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Abstract

To obtain radar images of a group of small space objects or to resolve individual elements of
complex space objects in near-Earth orbit, a radar system must have high spatial resolution.
High range resolution is achieved by using complex probing signals with a wide spectrum
bandwidth. Achieving high angular resolution for small or complex space objects is
based on the inverse synthetic aperture antenna effect. Among the various classes of
complex signals, only two have found practical application in Inverse Synthetic Aperture
Radar (ISAR) systems so far: the Linear Frequency-Modulated signal (chirp) and the
Stepped-Frequency signal. Over the coherent integration interval of the echo signals, which
corresponds to the ISAR aperture synthesis time, the combined correlation characteristics of
the signal ensemble are analyzed. A high level of integral correlation noise in the ensemble
of probing signals degrades the quality of the radar image. Therefore, a probing signal with
a Zero Autocorrelation Zone (ZACZ) is highly relevant for ISAR applications. In this work,
through simulation, radar images of a complex space object were obtained using both chirp
and ZACZ probing signals. A comparative analysis of the correlation characteristics of the
echo signals and the resulting radar images of the complex space object was performed.

Keywords: autocorrelation function; integrated sidelobe ratio; inverse synthetic aperture
radar (ISAR); peak sidelobe ratio; radio hologram; ISAR image; zero autocorrelation zone

1. Introduction

To obtain radar images of space objects in near-Earth orbit, a radar system must possess
high spatial resolution. High range resolution is achieved by using complex (modulated)
probing signals with a wide spectrum bandwidth. Achieving high angular resolution for
a small space object (SO) or elements of a complex SO is based on the inverse synthetic
aperture effect [1-6].

Currently, two types of complex signals have found application in Inverse Synthetic
Aperture Radar (ISAR) systems: Linear Frequency-Modulated (LFM, Chirp) signals and
Stepped-Frequency Continuous Wave (SFCW) signals [4-6]. It is worth noting the growing
interest among specialists in Phase-Shift Keying (PSK) signals. This is because the use
of discrete coding for a coherent train of probing signals in ISAR offers the potential for
significant improvement in the quality of Synthetic Aperture Radar (SAR) images, based
on the metrics of their overall correlation properties [7-9].

To assess the quality of radar images (RIs) for point targets and extended reflecting
surfaces, the peak sidelobe ratio (PSLR) and the integrated sidelobe ratio (ISLR) of the
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autocorrelation function (ACF) are used, respectively. For a PSK signal, these metrics are
defined as follows:

= max 0(m T,
Pmax 1§\m\§L—1{|p( 0)

L-1
b o= ) 0°(mTo), M
m=1
where p(7) is the normalized ACF of the PSK signal’s complex envelope (CE); Ty is the
duration of an elementary sub-pulse; and L is the number of sub-pulses in the signal.
Over the coherent processing interval of the echo signals, which corresponds to
the ISAR aperture synthesis time, the combined correlation characteristics of the signal
ensemble are analyzed. The ACF of a train of M probing signals for |t| < 15, where 15 is
the duration of a single signal, is the combined ACF of the signal ensemble, which equals
the sum of the M individual ACFs of the signals constituting the train:

1 M

px(mTy) = Wi pz(mTp), 2)
=1

where pg(r), ¢ =1,2,...,M,is the ACF of the &-th PSK signal in the train.

Over the ISAR aperture synthesis interval, the quality of the RI for point targets and
extended reflecting surfaces is characterized by the PSLR pymax and the ISLR pyxin; of the
combined ACEF of the signal ensemble, respectively. These metrics are calculated using
Formula (1) applied to the combined ACF given by (2).

A chirp signal has an ACF PSLR of pymax ~ —13.5 dB and an ACF ISLR of
Pxint = —(10 + 11) dB, which are practically independent of the signal’s time-bandwidth
product. The high level of one-sided integrated correlation noise in the ACF of a chirp
signal distorts the RI of reflecting surfaces.

The only means of suppressing the sidelobe (SL) interference of a chirp signal’s ACF is
windowing (i.e., weighting function application) of the received radar signals. For example,
applying a Hamming window can reduce the level of the first ACF SL from —13.3 dB
to —42.6 dB. However, this reduces the effective signal bandwidth by a factor of 1.4, which
is equivalent to a degradation in range resolution by the same factor. Furthermore, this
weighting processing leads to direct energy losses of approximately 1.3 dB [10].

In accordance with the above, PSK signals with a Zero Autocorrelation Zone (ZACZ),
discussed in [11-14] and referred to as Coherent Complementary Signals (CCSs), are highly
relevant for ISAR applications. Work [12] present CCSs without additional modulation
of the elementary sub-pulses, which exhibit a sufficiently high level of ACF SL under
Doppler frequency mismatch. In [13], CCSs that employ additional frequency shift keying
to suppress SL within the ZACZ under Doppler mismatch are considered, while [11]
utilizes linear frequency modulation (LFM) of the signal’s sub-pulses.

In this work, a CCS with additional linear frequency modulation of the sub-pulses
(CCS-LEM) [11] is investigated as the probing signal for ISAR. Through simulation, an RI of
a complex SO was obtained using both chirp and CCS-LFM probing signals. A comparative
analysis of the correlation characteristics of the echo signals and the resulting Rls of the
complex SO was conducted.

2. Synthesis and Analysis of CCS-LFM Correlation Characteristics
To form a ZACZ signal with a CE

K N |
u(t) =Y, Y ainSu(t— (n—1)To— (k—1)T), ©)
k=1n=1

where S, (t), (n —1)Ty < t < nTy, is the CE of the n-th elementary sub-pulse with duration
To; T = QT, = QNTy (T is the pulse duration, Q > 2 is the off-duty factor of the pulse
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train, N is the number of sub-pulses in a pulse) is the pulse repetition interval, which has a
Zero Autocorrelation Zone for Ty < |T| < Ty, the rows of the coding matrix

K,N 27T
kn=1’ ak,n = exp (]pak,n) ’ (4)

AgN = ||ar,

where Ag Ny = |k Hf}fi 1 @kn = 0,1,...,p — 1, is a p-ary code matrix, must consist of
complementary sequences, or the columns must consist of orthogonal sequences [14].

To reduce the level of SL outside the ZACZ, as well as to suppress SL within the
ZACZ under Doppler frequency mismatch, the coding matrix (4) must be in the form
of a block matrix consisting of a set of mutually orthogonal matrices [14]. A polyphase
(p-phase, specifically binary when p = 2) PSK signal with a CE (3), encoded by the rows
of the block matrix (4) for K = p, which consists of p submatrices with adjacent p-pairs of
complementary sequences (CSs), is called a CCS.

The CCS has, for each of its p pulses, equal CE of the sub-pulses S,(t) for
n=mwW-1)N/p+1, ...,y N/p,n =1,2,...,p, which allows for reducing the ACF SL
level for || > T, and |1| < Tp, as well as suppressing the SL within the ZACZ under
Doppler frequency mismatch by employing additional orthogonal modulation of the pulse
sub-pulses in phase or frequency [11,13].

Based on the foregoing, let us consider a CCS with a CE (3) (K = p) incorporating
additional linear frequency modulation of the pulse sub-pulses [11]. Each of the p pulses
in the CCS-LFM consists of N = p7*! (g > 0 is an integer) sub-pulses and is divided into
p parts, with each part containing p? sub-pulses. The sub-pulses in adjacent parts of the
pulses possess opposite signs of the modulation frequency chirp rate.

In the general case, the CE of a coherent train of M probing signals with a duration of
Tt = 15[Qt(M — 1) + 1] has the following form:

M

w(t) = Y ig(t— (£ = 1)Quts), ()
i=1

where 1¢(t) is the CE of the &-th probing signal with duration 7s; Q is the off-duty factor
of the probing signals train.

To improve the parameters of the combined correlation characteristics of a coherent
CCS train over the ISAR aperture synthesis interval, adjacent p-pairs of CSs must be used for
encoding adjacent CCSs within the train [12]. The matrix (4) with submatrices composed of
adjacent p-pairs of CSs [14] forms only one (the first) CCS of the train. To form subsequent
adjacent CCSs of the train, it is necessary to construct matrices that generate sets of p-paired
CSs corresponding to matrix (4). In this case, the block matrix (4) encoding the &-th CCS of
the coherent train takes the following form:

4 1) ~1)(1-1 () -1)(y-1 (p) ~1)(p—1
Af,,N=<Ap, WEDI-D Al WEe AR W@ >>; o

N/p

¢={-1),+L {=12...M,

where A;WZ)\J = 1,2,...,p, are the submatrices of the block matrix (4) [14]; W =

exp(j27t/p); (x), denote x modulo Z.

1 1 1PN /
From (4) and (6), it follows that Ag,N = Ha%n ke’ where a, = ak,nW(‘:’l)(W’l),
_ 1 _ _ |l [ p.N
& =1,2.,pand Ay = Apn = |l |77 = [laa [l

The complex envelope (3) of the &-th CCS-LFM with duration 7g = ToN((p —1)Q + 1)
has the following form [11]:
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. P N . t
u(t)= ¥ Y SLn—le/p(t_(”‘UTO_(k_1)NQT0)QXP{]”<2<L”_1JN/p>zBTO+

k=1n=1
7)
e EN\2 2 (
+ (-1l 1JN/PB<TO> pa‘in)},

— <t< :

where S, (t) = 5}7_1(” _ 1, (n—=1)Ty <t < nTp;
0, t<(n—1)Tpy, t > nTy,
=1 2 ..,p, is the rectangular envelope of the n-th sub-pulse of the CCS-LFM

v and ”E/n = exp (j27r/ pﬁi/n) is an element of matrix (6);

n=(m—-1)N/p+1, ... ,y N/p,

pulse; A = Hakn

B = ToA f = chfT2 (A f is the spectrum width, Ky is the chirp rate) is the LFM sub-
pulse time-bandwidth product; | x|, is the integer part of x/Z.

The ACF of a train of M CCSs for |T| < 15, where 15 is the duration of a single CCS,
is the combined ACF of the CCS ensemble (2), which equals the sum of the M individual
ACFs of the CCSs constituting the train. Since for Ty < |7| < T}, the ACFs of the individual
CCSs in the train are mutually orthogonal [14], the combined ACF (2) of the CCS ensemble
for Ty < |7| < Ty, has the form py (mTp) = 0.

The normalized ACF of the &-th CCS-LFM signal for || < T has the following
form [14]:

Z pS§ T ’ (8)

where psgil (1) = (1 —|7|/Tp) sinc[Bt/To(1 — |t|/Tp)] is the normalized ACF of the CE

of the LFM sub-pulses in the n-th part (7 =1,2,...,p) of the pulses of the &-th CCS
in the coherent train. Since the ACFs of the CE of the LFM sub-pulses p: (1) in
n—1

different parts of the CCS pulses are equal to each other for B = :I:KfT2, it follows
from (2) and (8) that the combined ACF (2) of the CCS-LFM ensemble for |7| < Tj is
px(T) = (1 —|t|/Ty) sinc[Bt/Tp(1 — |T|/Tp)].

3. Modeling of Radar Imaging of a Complex SO
3.1. Radar Imaging Parameters

The space object moves along a circular Earth orbit with a ground speed of
Vo =7.85km/s and a center-of-mass altitude of H = 100 km relative to the ISAR sys-
tem, as shown in Figure 1. The phase center of the ISAR antenna system is located at
point O (0, 0, 0) of the rectangular XYZ coordinate system. At the initial time, the center of
mass of the SO is located at point A (X4, Ya, Za), where Xp = 40km, Z, = H = 100 km,
and Yo = —Ls/2, where L; is the synthetic aperture length. The ISAR carrier frequency
is fo = 10 GHz, and the slant range and cross-range resolutions are /R = JY = 20 cm,
respectively. Consequently, the synthetic aperture length is

Ls = cRpin/ (2fc - 8Y) ~ 8km,

where Rp,in =~ 107.7 km is the slant range to the SO’s center of mass in the traverse plane.
Since Ls << Rpin, the segment of the circular orbit equal to the synthetic aperture length
can be considered linear. The elevation angle of the SO’s center of mass is § =~ 68.2 deg, and
the maximum horizontal deviation angle of the SO’s center of mass relative to the traverse
plane is amax =~ 5.8 deg.
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Figure 1. Radar imaging scenario.

The radar target is represented by a model of a complex SO, shown in Figure 2. The
model consists of a main body, mathematically described by a cylinder equation, a nose
fairing described by a paraboloid equation, and solar panels described by plane equations.

Figure 2. Model of a complex SO.

3.2. Probing Signals Parameters

For a comparative analysis of the correlation characteristics of different types of prob-
ing signals, it is necessary to ensure the equality of their pulse energies (pulse durations)
to achieve equal main lobes of their ACFs, as well as the equality of their spectrum band-
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widths. For the CCS-LEM and chirp signals, we state the conditions for the equality of their
pulse energies and spectrum bandwidths as follows:

pNTo = Tp chirp
= Benirp = Tp chirpfenirp = PNB, 9
{ B/ Ty = Af. chirp chirp p chirp fChlrp P )

where T, chirp, Ofchirps Benirp are the pulse duration, frequency deviation, and time-
bandwidth product of a chirp signal, respectively.

In addition to satisfying condition (9), it is necessary to establish the relationship
between the off-duty factor of the coherent trains for the CCS-LFM and chirp signals, since
they have the same repetition periods (T u Tepnirp, respectively), but different durations:

T = Qs = QtTp((p - 1)Q + 1) = lchirp = Q,tpr =

0
Qi=Q((p-1)Q+1)/p, (10

where Qt, Q' are off-duty factors of a CCS-LFM and a chirp signals, respectively.

Since the main lobe level of the unnormalized ACF of a signal’s CE equals the signal’s
energy, a frequency mismatch within the main lobe width of the p(0, F) cut of the ambiguity
function p(t, F) CCS-LFM for the quantity |F| < 1/pT will cause energy loss at the matched
filter output. Given an allowable energy loss of 0.5 dB due to Doppler frequency shift Fy max,
the maximum allowable pulse duration for the CCS is determined from the expression

201g(9(0) /[ (Fp maxpQTp)|) = —20lg(|p (Fo maxpQTp)|) = 0.5,

From this, we derive the requirement for the maximum value of the CCS sub-pulse duration

TO max — 02/(pQNPD max)~ (11)

This energy criterion for limiting the CCS sub-pulse duration simultaneously en-
sures only a small increase in the ACF SL level within the ZACZ under Doppler
frequency mismatch.

For modeling the radar imaging, we will use CCS-LFM and chirp signals with
the following parameters: Af = Afugip = 750 MHz; B = 3; Tp = B/Af = 4 ns;
p =2; N = 256; Ty, chirp = 2.048 ps; Bepirp = 1536; Q = Q1 = 2; Q'y = 3.

The maximum Doppler frequency shift (Figure 1) can be determined from the expression

2chO
Cc

D max = €os B sin Amax, (12)
from which, for our parameter values, we obtain Fp max = 19.5 kHz.

Substituting the value of Fp max and the given parameters into expression (11), we
obtain Ty max ~ 10 ns, which satisfies the given CCS-LEM sub-pulse duration of Ty = 4 ns.
The Zero Autocorrelation Zone for Ty < |t| < NTj corresponds to a distance of cNTj/2 =~
153.5 m, where c is the speed of light in vacuum, which is quite sufficient for probing a
complex SO with a maximum size in the elevation plane of less than 26 m (Figure 2). Thus,
the given CCS-LFM parameters provide the necessary level of correlation noise at |t| < T,
and |FpT| < 0.2, as determined by criterion (11).

Figures 3 and 4 show the reflected chirp and CCS-LFM signals from the SO with the
given model parameters in the central cross-range channel. The entire radio hologram
has [ Ls |y, 7 +1 = 41,160 cross-range channels, corresponding to the number of probing
signals in the coherent train.
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Figure 3. Reflected chirp signal in the central cross-range channel.
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Figure 4. Reflected CCS-LFM signal in the central cross-range channel.

3.3. Comparative Analysis of Correlation Characteristics and RI

Figures 5 and 6 show the combined ACFs py(T) of the ensembles of chirp and
CCS-LEM signals, respectively, reflected from the complex SO. The combined ACFs
were obtained by coherently summing the range-compressed echo signals across all
41,160 cross-range channels.
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Figure 5. Combined ACF of the ensemble of reflected chirp signals: (a) without windowing; (b) with
a Blackman window.
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Figure 6. Combined ACF of the ensemble of reflected CCS-LFM signals.

The combined ACFs of the signal ensembles have the following metrics:

—  for the chirp signal: PSLR ACF py,,.x >~ —37.8 dB and ISLR ACF py;, ™~ —27.2dB

—  for the Blackman windowed chirp signal: PSLR ACF py.x ~ —67.5 dB and ISLR
ACEF psin ~ —48.8 dB [10,15];

—  for the CCS- LEM signal: PSLR ACF py . =~ —122.2 dB and ISLR ACF py;,,; ~ —103.3 dB.

The CCS-LEM signal outperforms the chirp signal without windowing by more than
84 dB in the PSLR ACF level and by more than 76 dB in the ISLR ACF level. The Blackman
windowed chirp signal is outperformed by CCS-LEM in the PSLR and ISLR ACF levels
by more than 54 dB. Such a significant difference in correlation noise levels between the
two signals will inevitably affect the quality of the RI of the SO when these types of probing
signals are used in ISAR systems.

The application of a Blackman window reduces the level of the first sidelobe of the
LFM signal’s ACF from —13.3 dB to —58.1 dB. However, this reduces the effective signal
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bandwidth by a factor of 1.7, which corresponds to a degradation in range resolution by
the same factor of 1.7 (Figure 5b). Furthermore, the windowing results in direct energy
losses of approximately 2.4 dB [10,15].

Figures 7 and 8 show the Rls obtained through ISAR simulation using chirp and
CCS-LEM probing signals, respectively. In Figures 7 and 8, all pixel brightness values are
displayed without individual scaling. This means the image pixels occupy the same limited
dynamic range, i.e., their color scales have identical boundary values. This was chosen to

make the correlation noise clearly visible in Figures 7 and 8.

107,687
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; 107,702

Range, m
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107,717

107,722

-8 -6 -4 -2 0 2 4 6 8 10 -8 -6 4 =2 0 2 4 6 8 10
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(@) (b)

Figure 7. Rl obtained using a chirp probing signal: (a) without windowing; (b) with a Blackman window.
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Figure 8. RI obtained using a CCS-LFM probing signal.

Analysis of Figure 7a reveals that, due to the high sidelobe level of the chirp signal on
RIs of complex SOs, there is clutter (noisy pixels) in the vertical direction. These artifacts
are particularly pronounced in areas containing bright scatterers (the paraboloid vertex, the
central part of the cylinder). Furthermore, false images of the object’s solar panels appear
to the left and right of the main object image. When using a Blackman window (Figure 7b),
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the cluttered pixels in the vertical direction vanish, but the false images of the solar panels
persist. In Figure 8, both the cluttered pixels and the false images of the solar panels are
absent, resulting in a higher-contrast image of the object.
An Rl is a radio hologram compressed over range and cross-range, which can be
written as follows:
E((n —ng)cAt/2,kVyT), (13)

where c is the speed of light in vacuum; At = 1/(2Af) is the sampling interval (Af is the
spectrum width of the probing signal); T is the repetition period of the probing signals; Vg
is the ground speed; n and 1 are the numbers of samples of the RI along the range, and k
is the number of samples along the cross-range.

1y = 2Rmin/ (cAt); n = [2R/(cAt)]; 1 = Nmin, - .., Nmax;

Nmin = [Z(Rmin - AR/Z)/(CAt)]} Nmax = [Z(Rmin + AR/Z)/(CAt)L (14)

where Rpin is the range to the SO’s center of mass in the traverse plane; R is the range to
the selected point on the RI; AR is the Rl size along the range; and [x] is the rounds the
number x to the nearest integer.

k= [Y/(VOT)]/' k = kmin, - - - kmax;

kmin = [-AY/(2WT)]; kmax = [AY/(2VT)], (15)

where Y is the coordinate of the cross-range of the selected point on the RI; and AY is the
RI size along the cross-range.
Let us find the signal-to-noise ratio using the following expression:

q[dB] = 201g(Emax/EsL), (16)

where Emax = max E((n —ng)cAt/ 2,kV0T)‘ is the maximum brightness

Nmin < 1 < Nmax,
kmin < k < kmax

value of pixels in the RI; and Eg;, = E((nSL —ng)cAt/2, kSLVOT)‘ is the pixel brightness
value of the RI with sample numbers ng;, and kg, along the range and cross-range, respectively.
Let us select in the RIs (Figures 7 and 8) pixels with the same sample numbers that
most accurately characterize the suppression of correlation noise (the quality of the RI). In
our case: AR =40 m; AY = 20 m; Ryjn =~ 107,704 m; Rg;, ~ 107,701 m; Yg;, ~ —3.8 m;
Emax = 250.
Then, the signal-to-noise ratio will be equal to the following:
—  for the chirp signal without window processing q = 22.4 dB (Egp, = 18.9);
—  for the Blackman windowed chirp signal g4 = 28.7 dB; (Egp, = 9.2);
—  for the CCS-LFM signal g = 44.0 dB (Eg, = 1.6).

The results obtained confirm the quality of the radar images obtained, primarily
their contrast.

In all the figures, noisy pixels are also observed in the horizontal direction. A partic-
ularly distinct noisy trail of pixels emanates from the tip of the paraboloid. These noisy
pixels in the horizontal direction appear as a result of compressing the radio hologram in
azimuth. The trajectory signal is essentially a chirp signal with the same level of correlation
noise as the probing chirp signal. In this case, to suppress correlation noise in the horizon-
tal direction, window processing of the trajectory signal must be applied. However, as
mentioned earlier, this would lead to a degradation in the range resolution by a factor of
1.4, as well as direct energy losses of approximately 1.3 dB.
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4. Conclusions

This work investigates the use of CCS-LFM as a probing signal for ISAR. A compar-
ative analysis of the combined correlation characteristics of the ensembles of chirp and
CCS-LFM signals reflected from the SO was conducted. The CCS-LFM outperforms the
chirp signal without windowing by more than 84 dB in the PSLR ACF level and by more
than 76 dB in the ISLR ACF level. Through simulation, RIs of the complex SO were obtained
using both chirp and CCS-LFM probing signals. The RI obtained using a chirp probe signal
exhibits pronounced areas of pixel clutter and false artifacts of structural elements due to
the high level of correlation noise. In contrast, the RI using a CCS-LEM probe signal is
free from such cluttered pixels and false solar panel images, resulting in a higher-contrast
image of the object.
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