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ABSTRACT. Vibration greatly impairs the imaging quality of airborne synthetic aperture ladar
(SAL), so the vibration phase error must be estimated and compensated before im-
aging. Limited by the laser’s average power, the high pulse repetition frequency of
the SAL will result in lower peak-power of the laser, thereby reducing the echo sig-
nal’s single-pulse signal-to-noise ratio (SNR). In the case of a low SNR, the coher-
ence between channels worsens, and the vibration phase-error compensation
method based on interferometry is difficult to apply. We analyze the imaging
SNR and resolution of the echo signal when the airborne SAL observes noncoopera-
tive targets by intentionally broadening the transmitting and receiving beams, dis-
cussing the imaging processing flow of the low SNR signal under conditions of
beam-broaden and platform vibration. The data processing flow includes the phase
correction of the echo signal using the transmitting reference channel signal. Based
on the flight parameters of the airborne SAL, the echo was dechirped and narrow-
band filtered to reduce noise. After subaperture division, the spatial correlation algo-
rithm was used to estimate and compensate the vibration phase error, and the
range-Doppler algorithm was used to achieve strip imaging. At the same time, the
phase gradient autofocus algorithm was introduced to improve the focusing effect.
The processing results of flight experiment data of the airborne SAL corresponding
to noncooperative targets at 1 km demonstrated the effectiveness of the proposed
method.
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1 Introduction

Ladar imaging systems, such as traditional optical imaging systems, have spatial resolution lim-
ited by the optical aperture of the system, and the resolution decreases with the increase of dis-
tance. Therefore, high-resolution long-distance imaging systems often require a large optical
aperture. However, in existing systems, many factors limit the increase in the optical aperture
of the system. Synthetic aperture ladar (SAL) can effectively address this problem. SAL uses the

*Address all correspondence to Daojing Li, lidj@mail.ie.ac.cn

0091-3286/2023/$28.00 © 2023 SPIE

Optical Engineering 098104-1 September 2023 e Vol. 62(9)


https://orcid.org/0000-0003-1142-3220
https://orcid.org/0000-0002-0942-2782
https://orcid.org/0000-0002-5271-0608
https://orcid.org/0000-0003-0164-947X
https://doi.org/10.1117/1.OE.62.9.098104
https://doi.org/10.1117/1.OE.62.9.098104
https://doi.org/10.1117/1.OE.62.9.098104
https://doi.org/10.1117/1.OE.62.9.098104
https://doi.org/10.1117/1.OE.62.9.098104
https://doi.org/10.1117/1.OE.62.9.098104
mailto:lidj@mail.ie.ac.cn
mailto:lidj@mail.ie.ac.cn
mailto:lidj@mail.ie.ac.cn
mailto:lidj@mail.ie.ac.cn

Gao et al.: Imaging and detection method for low signal-to-noise. ..

principle of synthetic aperture to form a synthetic aperture that is much larger than the actual
aperture. Its resolution does not decrease with the increased distance and it can obtain high-res-
olution images quickly. These characteristics allow ladar to realize long-distance high-resolution
imaging and offer great application potential and broad prospects for development in military
reconnaissance and remote sensing mapping.

Airborne SAL is limited by the laser power density on the target and the number of receiving
channels, and its transmitting and receiving beam width is generally narrow, which makes it
difficult for airborne SAL to obtain a large observation width. The imaging targets in the airborne
SAL flight experiments publicly reported have primarily been high-reflectivity cooperative tar-
gets,]‘3 and the observation width has been narrow. For example, in 2011, Lockheed Martin
independently conducted flight experiments on an airborne SAL system. For high-reflectivity
cooperative targets at a distance of 1.6 km, they achieved an imaging result of 1 m width at
a resolution better than 3.3 cm. In the imaging process, they used the phase gradient autofocus
(PGA)*> algorithm of microwave synthetic aperture radar to suppress the impact of vibration.

In order to form a larger observation width, it is usually necessary to broaden the transmit-
ting and receiving beams. The commonly used beam-broaden methods include using a beam
expander lens to broaden the transmitting beam and an array detector to broaden the receiving
beam equivalently. Taking an optical system with a diameter of 100 mm and a focal length of
480 mm as an example, it is assumed that a unit detector with a photosensitive surface size of
9.5 um is used for reception. When the central wavelength is 1.55 um, the corresponding receiv-
ing beam width is about 20 urad, close to the diffraction limit. The detector array size required to
cover the receiving field of view (FOV) of 3 mrad is 150 x 150, which will lead to a considerable
amount of data and make the technical implementation of the system extremely complex.

To expand the observation width and simplify the system, the elevation direction beam of the
airborne SAL can be broadened, and a few detectors can be used to receive the wide FOV laser
signal. However, the beam-broadening will also significantly reduce the echo signal’s imaging
signal-to-noise ratio (SNR). Since the imaging SNR of SAL can be improved by signal process-
ing after analog-to-digital converter (ADC) sampling, the use of electronic amplifiers combined
with signal processing methods can compensate to a certain extent for the loss caused by the
broadening of the transmitting and receiving beams.®

In addition, the vibration of airborne SAL platforms can significantly reduce the imaging
resolution and SNR. Limited by the laser’s average power, the high pulse repetition frequency
(PRF) of the SAL will result in lower peak-power of the laser, thereby reducing the echo signal’s
single-pulse SNR. In the case of a low SNR, the coherence between channels becomes worse,
and the vibration phase-error compensation method based on interferometry is difficult to
apply.”'% Therefore, it is important to study the SAL signal processing methods of airborne
SAL low SNR signals under vibration and beam-broadening conditions.

In this paper, transmitting and receiving beam-broaden technology is used to set the width of
a single channel of the SAL system in the range direction to 6.3 m (the largest publicly reported
single-channel width of an airborne SAL). The scanning of the photoelectric ball is combined to
further expand the observation width. On this basis, to address the low SNR problem caused by
target characteristics, beam-broadening, and vibration, this paper proposes a data processing
method to solve the imaging and vibration phase-error compensation of airborne SAL in the
case of low SNR. In addition, we introduced our developed beam expansion airborne SAL sys-
tem and conducted flight experiments on noncooperative targets for the first time. The effective-
ness of the proposed data processing method was verified through simulation and experimental
results.

2 SAL System Introduction and Performance Analysis

2.1 System Introduction

The SAL prototype system block diagram is shown in Fig. 1. The fiber laser generates and trans-
mits a high-power narrow-pulse laser signal. The laser signal is reflected by the target, received
by the balance detector, amplified by the electronic low noise amplifier, and then sampled by
ADC. In addition, as the laser signal is transmitted, the time-variant phase of the transmitting
signal is also sampled by the transmitting reference channel in a spatially coupled manner
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Fig. 1 SAL system block diagram.

(coupling a tiny portion of the emitted signal into the optical fiber through a lens) for subsequent
nonlinear phase correction. To ensure the system’s coherence, we use the same crystal oscillator
to generate the narrow pulse modulation electrical signal of the electro-optic modulator and the
clock signal of the ADC.

The structure of the SAL system in this paper is a photoelectric ball. The laser transceiver
system adopts an all-fiber optical path, and an aviation stabilization platform is used to suppress
its vibration. This installation method can ensure that the system works normally under the two-
dimensional rotation of the photoelectric ball. During the flight experiment, the position and
orientation system (POS) is used to obtain the position and speed information of SAL, and the
beam pointing information of SAL can be calculated by combining the encoding disk data of the
photoelectric ball.

2.2 Flight Experiment Parameters

The schematic diagram of the SAL system photo, transmitting and receiving beams, and flight
experimental observation geometry in this paper is shown in Fig. 2. The transmitting and receiv-
ing beams are broadened in the elevation direction to expand the instantaneous observation width
in the range direction and combined with the elevation direction scanning of the photoelectric
ball. The range observation width of the system is further expanded. The width of the transmit-
ting beam is 5 mrad(elevation direction) X 100 prad(azimuth direction), and the width of the
receiving beam is 3 mrad(elevation direction) X 3 mrad(azimuth direction). Four partially over-
lapping receiving beams cover the width of the transmitting beam in the elevation direction of 5
mrad. This paper discusses the processing of the echo signal of one receiving channel.
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Fig. 2 Schematic diagram of the SAL system: (a) photo of the photoelectric ball, (b) transmitting
and receiving beams, and (c) flight experimental observation geometry.
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Fig. 3 Schematic of the flight parameters: (a) flight path, (b) platform altitude, and (c) flight velocity.

Based on the above observation geometry, the flight experiment of the SAL system was
carried out. The corresponding flight path, platform altitude, and flight velocity data are shown
in Fig. 3. The period corresponding to the data used in this paper is marked with the blue line box.
During this period, the average altitude of the platform was 919 m, the altitude of the exper-
imental area was 97 m, and the corresponding average flight height was 812 m. In addition,
the average flight velocity V = 56.4 m/s. According to the POS data and the encoding disk
data of the photoelectric ball, the squint angle 6, = —0.3 deg and the depression angle
@ = 53.1 deg were calculated.

2.3 System Parameters
The SNR of the SAL echo signal can be characterized as follows:

_nd"/lwid'g'nsys'nato'Pl’Gt'p'Al'Ar
Rsn = v : M
47-Q-R*-F, - h-f. B

where Rgy is the SNR of the echo signal, P, is the peak-power of the transmitted signal, A, =
7D? /4 is the effective receiving area of the receiving telescope, D is the diameter of the receiving
telescope, G, = 4x/(0,6,) is the transmission gain, 0, is the width of the transmitting beam in
the elevation direction, 6, is the width of the transmitting beam in the azimuth direction, 7,y =
(4/D)*/(pa@.) is the receiving beam-broadening loss factor, A is the wavelength of the laser
signal, ¢, is the width of the receiving beam in the elevation direction, ¢, is the width of the
receiving beam in the azimuth direction, R is the distance between the ladar and the target, p is the
average reflection coefficient of the target, A, is the target area, Q is the target scattering solid
angle, 17, is the two-way atmospheric loss factor, 7 is the system loss factor, including the
electronic loss and optical loss, f. is the frequency of the laser signal, 4 is Planck’s constant, F',
is the electronic noise figure, T, is the pulse width, £ is the polarization loss factor, 7, is the
photoelectric conversion efficiency of the detector, and B = 1/T, is the signal bandwidth.

The parameters of the SAL system in this paper are shown in Table 1. The beamwidth cor-
responding to one receiving channel is used to analyze the SNR of the echo signal. If the target
range of the SAL is 1 km, the single-sample SNR calculated is —6.28 dB.

Considering the gain of signal processing on the SNR of the echo signal, the SNR after the
pulse compression processing in the range direction and the synthetic aperture processing in the
azimuth direction is as follows:

nd'”wid'g'nsys'Pt'Gl'p'A,'Ar
SN 4”'Q'R4'Fn'h'fc'B (p s) (sa d) 2

where T, - B, is the gain of synthetic aperture processing (the number of coherently accumu-
lated pulses), T, is the synthetic aperture time, B, is the Doppler bandwidth (PRF), T, - B, is the
gain of pulse compression processing, and B is signal bandwidth. In this paper, the SAL system
uses the narrow Gaussian pulse of 5 ns, corresponding to T, - By = 1.
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Table 1 SAL system parameters.

Parameter Value Parameter Value
Pt 20 kW Average power 0w
T 5ns PRF 100 kHz
O 5 mrad 04 100 urad
Ve 3 mrad ?a 3 mrad
A 1.55 yum D 100 mm
Nd 0.5 Mato 0.8
flsys 0.4 F, 3dB
A 0.0075 m? Hwid —445 dB
Q 0.1 sr P 0.3

£ 0.4 B 200 MHz

The maximum synthetic aperture time 7', can be expressed by the following formula:

_Re,
~ Vcos 6 cos g

A3)

Tsa

The synthetic aperture time corresponds to the slow-time pulse number. Considering the
slow-time Fourier transform, the pulse number is usually rounded down to an integer power
of 2. Combined with the parameters of the flight experiment, the synthetic aperture time is
~2.56 ms, and the corresponding number of pulses that can be coherently accumulated is
256. In the case of fully compensating for the phase error, the SNR can be improved by
24.08 dB, and the corresponding imaging SNR is 17.8 dB. The target corresponding to this
SNR has an average reflection coefficient of 0.3 and a scattering solid angle of 0.1 sr, which
is a target with high reflectivity. Considering the complexity of ground objects, the influence of
platform vibration, and the incompleteness of phase-error compensation, the imaging SNR of
most ground objects will be lower than this value.

3 Processing Flow and Imaging Simulation

3.1 Processing Flow

For low SNR imaging requirements under vibration and beam-broaden conditions, the data
processing flow is as shown in Fig. 4. Because nonorthogonal single-channel ADC sampling
is adopted, the sampled signals are real signals, which need to be transformed by fast-time
Hilbert transform to form the complex signal required for subsequent imaging, and then the
direct-current component and clutter interference are filtered in the fast-frequency domain and
slow-frequency domain, respectively.

The matched filter is constructed with the transmitted reference signal and matched with the
echo signal in the fast-frequency domain to realize the correction of nonlinear phase in the echo
signal.'""!? Since the single-pulse SNR of the echo signal after correction is still low, the time—
frequency analysis method can be used for data browsing, and the signal duration and time seg-
ment can be estimated from the time—frequency analysis results.

The observed geometric parameters of the airborne SAL are estimated from the POS data
and the encoding disk data of the photoelectric ball. The Doppler modulation frequency rate (Ka)
is then calculated according to the observed geometric parameters, and the matched filter
required by the range-Doppler (RD) algorithm is constructed at the zero frequency of the
Doppler frequency. The filter bandwidth can be calculated with the following formula:
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2V
B, = 79,1 cos O cos ¢ = 4.37 kHz. “4)

The Doppler frequency rate (K,) can be expressed as follows:

B, 2V?cos?,cos’ ¢
K, =—*2%= J = 1.46 MHz/s. 5
« =7 R z/s (5)

Considering that the target scene is mostly discontinuous and the elevation scanning of the
photoelectric sphere will cause the instantaneous variation of the Doppler center frequency of the
target, it is necessary to divide the echo signal into subapertures and estimate the Doppler center
frequency of the target and then perform dechirp and frequency-shift processing for the signal of
each subaperture. The signal after dechirp and frequency shift is concentrated in the low-fre-
quency region. At this time, narrowband filtering can be done in the Doppler frequency domain
to improve the time-domain SNR, creating conditions for using spatial correlation algo-
rithm (SCA)."

After narrow-band filtering, SCA based on pulse-train correlation is used to reduce the
impact of noise and implement vibration phase-error compensation for the signal of each sub-
aperture. The compensated signal is then imaged with the RD algorithm, and the imaging results
of each subapertures are spliced to obtain a long-term image. To improve the focusing effect of
the image in the azimuth direction, the PGA algorithm can be used to process the echo signal
based on compensating for the vibration phase error using the SCA. In this process, the SCA
plays an essential role in imaging. If the echo signal cannot be focused after SCA processing,
there is deemed to be no echo signal within this period.

3.2 Imaging Simulation

For airborne SAL, due to the short wavelength of the laser, the ym-level vibration of the airborne
platform can cause significant variations in the signal’s phase, which can significantly affect the
imaging results. Consequently, it is necessary to compensate for the vibration phase error before
performing imaging processing.
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Currently, the methods for estimating the vibration phase error of SAL signals include the
SCA and the PGA algorithm. The SCA is proposed for airborne SAL. Its primary function is to
extract the differential value of the vibration phase error from the complex correlation coefficient
of adjacent echo pulses and accumulate the differential value backward to estimate it. The key to
estimate the vibration phase error of the airborne SAL signal is the strong correlation between the
echo signals corresponding to adjacent pulses. This strong correlation is due to the higher PRF of
the airborne SAL and the relatively uniform backscattering characteristics of the target in the
laser band. Since the scattering characteristics of the target scene corresponding to the laser band
always vary slowly, in this paper—where the size in the azimuth direction of the transmitted laser
spot is as small as 0.1 m—it can be considered that the scattering characteristics of the target in
the ground laser spot are uniformly distributed along the azimuth direction. Moreover, the PRF of
the airborne SAL system in this paper is 100 kHz, and the offset of the ground spot corresponding
to adjacent pulses in the azimuth direction is about 1 mm, providing conditions for the use of the
SCA to estimate the vibration phase error.

3.2.1 Subaperture division

Due to its short laser wavelength, SAL can obtain sufficient bandwidth within a short synthetic
aperture time to meet high-resolution imaging requirements, making it possible for SAL to divide
subapertures in the slow-time domain and perform subaperture imaging. Because the stabiliza-
tion platform limits the amplitude and frequency of vibration, they change very little in suba-
perture time. Consequently, the imaging time can be reduced by dividing the subaperture to limit
the impact of vibration on the signal. Additionally, for noncooperative targets, the scattering
points that meet the SNR requirements in the target scene are mostly isolated single scattering
points, with the discontinuity of each scattering point causing the SCA to fail to accurately esti-
mate the vibration phase error. Since the signal characteristics are not obvious in the case of a low
SNR, it can be difficult to accurately judge the duration of each scattering point. However, the
signal can be divided into subapertures in the slow-time domain in the form of a sliding window,
and the vibration phase error is estimated using the SCA.

The synthetic aperture time is ~2.56 and 5.12 ms is a subaperture time, each overlapping by
2.56 ms in slow time. The 2.56 ms at the center of each subaperture can be used for splicing the
imaging results. A schematic of the subaperture division process is shown in Fig. 5.

f }
2.56 ms

Sub-aperture

5.12 ms T

/ L Sub-aperture
77777 5.12 ms

l

Sub-aperture
5.12 ms

Fig. 5 Schematic of subaperture division.
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3.2.2 Dechirp and narrow-band filtering

In the case of a low SNR, the noise phase constitutes the main component. Consequently, when
extracting the differential value of the vibration phase error, the noise can cause error and poten-
tially lead to the failure of phase unwrapping, thereby reducing the estimation accuracy of the
vibration phase error of the SCA. Since the PRF of the SAL is usually much higher than the
vibration frequency, the vibration phase error varies at a constant velocity in the period corre-
sponding to several pulses. In this case, the method of using multiple pulses to calculate the
complex correlation coefficient can be used, which is equivalent to statistically averaging the
noise interferometry, reducing the impact of noise on the SCA estimation accuracy.

Additionally, since the signal after dechirping only occupies a small part of the entire
Doppler frequency domain, the influence of the noise phase on the SCA estimation accuracy
can be further reduced by conducting narrow-band filtering before using the SCA. In the sim-
ulations, the SNR was set to —6 dB; the other parameters are shown in Table 1. A comparison
between the phase curves estimated using the SCA before and after narrow-band filtering and the
phase curve of the real vibration value is shown in Fig. 6.

It is evident that after narrow-band filtering (with a bandwidth of 20 kHz), the estimation
accuracy of the SCA increases considerably, and the estimated vibration phase-error curve is
closer to the phase curve of the real vibration value. The residual phase error can be further
estimated and compensated using the PGA algorithm.

3.2.3 Phase-error compensation and imaging simulation

Based on the parameters discussed in Sec. 2 and the data processing flow shown in Fig. 4, an
imaging simulation of the SAL echo signal was performed; the simulated target scene is as shown
in Fig. 7. The x axis is the cross-track direction, the y axis is the along-track direction, and the z
axis is the vertical direction from the ground.
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Fig. 6 Effect of narrow-band filtering on the estimation accuracy of the vibration phase error using
the SCA: (a) before narrow-band filtering and (b) after narrow-band filtering.
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Fig. 7 Target scene of the simulation.
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The flight altitude is 800 m, the depression angle is 60 deg, the average flight velocity is
56 m/s, and the squint angle is 0.2 deg. The target used for imaging is the character “E.” The
distance between the five points in the cross-track direction is 1.2 m, and the distance between the
six points in the along-track direction is 0.4 m. The single-pulse SNR of the echo signal is —6 dB.
The vibration frequencies are 300 and 1100 Hz, and the maximum vibration amplitude is 1 pm.

By dividing the subaperture and dechirping the received echo signal, we can estimate the
Doppler center frequency, shift the signal to zero frequency, and perform narrow-band filtering to
reduce noise interferometry. The time—frequency analysis results corresponding to the center
range gate are shown in Fig. 8 (the time—frequency analysis window length is 2.56 ms, and the
overlap length is 1.28 ms). The red dotted line in Fig. 8 marks the signal area to assist in analysis.

The size of the azimuth direction of the target is 2 m, and the corresponding echo signal
duration is 35.7 ms. According to Fig. 5, 14 subapertures can be divided, and the time—frequency
analysis results of each subaperture are shown in Fig. 9(a). When the spot size is larger than the
target size, the phase estimated by the SCA not only includes the vibration phase error but also
the second-order phase corresponding to the translational component of the platform. After com-
pensating for the phase estimated using the SCA, the second-order phase corresponding to the
translational component must also be compensated. After narrow-band filtering using a band-
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Fig. 8 Time-frequency analysis results: (a) original echo signal and (b) echo signal after dechirp-

ing and frequency shifting.
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Fig.9 Time-frequency analysis results of each subaperture: (a) before vibration phase-error com-
pensation, (b) after SCA compensation, (c) after PGA processing, and (d) after compensating for
the second-order phase.
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pass filter bandwidth of 40 kHz, the phase error is estimated by the SCA (calculating the complex
correlation coefficient with four pulses); the time—frequency analysis results of each subaperture
after compensating for the phase error are shown in Fig. 9(b).

Evidently, after SCA compensation, the image has been preliminarily focused. The echo
signal corresponding to the first scattering point is in the first and second subaperture, the echo
signal corresponding to the second scattering point is in the third and fourth subaperture, the
echo signal corresponding to the third scattering point is in the sixth and seventh subaperture,
the echo signal corresponding to the fourth scattering point is in the eighth to tenth subaperture,
the echo signal corresponding to the fifth scattering point is in the eleventh to thirteenth sub-
aperture, and the echo signal corresponding to the sixth scattering point is in the fourteenth
subaperture.

It should be noted that the reason the fifth subaperture is not focused after SCA compen-
sation is that there is no echo signal in the fifth subaperture. It is evident from Fig. 9(b) that the
SNR of the echo signal improves after SCA compensation, but defocusing still exists due to the
influence of the residual phase error, which provides conditions for the use of the PGA algorithm.
The result after PGA processing is shown in Fig. 9(c); it is evident that the signals of each sub-
aperture are further focused. Consequently, the influence of the linear phase of the PGA process
in each subaperture is removed, and the second-order phase corresponding to the translational
component is compensated for, as shown in Fig. 9(d).

The Doppler frequency rate is estimated based on the velocity, the matched filter is con-
structed, and the data of each subaperture are input into the matched filter for imaging. The
bandwidth of the matched filter is ~6 kHz, and the corresponding azimuth resolution is
1.0 cm. The imaging results before vibration phase-error compensation, after SCA compensa-
tion, and after further focusing using the PGA algorithm are shown in Fig. 10—that is,
Figs. 10(d)-10(f) shows the profile of Figs. 10(a)-10(c) in the azimuth direction. The imaging
results before the vibration phase-error compensation are shown in Figs. 10(a) and 10(d). The
distance in the azimuth direction of the imaging results is defined as the cross range, and the

(@) (b) (c)
976.5 976.5
976 976
975.5 975.5
975 975
E 9745 E E 975
o i) o
=) =) 1=0)
g 9714 g g 94
L L L
- - -
= 9735 s g 9735
o) 5] o)
[~ -3 (=7
973 973
9725 972.5
972 972
971.5 971.5
-1 =05 0 05 1 15 -1 =05 0 05 1 15
Cross range (m) Cross range (m) Cross range (m)
(e) o (f) o
2 a -
= h
L )
< =
2 2
< <
-1 -05 0 0.5 1 a1 -5 0 0.3 1 a1 05 0 0.5 1
Cross range (m) Cross range (m) Cross range (m)

Fig. 10 Imaging results: (a), (d) before compensation; (b), (e) after SCA compensation of the vibra-
tion phase error; and (c), (f) after SCA compensation and then processed using the PGA algorithm.
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Table 2 Image entropy, image contrast, and image SNR of imaging results.

Fig. 10(a) Fig. 10(b) Fig. 10(c)
Entropy 13.4437 12.7420 11.9606
Contrast 0.6049 0.6999 0.8672
SNR (dB) 10 14 17

distance in the slant-range direction is defined as the relative range. It is evident that the imaging
results are defocused, and the target outline is blurred. The imaging results after using the SCA to
estimate and compensate for the vibration phase error are shown in Figs. 10(b) and 10(e). Clearly,
after compensating for the vibration phase error using the SCA, the focus effect of the image
improves, and the outline of the target becomes clearer, showing that the SCA can be used for the
preliminary estimation of the SAL vibration phase error.

Figures 10(c) and 10(f) show the imaging results after compensating for the vibration phase
error using the SCA and then compensating for the residual phase error using the PGA algorithm.
Here the focus effect of the image further improves, and the azimuth resolution is close to the
theoretical resolution of 1 cm.

The focusing effect of the imaging results is evaluated by image entropy, image contrast, and
image SNR, as shown in Table 2. The calculation formulas of image entropy E(image) and
contrast C(image) are as follows:

|2

E(image) = =352\ S0l p(nm) - In plnm).  plnm) =g~ S8
j=1 k=1 ’

. (6)

N M .
Climage) =1\ /by S0, 0 (fimage(nm)| —u). =2 szl n)
where image is the complex image of the imaging result, p(n, m) is the normalized power of the
image, u is the average intensity of the image, and N and M denote the two-dimensional pixel
points of the image, respectively.

Comparing Figs. 10(a) and 10(b), it is evident that the image entropy of the imaging result is
significantly reduced and the image contrast is greatly improved using the SCA to estimate and
compensate for the vibration phase error. These show that the SCA can effectively estimate the
vibration phase error of the low SNR signals of the airborne SAL. Comparing the focusing
effects of Figs. 10(b) and 10(c), it is evident that the image entropy of the imaging result is
further reduced, and the image contrast further improved, indicating that the PGA algorithm
can effectively estimate the residual phase error after SCA compensation.

4 Imaging Results of Flight Experiment Data

4.1 Time-Frequency Analysis Results and Parameters of the Echo Signal

It should be noted that we did not deploy high-reflectivity cooperative targets on the ground in
the flight experiment area corresponding to the blue line box in Fig. 3. After the echo signal was
preprocessed, time—frequency analysis was performed on all range gates of the echo signal,
which helped in improving the SNR of the echo signal and detecting the target. The window
length of the time—frequency analysis was 2.56 ms, and the overlap length was 1.28 ms. Through
the time—frequency analysis results, six echo signals were found in the 1.2 s flight experiment
data, which were determined to be noncooperative targets with high reflectivity. The target
parameters are shown in Table 3. The time—frequency analysis results of the flight experiment
data are shown in Fig. 11.

The above results show that time—frequency analysis can effectively improve the SNR of the
echo signal, making it relatively easy to browse and detect the echo signal. The above results also
show that, unlike periodic vibrations under the simulation conditions, the actual platform vibra-
tion situation is more complex, and the photoelectric ball scans in the elevation direction, which
leads to a considerable variation in the Doppler center frequency of different slow-time targets.
Because the Doppler central frequency cannot be stably concentrated near the theoretical
Doppler central frequency, the SNR cannot be effectively improved through filtering. In order

Optical Engineering 098104-11 September 2023 e Vol. 62(9)
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Table 3 Parameters corresponding to six echo signals.

Order Doppler center
number Range (m) Slow-time period (s) frequency (kHz)
1 998.475 1.9947 to 2.0254 —26.95

2 1006.875 2.201 to 2.219 31.64

3 1013.663 2.5826 to 2.6036 10.16

4 1015.913 2.6798 to 2.7042 33.985

5 1023.713 2.782 to 2.800 -46.875

6 1026.675 3.0357 to 3.0523 38.54

—

Doppler frequency (kHz) @

=

—

Doppler frequency (kHz) ‘O

Doppler frequency (kHz) §
8 o 8 5

&
=)

0.2 0.4 0.6 ) 0.8 1 0 0.2 0.4 0.6 0.8

Slow time (s) Slow time (s) Slow time (s)

0 0.2 0.4 0.6 0.8 1

Fig. 11 Time-frequency analysis results of (a) the second echo signal, (b) the fourth echo signal,
and (c) the fifth echo signal.

to realize continuous strip imaging, it is necessary to implement vibration phase-error compen-
sation and frequency-shift processing for the echo signal.

4.2 Imaging Results

Subaperture division, dechirping, and frequency shifting were performed on the six echo signals
mentioned above. The bandwidth of the Doppler frequency after dechirping the six echo signals
was 6 kHz. A narrow-band filter with a bandwidth of 8 kHz was then applied to the echo signals,
the SCA was used to estimate and compensate for the vibration phase error, and the PGA algo-
rithm was used to further improve focusing.

Using the third echo signal as an example, the total duration of the signal was ~21 ms,
which could be divided into six subapertures. Figure 12 shows the time—frequency analysis
results of each subaperture before and after SCA compensation and after further focusing
processing using the PGA algorithm. Figure 12(a) shows that in the case of a low SNR, each
subaperture is defocused and cannot be imaged. Figures 12(b) and 12(c) show that after narrow-
band filtering and SCA compensation, the signals in each subaperture are initially focused, and
the SNR improves. The residual phase error is then compensated using the PGA algorithm,
which further improves the focusing effect.
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Fig. 12 Time-frequency analysis results of each subaperture: (a) after dechirping, (b) after com-
pensation using the SCA, and (c) after further focusing processing using the PGA algorithm.
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According to the POS data corresponding to the period of the above six echo signals, the
corresponding Doppler frequency rate was calculated, and a matched filter was constructed. The
bandwidth of the matched filter was set to 5 kHz, and the corresponding highest imaging res-
olution in azimuth was 1.1 cm. The imaging result after SCA compensation is shown in
Fig. 13(a), and the imaging results after PGA processing are shown in Fig. 13(b). The target
corresponding to the imaging result should be noncooperative targets with high reflectivity (the
reflectivity is between the cooperative target and the natural ground object). Evidently, the res-
olution and SNR were further improved after PGA processing. Figure 13(c) compares the SAL
imaging results and the satellite images of this area. The imaging result has a width of 59 m in the
azimuth direction and 28 m in the range direction. The broadening of the width in the range
direction is due to the scanning of the photoelectric ball at a slight angle in the elevation direction.

The image entropy, image contrast, and image SNR of the imaging results are shown in
Table 4. Comparing Figs. 13(a) and 13(b), it is evident that after SCA compensation, the
PGA algorithm can be used to compensate for the residual phase error, the image entropy of
the imaging result is significantly reduced, the image contrast is greatly improved, and the peak
SNR increases to 16 dB. The results show that the method proposed in this paper is essential for
phase-error estimations of airborne SAL signals under low SNR conditions.

The imaging result corresponding to the third echo signal in Fig. 13 is shown in Fig. 14. It is
evident that there are four scattering points. The azimuth resolution of the imaging result is
1.4 cm, which is close to the theoretical resolution, and three scattering points (with azimuth
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Fig. 13 Imaging results: (a) after compensation using the SCA, (b) after further focusing process-
ing using the PGA algorithm, and (c) comparison between the SAL imaging results and the satellite

images.

Table 4 Image entropy, image contrast, and image SNR of imaging results.

Fig. 13(a) Fig. 13(b)
Entropy 12.3463 12.0054
Contrast 0.5478 0.6802
SNR (dB) 12 16
Optical Engineering 098104-13 September 2023 e Vol. 62(9)
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Fig. 14 Imaging result corresponding to the third signal: (a) imaging result, (b) profile in the azi-
muth direction, and (c) profile in the range direction.

direction spacings of 18.7 and 8.9 cm) on the left-hand side of Fig. 14(a) can be distinguished.
The range resolution of the imaging result is 30 cm, and the four scattering points on the left- and
right-hand sides (with a range direction spacing of 3.69 m) of Fig. 14(a) can be distinguished.

5 Conclusions

This paper introduces a low SNR signal imaging method when airborne SAL observes nonco-
operative targets and discusses the imaging results of simulations and experimental data.

This paper used the characteristics of SAL to perform short-time high-resolution imaging
and realize long-time strip imaging through subaperture image stitching by subaperture division,
parameter estimation of the echo signals, and phase-error compensation. The processing results
of the airborne SAL experimental data verified the effectiveness of the proposed method.

Considering that the estimation accuracy of the phase error was limited in the case of a low
SNR, in the future design of airborne SAL systems, we should try to improve the single-pulse
SNR. Moreover, if the aperture is no longer increased, the peak-power of the laser must first be
increased to ensure the imaging and detection performance of noncooperative targets.
Additionally, a stabilization platform with better performance should be used.

Code, Data, and Materials Availability

Data underlying the results presented in this paper are not publicly available at this time but may be
obtained from the authors upon reasonable request.
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