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Abstract

Synthetic aperture time (SAT) is a crucial component for acquiring high-quality synthetic aperture radar images with an excellent target

cross-range resolution. SAT is analyzed using the range and Doppler cone angle at the center of the synthetic aperture length (SAL).

However, in a real flight mission setting, only the range and Doppler cone angle at the SAL’s starting point are determined. Therefore, we

present a method for estimating the range and Doppler cone angle at the center of the SAL to calculate an accurate SAT that is suitable

for the spatial resolution of the assigned mission. We performed an iterative analysis of SAT at the range and Doppler cone angle at the
starting point of the SAL (original SAT) and at the center of the SAL (proposed SAT). Consequently, the proposed SAT decreased by
0.69%-16.14% compared to the original SAT at a resolution of 0.1-3.0 m.

Key Words: Synthetic Aperture Length (SAL), Synthetic Aperture Radar (SAR), Synthetic Aperture Time (SAT).

I. INTRODUCTION

Synthetic aperture radar (SAR) is a powerful remote sensing
technology that uses the signal it receives from the target region
to create an image [1-8]. Parameters such as spatial resolution,
noise equivalent sigma zero, peak sidelobe ratio, and integrated
sidelobe ratio [9, 10] are used to evaluate image quality. Numer-
ous studies have been conducted to improve the spatial resolu-
tion of SAR images [11-16]. Spatial resolution consists of two
components: range and cross-range resolution. Range resolution
is enhanced by transmitting a pulse with a wide bandwidth [11].

Additionally, high cross-range resolution is achieved by syn-

thesizing the collected data while the SAR sensor is in motion.
Cross-range resolution can be improved as the time and length
of synthesis increase; these factors are referred to as the synthetic
aperture time (SAT) and synthetic aperture length (SAL), re-
spectively. However, the time for image formation also increases
at the same rate. Therefore, it is necessary to identify optimal
SAT and SAL values that can satisfy the target image cross-
range resolution.

SAT is analyzed based on the wavelength, slant range be-
tween the platform and the ground target, Doppler cone angle
between the platform velocity vector and the line of sight to the
ground target, cross-range resolution, and platform velocity [17].

Manuscript received July 26, 2022 ; Revised November 19,2022 ; Accepted January 19, 2023. (ID No. 20220726-099])
Advanced Defense Science & Technology Research Institute, Agency for Defense Development, Daejeon, Korea.

“Corresponding Author: Min-Ji Kim (e-mail: hami3426@add.re kr)

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

(© Copyright The Korean Institute of Electromagnetic Engineering and Science.

205


http://crossmark.crossref.org/dialog/?doi=10.26866/jees.2023.3.r.160&domain=pdf&date_stamp=2023-05-31

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 23, NO. 3, MAY. 2023

The slant range has a nominal value [17], which is usually the
distance between the platform and the ground target when the
platform is positioned at the center of the SAL. The Doppler
cone angle is the angle between the platform’s velocity vector
and the radar line of sight to the ground target at the center of
the SAL. However, when starting signal synthesis in a real flight
mission setting, only the range and Doppler cone angle at the
starting point of the SAL can be determined, while the range
and Doppler cone angle at the center of SAL remain unknown.
Therefore, it is necessary to estimate the range and Doppler
cone angle at the center of the SAL to calculate an accurate
SAT that is suitable for the resolution of the assigned mission.

Earlier studies [18, 19] did not consider the actual mission en-
vironment and instead used the slant range between the center of
the SAL and the target as an arbitrary constant value to solve the
unknown parameters in the SAR geometry. In other studies [11,
20, 21], when performing an SAR simulation, the slant range
from the center of the SAL was assumed to be a constant value
and that from the SAL’s starting point, which is known in the
current mission environment, was not considered. In this paper,
we present a method for estimating the range and Doppler cone
angle at the center of the SAL and the optimal SAT.

This paper consists of the following sections. The range and
Doppler cone angle estimation method is discussed in Section
IL. In Section III, we analyze and compare the SAT derived by
using the initial range and Doppler cone angle (original SAT)
and the SAT derived using the estimated range and Doppler
cone angle (proposed SAT) with resolutions of 0.1 m,0.3 m, 0.5 m,
1.0 m, and 3.0 m. Additionally, we simulate the impulse response
function (IRF) of a point target to explain the proposed method
and review the results. Section IV provides a brief conclusion to

the overall study.

II. ESTIMATION METHOD OF THE RANGE AND DOPPLER
CONE ANGLE AT THE CENTER OF THE SAL

1. 84AR Geometry
Fig. 1 illustrates the SAR geometry. When the platform moves
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Fig. 1. SAR geometry.
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through the flight path to synthesize the image with the target
cross-range resolution, SAT is analyzed as follows [17]:

ARK,
SAT = W’ (1)
where A is the wavelength, R is the distance between the plat-
form and the ground target, K, is the generalized mainlobe-
broadening factor introduced by aperture weighting, v is plat-
form velocity, p, is the cross-range resolution, and 6 is the
Doppler cone angle between the platform’s velocity vector and
the radar’s line of sight to the ground target. In Fig. 1, the SAL
is the aperture length used to synthesize the signal and is deter-

mined by the following equation:
SAL = SAT X v, )

where SAT is the synthetic aperture time and @ is the platform
velocity.

2. Estimation Method

Fig. 2 depicts the flow diagram for estimating the range (R.)
and Doppler cone angle (6,) at the center of the SAL. The ini-
tial slant range (R;), initial angle between the platform velocity
vector and the line of sight to the ground target (6;) in Fig. 1,
wavelength (), platform velocity (v), and cross-range resolution
(pas) at the starting point of the SAL were used to determine
SATs and SALs. From the acquired SALs, we determined the
slant range at the center of the SAL (R,), slant range at the end
of the SAL (R,), and angle (6,.), as depicted in Fig. 1.
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Fig. 2. Flow diagram to explain the estimation method of the range
(R.) and the Doppler cone angle (6,.) at the center of the SAL.
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Rn) = (R + (Melyz _ gp (M) goq(,), 3)

R.(n) = JRSZ + (SALg(n))? — 2R, (SALg(n))cos(6y), (4

2 (SALs(M)y2_ 2
6.(n) = cos-1 ((Rc(n)) +(CA M2 (R, (n)) )

©)

Rc(n)SAL(n)

where 7 is the number of trials. By calculating R.(n) and
6.(n), we can confirm the nth cross-range resolution (pg.(n))
at the center of the SAL from the following:

ARc(n)Ka
20SAT(n)sin(8.(n))’ ©

Pac(n) =

where A is the wavelength, v is platform velocity, and SAT(n)
is the n® synthetic aperture time. The computed cross-range
resolution (pg. (1)) was then compared to the target cross-range
resolution (pg). As stated in Eq. (7), 7 is increased by 1 and the
cross-range resolution at the starting point of the SAL is modi-
fied if the two values do not match:

pas(n) = pq + na, @

where p, is the target cross-range resolution, 7 is the number
of trials and a natural number, and a is a value greater than O
and considerably less than 1.

We then repeatedly calculated SATs(n), SALs(n), R.(n),
R.(n), 6.(n), and p,s.(n) using the previously determined
cross-range resolution (pgs), R, 65 in Fig. 1, A, and . If the
value of pg.(n) is equal to the value of pg, then R.(n) and
0.(n) are the final estimated range and Doppler cone angle at
the center of the SAL, respectively. At this time, the last SAT
that satisfies the target cross-range resolution at the center of

the SAL is SAT,(n).

ITI. RESULTS AND DISCUSSION

1. SAT Analysis Results

SAT analysis is performed to compare the SAT by initial
range and Doppler cone angle at the starting point of the SAL
and SAT by the estimated range and Doppler cone angle at the
center of the SAL. SAT by initial range and Doppler cone an-
gle is referred to as the original SAT, and SAT by estimated
range and Doppler cone angle is referred to as the proposed
SAT in this chapter, for convenience.

Table 1 illustrates the prerequisites for SAT analysis. The
cross-range resolutions of the target are 0.1, 0.3, 0.5, 1.0, and
3.0 m. The height of the platform is 10 km, and its velocity is
100 m/s. The initial slant range (R;) is 80 km. The frequency
utilized is in the X-band range. Fig. 3 depicts an analysis of the
results of the original and proposed SATs at a resolution of 0.1—
3.0m. K, is assumed to be a Taylor aperture weighting (—35 dB,
nbar = 5) for assessing the SAT.

Table 1. Preconditions for SAT analysis

Parameter Value
Target cross-range resolution, p. (m) 0.1,0.3,0.5,1.0,3.0
Platform height, / (km) 10
Platform velocity, v (m/s) 100
Range at the starting point, R, (km) 80
Azimuth angle, 0. (*) 40
Frequency X-band
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Fig. 3. Analysis results of original and proposed SAT.

The original SAT was calculated to be 219.22, 73.07, 43.84,
21.92, and 7.31 seconds for the resolutions of 0.1, 0.3, 0.5, 1.0,
and 3.0 m, respectively. The proposed SAT values are 183.83,
68.46, 42.12, 21.48, and 7.26 seconds for the resolutions of 0.1,
0.3, 0.5, 1.0, and 3.0 m, respectively. Based on these results, we
could confirm that the proposed SAT was 0.69%—-16.14% less
than the original SAT. Additionally, we found that the pro-
posed SAT decreased at a higher rate than the original SAT as

the resolution enhanced.

2. Simulation Results

We performed an IRF simulation for a point target on the
ground to clarify the estimation method. The geometry of the
point target is depicted in Fig. 1. We used the polar format al-
gorithm (PFA) for the image formation of the point target. The
PFA is the most suitable imaging algorithm for high-resolution
squinted spotlight SAR [22].

Fig. 4 illustrates the flow diagram for simulating a point tar-
get on the ground. The blue box in Fig. 4 depicts the PFA. The
prerequisites for IRF simulation are summarized in Table 2.
The pulse numbers of the waveform are derived from the origi-
nal and proposed SATs, respectively, in Table 2.

Figs. 5 and 6 depict the IRF results simulated from the wave-
form derived by the original and proposed SATs, respectively.
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Table 2. Preconditions for impulse response function simulation

Value

Requirement
Resolution (m)
Patch (m?)

Geometry
Height (km)
Platform velocity (m/s)
Slant range (km)
Azimuth angle (°)

Waveform
Bandwidth (MHz)
PRF (Hz)

Pulse width (ps)

0.1,0.3,05,1.0,3.0

1,781, 593, 356, 178, 59

50%50

10
100
80
40

900
100

Original SAT (s) 219.22,73.07, 43.84, 21.92, 7.31

v

Windowing

v

Image formation

Fig. 4. Flow diagram to simulate a point target on the ground.

Proposed SAT (s)
ADC bandwidth (MHz)
Amplitude weighting
Frequency
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Fig. 5. IRF results simulated from the waveform derived using the original SAT for target cross-range resolutions of (a) 0.1 m, (b) 0.3 m, (c) 0.5 m,
(d) 1.0 m, and (e) 3.0 m.
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Fig. 6. IRF results simulated from the waveform derived using the proposed SAT for target cross-range resolutions of (a) 0.1 m, (b) 0.3 m, (c) 0.5 m,

(d) 1.0 m, and (e) 3.0 m.

Based on these simulation results, we could confirm that although
the proposed SAT was 0.69%-16.14% less than the original
SAT, the cross-range resolutions of the images formatted by the
proposed SAT were 0.10, 0.30, 0.49, 0.99, and 2.99 m, which
satisfied the target cross-range resolutions of 0.1, 0.3, 0.5, 1.0,
and 3.0 m.

3. Discussion

This paper proposed a method to estimate the slant range
and Doppler cone angle at the center of the SAL to determine
an accurate SAT that is suitable for the resolution of an assigned
mission. To verify the proposed estimation method, we ana-
lyzed the SAT in a cross-range resolution of 0.1-3.0 m and
performed an IRF simulation of a point target using the original
SAT and proposed SAT.

From this, we established that although the proposed SAT, at
0.69%-16.14%, was less than the original SAT, the cross-range
resolution of the formatted image matched the desired cross-range
resolution of 0.1-3.0 m. Flight time can be reduced by utilizing
the proposed estimation method during an actual mission.

However, additional time is required for performing the it-
erative method. We confirmed that about 0.08 seconds is addi-
tionally required for cross-range resolution of 0.1 m and a of
0.00001 under the conditions outlined in Table 2 (MATLAB
tool). The estimation time of 0.08 seconds can be regarded as
insignificant compared with the original and proposed SAT

times of 219.22 and 183.83 seconds, respectively, for a cross-
range resolution of 0.1 m. However, as the value of « increases,
the estimation time increases; thus, it is necessary to select an
appropriate a. In this study, the value was selected as 0.00001.

IV. CONCLUSION

We presented a method of analysis for optimal SAT by esti-
mating the range and Doppler cone angle at the center of the
SAL. To verify the estimation method, we analyzed the SAT in
cross-range resolutions of 0.1, 0.3, 0.5, 1.0, and 3.0 m and per-
formed IRF simulations of the point target using both the orig-
inal and proposed SATs. The SAT analysis revealed that the
proposed SAT decreased by 0.69%-16.14%, compared to the
original SAT, for a target cross-range resolution of 0.1-3.0 m.
We confirmed that although the proposed SAT was 0.69%—
16.14% less than the original SAT, the cross-range resolution of
the image formatted by the proposed SAT matched the target
cross-range resolution of 0.1-3.0 m.

The proposed range and Doppler cone angle estimation
method in this paper has applications in determining the optimal
flight time for SAR images with target cross-range resolution.

This work was supported by the Agency for Defense
Development by the Korean Government.
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