk � RAO

2pL
þ L

2
� Xc: ð8Þ

zðtmÞ ¼ DUAC tmð Þk � RAO

2pL
þ L

2
� Zc: ð9Þ

3 Interferometric Processing on the Time-Frequency Plane

When there is one more scatterer in the target, all of the range profiles are stacked
together in one range cell due to low range resolution. The echo of all these scatterers
cannot be separated. Thus the phases of them overlay each other, in which case,
interferometric processing cannot be conducted since phase term is the key for inter-
ferometric imaging. Here time-frequency analysis is adopted to separate the echoes of
different scatterers, meanwhile the phase term must be reserved. Short time Fourier
transform (STFT) is chosen to conduct time-frequency analysis. The definition of STFT
is

STFT t; fð Þ ¼
Z þ1

�1
s sð Þg� s� tð Þe�j2p f sds: ð10Þ

where g(t) is window function. Since the target undergoes spinning motion, RDAP(tm)
should be a sinusoidal modulation, that is, echo of space debris as (3)–(5) is in the form
of sinusoidal frequency modulation (SFM). A SFM signal can be written as

x tð Þ ¼
X1

m¼�1
Jm mf
� �

A exp j2p fc þmfmð Þt½ �	 

; fm 6¼ 0 : ð11Þ

where m is an integer and Jm �ð Þ is the first-order Bessel function. In STFT, when a
window with a relative short time width is added to SFM signal, the captured signal can
be approximated as a form of LFM. For (3), the phase is

UA sð Þ ¼ 2p fc
2RDAP sð Þ

c
¼ 2p fA tmð Þsþ 1

2
lA tmð Þs2

� �
; s 2 tm; tm þ TW½ �: ð12Þ

where fA(tm) represents the initial frequency, lA(tm) represents the modulation rate and
TW is time width of the window. The STFT result of (3) is

SAstft tm; fð Þ ¼
Z þ1

�1
rA exp jUA sð Þð Þg� s� tmð Þe�j2p f sds

¼
Z þ1

�1
rA exp j2p fA tmð Þsþ 1

2
lA tmð Þs2

� �� �
g� s� tmð Þe�j2p f sds:

ð13Þ

where rA is a constant. According to principle of stationary phase, the approximate
result of (13) is
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SAstft tm; fð Þ ¼ rAg
� f � fA tmð Þ

lA tmð Þ � tm

� �
exp �j

p f � fA tmð Þð Þ2
lA tmð Þ

 !
: ð14Þ

Similarly, the STFT result of echo from antenna B denoted as SBstft(tm, f) and from
antenna C denoted as SCstft(tm, f) can be obtained. It can be seen from (12) that the
frequency of echo from antenna A is fA ¼ fA tmð Þþ lA tmð Þ � tm. Similarly the frequency
of echo from antenna B is fB ¼ fB tmð Þþ lB tmð Þ � tm. Thus it yields

angle SAstft tm; fAð Þ�SBstft tm; fBð Þ� �	 
� ¼ p lB tmð Þ � lA tmð Þð Þt2m
¼ UB tmð Þ � UA tmð Þð Þ � 2p fB tmð Þ � fA tmð Þð Þtm:

ð15Þ

The length of baseline is rather small compared with the range from target to radar,
thus the time-frequency analysis result of echo from antenna A and that from antenna
B are almost unanimous. Accordingly, for the same window section tm; tm þ TW½ �, it
yields fA tmð Þ � fB tmð Þ. In this case, (15) can be rewritten as

angle SAstft tm; fAð Þ�SBstft tm; fBð Þ� �	 
�� UB tmð Þ � UA tmð Þ: ð16Þ

Similarly, for antenna A and antenna C, it yields

angle SAstft tm; fAð Þ�SCstft tm; fCð Þ� �	 
�� UC tmð Þ � UA tmð Þ: ð17Þ

It can be seen from (16) and (17) that the interferometric phase term is still reserved
after STFT analysis. And it can be abstracted directly from time-frequency plane.

4 Simulations and Analysis

Suppose that the length of baseline is L = 100 m. The carrier frequency is fc ¼ 1GHz.
Bandwidth is B ¼ 300M and range resolution is 0.5 m. The imaging time is 1 s and
pulse repetition frequency (PRF) is 800 Hz. The center of target is at 0; 500; 0ð Þ km.
There are two scatterers rotate with angular rotation velocity of x ¼ p; 2p; pð ÞTrad=s.
The spinning period is T ¼ 2p= xk k ¼ 0:2041 s. The range profile of the target scat-
terers is shown in Fig. 2(a). It can be seen that range profiles of the two scatterers are
concentrated in the same range cell. The STFT result is shown in Fig. 2(b).

Abstracting the phase information in STFT plane to conduct interferometric pro-
cessing, the x-positions and z-positions can be reconstructed as shown in Fig. 3. It is
shown in Fig. 3 that the reconstructed positions are not continuous and contain many
break points. It is because that the frequency of scatterers overlaps at some seconds as
shown in Fig. 2(b). At these seconds, the phase terms of different scatterers cannot be
separated thus resulting failure in interferometric processing. The false reconstructed
positions at these seconds are deleted. The theoretical positions are shown in Fig. 4.
Compared reconstructed positions with theoretical ones, it shows that the reconstructed
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Fig. 2. Echo processing results
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Fig. 3. Reconstructed target positions
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Fig. 4. Theoretical target positions
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result is with good accuracy. Figure 5 is the two-dimensional motion trajectory of the
target scatter. Through the motion trajectory, size and shape of the target can be scaled.

5 Conclusions

An interferometric-processing based imaging method for small space debris is offered in
this paper. Through time-frequency analysis, echoes trajectories of all scatterers are
segregated, which overcomes the difficulty of target size smaller than range resolution.
What’s more, time-frequency analysis does not destroy phase information for interfer-
ometric. Thus interferometric processing is successfully conducted to obtain the target
position. The simulations verify the validity of the proposed imaging method. By com-
parisonwith existing ones, the proposedmethod shows the advantage that can get the real
position and size of target. However, the phase information of echo is easily affected by
noise. Although the space environment is in a low noise level, it is still an important task
to abstract phase information in noise, which is also our next research direction.
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