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Abstract - This paper proposes a technique for synthesizing 

multiple point target scatterer Synthetic Aperture Radar (SAR) 

echoes in real-time. Traditional approaches require high 

computation resources to calculate the complex SAR echoes due 

to its complex mathematical model. The proposed technique 

employs the low computation Direct Digital Synthesis (DDS) 

approach to generate these complex sinusoid echoes. The 

proposed Synthetic Aperture Radar Echoes Synthesizer (SAR-

ES) is capable of synthesizing SAR echoes accurately in real-

time and was built in a Field Programmable Gate Array 

(FPGA) platform. The system can be used as a testbed to 

validate and evaluate the performance of a real-time SAR 

processing algorithms/system prior to the actual flight mission. 

This could help in reducing the frequency of flight trials and to 

reduce the SAR system development risk especially for satellite-

borne SAR system.  

Keywords— Synthetic Aperture Radar (SAR) echoes, Direct 

Digital Synthesis (DDS), Field programmable gate array (FPGA) 

 

I. INTRODUCTION 

Radar is a common tool used in many applications such 

as imaging for earth monitoring application, missile guidance 

in military application, and remote sensing for environmental 

and weather forecast applications [1, 2]. Synthetic Aperture 

Radar (SAR) is an active sensor that has its own source of 

illumination and can operate during day or nighttime, 

illuminate with variable look angle and cover wide area  [3]. 

The source of a SAR system is a unique signal generated by 

the transmitter; radiated through the air in the form of 

electromagnetic wave pulses by the transmitting antenna; 

reflected by a target and received by the receiving antenna; 

and finally received by the receiver. The received signal is 

digitized by the data recorder and stored for further 

processing. Fig. 1 shows the block diagram of a typical SAR 

system.  

Conventional radar systems digitize the echoes, record 

and store them in a digital storage media [4]. The data is then 

retrieved and processed “off-line” for SAR image formation 

using dedicated signal processing algorithms such as Range 

Doppler algorithm, Omega-K algorithm, and Chirp Scaling 

algorithm [5]. However, a modern radar system, with the 

present of massive on-board processing hardware resources, 

can process the collected data in real-time during the flight 

mission. Most seen computing platform used is either digital 

signal processors (DSP) or field programmable gate array 

(FPGA) [6, 7], or both [8]. DSP exhibits the advantages in 

simplicity of usage while FPGA has clear superiority ability 

in parallel processing. 

 

Fig. 1. Block diagram of a Synthetic Aperture Radar system. 

Usually, several flight missions are needed to evaluate the 

effectiveness of a real-time SAR processor. The high running 

costs and potential risks of a flight mission, with aircraft 

carrying expensive radar sensor, add difficulties to verify a 
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real-time SAR signal processor, especially for space-borne 

SAR system. Therefore, in order to evaluate the performance 

of a SAR signal processor or images formation chain, 

generation of echoed SAR signals is essential. The traditional 

approach of SAR signal simulation using computer is useful 

for SAR system design, analysis, and algorithm 

development. However, computer-based simulation is not 

capable of evaluating the performance of an actual SAR 

signal processor that runs in real-time.  

Radar echo simulator plays an important role in the 

design and development of a real-time SAR signal processor. 

This is a hardware simulator platform having the ability to 

provide real-time SAR echoed signal for verifying and 

analyzing the effectiveness of real-time SAR signal processor 

and real-time SAR signal processing algorithm. It can greatly 

minimize the cost of flying test for air-borne SAR [9] system, 

ISAR [10] or space-borne radar system. Some examples of 

radar simulator can be found in technical literature papers as 

described in [8, 11 − 14]. 

A practical SAR signal generator should be able to 

synthesize radar raw signals in real-time and can be 

seamlessly integrated with the onboard radar subsystems to 

form a complete SAR signal-processing unit. It can be used 

to evaluate and test the functionality of the entire SAR system 

prior to the actual launching, as well as during the flight 

mission as part of the system verification processes. In this 

paper, a method of synthesizing SAR echoed signal using 

Direct Digital Synthesis (DDS) technique is proposed. As 

compared to the conventional waveform generation 

techniques (analog, Phase-Locked Loop, arbitrary waveform 

generation), DDS technique offers several advantages such 

as, superior frequency tuning digitally, high waveform 

reconfiguration flexibility, fast tuning response time, and low 

computation power requirements [15]. Due to the simplicity 

of DDS approach in generating complex sinusoid signal 

(DDS requires only an accumulator and phase-to-amplitude 

mapping), the proposed method does not require high 

computation power. The proposed system is an extension to 

the existing SAR system developed by Multimedia 

University Malaysia [16] and does not require hardware level 

modification for implementation. In-lab testing shows that 

the signal generator is capable of synthesizing point target 

SAR echoed signal accurately, in real-time. 

II. SYNTHETIC APERTURE RADAR SIGNALS 

A SAR system uses Linear Frequency Modulated (LFM) 

pulse, or commonly known as “Chirp” pulse [17], as the 

unique signal identity during signal recognition. The 

baseband chirp signal can be expressed as, 
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T = the chirp pulse width 

An example of a chirp signal with bandwidth of 80 MHz 

and pulse width of 10s plotted in time- and frequency-

domain is shown in Fig. 2(a) and Fig. 2(b), respectively.  

  
 (a) (b) 

Fig. 2. Baseband chirp signal in (a) Time domain. (b) Frequency domain. 

Usually, the baseband chirp signal is up-converted to 

carrier band prior to actual transmission. The up-converted 

baseband chirp signal to the carrier frequency, fc, can be 

expressed as, 
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III. THE SYNTHETIC APERTURE RADAR ECHOES 

 
(a) 

 

 
(b) 

Fig. 3. Basic principles of Synthetic Aperture Radar. 

SAR uses the forward motion of its platform to synthesize 

an extremely large synthetic antenna. Fig. 3 depicts the basic 
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operating principles of a SAR system. While the sensor is 

moving in the slow time domain, u, at each Pulse Repetition 

Interval (PRI) interval, a pulse will be transmitted in the fast 

time domain, t. A portion of the transmitted pulses will be 

reflected by the target (also known as delayed replica of the 

transmitted chirp), collected by the receiver, and finally 

recorded by the SAR sensor. The sensor will then accumulate 

an array of the delayed transmitted chirp replica and store 

them in digital storage for further processing. Using special 

signal processing algorithm, high-resolution remote sensing 

imagery could be generated. 

The delayed chirp replica from a single point target can 

be modeled from the baseband chirp equation (Eq. (2)). Since 

the replica is a delayed version of its transmitted chirp pulse, 

hence, the fast time in the chirp replica, td, is then,  

 td = t -t                                    (3) 

where is the round-trip time delay of the target, R is 

the range of the target, and c is speed of light.  

Substituting Eq. (3) into Eq. (2), the chirp echoed signal 

reflected by a single target could be formulated as, 
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Down-converting the echoed chirp pulse to baseband, and 

mixing it with the carrier, gives, 
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Hence, the instantaneous phase, (t), of the baseband 

echoed chirp pulse can be de-composed into, 

 

(6)

 

The equation above shows that the instantaneous phase of 

the baseband echoed chirp signal reflected by a single target 

is a composition of 3 components: i) the baseband transmitted 

signal, ii) a frequency shift component, and, iii) a phase shift 

component. As compared to the instantaneous phase of the 

transmitted signal, two additional components were induced 

in the instantaneous phase of the baseband echoed signal, as 

the result of round-trip electromagnetic wave propagation of 

the transmitting SAR signal.  

If there are n numbers of target within the illumination 

area of the sensor, the echoed signal will then become the 

summation of each individual echoed pulses. 

Mathematically, it can be represented as, 
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Considering the slow-time domain, u, into Eq. (7), which 

models the changes of the target’s range as the platform 

moves, 
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As a summary, the baseband echoed SAR signal is 

synthesizable by adding three additional components into the 

transmitting SAR signal, which are: i) a frequency shift 

component, ii) a phase shift component, and iii) a time shift 

component. These additional components can be related to 

the distance from the antenna to the target, R, as shown in Eq. 

(8). 

IV. SAR ECHOES GENERATION USING DIRECT DIGITAL 

SYNTHESIS (DDS) TECHNIQUE 

Direct Digital Synthesis is a method of producing an 

analog waveform, usually a sinusoid, by generating a time-

varying signal in digital form and then performing a digital-

to-analog conversion. Recently, DDS has been widely used 

in radar waveform synthesis due to its flexibility in radar 

waveform re-configuration without the needs of hardware re-

configuration. Detailed operating principle of a DDS 

waveform generator for SAR system can be found in [6, 17]. 

Basically, DDS is based upon the phase-frequency 

relationship in a sinusoidal signal [18]. A complete sine-wave 

oscillation can be visualized as a rotating vector that rotates 

around a phase circle from 0 to 360. When the rotating 

vector is rotating at constant speed, sine-wave linear phase 

information is produced. Since the output frequency is a 

function of the number of steps to complete a wheel cycle, 

the number of discrete phase points contained in the wheel 

(the length of the phase accumulator) is determined by the 

resolution, a modulus 2n, of the phase accumulator.  

The phase accumulator increments its stored number each 

time it receives a clock pulse. The magnitude of the 

increment is determined by a digital tuning word, M. The 

tuning word forms the phase step size between reference 

clock updates. The relationship of the phase accumulator and 
tuning word forms the DDS equation, which gives the output 

frequency [17],  

 𝑓𝑜𝑢𝑡 =
𝑀×𝑓𝑐

2𝑛
 (9) 

where fc is the internal clock frequency for the DDS core, 2n 

is the size of the accumulator.  

A chirp could be generated using a DDS core. First, the 

windowing function can be implemented by time gating the 

digital output of the DDS core with a pulse-gating signal. 

Then the instantaneous frequency of the radar waveforms can 

be altered by changing the DDS core tuning word, M, at every 

t =
2R

c
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elapsed clock tick. For chirp signal generation, the 

instantaneous tuning word, Mi, can be derived from baseband 

chirp equation (Eq. (1)) as, 

 

  (10)

  
It is shown in Eqs. (5) and (6) that the echoed chirp signal 

is composed of an original transmitted signal, a frequency 

shift component, a phase shift component, and a time shift 

component. For SAR echoes synthesis, the DDS core is 

modified to receive the additional inputs, rather than just the 

tuning word, Mi. A modified DDS core for a single target is 

shown in Fig. 4 where the core accepts all configuration data. 

The configuration data are the baseband chirp tuning word, 

Mb_i, the frequency shift word, Mf_i, the phase shift word, 

Mp_i, and the time shift word, Mt_i. The above-mentioned data 

can be generated from the following equations, 
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Using the proposed DDS core, by calculating the 

configuration data at every clock tick, the echoed signal for a 

single target is synthesizable, in real-time. For the formation 

of multiple targets SAR echoed signal, the echoed signal for 

each of the target will be summed prior to the conversion to 

analog representation. A dedicated single target DDS core 

will synthesize the echoed signal for each of the target.  
 

 

Fig. 4. Modified single target DDS core for SAR-ES. 

 

Fig. 5. Block diagram of SAR-ES. 

Fig. 6 depicts the proposed SAR-ES hardware layer 

architecture. The SAR-ES consists of multiple Single Target 

SAR-ES DDS core, each which has its own configuration 

data generator. The data generator generates the entire 

configuration data needed by the DDS core as described in 

Eqs. (9) to (11). Each of the target information could be re-

configured through the external UART (Universal 

Asynchronous Receiver/Transmitter) interface to a computer 

system. The digital data generated by the single target DDS 

core will be combined using a digital sum to form the final 

echoed signal. It is then converted to analog representation 

using a Digital-to-Analog Converter (DAC). The Timing and 

Control Unit (TCU) will generate all internal timing signals. 
 

 
Fig. 6. Block diagram of SAR-ES. 

V. SIMULATION OF SAR ECHOES 

 
(a) 

 

(b) 

Fig. 7. Reconstructed SAR images: (a) Equation generated SAR echoed 

signal and (b) DDS generated SAR echoed signal. 
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(a) 

 

(b) 

 

Fig. 8. Range compressed signal at cross range center: (a) Equation 

generated SAR echoed signal and (b) DDS generated SAR echoed signal. 

 
(a) 

 

(b) 

 

Fig. 9. Cross-range compressed signal at range center: (a) Equation 

generated SAR echoed signal and (b) DDS generated SAR echoed signal.      

     In order to verify the functionality of the proposed 

method, the method was simulated in Matlab® prior to the 

implementation into FPGA platform. Two echoed signals 

were generated for comparison purpose, one using the 

proposed method while another using the modeled equation 

(ideal echoed signal). A similarity comparison on both the 

echoed signals was carried out. Figure 7 shows the re-

constructed image for both the signals. Fig. 88 shows the 

range-compressed signal at the center of cross-range bin and 

Fig. 9 shows the cross-range compressed signal at the center 

of a range bin. The results show that the echoed signal 

generated using the proposed method is identical to the 

echoed signal generated using the mathematical model. 

VI. HARDWARE IMPLEMENTATION ON FPGA PLATFORM 

The proposed SAR-ES architecture was implemented in 

Intel (previously known as Altera) DSP Development board 

(Stratix III Edition). To convert the digital data into analog, 
an Intel Data Conversion Card was used. Meanwhile, for data 

recording, the same embedded real-time data collector was 

employed [4]. Table I summarizes the specifications of 

hardware used. 

 
Table I. Hardware specifications. 

Module Specifications 

Altera DSP 

Development Board 

(Stratix III Edition) 

Altera EP3SL150F1152 FPGA 

142500 LEs 

6,390 kbits memory 

384 18x18-bit multipliers 

8 PLLs 

744 I/O 

Terasic AD/DA 

Data Conversion 

Card 

Channel: 2 

Resolution: 14-bit 

Sampling rate: 250 MSPS 

 

The collected data is then processed for image re-

construction and finally, the image obtained is compared with 

the ideal image obtained from Matlab® simulation. Fig. 1010 
shows the entire measurement setup for data collection. 

 

 

Fig. 10. Measurement setup. 

     Fig. 11, 12 and 13 shows the comparison between the 

echoed signal generated using Matlab® and FPGA platform. 

Both the images in Fig.11 appeared to be the same. However, 
from the range and the cross-range (Figs. 11 & 12) 

compressed signal, some noise is observed near the noise 

floor of the signal. The noise observed is mainly contributed 

by the DAC during digital-to-analog conversion. 
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(a) 

 

(b) 

Fig. 11. Re-constructed image: (a) Matlab® simulated and (b) Hardware 

generated.  

 
(a) 

 

(b) 

Fig. 12. Range compressed signal at cross range center: (a) Matlab® 

simulated and (b) Hardware generated. 

               

 
  

(a) 

 

(b) 

Fig. 13. Cross-range compressed signal at range center: (a) Matlab® 

simulated and (b) Hardware generated. 

Table II summarizes the SAR image quality assessment 

for all the echoed signals generated from the point of view of 

the Peak Side Lobe Ratio (PSLR) and the Integrated Side 

Lobe Ratio (ISLR) of the compressed waveform. The data 

shows that the re-constructed image quality of the hardware 
generated echoed signal has is comparable to the simulated 

echoed signals. 

VII. CONCLUSION 

In this paper, a new technique of synthesizing SAR 

echoes has been proposed. The proposed technique does not 

require massive Digital Signal Processing (DSP) computing 

power as compared to currently available solution. 

Comparison study on the proposed technique with the 

mathematical model shows that the proposed technique can 

accurately synthesize the SAR echoes. The technique is 

implemented in an FPGA system to generate SAR echoes in 

real time and can be used as a testbed for SAR processor 

validation prior to the actual flight mission. 
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Table. II. Summary of SAR image quality assessment for the generated echoed signal. 

Parameters 

Matlab® Simulated 

(Mathematics) 

Equation) 

Matlab® 

Simulated 

(Proposed 

method) 

Hardware Generated 

(Proposed method) 

Peak Side Lobe Ratio 

(PSLR) 

Range -14.6225 dB -14.5238 dB -13.7092 dB 

Cross-Range -13.4793 dB -13.4784 dB -13.0485 dB 

Integrated Side Lobe 

Ratio (ISLR) 

Range -58.6040 dB -56.7590 dB -59.0234 dB 

Cross-Range -58.6884 dB -57.4095 dB -58.9815 dB 
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