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Abstract: With the human’s exploration activities of space have become increasingly frequent, the
amount of space debris increased gradually, this severely affected the spacecraft launch and normal
operation. Detection and identification of space debris has become an important task. GNSS-based
microwave remote sensing technology has so many advantages due to a low cost and wide coverage,
showing broad application prospects in space exploration. This paper studies used navigation
satellites as a transmitter, a receiver located in other space platforms, the target reflecting surface
scattering coefficient is extracted by using space debris spins Doppler, then an imaging method based
on GNSS-R system is proposed to achieve space debris bistatic narrowband imaging. Its effectiveness
is verified through the analysis of simulation results it estimated the size of space debris, It is
conducive to further space debris detection and classification.

1. Introduction

GNSS-R is a new remote sensing method with low cost, low power consumption and relatively
high spatial and temporal resolution by using the reflected signals of navigation satellites. Ground
based, airborne and space borne experiments have been carried out for GNSS-R application at home
and abroad, and its application field has gradually expanded from ocean remote sensing to land surface
remote sensing.

For narrow-band imaging of space debris, rotating Doppler imaging of debris target is used. In
recent years, extensive and in-depth research has been carried out at home and abroad. Toru Sato
proposed a single range Doppler interferometry (SRDI) [5] algorithm to realize two-dimensional
imaging of space debris by using the spin motion of space debris to generate sinusoidal Doppler
spectrum. Wang Qi proposed a single range matched filtering (SRMF) algorithm [6]. By constructing
matched filters under different rotation radii, the transverse echo data were matched and filtered
respectively to obtain the estimation of the scattering intensity of points on different radii, so as to
estimate the shape and size of the target. SRMF utilizes fast Fourier transform (FFT) to effectively
improve the imaging rate. Compared with SRDI algorithm, SRMF has the advantages of high
resolution and less computation.

The research work of this paper is to expand the application of GNSS-R to detect space debris in
orbit of spacecraft. Space debris has the characteristics of wide distribution, fast flight speed and strong
destructive ability, which seriously affects the launch and normal operation of spacecraft. Therefore,
the detection and classification of space debris is an urgent and practical work. Using the navigation
satellite as the transmitter and the receiver on other satellite platforms, a narrowband imaging method
based on GNSS-R system is presented to obtain the scattering coefficient of the target reflector using
the spin Doppler of the spatial fragments. Through the analysis of simulation results, the validity of
the algorithm is verified, and the size of spatial fragments is estimated, which is helpful for further
detection and classification of spatial fragments. The feasibility of the algorithm is verified by
experimental simulation.
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2. Signal model for spatial fragmentation

Using high-orbiting navigation satellites as radiation source, the receiver is placed on a vehicle with
space debris in close orbit, and the transmitter, receiver and space debris all move at high speed. To
simplify the analysis, the space fragments only rotate without translation, and the transmitter and
receiver move radially relative to the space fragments.

The template is used to format your paper and style the text. All margins, column widths, line
spaces, and text fonts are prescribed; please do not alter them. You may note peculiarities. For
example, the head margin in this template measures proportionately more than is customary. This
measurement and others are deliberate, using specifications that anticipate your paper as one part of
the entire proceedings, and not as an independent document. Please do not revise any of the current
designations. As shown in Figure 1, the space debris is centered at the origin, the angular velocity is
o , and it rotates counterclockwise. The transmitter and receiver are located at the scattering center at

distances R; andR;, and the moving speed is v; andV, . The formed double base angle is 5. At
timet , the distances from the transmitter and receiver to the scattering point P are R, (t) and Rg(t)
respectively, and the double base distance isR; (t)+ R, (t). The scattering point P is located at(r,,7, ),
which means that the distance from the center of rotation on the space debris isr, , and the angle with
the X axis is Scattering point of y, .

Figure 1. Geometry of bistatic rada.
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Where,v, =—(v; +v; ), 1, =-2-r,cos(A/2)the band modulation signal of the navigation signal is a

periodic pseudo-random sequence, and the navigation message data is modulated at the same time in
the signal, which is up-converted and modulated by the carrier frequency. The transmission signal
expression of a typical navigation satellite is shown in (4):

s(t)=AC(t)D(t)sin(2zft+9) (4)

Where, A,,C(t),D(t), f,and ¢ are signal amplitude, pseudo-random code, navigation message,

carrier frequency and initial carrier phase. In (4) Imaging does not require navigation messages, Ignore
message modulation by processing. Echo signal is a transmitted signal that has been attenuated and
delayed and can be written in (5):
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s, (t)= gakAC(t -7, (t))sin(Zﬂ f(t—z (t))+ ¢) (5)

Where, o, , 7(t) represent the amplitude attenuation factor and transmission delay time

corresponding to the kth target in the spatial fragment of the echo signal. The expression of the signal
after the echo signal is converted to the baseband by down-conversion and orthogonal demodulation
is shown in (6):

s, (1) = gakﬁ\:C(t g (1)) exp(—j2n iz, (1)) (6)

The common imaging algorithms are pulse signals, and the imaging processing is generally two-
dimensional signals. Navigation signal is continuous wave signal, so it is necessary to divide one-
dimensional original signal into two-dimensional time-domain signal. In theory, any time interval can
be used as the equivalent pulse repetition interval to divide the fast and slow time. However, in actual
operation, it is also necessary to consider the influence of the block length on the peak sidelobe ratio
of the range pulse compression, range blur, Doppler aliasing, and imaging processing effects [7]. Duty
ratio of continuous wave signal is 1, after dividing the pulse repetition interval, the equivalent pulse
repetition frequency and the equivalent pulse width will be reciprocal. Taking GPS signal as an
example, the repetition period of C/A code is 1ms, so it is a reasonable way to use 1ms as the equivalent
pulse repetition interval for two-dimensional block processing. At this time, the equivalent PRF (pulse
repetition rate) is 1000 Hz. After the division of fast and slow time, one-dimensional discrete signal
can be transformed into two-dimensional matrix.

s, (f.t,)

K
=S AC(t, 4 (E 41, )Jexp(- j2r e, £ +1,)) (7)
k=1
In (5), wheref ,t, are fast time and slow time respectively. o<t <T ,0<f<T,, f=t-t,, where
tiswholetime, T, isobservedtime, T, isPRI(pulse repetition interval). It can be seen from (7) that
the delay and Doppler phase are both functions of fast and slow time, but there is a significant
difference between the time delay and Doppler simulation results analysis of the phase change over
time. The time delay can be approximated as slow time change, and the Doppler phase needs to
consider changes by fast time. After adopting the above approximation, the expression of the echo
signal can be further simplified as (8):

... (f,tm):gakﬁbc(f—rk (t,))-exp(—ia, (£ +1,)) ®)

Where ¢ (t, +t) is Doppler phase of echo signal?

3. Doppler phase of echo signal.

Since bistatic platforms are moving at high speeds, Doppler frequency deviation is generated, and
the pulse compression of the navigation signal is sensitive to Doppler, so Doppler frequency
compensation is necessary. Firstly, the analysis platform generates Doppler for analysis.

Where, f, =2v, /2, f, =2rwcos(wt)/ 4, f, is translational Doppler frequency, f, is rotational

Doppler frequency, and = > 7o, For phase coded signals, pulse compression is greatly affected by
translational Doppler, which mainly compensates the Doppler frequency generated by translational
motion. The multi-channel Doppler compensation algorithm is adopted, and the code serial carrier
parallel search method is adopted [8]. As shown in Fig.2, a single symbol generator is used to search
the code in serial, N, carrier correlators are used to search the carrier translation Doppler. The local

code is moved one code phase unit (usually half a chip) at one time, the shift signal is correlated with
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the received signal, and the path with the largest peak side lobe ratio is selected, and the corresponding
code phase and carrier frequency values are recorded for subsequent signal pulse compression.
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Figure 2. Doppler frequency offset estimation.

N, carrier correlators generate carriers of different frequencies, the number of which is related to
the search range and search step. The search step mainly considers the Doppler tolerance of phase-
coded signals, when 7,7 <174 the influence of Doppler frequency shift on pulse pressure effect is not
considered, so the search step meets Af,7 <1/4 Therefore, after frequency offset compensation:

f =1y - fd ~ fy 9)

Because the Doppler ¢’ changes slightly with respect to fast time after compensation, which is

equivalent to only rotating Doppler, the effect on pulse compression can be ignored, so the phase
change caused by Doppler can be regarded as a change with slow time.

52t 1) = X A AC(t, +E-5.6))exp (- (1,) (10)
o (t)= 2 (Ry + 1 cos(c/:tm +7.—B12)) (1)

After the Doppler frequency shift compensation is completed, the compensated signal is pulse
compressed. Where is the pseudocode correlation of the navigation signal? Compressed output?

sy (t ) = iakk p(t, +f -7 (t,))exp(-jo, (t,)) (12)

From the above formula, it can be seen that due to the high-speed movement of the receiving,
sending platforms and targets, the target location will appear in multiple distance units during the
observation time, which has a great impact on the subsequent extraction of rotating Doppler. In
addition, the size of spatial fragments is small, and the scattering points should be within the same
distance gate. Envelope alignment is necessary before imaging. Common distance alignment methods
include peak method, maximum correlation method, frequency domain method [9], Hoff
transformation method [10] and minimum entropy method [11]. These methods are applicable to cases
where the translational priori knowledge is unknown. The maximum correlation method used in this
paper. After envelope alignment, take out the data of the distance unit where the target is located:

. 2 r/sin (ot B2
sc<tm>:zA-rect[‘Tm]exp-[j (R risnlety 17 412)
k=1 c

K 2zt sin (ot -p12
ZZA" rect(tmjexp[_J ﬁrk S|n(0)m +7/k ﬂ )J
] T, A

(13)
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Where A’ = A-exp(—27zR, / 1), Equivalent to a constant. From the above formula, it can be seen that

the time-frequency distribution of the azimuth of the motion compensated echo signal compressed in
a distance unit under narrow band conditions is periodic sinusoidal distribution.

4. SRMF imaging algorithm

Assuming that the angular velocity of self-rotation of spatial fragments is constant during
observation time, the transverse echo is the sum of a series of known waveforms with different rotation
radii r and angular phase y as variable parameters. If we give a polar coordinate position (r, y) of a
point, we can establish the theoretical echo waveform of the point. Taking the signal waveform of the
point as the reference signal, we can get the impulse response of the scattering point by adding the
transverse echo phase correction for coherent processing. When the point is selected to realize coherent
integration, the filtered output signal of the point near the point will not be completely coherent, which
will reduce the amplitude of the output signal and only focus on the point. The impulse response of
each scattering point with different radius and angle can be obtained in turn, and the complete two-
dimensional image of the target can be obtained finally. It needs to be pointed out that the amount of
computation for direct matching filter through convolution is relatively large. The convolution
between the signal and the matched filter can be obtained by FFT through conjugate multiplication in
frequency domain and IFFT, which greatly improves the operation efficiency. The echo signal of
equation (13) is transformed into frequency domain by Fourier transform to discuss how to deal with
it, the echo FFT becomes:

T

S(f)= Z_[T: A exp[—j%ﬂn sin(wr +, )}exp(—janr)dr (14)

Where [1,,7,] is the sampling interval, The r, reference matching signal is established for each
rotation radiusr,, r, e(0,r,):
Sk, (f)= exp[—j47rrk sin (an‘)] (15)
After FFT of reference signal of (15):
T,

5(f)=). L:,ZA exp{—j%”nSin(wtl)}exp(—ﬁﬂftl)exp(—jhf g)dtl (16)

Lety —.-%, then (15) is transformed into:
w

S(f)= ZEZ::A exp{—j%ﬂq sin(a)ti)}exp(—jZﬁftl)exp(—jZ;rf gjdt1 17)

Generally, the sampling points of periodic signal should include integer period, otherwise spectrum
leakage will occur, which will bring adverse effects. On the basis of self-rotation period obtained by
autocorrelation method, it is easy to select integer multiple period data, o(T, -T,) =2k~ , k=1,2,---

From this we can get

s(f)=). ij exp{—j%”nSin(wtl)}exp(—mftl)dtlexp(—jzfrf 7;] (18)

When the reference signal of radius r, is matched and filtered, the echoes on other radii are
regarded as clutter, and there are p scattering points on the radiusr, , let:

S(f)= ZLT; A exp[—jdfri sin(wtl)}exp(—jZ;zftl)dtlexp[—jZ;zf Z‘)j+ n=S,(f)+n (19)
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In equation (19), n is the contribution of the sum of the echoes except the signal on the radius of
rotationr_. The relative reference signal is regarded as clutter, and it will not form a completely

coherent output after matching with the reference signal. The frequency domain of the signal on the
radius of rotation r, is as follows:

S ()= AS. (f)exp[—jZ;rf 7—;] (20)

p

After matched filtering, the influence of clutter is ignored:
s(t)=FA[S()Sw (F)]=F ! h A S ()85 (f)exp[— jont %H (21)
Finally, the signal output expression with the radius of rotation r, is obtained:
s(t) = L Ay ( —7_;} (22)

Where psf (t)= F(;l) [ S (f )ﬂ, pst(*)is Point Spread Function? Therefore, the scattering intensity of

each point above the radius of rotation r_ can be obtained by the above steps. The position estimation

of scattering points on each radius can be obtained by matching the filtered reference signal with
different rotation radius, and then the two-dimensional image of the rotating target can be obtained.

5. Simulation results analysis
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Table 1. Simulation parameter table.

parameter transmitter  Receiver
distance/km 150 100
radial velocity /m*s? 1000 1000
Bistatic angle /degree 30
SNR/dB 0
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Figure 3. Before envelope alignment.
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Figure 5. Reallocation of target.  Figure 6. Time frequency distribution of Spinning Target.
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Figure 7. 2-D imaging results. Figure 8. 3-D imaging results.

6. Conclusion

In this paper, the bistatic imaging method for space debris in GNSS-R system is studied, and an
imaging method suitable for navigation signal is proposed. Firstly, Doppler compensation is used to
solve the problem that the pulse pressure of navigation signal is sensitive to Doppler. Secondly, the
maximum correlation method is used to align the envelope of the target moving across the range gate,
and then the range gate data of the target are extracted. Finally, the spin motion of space debris is used
to generate a sinusoidal Doppler spectrum, and a single range matching filter is used to image the space
debris. The feasibility of this method is verified by the processing results of simulation data.
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