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Abstract: The synthetic aperture radar (SAR) mounted on unmanned aerial vehicles (UAVs) can
efficiently and rapidly acquire high-resolution geographic remote sensing data. However, the
limited payload capacity and power consumption of UAVs present a challenge for the application
of traditional SAR real-time imaging processing platforms based on DSP or GPU. In this paper, a
real-time processor that utilizes the Xilinx Zynq Ultrascale+ZU9EG MPSoC is proposed and
successfully applied to a W-band Mini-SAR system. Several essential technologies, including SAR
data preprocessing, high-energy-efficient real-time processing, and lightweight motion
compensation, are utilized to develop the real-time processing Mini-SAR for use in small UAVs.
The total weight of the entire system is only 724 grams, and its power consumption is 38.3 watts.
During the UAYV flight test, the system is capable of producing SAR images with a resolution of 0.1
meters at a size of 4K x 4K in just 4.5 seconds. The discrepancy between the imaging results and the
ground post-processing is less than 10-.

Keywords: Mini-SAR; Real-Time Processing; Zyng; Data Preprocessing; UAV

1. Introduction

In recent years, advancements in UAV technology have led to the extensive utilization of various
remote sensing payloads, including optical cameras, infrared sensors, and LiDAR systems, mounted
on UAVs. They have played a significant role in environmental protection, agriculture, forestry,
geological disaster monitoring, and other related fields.[1-5].

Synthetic Aperture Radar (SAR) employs microwaves for imaging detection and remains
unaffected by clouds, fog, nighttime, and other low-light conditions. Simultaneously, it synthesizes
the smaller real antenna aperture into a larger one by employing data processing techniques that take
into account the relative movement of the radar and the target. SAR has an efficient antenna aperture
that allows it to achieve high resolution. Because of this, SAR can be utilized on spaceborne, airborne,
and UAV platforms. With the rapid development of small multi-rotor UAVs, restrictions on payload
volume, weight, and power consumption have become increasingly stringent. This presents
challenges for traditional SAR equipment in adapting to these changes. On the other hand, to
accommodate the flexibility of UAVs, SAR needs to have real-time processing and imaging
capabilities. However, SAR is a type of radar that necessitates extensive data processing. Its real-time
processing encounters challenges in both algorithm design and resource consumption.

In response to research on the miniaturization of UAV-borne SAR, a series of micro-SAR
products have been developed in recent years. Various types of products, ranging from kilograms to
hundreds of grams, are suitable for fixed-wing UAVs, multi-rotor UAVs, unmanned helicopters, and
other platforms [6-10]. In particular, a W-Band 3-D Integrated Mini-SAR, which was also the
preliminary research result of our team in 2021, had a total volume of 67x60x50 mm? and weighed
400 g. The system achieved a maximum resolution of 4.5 cm and was successfully captured using a
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DJI six-rotor drone [11]. However, this product is limited to gathering and storing raw data. The data
must be exported on the ground after the flight is completed and subsequently undergo additional
image processing. This process is time-consuming and impairs the maneuverability and flexibility of
the UAV.

In the context of SAR real-time processing, various platforms utilizing different hardware
architectures, such as FPGA, DSP, and GPU have been proposed in recent years to support a range
of algorithms and application scenarios. The real-time imaging processing flow is implemented on
the Virtex-7 FPGA using the chirp scaling (CS) algorithm. It takes 85.9 seconds to process an image
with dimensions of 65,536 x 65,536 [12]. By simplifying the algorithm based on range-Doppler
processing, the researchers utilized a 1 GHz clock DSP to process a 4kx4k size image for frequency-
modulated continuous wave (FMCW) SAR, which took 2.78 seconds [13]. A real-time SAR processor
has been developed using two FPGAs and six DSPs, which achieves a processing time of less than
500 milliseconds for a 1kx1k image utilizing the Range-Doppler Algorithm (RDA) [14]. Based on a
similar FPGA and DSP parallel processing architecture, the CS algorithm is employed to process GF-
3 SAR data, taking 24 seconds to generate a 16kx16k image [15]. A distributed SAR real-time imaging
processing system has been developed using multiple embedded GPUs to process SAR images with
a data size of 8kx8k on a single Jetson Nano platform. The system’s processing time is 5.86 seconds,
and its actual power consumption is less than 5 watts [16]. The research findings indicate that there
is currently no real-time SAR imaging system available for practical use in UAVs. The advantage of
DSP lies in its optimization for handling digital signals, along with its powerful mathematical
operations and data processing capabilities. However, the instruction set of DSP is relatively
straightforward, offering limited programming flexibility. In situations involving high main
frequency and significant computational load, the power consumption of the DSP tends to be
relatively high. On the other hand, GPUs possess the advantage of parallel computing capabilities
and high throughput, rendering them well-suited for processing large-scale data-parallel tasks.
However, GPU memory resources are limited, and the overhead associated with management and
scheduling is substantial. The advantages of FPGAs lie in their programmability, flexibility, and low
latency. It is suitable for applications that have high real-time requirements. However, its
development is challenging and necessitates proficiency in hardware description language
programming.

Real-time imaging of SAR on micro UAVs presents several challenges. Firstly, the size, power
consumption, and volume of the SAR payload must be significantly reduced. This necessitates
heightened demands for system architecture, module development, and integrated assembly.
Secondly, when resources are limited, real-time processing must consider the trade-off between data
volume, processing speed, and processing efficiency. Developing this technology is challenging due
to requirements such as processing accuracy and power consumption. At the same time, due to the
challenges associated with equipping UAVs with high-precision inertial navigation systems, it is
essential to utilize small, low-precision inertial navigation equipment for real-time calculation and
compensation of motion errors.

This article offers a comprehensive introduction to a W-band real-time imaging Mini-SAR
system, specifically designed for mounting on a UAV platform to facilitate flexible and rapid ground
imaging. The primary objective is to redesign the system architecture for the W-band Mini-SAR,
taking into account the requirements for real-time processing. Additionally, the radar unit requires
an upgrade to facilitate data preprocessing and storage, thereby alleviating the burden of real-time
processing. At the same time, the wavenumber domain algorithm (w-k algorithm) has been
optimized for real-time processing, allowing for high-speed performance on the Xilinx Zynq
Ultrascale+ZU9EG MPSoC (Multiprocessor System-on-Chip). Finally, high-precision positional
information is obtained using real-time kinematic (RTK) technology in conjunction with a
Continuous Operational Reference System (CORS). Additionally, real-time high-precision motion
compensation is achieved through SAR carried by a multi-rotor UAV.

The article is organized as follows: Chapter 2 primarily introduces the system architecture and
performance indicators of the real-time imaging Mini-SAR system, while Chapter 3 emphasizes key
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technologies. First, the method for implementing data preprocessing on the radar unit is presented.
Secondly, the algorithm optimization and hardware acceleration techniques for real-time processing
are introduced. Next, we introduce a real-time motion compensation method for RTK integrated
navigation that is based on a wireless mobile base station. Chapter 4 primarily presents the results of
system integration and experimental verification, comparing them to existing real-time processing
SAR systems.

2. System Design
2.1. System Architecture for Real-Time Imaging Mini-SAR System

This paper proposes a lightweight, real-time processing Mini-SAR system, as illustrated in
Figure 1. The system primarily consists of an integrated SAR radar unit, a real-time processor, a POS
(Position and Orientation System) computing system (PCS) module, an RTK module, and an RF
wireless module, along with supporting Inertial Measuring Unit (IMU), battery, and other ancillary
equipment. The radar unit is responsible for transmitting, receiving, and preprocessing W-band radar
signals. The real-time processor further processes and images the signals. The PCS module generates
integrated navigation data in real-time by utilizing information from the IMU and RTK modules,
subsequently providing it to the real-time processor. The RTK module delivers real-time, high-
precision differential positioning information.

Corollary Equipment
Batt 4G GNSS Inertial Measurement
attery || Antenna || Antenna Unit (IMU)
|
) 4 —
Radar Unit Processing Unit
v v
Transceiver Antenna Real-time Kinematic POS Computing
RF Channel (RTK) System(PCS)
LFM Source IF Channel
ADC and Preprocessing . Real-time Processor RF Wireless Module
Ethernet 'y

é SAR Images
Ground Host

Figure 1. Schematic representation of the real-time imaging Mini-SAR system.

The radar unit has been optimized and enhanced based on our team’s prior work with the W-
Band 3-D Integrated Mini-SAR (Mini-SAR) [11]. The Mini-SAR is a radar system that utilizes a single
transmitter and receiver, operating on the Frequency Modulated Continuous Wave (FMCW)
principle. The system comprises chirp signal generation based on PLL (Phase-Locked Loop)
technology, a W-band transceiver channel, a high-isolation dielectric slot radiation antenna, an
intermediate frequency receiving module, a digital acquisition and storage module, and a GNSS
(Global Navigation Satellite System) receiver. The Mini-SAR is responsible for W-band signal
generation, radiation, reception amplification, acquisition, and storage. Through high-density three-
dimensional integration, the system has successfully reduced both its volume and weight. At the
same time, to alleviate the burden of processed data, we have enhanced the capabilities of the radar
unit’s FPGA. It now performs both radar control and preprocessing functions, rather than solely
control functions. Through preprocessing functions, the data rate of the FMCW radar system is
reduced by intercepting and extracting raw data.

The processing unit consists of a real-time processor, a PCS module, an RTK module, and an RF
wireless module. These components collaborate to process radar data efficiently, facilitating rapid
imaging and downloading. At the same time, integrated navigation data is generated using the
acquired position and attitude information to apply motion compensation to SAR images.
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The real-time processor performs SAR imaging processing on the preprocessed radar data and
integrated navigation data. It also compresses the images and transmits them to the ground station
via the RF wireless module.

The PCS module is primarily developed using DSP technology. The system utilizes attitude data
from the airborne Position and Orientation System (POS) and position information from Real-Time
Kinematic (RTK) technology to acquire real-time, precise motion status of the radar within the
geographical coordinate system. This encompasses position, speed, and attitude, providing
integrated navigation for SAR imaging. The data supports the real-time processor in executing
motion compensation.

The RTK module utilizes the network differential RTK mode to obtain differential information
via a wireless communication network and GNSS receiver for accurate positioning applications. The
nominal positional accuracy level is approximately 2 centimeters, while the elevation accuracy is 5
centimeters.

Radar data is transmitted over Ethernet. Among them, the data transmission between the radar
unit and the real-time processor utilizes a Gigabit network. The real-time processor and the RF
wireless module, which are connected to the ground host computer, are linked via a 100-megabit
network. This connection is primarily utilized for transmitting SAR images and for controlling the
system.

2.2. System Performance Indicators

Table 1 presents the primary performance indicators of the real-time imaging Mini-SAR system,
including center frequency, maximum bandwidth, beam width, range, resolution, real-time
processing image size, processing delay, image quality comparison error, volume, weight, and power
consumption.

Table 1. Main performance indicators of the real-time imaging Mini-SAR system..

Parameter Value
Center frequency 94 GHz
Maximum bandwidth 4 GHz
Beamwidth 12° % 3°
Action distance 600 m
Resolution <0.05 m
Real-time imaging size 4k x 4k
Processing delay 45s
Real-time imaging error <10+
Volume 67 x 60 x 50 mm?3 (Radar Unit)
Weight 724 g
Power consumption 38.3 watts

In reference [11], the radar unit and imaging parameters of the Mini SAR have been designed
and tested. This includes the operating frequency band, operating range, resolution, and other
specifications, all of which have remained unchanged. This article primarily focuses on the research
design and experimental validation of data processing and real-time imaging following digital
acquisition.

3. Key Technologies

3.1. Data Preprocessing Algorithm

Although the FMCW SAR system has reduced the sampling rate requirements through the
process of dechirping, the actual data rate remains relatively high. The Mini-SAR described in this
paper operates at a sampling frequency of 50 MHz and has a raw data rate of 800 Mbps, which places
significant demands on lightweight real-time processing. Therefore, it is essential to preprocess the
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raw data. In the design of preprocessing algorithms, two primary considerations were emphasized.
Firstly, the algorithm must efficiently compress SAR echo data to meet the requirements of RF
wireless module transmission, while minimizing the loss of SAR echo image features to ensure high
imaging quality. Secondly, the processing algorithm is designed to be concise, minimizing complex
calculations to facilitate implementation on basic hardware configurations.

The methods and steps for data preprocessing and compression are based on the team’s previous
research in this field [17]. By utilizing SAR’s established operating frequency band, beamwidth,
sampling rate, motion speed, and other parameters, along with the compressed image size
requirements, the raw data undergoes operations such as extraction, interception, and data reduction.
Through actual flight test data, this method achieved a nearly 20-fold reduction in data rate without
compromising image quality, effectively alleviating the burden of subsequent real-time image
processing.

3.2. Real-Time Processing Algorithms and Hardware Acceleration

3.2.1. Principles and Structural Analysis of the w-k Algorithm

The imaging geometry of the UAV SAR is illustrated in Figure 2, where 7, is the minimum slant
range, r is the distance from the antenna phase center (APC) to the scene center, a is the view angle,
054 is the squint angle, and 6,,,.is the beamwidth. Considering a target located at P(r,x,), we can
derive its instantaneous range R(t) as follows:

R(t) = \/(r - cos qu)z + (r-sinfs, + xo — vt)z ey

where x, represents the ground distance from the target to the scene center and v is the forwarding
velocity of the UAV.

The UAV SAR continuously transmits a linear frequency-modulated signal and receives the
returned signal in dechirp mode. The transmitted signal can be expressed as:

s¢(t) = exp[jm(kt? + 2f,t)] ()

where k represents the chirp rate, f, represents the central frequency of the transmitted chirp
signal, and t represents the time. For simplicity, the amplitude is disregarded.. After dechirp
reception of the transmitted signal, the dechirped signal from a point target P can be represented as:

sif(t) = exp(j2nf.t + j2mktt — jmkT?) 3)
where T = 2r/c represents the time delay of the target signal, and c is the speed of light. The final

term is the Residual Video Phase (RVP) from the dechirp operation, which can be eliminated by
multiplying by an RVP coefficient. After removing the RVP, the signal changes to:

sip(t) = exp(j2nf.T + j2mktt) (4)

2nfy

Define K, = 4n(f. + kt,)/C as the range wavenumber, K, = as the azimuth wavenumber, and

X = vt as the azimuth position. Then the Equation (4) takes the following form in the wavenumber
domain:

s(Ky, X) = exp[—jK-R(t)] (5)

By performing the azimuth Fast Fourier Transform (FFT) and applying the principle of stationary
phase (POSP), the signal in the range-azimuth two-dimensional wavenumber domain is obtained:

S(K., K,) = f exp (—jKr (\/(rcos@sq)z + (x +vt, — rsin@sq)z) —ijX> dX ©)

= exp [—j (\/Kr2 — K#cosb,, + szinesq) r +ijvtr]
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The last term denotes the Doppler frequency shift induced by inner-pulse moving, which can be
eliminated by multiplying a coefficient: Hgop,(K,) = —jK,vt,.. After compensating for the Doppler
frequency shift, the signal can be expressed as follows:

S1(Ky, Ky) = exp [~ (VKZ = KZcosbyg + Kysinbyg ) 7] 7)

Taking the distance from APC to the scene center as the reference distance, 7;.r, and the reference
function can be constructed as:

Hyep (Kr Ky) = exp (] K7 — K,?COSHSq ’ rref) (8)

Hyep(Kr, K,) is multiplied by S, (K, K,) to accomplish residual range migration correction (RCM)
and azimuth compression, in order to obtain focused signals at the reference distance within the 2D
frequency domain, as shown in Equation (12).

AP (Kr' Kx) =5 (Kr' Kx) X Href (Kr' Kx)

=exp [—j K? — KZ cos Osq (1 — Tyep) — jK, sin B4 r] ©)

For cells located within other ranges, Stolt interpolation is applied to Equation (9) to achieve fully
focused processing, as shown below:

Sy (Kx, Ky) = exp[—ij sinBsq T — jK,, cos gy (r — rref)] (10)
where K, = K2 —K,* represents the vertical component of K, in the wavenumber domain. After

applying the 2-D inverse FFT to Equation (10), the fully focused SAR image in the time domain is
produced. The w-k algorithm flowchart for real-time processing is depicted in Figure 3.

Figure 2. Geometric model of UAV SAR data acquisition.
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Figure 3. The w-k Algorithm Flow for real-time processing.

3.2.2. SAR Real-Time Processing on MPSoC

The real-time processing of UAV-SAR is implemented on the Xilinx Zynq Ultrascale+ZU9EG
MPSoC. Asillustrated in the architecture depicted in Figure 6, the MPSoC mainly consists of an ARM
processing system (PS) and programmable logic (PL). The PS consists of four Cortex-A53 cores
operating at speeds of up to 1.5 GHz and two real-time Cortex-R5 cores functioning at speeds of up
to 600 MHz. This configuration is especially well-suited for high-accuracy, complex tasks. The PS
supports general peripheral connectivity, including UART, SPI, and I2C, through the Multiplexed
Input/Output (MIO) interface. The high-speed serial interface is facilitated by the Serial Input/Output
Unit (SIOU) block, which supports various interface protocols, including PCle, USB 3.0, DisplayPort,
SATA, and Ethernet. The PL mainly consists of logic resources, such as a FPGA which is more suitable
for high-speed, repetitive tasks. The integration of PS and PL can fully leverage the benefits of high
precision, flexible adaptability, and configurability for complex tasks provided by the PS, along with
high throughput and parallel processing capabilities offered by customized hardware in the PL. The
PS and PL are interconnected by multiple groups of interconnects that comply with the Advanced
eXtensible Interface (AXI) specification outlined in the ARM Advanced Microcontroller Bus
Architecture (AMBA) standard. The AXI interactions between the PS and PL support the AXI4, AXI4-
Lite, and AXI4-Stream protocols, with a maximum bit width of 128 bits and a maximum line rate of
250 MHz. This configuration provides a transmission bandwidth of more than 3.2GB/s in total.

1) Algorithm Partitioning. To efficiently implement the w-k algorithm illustrated in Figure 4, it
is essential to partition the algorithm into components that are favorable for hardware and software.
Computations that involve low density but complex decision-making are better suited for execution
on the PS without requiring specialized hardware design. Conversely, computations characterized
by high computational density, which are amenable to parallelization, greatly benefit from the
implementation of hardware acceleration.
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Figure 4. Overview of the Zynq Device Architectures [18].

Figure 5 illustrates the partitioning strategy of the w-k algorithm on the MPSoC. To account for
the non-uniform linear motion of the flight platform, a motion compensation module has been
integrated into the processing workflow. The entire calculation process is divided into modules
according to their mathematical operation types and functionalities. Low-density, high-complexity
computations namely small batch computing, such as workflow control, motion parameter
calculation, vector generation for complex multiplications, interpolation kernel generation, raw data
and GPS data reception, and imaging result output, are assigned to the PS end to fully leverage its
flexibility and reduce debugging time. Meanwhile, operations with high computational density
namely large batch computing, such as large-scale complex multiplication, interpolation, FFT/IFFT,
corner-turning, etc., are designed into hardware accelerators in the PL to achieve pipelined parallel
computing.
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Figure 5. Partitioning strategy of the w-k algorithm onto the MPSoC.

2) Algorithm Implementation on MPSoC. According to the algorithm partitioning strategy
outlined above, a real-time processing implementation of the Mini-SAR based on MPSoC is proposed,
as illustrated in Figure 6. The PS side operates in a bare-metal environment and utilizes the
Asymmetric Multiprocessing (AMP) approach to facilitate multi-core operation. Each core is
equipped with dedicated memory, while shared memory is utilized for inter-core communication.
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Figure 6. Implementation of real-time processing on MPSoC.

In our design, the Cortex-A53 core 0 is designated as the primary core responsible for system
initialization and workflow management. The main core is equipped with two Gigabit Ethernet
interfaces and one UART interface. One Ethernet port is designated for receiving raw data, while
another port is utilized for outputting imaging results. The Universal Asynchronous Receiver-
Transmitter (UART) is utilized for receiving GNSS data. The Cortex-A53 core 1 and Cortex-A53 core
2 are configured as the slave cores. Core 1 manages small batch computing and initiates DMA
transfers, while Core 2 is responsible for DMA reception.

On the PL side, the algorithm’s large batch computing units, such as FFT, complex multiplication,
Stolt interpolation, and corner-turning, are designed as hardware accelerators. The accelerators
utilize a fully pipelined design that is parameterized, configurable, and capable of supporting single-
precision floating-point operations. During real-time processing, the raw data and intermediate
results are stored in the DRAM on the PS side. To configure and invoke the accelerators, one master
port and two slave ports are selected. Additionally, two sets of AXI-DMA, along with several MUX
modules, are initialized to facilitate data exchange between the PS and PL. Corel in the PS is
responsible for controlling the reading and writing of registers in the MUX and accelerators through
AXI-Lite via the master port. It facilitates the switching and selection of DMA data paths, along with
the configuration of parameters for the accelerators. Two slave ports are utilized for transmitting and
receiving parameter vectors, kernel vectors, and imaging data. When transferring data to the target
accelerators, the two sets of AXI-DMA operate in simple mode and Scatter/Gather (SG) mode,
respectively. They utilize the AXI4-Stream interface, which allows burst transfers of unlimited size.
The SG mode is specifically designed for corner-turning, as it supports the efficient transfer of 2-D
memory access patterns using an AXI4-Stream channel. In addition, a standard RAM block is
designed to cache parameters and kernel vectors, and it is shared among the accelerators to improve
the utilization of on-chip RAM resources. A First-In-First-Out (FIFO) buffer is implemented on both
the sending and receiving paths of the AXI4-Stream to enable high-speed data caching and protocol
transformation.

In the implementation design, the accelerators function as callable entities within the PS. The
algorithm flow within the PL, as illustrated in Figure 8, demonstrates that the FFT/IFFT, complex
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multiplication, interpolation, and corner-turning operations are executed 25 times out of a total of 28
during the entire process. These operations account for nearly 90% of the processing time for PL.
Thus, the design of these key accelerators is illustrated below:

a) FFT/IFFT Accelerator. The algorithm requires five FFT calculations and four IFFT calculations,
all of which can be performed using a single accelerator. In this design, the FFT/IFFT accelerator is
implemented using the IP core from Xilinx, which leverages its runtime reconfigurability for both
forward and inverse FFTs, supporting transform lengths of up to 65,536 points. The FFT IP core is
configured to operate in block floating point mode with adaptive scaling, managed by the PS through
AXI-Lite. It has a default transform length of 4,096 points, supporting both FFT and IFFT. To achieve
faster computing speeds and higher throughput, a pipelined computing architecture is utilized. This
structure entails the continuous transmission of raw data through the data input port and the
reception of calculated results at the data output port. The schematic diagram of the FFT/IFFT
accelerator is as depicted in Figure 7. Due to the requirement of the AXI-Stream protocol for data
flow in the input and output ports of the FFT IP, protocol conversion wrappers implemented with
AXI4-Stream Data FIFO IP are added at the input and output of the FFT IP to convert protocols
between Native and AXI-Stream.

AXI{Lite

Registors

s_axis_config

Native ) Stream
Native To AXI-Stream s_axis_data m_axis_data| AXJ-Stream To Native
Stream Native

FFT/IFFT

Figure 7. Schematic diagram of the FFT/IFFT accelerator.

b) Complex Multiplication Accelerator. The algorithm involves a total of nine complex
multiplication calculations. This includes two-window complex multiplications in the motion
compensation step and seven complex multiplications in other steps. The schematic diagram of the
complex multiplication accelerator is illustrated in Figure 10. For the two-window complex
multiplications, the parameter vector is calculated by the PS and transmitted to the common RAM
block. The original data and windowed parameters are continuously read at the PL end to facilitate
pipelined windowed complex multiplication calculation. For the remaining seven complex
multiplications, they can be uniformly represented as:

exp(j X temp) X data_orig (11)

Where j is the imaginary unit, temp represents a coefficient to be solved, and data_orig represents
the original data or intermediate data during processing. In these complex multiplications, only the
process of generating the temp values differs, while all other calculations remain unchanged.
Therefore, the architecture of the complex multiplication accelerator is designed as depicted in Figure
8, with exp(j x temp) and complex multiplication (referred to as CommonMUL module) as reusable
computing resources, and the seven temp generation modules as independent computing resources,
achieving efficient utilization of computing resources.
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Figure 8. Schematic diagram of the complex multiplication accelerator.

When executing each of the seven calculations, the temp generation module continuously reads
the parameter vectors from the shared RAM block and performs pipeline calculations with a total of
4kx4k points. It transmits the temp value through MUX in order to calculate the value of the
trigonometric function and store it in the synchronous FIFO. Furthermore, the values in the FIFO and
the data in the DMA_TX_FIFO are read simultaneously and passed to the CommonMUL module to
complete the corresponding complex multiplication operation in the algorithm process.

c) Stolt Interpolation Accelerator. The interpolation is implemented using a sinc interpolation
kernel that utilizes a sinc function with 16,384 x 8 points in single-precision floating-point format. The
sine interpolation kernel is precalculated on the PS side, and a Kaiser window is applied to mitigate
the ringing phenomenon caused by the Gibbs effect. The kernel is then transmitted to the shared
RAM block through DMA. On the PL side, the sine interpolation coefficients are determined by
referencing a table. This interpolation method eliminates the need to calculate the sinc function,
Kaiser window, and normalization factor for each interpolation point, thereby significantly reducing
the consumption of hardware computing resources. The structural diagram of the interpolation
module is presented in Figure 9. To facilitate pipeline computing, the raw data from the
DMA_RX_FIFO is stored in the data_orig RAM frame by frame using a ping-pong method.. After
the complete frame data has been cached, the interpolation calculation for the current frame is
activated. The StoltInt module continuously transfers the addresses of the parameter vector to the
common RAM block to retrieve the necessary parameter vectors for calculations. By continuously
generating the original point coordinates and the row addresses of the sinc interpolation kernel using
the parameter vectors, the system transfers the original point addresses to origRAM to obtain
continuous 8-point raw data. Simultaneously, it transfers the row addresses of the sinc interpolation
kernel to the common RAM block to acquire continuous 8-point sinc interpolation coefficients. Finally,
the 8-point raw data and the 8-point sinc interpolation coefficients are multiplied and summed to
produce the interpolation results.
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Figure 9. Schematic diagram of the Stolt Interpolation accelerator.

d) Corner-Turning Accelerator. The corner-turning accelerator primarily utilizes the AXI-DMA
operating in scatter-gather (SG) mode, which enables efficient 2-D memory access and a SRAM block.
In the design, the 4kx4k data matrix, with its initial address, is divided into 4,096 smaller matrices,
each containing 64x64 points. Each small matrix is written into the cache SRAM row by row and read
out column by column using logical control in the PL. After the iteration, the entire process results in
a 4k x 4k matrix corner-turning.

3.3. Lightweight and High-Precision Real-Time Motion Compensation System

Due to their lightweight design, multi-rotor UAVs are particularly vulnerable to interference
from variations in airflow. This can lead to fluctuations in position and attitude, as well as variations
in speed, which may affect the quality of SAR imaging. The integrated navigation of IMU and GNSS
for motion compensation in SAR imaging is currently a widely adopted method. However, GNSS
single-point positioning typically exhibits considerable error, usually at the meter level. In contrast,
differential positioning necessitates the establishment of ground-based reference stations and the
real-time upload of data, which is limited by constraints related to timeliness and coverage.

We aimed to transition from the traditional “mobile station on board + fixed stations on the
ground” mode to a more efficient differential positioning mode based on RTK module. This was
accomplished using the DOVE-E4Plus network differential RTK module, produced by Qianxun
Spatial Intelligence Inc. The RTK module acquires differential observation data through a 4G mobile
network and subsequently transmits it to the GNSS board via a serial port. The board processes the
RTK positioning data by utilizing the differential observation data received from the CORS and
subsequently transmits the processed information. The system processes relevant data using the
NMEA-0183 protocol. As a result, centimeter-level, high-precision location information can be
obtained in real time within a wireless communication environment, eliminating the need to establish
additional base stations.

The DSP-based PCS module generates integrated navigation data in real time. First, the attitude
calculation is performed using the angular velocity data provided by the IMU. The specific force
measured by the accelerometer is then converted into acceleration within the navigation coordinate
system. An integral operation is performed to calculate the system’s speed of motion, followed by
another integral operation on the system’s velocity to determine its movement within the navigation
coordinate system. The position within the navigation coordinate system. When the GNSS output is
detected, the speed and position information obtained from the strap-down inertial navigation
solution are subtracted from the data provided by the GNSS. This difference serves as the observation
value for Kalman filtering. The estimated system error includes positional error, velocity error,
attitude error, and sensor error. Error correction is applied to each module of the strap-down inertial
navigation system to compensate for these errors, suppress error accumulation, and produce high-
precision integrated navigation data. This process effectively mitigates errors in strap-down inertial


https://doi.org/10.20944/preprints202411.0271.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 November 2024 d0i:10.20944/preprints202411.0271.v1

13

navigation systems. The entire procedure for generating integrated navigation data is illustrated in
Figure 10.

RTK information flow
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Figure 10. Integrated navigation data generation process based on 4G network RTK.

Considering the extremely short wavelength of W-band SAR and its narrow beam, any jitter in
the UAV platform may result in the beam to deviate from the designated coverage area.
Consequently, even if there is an error in the measurement of inertial navigation data, compensating
for the loss of energy exposure will be challenging. Therefore, it is advisable to position the radar and
IMU within the gimbal to ensure a stable illumination angle.

4. Results

A complete set of W-band real-time imaging Mini-SAR has been developed, as illustrated in
Figure 11. Its size, weight, and power consumption (SWaP) are detailed in Table 2. The total weight
of the SAR radar unit, real-time processor, PCS, and RTK is 724 grams, with a power consumption of
38.3 watts. Although GNSS/4G antennas, IMU, and cables will still contribute some weight, they can
be integrated with UAVs in the future without necessitating additional resources.


https://doi.org/10.20944/preprints202411.0271.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 November 2024 d0i:10.20944/preprints202411.0271.v1

14

System
cable

IMU RTK

SAR Radar

GNSS
antenna

Real-time
processer and 4G antenna
PCS module

Figure 11. W-band real-time imaging Mini-SAR system.

Table 2. The SWaP of the real-time imaging Mini-SAR system.

P
Module/Unit Size Weight/g ou./er
consumption/watts
SAR radar 67x60x50 mm? 400 24
Real-time processor 60x60x18 mm? 110 10
PCS 67x60x14.6 mm3 120 2.5
RTK 92x54x26.5 mm3 94 1.8
IMU 90 mm (©)=90 mm 955 5.6
H)
CNSSantenna o0 MM (P)x41.5 mm 195 /
(H)
4G antenna 27.5 mm (P)x55.6 mm 18 /
H)
Cables / 280 /

The real-time processing Mini-SAR system has been successfully integrated into a six-rotor
UAV. The radar unit and IMU were mounted on a one-dimensional gimbal to facilitate range-
direction compensation. The real-time processor, PCS, and RTK module have been installed in the
integrated enclosure. The UAV is equipped with a GNSS antenna and a 4G antenna mounted on its
top. The radar is powered by the battery of the UAV. The assembly of the devices on the UAV is
illustrated in Figure 12.
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Figure 12. The assembly structure of the real-time imaging Mini-SAR on the UAV.

Subsequently, a SAR flight test was conducted. During the flight, the SAR’s downward viewing
angle was set to 30°, the flight speed was 5 m/s, and the altitude was 110 m. The chirp signal was set
to a center frequency of 94 GHz, a bandwidth of 4 GHz, and a pulse width of 1000 s, resulting in a
PRF of 1 kHz. The radar operates using a strip imaging model, with an imaging width of
approximately 116 m. The radar data is processed in real time by the onboard processor and
converted into JPEG images, which are then transmitted to the ground host via the RF wireless
module. At the same time, radar data and integrated navigation data will be stored in the SAR unit.
When the UAV lands, its data can be transferred via Ethernet for post-processing and compared with
real-time processed images.

The real-time SAR imaging results are presented in Figure 13(a). The imaging area measures
approximately 450 meters by 116 meters, and four consecutive real-time images were selected for
stitching. Some typical terrain features, such as storage tanks, houses, trees, and railway tracks, are
visible. A comparison with the satellite optical image from Google Maps is presented in Figure 13(b).
It can be observed that the SAR image generally aligns with the optical image in terms of overall
shape; however, it differs in specific details.
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Figure 13. Comparison between real-time image and optical image. (a) The real-time SAR image. (b)
The optical image of the satellite.

In another experiment, real-time image processing on the UAV was compared with ground-
based post-processing of images. The real-time processing utilized preprocessed echo data and
navigation data generated by onboard RTK, while the ground post-processing utilized the original
radar echo data and the differential navigation data from ground base stations, along with the same
IMU data. The results of the processing are illustrated in Figure 14. Post-processed images surpass
real-time processed images in terms of detailed texture and edge brightness, owing to variations in
data integrity and RTK results. However, there is no significant difference in typical targets, such as
houses and vehicles.

Figure 14. Comparison between real-time image and ground-based post-processing of image..

To evaluate the real-time imaging capability, the hardware utilization and execution time are
analyzed first. A performance evaluation method is proposed, and the corresponding evaluation
results are compared with those of other designs.

The hardware utilization of the MPSoC is presented in Table 3. In total, the hardware design
requires 56.2% of the Look-Up Tables (LUTs) and 42.1% of the Block RAM. From the table, it is
evident that the majority of the LUTs are utilized for multiplication and interpolation, while most of
the Block RAM is allocated for corner-turning and common Block RAM functions. It is noteworthy
that the single FFT module requires over 8,000 LUTs and is reused nine times. It is a similar case with
the corner-turning and Common Block RAM modules. The design and reuse of the FFT module and
the Common BlockRAM significantly reduce the overall resource requirements, making the
implementation feasible and keeping resource utilization within a reasonable range. Moreover, 36.8%
of the available digital signal processing (DSP) slices are used for the efficient implementation of
algorithmic functions, such as multiplication and interpolation.
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Table 3. Resource utilization of the real time processing.

Module LUT Block RAM DSP
FFT/IFFT 8011 53 60
Corner Turning 197 120 0
Complex Multiplication 56572 1 477
Interpolation 68052 42 373
Common Block RAM 794 144 0
Fix to Float Conversion 744 4 0
Quantl.flcatlon &. 1361 1 8
Float to Fix conversion
JPEG Compression 4941 8.5 9
AXIDMA 3987 8.5 0
FIFO 258 2 0
Other 9024 0 0
Total 153941 384 927
Available 274080 912 2520
Utilization 56.2% 42.1% 36.8%

The execution time of the algorithm is presented in Table 4. The size of the echo data is 128 MB
(4096 x 4096 x 8 B) after preprocessing, with both the pulse length and pulse number set to 4096. For
each acceleration process, data is read from the PS DDR to the accelerator and then written back to
the PS DDR via AXI DMA. The AXI DMA clock frequency is set to 200 MHz, and the line width is
128. The bandwidth between the PS DDR and the accelerators is 3.2 GB/s, and the theoretical
processing time for each accelerator is 80 ms (calculated as 256 MB divided by 3.2 GB/s). In our
experiment, the PRF is 2.5 KHz, thus the azimuth accumulation time for raw data is 6.55s. From Table
4, the practical processing time for a single FFT/IFFT, complex multiplication, and interpolation is
approximately 84 ms, which closely aligns with the theoretical value. The total imaging time for each
frame is approximately 4.39 seconds, which is shorter than the accumulation time. In addition, the
processing accuracy is within 3.22 x 10~ when compared to the reference results obtained from the
Visual Studio platform on an Intel CPU, which falls within the tolerable range [19]. This indicates
that our design efficiently achieves real-time imaging for UAV SAR with a power consumption of
only 10.8 watts.

Table 4. Execution time for real-time processing of 4K x 4K echo data.

Steps Modules Time
Data Reception LwlIP 865.92 ms
Fix to Float Conversion x1 83.91 ms
FFT/IFFT %9 755.37 ms
Complex Multiplication x9 755.19 ms
Interpolation x2 167.99 ms
Real-Time Imaging Corner Turning x5 563.94 ms

Quantification and Float-to-Fix

Conversion x1 83.91 ms

JPEG x1 83.92 ms
PS Control. Small Batch Computing 1005.32 ms

Image Output LwIP 21.82 ms
Total 2 times LwIP, 28 times acc. 4387.29 ms

To demonstrate the real-time imaging capabilities of Mini-SAR, a comparison was conducted
with publicly available SAR real-time processing equipment, as illustrated in Table 5. The
performance-to-power ratio is utilized to compare real-time processing methods across different
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hardware configurations, algorithms, and data sizes. It thoroughly examines the factors of image size,
processing speed, and power consumption. The formula is as follows:

performance

performance — to — power ratio = -
power consumption

data size/time (12)
= — X 100%
power consumption
Due to the typically large data size, it is normalized to megabits (Mb).
image size
data size = ————— 13
1024 x 1024 (13)
Table 5. Comparison of SAR real-time processing capabilities with previous research.
Time Power Performance
Ref. Processor  Algorithm Image Size Consumptio Consumptio -to-Power Verification
n/s n/ watts Ratio / %
FPGA
[12] (XC7VX690T) CSA 65536 x 65536 85.9 38.5 1.24 Image
[20] FPGA+ASIC CSA 16384 x 16384 12 21 1.02 Image
Real-Time
Unified
4-chip DSP
[21] chipDSP p ising  8192x128 0,031 46 0.70 Image
(C6678) .
Algorithm
(RT-UFA)
2 FPGAs+
[14] 6 DSPs RDA +PGA 1024 x 1024 0.462 48 0.05 Image
GPU
[22] (Jetson TX2) CSA 16384 x 8192 12.66 15 0.67 Image
GPU
[16] (Jetson CSA 8192 x 8192 5.86 5 0.55 Image
Nano)
Xilinx Zynq
. Ultrascale+Z .
This work U9EG w-k 4096 x 4096 4.5 10 0.35 Flight Test
MPSoC

As evident from the comparison, the SAR real-time processor discussed in this article has
undergone extensive optimization regarding its processing platform, algorithms, and other aspects
to better suit its application in UAVs. Although the overall energy efficiency of the processing is not
particularly high, it is the only processor that has undergone actual flight test verification through
the integration of the SAR radar system. Simultaneously, real-time processing will not exceed the
time required to capture an image of a scene, enabling continuous rolling imaging.

115. Conclusions

This article presents a real-time processing Mini-SAR system specifically designed for
deployment on small and medium-sized UAVs. The real-time processing Mini-SAR system
comprises several key components, including the SAR radar unit, real-time processing unit, PCS, and
RTK. The total weight is only 724 grams, and the power consumption is 38.3 watts. The radar was
mounted on a multi-rotor UAV and successfully completed flight test verification. The test results
indicated that this SAR achieved high-resolution imaging with a precision better than 0.1 meters and
could complete real-time processing of 4k x 4k images within 4.5 seconds. The processing effect is
comparable to suppressing post-processing on-site. Simultaneously, a range of essential technologies
is employed in the design and implementation of SAR real-time imaging processing systems. These
technologies include data preprocessing, customized algorithms, real-time imaging algorithms


https://doi.org/10.20944/preprints202411.0271.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 November 2024 d0i:10.20944/preprints202411.0271.v1

19

optimized for high energy efficiency, and lightweight, high-precision real-time motion compensation
techniques.

While the real-time processing Mini-SAR system provides significant advantages in real-time
imaging capabilities under resource-constrained conditions compared to existing literature, there
remains potential for improvement in SAR radar performance, system integration, and high-
resolution imaging algorithms. Firstly, the W-band SAR is limited at the device level, presenting
opportunities for enhancements in power, noise, and other performance metrics. The integration of
multifunctional on-chip components can minimize losses and enhance performance. Secondly,
currently, the capabilities and integration of processing chips restrict the management of
preprocessing, real-time processing, and integrated navigation generation, which are handled by
three separate processors. In the future, high-efficiency ASIC chips will be employed to integrate
processing, control, and various other functions into a single unit. Currently, the imaging algorithm
relies solely on the fundamental w-k algorithm to ensure efficiency. The quality of the image
primarily depends on radar performance, flight attitude, and the accuracy of integrated navigation.
In the future, advanced algorithms, such as autofocus, will be implemented to further enhance
imaging performance.
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