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Abstract: With the number of new satellites increasing dramatically, comprehensive space surveil-
lance is becoming increasingly important. Therefore, high-resolution inverse synthetic aperture
radar (ISAR) imaging of satellites can provide an in-situ assessment of the satellites. This paper
demonstrates that pseudo-noise signals can also be used for satellite imaging, in addition to classical
linear frequency-modulated chirp signals. Pseudo-noise transmission signals offer the advantage of
very low cross-correlation values. This, for instance, enables the possibility of a system with multiple
channels transmitting instantaneously. Furthermore, it can significantly reduce signal interference
with other systems operating in the same frequency spectrum, which is of particular interest for high-
bandwidth, high-power systems such as satellite imaging radars. A new routine has been introduced
to generate a wideband pseudo-noise signal with a peak-to-average power ratio (PAPR) similar to
that of a chirp signal. This is essential for applications where the transmit signal power budget is
sharply limited by the high-power amplifier. The paper presents both theoretical descriptions and
analysis of the generated pseudo-noise signal as well as the results of an imaging measurement of a
real space target using the introduced pseudo-noise signals.

Keywords: inverse synthetic aperture radar (ISAR); noise radar; pseudo noise; radar imaging; space
targets; satellites; space surveillance

1. Introduction

Imaging radars widely use linear frequency-modulated chirp signals to provide broad-
band characteristics and gather fine range resolution. Chirp signals have an inherently
low peak-to-average power ratio (PAPR), which enables power-efficient long-range radar
imaging with limited peak transmit power. This is achieved by using a matched filter for
range compression, which maximizes the signal-to-noise ratio (SNR). Linear frequency
modulations can be either increasing (up-chirp) or decreasing (down-chirp), while non-
linear frequency modulations include exponential or hyperbolic modulations [1,2]. In
noise radar technology (NRT), random waveforms are transmitted instead of the classical,
often sophisticated, deterministic radar signals [3—-6]. Compared to deterministic signals,
the non-deterministic nature of noise-like transmitted signals can provide advantages in
radar imaging. Noise signals and their spread spectrum properties can reduce mutual
interference with other radars and communication systems operating in the same frequency
spectrum. Due to their low cross-correlation values and quasi-orthogonality, it would be
possible to operate several transmitters simultaneously using different noise signals [7,8].
Another well-known advantage is the Low Probability of Intercept (LPI) of noise-like
signals, which reduces their visibility to electronic support measures (ESM) and electronic
intelligence systems (ELINT). They are more resistant to interference and adversarial attacks
such as jamming and signal exploitation (LPE) [9-11].
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Nowadays, it is possible to generate analog transmit signals with a random charac-
teristic using an arbitrary waveform generator (AWG). The AWG is capable of converting
a digitally available arbitrary signal characteristic into an analog transmit signal using a
sample rate of several giga samples per second (GS/s) and analog bandwidths of up to
several GHz. The actual characteristic of the signal can be generated by means of software
algorithms. The electronics available today allow the receiver to sample the signal with
an analog-to-digital converter (ADC) at up to several GS/s with a subsequent fully digital
signal processing, enabling comprehensive signal calibrations and error corrections for
arbitrary signals used. A digitally matched filter can be used to perform range compression
and maximize the SNR. Just like with deterministic signals, the achievable range resolution
depends not on the time domain signal characteristic but is determined by the signal
bandwidth or, more precisely, the spectral shape of the noise signal [10,12,13].

The German Aerospace Center (DLR) operates an experimental satellite imaging radar
called IoSiS (Imaging of Satellites in Space) using a high degree of digital technology able
to generate arbitrary transmit signals [14,15]. IoSiS contains a pulse radar system working
around the X band with an instantaneous bandwidth of up to 4.4 GHz [16,17]. In the
transmitter, a traveling-wave tube amplifier (TWTA) is used to generate the high output
pulse power. Due to the limited output peak power of amplifiers, the pulse transmit
signal should exhibit a low peak-to-average power ratio (PAPR). This achieves the TWTA’s
maximum achievable average power, ultimately resulting in a good SNR in the radar
image [11]. Especially in the field of space surveillance, tracking or imaging radars, where
small targets or low radar cross sections (RCS) have to be tracked or imaged, efficient
utilization of the available power is of crucial importance. Hence, using a Gaussian
noise signal with its high PAPR as a transmit signal leads to a loss of SNR. A special
pseudo-noise signal is required that has the signal characteristics of a noise signal together
with a low PAPR like a chirp signal. In addition, LPI and LPE properties as well as
the quasi-orthogonality must be retained. This paper outlines the iterative process for
creating a pseudo-noise signal with the aforementioned properties. It also includes the
theoretical analysis of the signal and its generation based on the I0SiS system parameters
for experimental verification measurements. One focus is on investigating the experimental
results and the signal’s applicability with IoSiS components. Finally, an ISAR measurement
of the International Space Station (ISS) using I0SiS is described to demonstrate that the
pseudo-noise signal is capable of high-resolution phase-coherent imaging.

2. Pseudo-Noise Signals as Transmit Signal

In radar remote sensing, the power budget of the radar system is critical for achieving a
sufficient signal-to-noise ratio (SNR) in the measurement results when detecting or imaging
small targets with low radar cross sections (RCS). Therefore, a crucial requirement is to
maximize the energy of the transmitted radar signal. With pulse radar technology and a
given duration of the transmit pulse, an increase in the energy of the radar pulse can only
be achieved by increasing the average power of the pulse. Together with the fact that every
high power amplifier (HPA) that supplies the power for the transmit signal has a certain
saturation point at which the maximum output power is limited, it results in that the ratio
between the average pulse power and the peak pulse power should be as small as possible
to maximize the SNR. The PAPR of any time discrete signal characteristic s(n) of length N
can be calculated as follows:
max|s(n)|?

_ (BB \?
%an\;l |s(n)|? B (SRMS> 1)

PAPR =

In any case, where the average power is less than the peak power of the signal, this
will result in a loss of SNR, which can be calculated as follows:

SNRjpss = —10 logio(PAPR) @)
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If we consider as an example a real-valued frequency modulated chirp signal with a
peak amplitude of §, and further sgps = 3/ \/2 the root mean square (RMS) of a sinusoidal
signal, the PAPR can be calculated with §2/sgps? = 2. Chirp signals with their low PAPR
can drive the HPA around its saturation point without changing the signal characteristic
in its correlation behavior due to clipping or nonlinearity effects and hence constitute
a very power-efficient signal. The main objective of the present work was to generate
and experimentally validate a pseudo-noise signal (PNS) that has a comparable power
efficiency to a chirp signal, while retaining its fundamental noise characteristics, such as
the spread-spectrum properties, LPI, and low cross-correlation values. In the next section,
the generation procedure and the basic signal characteristics of the pseudo-noise signal
are described.

2.1. Generation Procedure of Pseudo-Noise Signal

With regard to the experimental verification measurements with the 1oSiS radar system,
the design of the PNS focused on the basic system parameters of 10SiS. These parameters
included a system bandwidth of 2.8 GHz, a pulse duration of about 40 ps, and a signal
sampling rate of 10 GS/s. Furthermore, the signal should have a peak-to-peak amplitude
of up, = 2V, corresponding to an average power of 10 dBm considering a chirp like
PAPR. In addition, in view of the experimental measurement for which the signals are to
be designed, only real-valued signals are considered in the following.

The iterative generation procedure is shown in Figure 1. The initial signal used here
is a Gaussian noise signal sy (t) with a standard deviation significantly larger than the
intended signal amplitude of the PNS. It should hold o (sy(t)) > a - up, with a > 1000.
In two steps, the signal is shaped. First, in the time domain, the peak amplitude is limited
by clipping at uy,. Therefore, the values greater than u, or less than —u,, will be set to u,
or —uy, respectively. Secondly, with S(f) = §(s(t)), the signal is shaped in the frequency
domain to the intended bandwidth characteristic Hgp(f). In the following work, Hgp(f)
equals a rectangular function. By repeating these shaping steps a minimum of 15 times,
a PNS signal with a chirp-like PAPR will be generated.

m=m+1
G . . no
au s51ann11101se [ Amplitude clipping| Spectral shaping Pseudo noise
signal s% (¢) . : yes
"N »| of signal s7 (1) to desired signal with
U(SN(t)) >> uPPO P S%(f)HBp(f)
m =

Figure 1. Iterative generation of an amplitude and bandwidth-limited pseudo-noise signal with a low
peak-to-average power ratio (PAPR). The generated pseudo-noise signal is limited to the peak-to-peak
amplitude 1y, in the time domain and to the transfer function Hgp(f) in the frequency domain.

The time domain signal of the generated PNS together with a Gaussian noise and a
classical chirp signal is shown in Figure 2. In addition, the probability density function
(PDF) of the amplitude in the time domain is depicted. All signals shown have an average
pulse power of 10 dBm considering an impedance of 50 (). Furthermore, the signals exhibit
a bandwidth of 2.8 GHz with the cutoff frequencies 200 MHz and 3 GHz. The Gaussian
noise signal can be described with the PDF as follows:

1 a2
Fppr(a) = T exp (M) 3)
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with the variance of the signal of length t, — t1:
17
o’ = / s2(t) dt (4)
ta—t
41
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Figure 2. Three different pulse signals with the same average power of 10 dBm. A Gaussian noise
signal with the variance ¢ = 0.5 V and the corresponding probability density function (PDF) of
the time domain amplitude values. A classical linear frequency modulated chirp signal and the
corresponding PDF. A sharp amplitude limited pseudo-noise signal generated with the procedure
described in Figure 1 and the corresponding PDF.

Further, for the normalized power of a time-continuous random signal or the ergodic
process, we can write [18]:

1 2
Py —Tlgrgoﬁ/s (t) dt ®)
-T

In the case where the linear time average of the signal is zero, we can see by comparing
(4) and (5) that ¢? = Py [19]. Consequently, the variance of the signal is the normalized
(reference impedance 1 (3) power of our Gaussian signal. With the intended average signal
power of 10 dBm and an impedance of 50 (), this results in a variance of ¢> = 0.5V and a
standard deviation of ¢ = 0.707 V (Figure 2 (top)). The time domain signal and the PDF
show that a significant number of values up to around 3 V appear in a Gaussian noise
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signal with an average power of 10 dBm. Hence, the signal exhibits a high PAPR of about
34 compared to the chirp signal with a PAPR of 2. A chirp signal, however, has a sharp
limited amplitude in the time domain (Figure 2 (center)). Considering an average signal
power of 10 dBm, the chirp signal exhibits a peak amplitude of 1 V. This also applies to
the PNS generated, as described before (Figure 2 (bottom)). Furthermore, the PDFs from
chirp and PNS exhibit strikingly similar behavior. This is not immediately apparent when
only the enlarged section of the two signals is compared. However, when the entire length
of the signal is considered, the majority of the amplitude values fall within the range of
approximately 1 or —1 volt, which gives rise to this distinctive PDFE. Given that the chirp
signal and the PNS signal exhibit a comparable PNS, it follows that the average power and,
consequently, the PAPR of both signals are identical.

2.2. Short-Time Fourier Analysis

To analyze the spread-spectrum properties of the PNS, the results of a short-time
Fourier transformation (STFT) are shown in Figure 3. The LEM chirp signal shows its typi-
cal characteristic where the signal energy is focused at a small instantaneous bandwidth.
The PNS signal, however, has a characteristic very similar to that of the Gaussian noise and,
as a result, it also exhibits as Gaussian noise a large instantaneous bandwidth [20], indicat-
ing a proper LPI The spread-spectrum properties are a distinct advantage in the reduction
in interference with systems that share the same frequency spectrum. Especially when
very high pulse powers are used in combination with very large transmission bandwidths,
appropriate interference mitigation is essential.

Gaussian noise signal Pseudo—noise signal
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Figure 3. Short-time Fourier transform (STFT) of a chirp, Gaussian noise, and the generated pseudo-
noise signal. The STFT indicates that the pseudo-noise signal exhibits very similar characteristics to a
Gaussian noise signal.

2.3. Point Spread Function and Cross-Correlation Analyses

A key feature when using the PNS signal as a radar transmit signal is an appropriate
autocorrelation function (ACF). The ACF defines the range profile of an ideal, frequency-
independent point target, neglecting noise, attenuation, and distortion. When using a
chirp signal with bandwidth B and a rectangular envelope in the frequency domain,
the power representation of the range profile of a single point target ideally corresponds to
a sin(x)?/x? function, showing a typical suppression of the first side lobe level of about
13.3 dB. Further, with c the speed of light, the first zero of the sinc-function can be calculated
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with ¢/ B and the half-power beam width (HPBW) corresponds to 0.89-(c/2B), representing
the range resolution of the radar [2].

In radar systems, a matched filter approach represents the correlation between the
transmit signal s¢(¢) and the conjugated, time-reversed version of the received signal
s¢(t). This convolution is often carried out in the frequency domain due to the lower
computational effort. With F(-) the Discrete Fourier Transform (DFT) and S;(f) = §(s¢)
and S;(f) = §(s,), we obtain the following matched filter output:

suf(h) = 371 (1) 0 57 () ©)

where o denotes the point-wise multiplication (Hadamard product). In the ideal case, s, (t)
equals s¢(t — At). If we further neglect the time shift At between the transmit and receive
signal, the output of the matched filter represents the ACF defined by:

sace(T) = / s(t)s*(t — 1) dt — T <00 (7)

Figure 4 shows the ACF of a Gaussian noise signal in comparison with the ACF of
the PNS. Both signals have a bandwidth of 2.8 GHz, an initial pulse duration of 40 ps and
a rectangular envelope in the frequency domain. Both show a nearly ideal characteristic
down to an amplitude below —35 dB and a suppression of the first side lobe of 13.3 dB.
The zeros between the side lobes have a slightly higher amplitude in the PNS case. However,
in the practical case of experimental measurements, this small deviation can be neglected.
The HPBW of about 54 mm corresponds to the theoretical value.

In addition, the cross-correlation function (CCF) between two different Gaussian and
PNS pairs is shown in Figure 4. Again, both cross-correlated signals have a bandwidth of
2.8 GHz, a rectangular frequency envelope, a pulse duration of 40 us, and a rectangular
envelope in the frequency domain. With respect to the peak amplitude, the CCF values are
mostly below —50 dBc for both signal types. The result shows that the generated PNSs are
also well-suited for multiple access applications in NRT [21].
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Figure 4. Simulated point spread functions using a Gaussian noise as well as the pseudo-noise signal
(PNS) with a signal bandwidth of 2.8 GHz. Both exhibit a nearly ideal characteristic down to an
amplitude below —35 dB. Similar to the Gaussian noise signal, a pair of PNSs exhibits very low
cross-correlation (CCF) values, indicating its quasi-orthogonality.

To demonstrate the beneficial impact of a more expansive signal bandwidth, Figure 5
illustrates the ACF and CCF with half and double bandwidth compared to the characteris-
tics shown in Figure 4. The larger bandwidth has a positive influence on the ACF as well
as the CCF. In the case of a signal bandwidth of 5.6 GHz, the attenuation of the side lobes
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Amplitude in dB (norm.)

increases faster corresponding to the finer range resolution. The CCF also shows lower
values when broadband signal characteristics are used.
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Figure 5. Simulated point spread functions using the PNS with different signal bandwidths.

2.4. Ambiguity Function

The ambiguity function illustrates the sensitivity of the PSF regarding a shift in time
or frequency, respectively. In the signal processing of pulsed radar, an ambiguity function
is a two-dimensional function of the propagation delay At and the Doppler shift frequency
fp- For a given complex base band pulse s(t), the narrow band ambiguity function is given
by [1,22]:

X(AL f) = / s(1)s*(t — Ap)e2Tot gy @®)

For broadband signals, the Doppler shift, represented in (8) by e?2"/0*, can no longer

be assumed to be constant with respect to the instantaneous frequency within a broadband
pulse signal. The movement of the target causes the wide-band signal to expand or
compress in time. This effect can no longer be approximated by a simple frequency “shift”.
Therefore the wideband ambiguity function (WBA) was introduced [23-26]:

c+ v,

Xuwp(At,vr) = \/m / s(t)s*(a(t—At))dt  with  a= )

c— vy

Here, V is the radial target velocity with respect to the radar and c is the speed of light.

The simulated WBA of an LEM chirp signal and a generated PNS is shown in Figure 6
for two different pulse duration’s 7,5, and a bandwidth of 2.8 GHz. Satellites in a low
Earth orbit travel with an orbital velocity of about 7.6 km/s, with the result that very high
radial velocities can occur during the imaging process [27,28]. The radial velocities of
v, = £1 km/s, used for the simulation, hence are typical values in space target imaging;
however, they can be even higher at very low elevation angels of the antenna, pointing
towards the space target during the pass.

In contrast to the chirp signal, stochastic signals are very sensitive to frequency shifts
caused by a Doppler frequency. This also applies to the PNS signal, which can be recognized
by the rapid decrease in amplitude with increasing |v;|. The longer the pulse duration, the
more sensitively the PNS reacts to a Doppler shift. A longer pulse duration leads to an
increase in time compression or expansion of the Doppler effect, and hence, the negative
effect of the radial velocity component increases significantly.

The WBA of an LEM chirp signal shows a temporal shift with increasing |vr | , which can
also be expressed as a shift along the range direction. At higher |v,|, there is a defocusing
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effect which becomes more pronounced as the pulse duration becomes longer due to an
increase in time compression or expansion, respectively.

LFM chirp (7,15, = 40 ps) Pseudo—noise signal (1,5, = 40 ps)
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Figure 6. Wideband ambiguity function of a linear frequency modulated (LFM) chirp signal (left)
and a generated pseudo-noise (right) for typical radial velocities v, as they occur in radar-based
imaging of satellites.

When considering the PNS, the Doppler sensitivity must be taken into account, and an
appropriate mitigation procedure must be applied to avoid severe loss of SNR. In the case
of space target imaging, v, can be properly determined and its degradation effect mitigated
because the trajectory and spatial velocity vectors of the target are well known [28].

2.5. Spectral Kurtosis

Spectral kurtosis (SK) can be used to analyze the PNS for its stationary characteristics
and to quantify its LPI properties [5]. SK is a statistical tool that can indicate and locate
non-stationary or non-Gaussian behavior in the frequency domain. A stationary time
series has statistical properties or moments, for example, mean and variance, that do not
vary in time. A small value of SK for a frequency bin indicates the existence of stationary
Gaussian noise, whereas a high positive value indicates the existence of a transient or
structured signal at the corresponding frequency [29,30]. The SK of a signal S(f;) can be
calculated with:

bZZ (fe — C1)*S(fr)
Pl

SK(f) = (10)
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with C; the spectral centroid:
by
L fiS(fr)
Gif) = — (1)
Y S(fi)
k=b,
and C, the spectral spread:
by 5
R (fk = C1)*S(fi)
Q)= |— (12)
L S(fe)
k=b,

Gaussian noise signal

here by and b, are the band edges in bins of the frequency spectrum under investigation. fy
is the frequency in Hz, and S(f;) is the signal value of the k!’ bin, respectively [31].

The SK of a Gaussian noise signal and the PNS are shown in Figure 7. The section
of the baseband signal spectrum being investigated, ranging from 200 MHz to 3 GHz, is
highlighted. Both signals exhibit low SK values and thus show their stationary characteris-
tics. This shows that the iteratively generated PNS still contains its stationary characteristic
and an LPI. By way of comparison, the SK values of a chirp signal are in the region of 100,
which is indicative of its deterministic, non-stationary nature.

Pseudo—noise signal

1 T T T T T

Spectral Kurtosis Spectral Kurtosis
— — — 0.95 confidence interval — — — 0.95 confidence interval

2 057 @ 05F ]

AT 2 A

O il oo O i
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Figure 7. Comparison of the Spektral Kurtosis (SK) of Gaussian noise and the generated pseudo-noise
signal. The orange highlighted section shows the frequency range of the signal from 200 MHz to
3 GHz. The low SK values of the pseudo-noise signal show its stationary signal behavior and hence
its low LPI properties.

3. Experimental Verification Measurements

For the experimental verification measurements of the generated PNS, the IoSiS radar
system is used [14]. The first step is to investigate whether the radar can obtain high-
resolution range profiles by using the PNS. This is performed using an internal calibration
path measurement. The space target used is the ISS (International Space Station), which is
a well-known target and has been imaged several times with 10SiS using chirp signals [32].

3.1. I0SiS System Description

IoSiS is an experimental satellite imaging radar using pulse radar techniques and work-
ing around the X band. Figure 8 shows the hardware setup containing a multi-dish-based
steerable antenna system, a TWTA (white box behind the main reflector), and a container for
the main radar electronics. The main 9 m dish antenna is used as the transmitting antenna
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and two 1.8 m antennas are used for receiving. In the results presented in the following,
only one receive antenna, i.e., one receive channel, has been used. The radar electronics
enable fully digital signal generation and acquisition across the entire simultaneous radar
bandwidth. In the current mode, I0SiS achieves a maximum simultaneous bandwidth of
2.8 GHz with an RF center frequency of 10.2 GHz. This corresponds to the lower sideband
(LSB) considering a local oscillator (LO) frequency of 11 GHz.

Figure 9 shows the RF schematic of the transmit and one receive path. Isolators,
amplifiers, and attenuators have been partially omitted for the sake of simplicity. In
the transmit path, the AWG enables the digital-to-analog conversion of the generated
PNS with a sample rate of 10 GS/s in the baseband. After the up-conversion into the RF
band, bandpass filters work as image rejection filters, where the LSB filter is used in the
measurement results presented. The TWTA at a short distance from the feed network of the
Cassegrain antenna ensures the required high pulse power. A common LO source ensures
coherent up- and down-conversion in the transmit and receive path, which is a prerequisite
for the application of ISAR imaging techniques. In the receive path, a low-noise amplifier
(LNA) ensures an appropriate receiver noise temperature. Bandpass filters in turn ensure a
proper image rejection, and after down-conversion, a digital-to-analog converter samples
the signal in the time domain at a sampling rate of up to 10 GS/s.

For calibration, in which the system’s transfer function is corrected, a calibration path
is provided that diverts an attenuated version of the transmit signal directly into the receive
path. In this work, the calibration path is used to check the system behavior when using
the PNS as a transmission signal before a real imaging measurement is performed.

T

Figure 8. A photo of the 10SiS setup is shown, featuring a 9 m transmitting antenna in a Cassegrain
configuration and two 1.8 m receiving antennas. The radar electronics responsible for signal genera-
tion and acquisition are housed in a nearby container.
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receive channels. Fully digital signal generation and acquisition enables the generation of arbitrary
transmit signals. Filter banks in each channel enable operation in the upper (USB) and lower side
band (LSB).

3.2. Point Spread Function Analysis Measurements

Essential for high-resolution ISAR imaging is a focused point spread function (PSF)
together with the coherence, i.e., phase stability over time. When considering the PNS as a
transmit signal, the behavior of the TWTA is of particular interest. A TWTA is operated
at or even in saturation. Therefore, distortion and harmonics may be introduced into
the amplified signal due to non-linearity between the input and output signals, which
can degrade the PSF. The PNS, with its spread spectrum characteristics, provides the
TWTA with an input signal that delivers the full system bandwidth at the same time.
Therefore, in combination with the non-linear characteristic of the TWTA and in contrast to
a chirp signal, which has a low instantaneous bandwidth, harmonics and intermodulation
distortions can occur.

In the following, the calibration path (see Figure 9) is used to determine the PSF when
using the PNS. For this, the first step is to perform a calibration of the system for the
correction of a non-ideal transfer function (TF). A chirp signal is used to determine the TF
and to generate a calibration signal to compensate for frequency-dependent characteristics
(non-constant group delay) and amplitude variations of radar system components such as
amplifiers and filters. The detailed calibration procedure can be found in [16,17].

The measured PSF using the PNS is shown in Figure 10 with a rectangular (un-
weighted) spectrum and a Hamming weighting. The measuremt parameters are listed
in Table 1. The non-ideal transfer function of the radar system, including the dispersion
characteristics and the time shift caused by the propagation delay of the radar system
components, is already compensated by using the calibration signal mentioned above.
In the unweighted case, the PSF represents the expected sinc-function with an HPBW of
54 mm, corresponding to the bandwidth used, and the first side lobes are around —13.3 dBc.
As can already be seen in the simulation results (see Figure 4), the side lobes below —35 dBc
show a slight fluctuation of the amplitude.
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Also shown is the CCF of a pair of PNS signals, both measured using the calibration
path. As in the simulation results, the CCF values are mostly below —50 dBc with respect to
the ACF where signal power is maximized. This demonstrates that the quasi-orthogonality
is not significantly affected by the system.

Coherence analysis is performed by evaluating the phase of the range profiles at the
point of maximum signal power (peak). The phase values of the 2000 range profiles are
displayed in Figure 11, along with the phase PDFE. The phase values exhibit a Gaussian
distribution with a standard deviation of merely 0.3 degrees. This extremely small range of
values is not expected to have any negative effects on the experimental measurements. It
confirms the phase stability of the system, along with the PNS.

The results of the PSF analysis demonstrate that high-resolution range profiles can be
achieved using the PNS together with the 10SiS system. Furthermore, the coherence of the
measurements is guaranteed. The following section presents the measurement results of a
space target using the PNS as the transmit signal.

Table 1. Measurement parameter for the determination of the PSF using the PNS.

Parameter Symbol Parameter Value Unit
Signal type - PNS -
Center frequency fe 10.2 GHz
Bandwidth B 2.8 GHz
Range resolution Ar 54 mm
DAC sampling rate fpac 10 GS/s
ADC sampling rate fabc 10 GS/s
Pulse duration Tpulse 45 us
PRF prf 200 Hz
Signal type - PNS -
Mode - LSB -
Pseudo—noise signal Pseudo—noise signal (Hamming weighted)
0 S T T T T 0 ) T T T T
S N ACF S ACF
8' - 20k /\\H/ \,‘r\ N CCF E - 20 / \ CCF
*5 3oL fﬂ/ I | \f \ o .30 [ \
& -20F 02 01 0 01 02 8 20+ 02 01 0 01 02
= £
= .30t SR
£ £
"§ -40 r ' | % _40 L
2 oA : ‘)
H‘.‘J ‘“. | g-sof ‘A ‘r L ! i \?
< -60 [ | < 60 \[] ’ | | '{ ['
-70 1 1 1 1 1 -70 i 1 1 L
- -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

Range in m Range in m

Figure 10. Measured point spread function (PSF) using the pseudo-noise signal routed through the
calibration path of the radar system (left). Spectral weighted PSF of the pseudo-noise signal (right).
In the non-weighted case, the half-power beam width (HPBW) corresponds to the applied pulse
signal bandwidth of 2.8 GHz and equals about 54 mm. In both cases, the low cross-correlation (CCF)
values show the quasi-orthogonality of a pair of pseudo-noise signals.



Remote Sens. 2024, 16, 1809

13 0f 18

Phase in degree

Phase of PSF Probabﬂity density function
: 1 100 : : :
£
‘& 80f .
8
[ S 60l ]
| g 60
i
N 40 1
=
2l ...
Il Il Il ] 0 L ___I-II I II-.-__J__
500 1000 1500 2000 -1 -08 -06 -04 -0.2 02 04 06 08 1
Number of range profil Phase in degree

Figure 11. Phase values extracted in the maximum amplitude of the ACF point spread function
(PSF) measured using the calibration path of the I0SiS radar (left). Corresponding phase probability
function (PDF) of the measured phase values (right). With a phase standard deviation of ¢ = 0.3°,
the phase is highly stable, which is a prerequisite for using the PNS in an ISAR system.

3.3. ISAR Space Target Measurement Results

An ISAR measurement of the ISS is performed using I0SiS to verify the PNS in
a real space target measurement. The same PNS is used here for the PSF verification
measurements described in the previous section. The same calibration steps were applied
to achieve high spatial resolution as in measurements with a chirp signal. This includes
antenna calibration and calibration of the radar system transfer function. A detailed
description of the processing steps can be found in [14].

The measurement parameters and the resulting theoretical image parameters are
shown in Table 2. The theoretical slant range and azimuth resolution are 54 mm and 53 mm
respectively, corresponding to the signal bandwidth and azimuth integration angle [32]. As
the focal plane, used for the back-projection of the range profiles, was chosen according
to the spatial orientation of the ISS, we have to consider the degradation of the range
resolution based on the focal plane incident angle 6rp. With the slant range resolution
Ar , the FP resolution is Arpp = Ar - cos(0pp) . The actual spatial resolution of the FP
is therefore between 67 mm and 74 mm, taking into account the changes in the angle of
incidence during the measurement.

The final ISAR imaging result, after completing all processing steps is depicted in
Figure 12. The image shows great detail of the entire ISS with high backscatter along the
vertically aligned main truss segment as well as along the horizontally aligned various
modules. The grid structures between the individual solar arrays are slightly visible, as is
the end of the solar arrays with their characteristic RCS. The planar solar panels themselves
are not visible. They are rotated on a continuous basis so that they are aligned with the
sun. For this reason, they can only be seen if the time of day of the measurement and the
imaging geometry match.

To provide an objective assessment of the spatial resolution achieved and to evaluate
the PNS signal employed, two robust scatterers are analyzed in depth. The positions of
these scatterers under investigation are indicated with arrows in the ISAR image. Both
are located either on or in close proximity to the FP, ensuring an undisturbed PSF. These
scatterers near the main truss segment have been observed in various measurements
of the ISS and exhibit a wide-angle backscatter behavior that allows for comprehensive,
fundamental radar verification. The distance between the scatterers is approximately 15 m,
which enables examination of the focus over a wide area. However, it is important to note
that these structures are not ideal isolated calibration targets as they are surrounded by
other components. There are several radar calibration spheres orbiting the earth, but they
cannot be used with the [0SiS system due to their high altitude together with its low
RCS [33].
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Table 2. Measurement parameter for the ISAR image shown in Figure 12 using the PNS .

Parameter Symbol Parameter Value Unit
Transmit signal type - PNS -
Center frequency fe 10.2 GHz
Bandwidth B 2.8 GHz
Integration angle Paz 16 degree
Slant range resolution Ar 54 mm
Azimuth resolution A4, 53 mm
FP incident angle Orp 36.2-43 degree
FP range resolution Arpp 67-74 mm
DAC sampling rate fpac 10 GS/s
ADC sampling rate fapc 10 GS/s
Pulse duration Tpulse 45 us
PRF prf 190 Hz
Target distance T 600-680 km
Processed pulses Npuises 5000 km
Processing algorithm - Back-projection -
Image size - 6000 x 9000 Pixel
Mode - LSB -

ISAR image of the ISS using a pseudo—noise
transmit signal
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Figure 12. ISAR image of the ISS using a PNS transmit signal together with the 10SiS radar system.
The achieved spatial resolution in range and azimuth direction was evaluated by analyzing two robust
scatterers. The arrows indicate the positions of the scatterers under investigation.



Remote Sens. 2024, 16, 1809

15 of 18

-20.4

n
o
N

)
)

-19.8

Focal plane range in m

-19.6

-0.4

-35.6

-35.4

-35.2

Focal plane range in m

-35

-34.8

0.6

-0.2
Azimuth direction in m

0.8

Azimuth direction in m

Both sections of the ISAR image containing the robust scatterers are depicted in
Figure 13. The amplitude of each image is normalized based on its own maximum to
independently extract the characteristics of the PSE. The image is accompanied by the cuts
in the FP range and azimuth directions for each PSF. It is obvious that there are interfering
structures in the second PSF at the bottom left of the main lobe area that could affect the
robustness of the analyzed target. But the cuts still show that a decent resolution could
be achieved. The resolution values around 70 mm are within expectation in the FP’ range
(refer to Table 2). In the azimuth direction, both PSFs exhibit a slightly worse resolution
compared to the theoretical value. This indicates that there may be minor residual errors
that have not been mitigated or non-idealities of the target.
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Figure 13. ISAR image of the isolated robust scatterers of the ISS, together with the cuts in the cardinal
direction, to analyze the PSF and to evaluate the PNS signal used. The HPBW in the focal plane (Ar)
of both are in the expected range. In the azimuth direction, both exhibit a slightly higher HPBW
(Ar 4,) considering the integration angle.

The suppression of the range side lobes is almost ideal, although the second PSF shows
some deviations, which are certainly caused by the aforementioned surrounding structure.
In azimuth, the ISAR images of both PSFs clearly show that the sidelobes are not perfectly
aligned with the azimuth direction. Hence, the cuts of azimuthal side lobes should be
viewed with caution as the cuts do not pass through the maximum amplitude of each side
lobe. The slanted side lobes are due to the imaging geometry combined with the very large
integration angle and projection onto the FP.
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In summary, however, the results demonstrate accurate focusing in both spatial direc-
tions of two widely separated scatterers, confirming the effectiveness of using a PNS for
imaging space targets.

4. Conclusions

This paper describes the investigation of pseudo-noise signals that can be used in
particular in ground-based high-resolution ISAR satellite imagery. The non-deterministic
nature of noise-like transmission signals can have advantages over deterministic signals.
Noise signals and their spread spectrum characteristics can, for example, reduce the mutual
interference with other radar systems and communication systems that are operating in the
same frequency spectrum.

The studies presented are carried out from the perspective of experimental measure-
ments with the I0SiS satellite imaging radar. The parameters of the IoSiS system were
therefore the basis for the investigations. When considering noise signals, the peak-to-
average power ratio (PAPR) in particular has been a key point of optimization. A routine is
introduced that iteratively generates a pseudo-noise signal (PNS) that has a chirp-like PAPR.
In addition to a low PAPR, the aim was to maintain noise characteristics such as spread
spectrum, low probability of intercept, and low cross-correlation values. In the presented
work, simulation results show that the general properties of stationary noise are still valid
for the iteratively generated PNS. Short-term Fourier transformation, ambiguity function,
and spectral kurtosis of the PNS were analyzed and evaluated. The simulation results are
compared to either Gaussian noise or chirp signals, demonstrating that the PNS still has all
the intended characteristics of a stationary noise signal. Experiments using the I0SiS radar
system are presented to verify the theoretical results. The first step of the experimental
test was the verification of the applicability of the PNS with the 10SiS hardware setup via
the calibration path. The analysis of the point spread function (PSF), together with the
phase analysis, demonstrates that it is possible to achieve highly resolved range profiles
with highly coherent phase behavior using the PNS. Furthermore, the measurement results
validate the low cross-correlation values. The potential of the PNS in satellite imaging is
demonstrated by performing an ISAR measurement of the ISS.
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Abbreviations

The following abbreviations are used in this manuscript:

ACF Auto correlation function
ADC Analog-to-digital converter
AF Ambiguity function

AWG Arbitrary waveform generator
CCF Cross-correlation function

DAC Digital-to-analog converter
ELINT  Electronic intelligence systems
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ESM Electronic support measures
HPA High power amplifier
HPBW  Half-power beam width

IoSiS Imaging of satellites in space
ISS International Space Station
LFM Linear frequency modulated
LNA Low noise amplifier

LO Local oscillator

LPE Low probability of exploitation
LPI Low probability of intercept

LSB Lower side band

NRT Noise radar technology
PAPR Peak-to-average power ratio
PDF Probability density function

PNS Pseudo-noise signal
PSF Point spread function
RCS Radar cross section
RMS Root mean square

SK Spectral Kurtosis

SNR Signal-to-noise ration

STFT Short-time Fourier transformation
TF Transfer function

TWTA  Travelling wavetube amplifier
USB Upper side band

WBA Wideband ambiguity function
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