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Abstract. Synthetic Aperture Radar (SAR) originated from military needs during the Second World
War. Today, this technology has become an important tool for Earth observation in many fields,
including environmental monitoring, military reconnaissance, resource exploration, disaster
monitoring, agricultural applications, marine research, and urban management. This article will
elaborate on the basic principles of SAR, including its range and azimuth resolution, as well as the
relevant techniques for carrier flight. At the same time, the progress of SAR technology in multiple
research directions will be discussed, especially its application in earthquake disaster monitoring
and rescue, geological exploration and resource exploration, agricultural monitoring and crop growth
assessment, marine monitoring and environmental protection, urban planning, and land use, etc.
Finally, the paper will also look forward to the future development of SAR technology and highlight
its potential to advance geoscience research and practical applications.
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1. Introduction

Synthetic Aperture Radar (SAR) is an advanced radar imaging technology. Synthetic aperture radar
systems originated in the military field during World War 1, when they are originally used to track
aircraft and fleets in extremely harsh weather such as fog and night. Then, in 1951, researchers
discovered that by processing the Doppler frequency shift, it is possible to improve the resolution of
the vertical direction of the beam, so that radar could be used to obtain a two-dimensional image of
the earth's surface, a technique known as synthetic aperture radar. Early SAR technology is developed
primarily on airborne platforms until 1978, when the United States National Aeronautics and Space
Administration (NASA) SEASAT satellite is launched, officially demonstrating the ability of SAR
to observe the Earth from space.

SAR technology is a professional field that deeply integrates theory and practice. Its complexity is
reflected in the precise construction of radar systems and the huge knowledge system, which requires
learners to be able to cross the boundaries of mathematics, physics, signal processing, and other
disciplines to achieve comprehensive application of knowledge. As a cutting-edge representative of
current radar technology, SAR technology not only shows a high degree of technological
advancement but also is known for its rapid update and iteration. This further raises the technical
threshold and requires practitioners or researchers to maintain continuous learning and keep up with
the pace of technological developments [1, 2].

SAR technology uses a small antenna to move along the trajectory of a long linear array at constant
velocity radiate coherent signals, and coherently process the echoes received at different positions to
obtain high-resolution imaging radar. By taking advantage of the relative motion of the radar and the
target, synthetic aperture radar can synthesize a smaller real antenna aperture into a larger equivalent
antenna aperture by data processing, thereby improving the imaging resolution [3, 4].

High-resolution topographic information is useful in many geophysical applications, such as geology,
topography, hydrology, and glacial studies. Studies show that these topographic maps require a
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horizontal resolution of about a few meters and a vertical height resolution of about a few meters. It
is difficult to meet this requirement with traditional drawing techniques. Therefore, 3D imaging
technology that can obtain high-resolution topographic information becomes a hot topic in the field
of microwave remote sensing in recent years. One of the most discussed is the so-called in SAR
technology, which combines SAR with microwave interferometer technology [5].

SAR has unique advantages in a variety of fields due to its high resolution, all-weather operation,
effective identification of camouflage and penetrating cover, and its ability to penetrate clouds and
surfaces to obtain hidden surface information regardless of light and weather conditions. Aperture
synthetic radar imaging technology is now widely used in environmental monitoring, military
reconnaissance, resource surveys, disaster monitoring, agricultural applications, marine research, and
urban management. Since the launch of the SEASAT satellite, SAR technology has developed rapidly.
Each country has established its own SAR development plan, and various new types of SAR are
emerged. China keeps up with the pace of the world and continues to promote innovation and
breakthroughs in SAR technology. In recent years, China has not only made remarkable achievements
in SAR system hardware, but also carried out in-depth research in algorithm research, image
processing, and application fields. Chinese researchers successfully developed a series of efficient
and accurate SAR imaging algorithms. According to the characteristics of SAR images, a series of
advanced image processing technologies are developed. On August 21, 2023, the China National
Space Administration (CNSA) announced that the world's first high-orbit synthetic aperture radar
satellite, the Land Exploration No. 4-01 satellite, has successfully entered working orbit and carried
out in-orbit tests [6].

This paper analyzes the basic principles, key technical parameters, and applications of SAR in
multiple fields through technical analysis and case studies. The purpose of this study is to demonstrate
the importance of SAR technology in Earth observation and to look forward to its future development
trends and application potential.

2. SAR Principle

2.1. Fundamentals of SAR

SAR is an advanced active radar system that is based on the combination of movement and signal
processing techniques from radar platforms such as satellites, aircraft, or drones to achieve high-
resolution imaging. The SAR system continuously transmits high-frequency pulse signals to the
target area, and these signals are reflected when they encounter ground objects, forming scattered
echoes. The SAR system receives and records these echo signals and, as the platform moves, receives
multiple echoes of the same target in different positions. Due to the movement of the platform, each
received echo signal has different phase information. The SAR system uses these multiple echo
signals to superimpose them through phase correction, filtering, and other signal processing methods
to form a radar image equivalent to a long virtual aperture. This virtual aperture far exceeds the
physical size of the actual radar antenna, resulting in high resolution in azimuth. At the same time,
SAR can also obtain high resolution in the distance upward by transmitting chirp signals and using
pulse compression technology. Eventually, based on these processed echo signals, SAR generates
high-resolution radar images.

2.2. Distance and Azimuth Resolution

The range resolution and azimuth resolution of SAR are affected by the bandwidth of the transmitted
signal and the length of the synthetic aperture, respectively. In the range dimension, SAR uses a
chirped signal combined with pulse compression technology, which significantly improves the
resolution in the range direction. The bandwidth of radar signals can be subdivided into three types:
narrowband (NB), wideband (WB), and ultra-wideband (UWB) according to their relative width.
With the expansion of signal bandwidth, the range resolution of SAR systems can be refined, and the
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imaging quality is also improved, so ultra-wideband technology has become the key means to enhance
the range resolution of SAR.

In SAR applications, the L, C, and X-bands are favored for their ability to penetrate vegetation and
ground cover, which is determined by the wavelength of the electromagnetic wave and its interaction
with the electromagnetic properties of the target substance. Of particular note is the advantage of
shorter wavelengths in improving range-to-range resolution.

The definition of UWB varies for different bands: in the P and L bands, low-frequency UWB is
defined as having a relative bandwidth of more than 0.2 and achieving a range resolution of less than
2 times the wavelength, while in other bands, UWB is defined according to a standard with an
absolute bandwidth greater than 500 MHz and expects to achieve a range resolution of better than 0.3
meters. These specifications ensure that the SAR system can provide high-precision image data in
different application scenarios [7].

2.3. Aircraft Carriers

During the smooth flight of the carrier aircraft, the SAR continuously transmits pulse signals at a
constant pulse repetition rate, assuming that the carrier aircraft moves in a straight line at a uniform
speed, which ensures that the echo signals are received from the target area at equal intervals in time.
According to the delay difference of each echo, the SAR system allocates these signals to different
range units (i.e., distance gates) for storage, and constructs a huge two-dimensional data matrix with
the continuous emission of pulses and the continuous accumulation of echoes, which contains the
specific distance and azimuth information of the target.

At the heart of SAR imaging is the finely matched filtering, also known as pulse compression, of this
large matrix of two-dimensional echo data. In the distance dimension, the high resolution in the fast
time dimension is achieved by designing a pulse signal with high time-bandwidth product
characteristics and applying pulse compression technology. In the azimuth dimension, the signal
broadening caused by the Doppler effect is used to perform pulse compression in the slow time
dimension to enhance the azimuth resolution. This process effectively resolves the specific position
of the target at each point from the complex echo signal, and then reconstructs the fine scattering
characteristic image of the target scene to achieve high-quality SAR imaging [8-10].

3. Research Interests

The research directions of aperture synthetic radar imaging mainly include achieving high-resolution
imaging, providing all-weather and all-weather working ability, realizing three-dimensional surface
imaging and elevation measurement, monitoring surface deformation and crustal movement,
processing multi-polarization information, and selecting appropriate radar frequency bands. The aim
is to improve the performance and application range of SAR and provide high-quality data support
for various fields.

High-resolution imaging: It can help to more accurately identify ground targets, terrain landforms,
etc., and then provide important support for military reconnaissance, environmental monitoring, and
other fields. By using pulse compression, Doppler shift correction, and multi-echo superposition, the
range resolution and imaging quality of SAR can be further improved.

All-weather, all-day working capability: SAR is not affected by clouds, atmospheric humidity, light
conditions, and other factors, and can work in various weather conditions, with all-weather, all-day
working ability. This gives SAR unique advantages in remote sensing observation, disaster
monitoring, and other fields, and can obtain ground information under adverse weather conditions.

3D surface imaging and elevation measurement: Through the interferometric technology of SAR and
multi-angle observation, 3D surface imaging and elevation measurement can be realized. This is of
great significance in the fields of topographic mapping and urban planning and can provide rich three-
dimensional spatial information.
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Surface deformation and crustal motion monitoring: Interferometric Synthetic Aperture Radar
(INSAR) technology can be used to extract information such as surface deformation and crustal
motion. This has important application value in the fields of geological disaster early warning and
earthquake monitoring.

Multi-polarization information processing: SAR can receive and record echo signals in different
polarization directions at the same time, and the polarization information on the surface of ground
objects can be obtained by analyzing and using the echo characteristics of different polarization
directions. This provides a deeper understanding of the scattering mechanism of the surface of the
clutter, the structure of the target, and the classification of the clutter.

Radar frequency band selection and application: SAR can use different radar frequency bands,
including X-band, C-band, L-band, S-band, etc. Different radar frequency bands have different
adaptability and performance for different application scenarios. Selecting the right radar frequency
band can help improve the imaging effect and adaptability of SAR to meet the needs of various
application scenarios.

4. Application and Technology Development Trend of High-Resolution Imaging

4.1. Practical Applications
4.1.1. Earthquake Disaster Monitoring and Rescue.

On February 4, 2018, a magnitude 6.4 earthquake struck Hualien County, Taiwan, China. To detect
the earthquake disaster for the first time, the satellite tracking and control center is urgently used to
adjust the observation angle of the satellite and carry out spaceborne sliding beam high-resolution
SAR imaging in the Hualien area. These imaging results provide first-hand images for the earthquake
relief work in Hualien County, which helps assess the disaster situation, plan rescue routes, and
deploy rescue forces. The ability of SAR to work around the clock has played a huge role in
emergency rescue and other situations. Its high-resolution imaging can clearly show the topography
and damage to buildings in the affected area, providing an important basis for rescue decisions.

4.1.2. Geological Exploration and Resource Exploration.

In the field of geological exploration, SAR technology can be used to detect underground mineral
deposits, oil and gas reserves, and geological formations. Through SAR imaging, the distribution,
thickness, morphology, and other information of underground rock strata can be obtained, which
provides data support for the exploration and development of mineral resources. The penetration and
high-resolution imaging capabilities of SAR make it widely used in the field of geological exploration.
Through SAR imaging, we can understand the underground geological structure more accurately, and
improve the efficiency and accuracy of exploration. SAR technology is not only applied to the Earth
but is also widely used in planetary geological exploration. For example, the Magellan spacecraft
used SAR technology to obtain high-quality images of the surface of Venus, revealing geological
features such as volcanic flows, impact craters, and volcanic layers on the surface of Venus.

4.1.3. Agricultural Monitoring and Crop Growth Assessment.

In agriculture, SAR can be used to monitor the growth of crops, soil moisture, and other parameters.
Through SAR imaging, the changes in the reflective characteristics of crops at different growth stages
can be obtained, and then the growth status and yield potential of crops can be evaluated. The high-
resolution imaging of SAR can clearly show the growth of crops, which provides an important basis
for agricultural production and crop management. At the same time, the permeability of SAR can also
help evaluate key parameters such as soil moisture, providing data support for precision agriculture.
Rice is one of the most important food crops, and timely, accurate, and dynamic rice growth
monitoring and yield estimation are of great significance to ensure food security and promote
sustainable agricultural development. SAR satellite data such as Radarsat-2 are used, combined with
ground measurement data. By analyzing the relationship between the backscatter coefficient and rice
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biomass in SAR images, parameters such as rice biomass and plant height can be inverted. In the
Donggiao study area of Suzhou, China, the above method is used to monitor the growth and yield
estimation of rice, and the error between the final yield and the measured value in the simulated study
area is small, and it is concluded that SAR plays an important role in the monitoring and estimation
of crops.

4.1.4. Marine Monitoring and Environmental Protection.

In the field of marine monitoring, SAR can be used to monitor waves, currents, marine pollution, etc.
on the ocean surface. Through SAR imaging, large-scale and high-precision ocean surface
information can be obtained, which provides an important basis for marine environmental protection
and disaster early warning. The wide area coverage and high-resolution imaging capabilities of SAR
make it an important tool for ocean monitoring. Through SAR imaging, disaster events such as marine
pollution and tsunamis can be detected in time, providing strong support for environmental protection
and disaster response. For example, on 26 October 1995, SIR-C/X-SAR is used to detect the
distribution of oil slicks in the Arabian Sea in the western part of Maimai, India. In the image, the
dark markings represent oil oozing from the well (white spots). Whether it is a natural release or an
oil slick caused by man-made extraction, the sea surface will be smoothed, making the radar echo
signal extremely weak. This technology helps scientists and environmental authorities quickly locate
the area contaminated by the oil slick, assess the extent of the contamination, and take appropriate
clean-up measures. SAR acquires surface images by emitting microwave pulses and receiving their
echoes. The oil slick changes the roughness of the sea surface, which affects the strength and
characteristics of the radar echo. By analyzing these echo signals, it is possible to identify the location
and distribution of oil slicks on the sea surface.

4.1.5. Urban Planning and Land Use.

In the field of urban planning, SAR can be used to monitor information such as the distribution, height,
and shape of urban buildings. Through SAR imaging, detailed three-dimensional information of the
city can be obtained, which provides an important reference for urban planning and architectural
design. The high-resolution imaging of SAR can clearly show the detailed features of urban buildings
and provide accurate data support for urban planning. At the same time, SAR can also monitor urban
land use and provide a basis for urban management and decision-making. For example, SAR
technology also plays an important role in monitoring urban sprawl and land-use change. By regularly
acquiring SAR satellite images, we can compare and analyze the changes in land use status in
different periods, such as urban expansion, cultivated land reduction, and forest land changes. This
information helps the urban planning department to understand the land use dynamics promptly and
formulate scientific and reasonable land use policies. SAR technology can capture changes in the type
of land cover, such as the increase in buildings, the decrease in vegetation, etc. These changes are
shown on the SAR image as changes in the backscatter coefficient. By comparing and analyzing SAR
images in different periods, the information of land use change can be extracted and the land use
change map can be generated.

4.2. Technology Trends

The resolution of SAR technology continues to improve, and airborne SAR systems can already
provide ultra-high resolution of better than 0.1 meters, while terahertz SAR can even provide sub-
millimeter resolution in the laboratory. This provides more granular data support for a wide range of
applications.

SAR systems are developing in the direction of multi-band and multi-polarization to meet the needs
of different application scenarios. Multi-band imaging can provide surface information in different
frequency bands, while multi-polarization imaging can improve target detection and identification
capabilities.
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With the improvement of computing power and the optimization of algorithms, SAR systems are
gradually realizing real-time data processing on board. This can greatly improve the efficiency and
utilization of data transmission and reduce the burden on the ground processing system.

SAR satellites are developing in the direction of lightweight and miniaturization to reduce costs and
improve deployment flexibility. The emergence of micro-small SAR satellites has made the
application of SAR technology more extensive.

The distributed multi-static SAR system can achieve high-resolution and ultra-wide-format imaging,
three-dimensional imaging, and other functions. In the future, the world is expected to realize a
distributed multi-base SAR system with "one satellite transmitting and multiple satellite receiving”,
which will further improve the application capability of SAR technology.

With the continuous development of artificial intelligence technology, SAR systems are gradually
becoming intelligent. By introducing algorithms such as deep learning, SAR systems can
automatically identify and classify targets, improving the efficiency and accuracy of data processing.

5. Conclusion

As an advanced radar imaging technology, SAR has shown its unique advantages and wide
application prospects in many fields. SAR technology transmits signals and processes echoes from a
mobile platform to achieve high-resolution imaging, which significantly improves the ability to obtain
terrain, geology, and other information. This article provides an in-depth discussion of the basic
principles, application fields, and future development directions of SAR technology.

The basic principle of SAR technology is to use the movement of radar platforms (such as satellites,
aircraft, or drones) combined with signal processing techniques to achieve high-resolution imaging.
The SAR system transmits high-frequency pulse signals to the target area, receives and records the
reflected echoes of these signals, and superimposes them through signal processing methods such as
phase correction and filtering to form a radar image equivalent to a long virtual aperture. This virtual
aperture far exceeds the physical size of the actual radar antenna, resulting in high resolution in
azimuth.

SAR technology has a wide range of applications in many fields. For example, in earthquake disaster
monitoring and rescue, SAR technology can provide first-hand images to help assess the disaster
situation and plan rescue routes. In geological exploration and resource exploration, SAR technology
can detect underground mineral deposits, oil and gas reserves, and geological structures, and provide
data support. In agricultural monitoring and crop growth assessment, SAR technology can monitor
the growth status and soil moisture of crops, providing an important basis for agricultural production
and crop management. In marine monitoring and environmental protection, SAR technology can
monitor waves, currents, and marine pollution on the ocean surface, providing an important basis for
marine environmental protection and disaster early warning. In urban planning and land use, SAR
technology can monitor the distribution, height, shape, and other information of urban buildings, and
provide accurate data support for urban planning.

The future development of SAR technology presents a multifaceted trend. The technical resolution is
constantly improving, and airborne SAR systems can already provide ultra-high resolution of over
0.1 meters. SAR systems are developing in the direction of multi-band and multi-polarization to meet
the needs of different application scenarios. With the improvement of computing power and the
optimization of algorithms, SAR systems are gradually realizing real-time data processing on board.
SAR satellites are developing in the direction of lightweight and miniaturization to reduce costs and
improve deployment flexibility. The distributed multi-static SAR system can achieve high-resolution
and ultra-wide-format imaging, three-dimensional imaging, and other functions. With the continuous
development of artificial intelligence technology, SAR systems are gradually becoming intelligent,
and by introducing algorithms such as deep learning, SAR systems can automatically identify and
classify targets, improving the efficiency and accuracy of data processing.
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In summary, SAR technology not only plays an important role in the current geoscience research and
practical application but its future development potential and application prospects are also worth
looking forward to. With technology's continuous progress and innovation, SAR technology will play
a greater role in more fields and provide stronger support for the development of human society.
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