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Abstract 

The Distributed Aperture Radar Tomographic Sensors (DARTS) project at the NASA Jet Propulsion Laboratory aims to 

mature and demonstrate multi-static SAR measurements for fine-scale 3D imaging of surface topography, vegetation, and 

surface deformation and change. This project explores the use of drones as SAR platforms and integrates software-defined 

radar on RF system-on-chip for compact and flexible radar instruments. This paper highlights the progress in DARTS 

hardware development, experiments, and data processing. Recent experiments have successfully demonstrated monostatic 

interferometry as well as acquisition and processing of bi-static SAR imagery. By leveraging the advantages of multi-

static SAR and drone-based and airborne platforms, the project aims to build a testbed for future mission design and 

enhanced SAR imaging capabilities for scientific applications.  

 

 

 

1 Introduction 

Synthetic aperture radar (SAR) has emerged as a prominent 

imaging technology extensively utilized in all-weather re-

mote sensing applications, offering significant benefits to 

a broad range of scientific disciplines [1]. Traditionally op-

erating in a two-dimensional domain, SAR has undergone 

advancements that extend its capabilities in the cross-

track/elevation direction, enabling three-dimensional (3D) 

volumetric imaging. This technique, known as SAR to-

mography or TomoSAR [2], has garnered increased atten-

tion for its potential in the engineering and scientific re-

mote sensing field. 

The application of interferometric SAR (InSAR) and tomo-

graphic SAR in a bi- and multi-static operational setting, 

utilizing spatially separated transmit and receive elements, 

presents an effective solution to the challenges posed by 

temporal decorrelation. These techniques offer enhanced 

robustness to temporal variations that typically hinder re-

peat-pass interferometric measurements particularly over 

vegetated landscapes [3, 4].  

In recent years, the utilization of small uninhabited aerial 

vehicles (UAV) as SAR platforms has gained substantial 

attention due to their unique capabilities and versatility. 

UAVs offer the potential for immediate access to target 

area and flexible trajectory planning, making them ideal for 

SAR experiments that requires frequent measurements. 

The Distributed Aperture Radar Tomographic Sensors 

(DARTS) is a project led by the NASA Jet Propulsion La-

boratory in collaboration with the California Institute of 

Technology (Caltech). The primary objective of the 

DARTS project is to advance fine-scale imaging of 3D sur-

face topography and vegetation (STV) analysis with bene-

fits also for surface deformation and change (SDC) moni-

toring [5]. To achieve this, the DARTS team has been con-

ducting experiments to showcase the capabilities of drone-

based SAR imaging [6]. The integration of software-de-

fined radar (SDRadar) implemented on RF system-on-chip 

(RFSoC) [7] has enabled the reduction in size, mass, 

power, and cost of future airborne and spaceborne radar in-

struments. In this paper, we present the latest progress 

made in the development of the DARTS UAV hardware, 

as well as the conducted experiments and data processing 

employed in the project.  

2 UAV-SDRadar Testbed 

An ultra-wideband SDRadar testbed has been developed 

using a battery-powered embedded system based on the 

Xilinx RFSoC, enabling compact and flexible radar archi-

tectures. The SDRadar is capable of multiband operations 

and is implemented using the Alpha Data ADM-XRC-9R1 

based on the Xilinx Zynq UltraScale+ RFSoC with a field 

programmable gate array (FPGA) and a quad-core ARM 

processing system for both hardware and software pro-

grammability. The RFSoC features 8x 6.4 GSPS digital-to-

analog converters and 8x 4 GSPS analog-to-digital con-

verters. The SDRadar is configured to operate at L-band 

and S-band for the DARTS experiments. The hardware of 

the RFSoc-based SDRadar testbed is shown in Figure 1. 

An Aurelia X6 hexacopter is used to fly the 4.5 kg payload 

at up to ~100 m above ground level. To transmit and re-

ceive the radar signals, two RFSpace TSA600 Vivaldi an-

tennas with an operating frequency of 600-6000 MHz are 

mounted using a carbon fiber boom with adjustable off-na-

dir angle of 45  10. Radar-absorbent foam was inserted 

between the transmit and receive antennas to help mini-

mize direct path signals. The integrated DARTS testbed in 

operation is shown in Figure 2. 

 



 

Figure 1. RFSoC-based SDRadar System. [6] 

 

 

Figure 2. UAV-SDRadar testbed. 

3 Monostatic Long-Range SAR Ex-

periment 

The system was tested in mountainous terrain near Charl-

ton Flats Picnic Area in the Angeles National Forest on Oc-

tober 16th, 2022. The SDRadar operated at 3.2 GHz center 

frequency (S-Band) with about 200 MHz linear frequency 

modulated (LFM) chirp bandwidth, and 100 Hz pulse rep-

etition frequency (PRF). The drone flew its path multiple 

times back and forth at 2 m/s speed and 100 m altitude dur-

ing the experiment. The monostatic SAR image shown in 

Figure 3 was focused using a back-projection algorithm 

[8]. The SAR image size is 270 m along azimuth and 1 000 

m along range, with an azimuth resolution of 0.3 m (de-

graded at ranges > 500 m) and a range resolution of 0.5 m. 

The 1-m resolution USGS DEM was used to improve the 

image focusing as well as to assess the image formation 

results. Backscatter modulation caused by topography and 

the Angeles Crest highway (CA-2) are well visible in the 

drone-SAR image.  

 

 

Figure 3. Long-range monostatic SAR image overlapped 

on Google Earth. 

4 Bistatic SAR Experiment 

4.1 One-stationary geometry 

On March 3rd, 2023, DARTS team conducted a bistatic 

drone-SAR experiment at the Caltech South Athletic Field. 

Two SDRadars were used in the experiment, one mounted 

on the hexacopter drone and the other fixed on a tripod on 

the ground as shown in Figure 4. The SDRadars exchanged 

signals during the flight to ensure timing and synchroniza-

tion of the radar signals required to process coherently the 

bistatic SAR image. The SDRadars operated at 1.25 GHz 

center frequency (L-band) with 85 MHz linear FM chirp 

bandwidth and 100 Hz PRF. Both radars transmitted and 

received alternatively, generating two bistatic data sets. 

The drone flew at 2 m/s and 25 ± 5 m altitude repeating the 

path multiple times facing North. Three corner reflectors 

were placed in the field. 

The bistatic SAR was focused using the back-projection al-

gorithm. The figure shows the bistatic SAR image obtained 

by the ground-SAR on transmission and the drone-SAR on 

reception. The main factors that affect focusing perfor-

mance are the accuracy of the navigation data and the SNR 

of the synchronization link. The accuracy of the navigation 

data was enhanced by Post-Processed Kinematic GPS 



(PPK GPS) position estimation. The synchronization link 

described in [9] was employed for these experiments. The 

bistatic drone-SAR image in Figure 5 shows well-focused 

corner reflectors and other visible surrounding structures 

such as buildings and fences. The image size is 300 m in 

range, and 200 m in azimuth. The impulse responses to a 

corner reflector in in range and azimuth is shown in Figure 

6. 

 

 

Figure 4. Bistatic SAR geometry with a UAV-SDRadar 

unit and a ground SDRadar unit. 

 

 

Figure 5. Bistatic SAR image overlaid on Google Maps. 

 

Figure 6. The impulse response in range (top) and in azi-

muth (bottom). 

4.2 Tandem-flight geometry 

On October 25th, 2023, DARTS team conducted a two-

drone bistatic SAR experiment that the two drones flew 

simultaneously during the acquisition at the Caltech South 

Athletic Field. Two identical SDRadar and the UAV plat-

form test beds were flown, as shown in Figure 7, to enable 

the simultaneous flight of two drones for acquiring bistatic 

data. The UAVs flew at 2 m/s speed and 30 m altitude, 

maintaining the displacement between them in all three 

axes; along-track, cross-track, and altitude. The SDRadars 

operated at a center frequency of 1.25 GHz (L-band), a 300 

MHz LFM bandwidth, and a PRF of 100 Hz. Both radars 

alternately transmitted and received, delivering two bistatic 

datasets. The focused bistatic SAR intensity image is 

shown in Figure 8. The image size is 600 m in range, and 

200 m in azimuth. The objects such as corner reflectors, 

temporarily installed fences, a soccer goal, and a bench 

appear prominently in the SAR image, confirming the 

system's ability to capture fine details of the observed 

scene. 

 



   

Figure 7. Two-UAV bistatic UAV-SDRadar testbed (left) 

and the simultaneous flight during the acquisition (right). 

 

 

Figure 8. Two-UAV bistatic SAR image overlaid on 

Google Maps. 

5 Discussions 

5.1 Position data accuracy 

An additional monostatic SAR experiment took place at 

Caltech South Athletic Field on December 9th, 2022. This 

experiment was aimed to acquire SAR data with enhanced 

drone position accuracy using PPK postprocessing. The 

SDRadar operated at a center frequency of 1.25 GHz (L-

band) with a linear FM chirp bandwidth of 85 MHz and a 

PRF of 100 Hz. The UAV flew a repeated path facing 

South at 2 m/s and 50 ± 5 m altitude, and two corner reflec-

tors were placed in the field. 

 

 

Figure 9. Monostatic SAR image before (left) and after 

(right) applying RTK post processing. 

 

 

 

Figure 10. The impulse responses in range (top), and in 

azimuth (bottom) 



The resulting monostatic SAR image shown in Figure 9 

(right) is sharply focused compared to Figure 9 (left), with 

the improved accuracy of the UAV position data obtained 

through PPK postprocessing. The impulse response to a 

corner reflector before and after the PPK postprocessing is 

compared in Figure 10. The PPK postprocessing particu-

larly enhanced the azimuth resolution. 

 

5.2 Interferometric results 

The enhanced position accuracy achieved through PPK 

postprocessing enabled the formation of a monostatic 

repeat-pass interferogram. In this experiment, a diverse set 

of flight paths with different altitudes was executed, 

including 45, 50, and 55 m. Despite the UAV maintaining 

a consistent preset altitude in some paths, the presence of 

motion disturbance and navigation errors introduced 

altitude offsets, consequently forming interferometric 

baselines sufficient to create spatial fringes. The resulting 

interferogram is illustrated in Figure 11 (left). 

 

 

Figure 11. Repeat-pass monostatic interferogram with 

baseline of 0.3 m (left) and 4.8 m (right). 

 

The repeat-pass bistatic interferogram shown in Figure 12 

(left) was generated using the data collected from the two-

drone bistatic experiment, as detailed in section 4.2. 

Similarly to the repeat-pass monostatic interferogram, the 

repeated UAV flight paths, set at the same altitude, induced 

a baseline due to motion disturbance and navigation offset 

errors, resulting in a baseline of 0.3 m.  

The bistatic data set, radar A transmits and radar B 

receives, radar B transmits and radar A receives, was 

acquired simultaneously in this experiment, which 

generates single-pass interferogram shown in Figure 12 

(right). 

Despite the application of PPK postprocessing, the 

additional motion error sources with the utilization of two 

UAVs compared to the one-UAV experiments degrades 

the quality of the interferogram. This underscores the 

necessity for heightened precision in position data and 

synchronization, particularly in the context of bi- or multi-

static interferometry, emphasizing the critical role of these 

factors in achieving reliable and accurate interferogram 

results. 

  

Figure 12. Bistatic interferogram; repeat-pass (left), and 

single-pass (right) 

 

5.3 Synchronization 

Synchronizing the multiple radars with independent local 

oscillators is challenging for both bi- and multi-static SAR 

configurations. For the current experiments, the synchroni-

zation link described in [9] is being utilized. However, ad-

ditional work to reduce the timing synchronization error by 

incorporating phase information alongside time-of-flight 

information needs to be done. Also, it is recommended to 

explore diverse approaches to synchronization within the 

research community, taking into account both performance 

and efficiency considerations. 

6 Conclusion 

The DARTS project led by NASA Jet Propulsion Labora-

tory aims to demonstrate the potential of bi- or multi-static 

SAR for high-resolution 3D imaging of STV and SDC. By 

utilizing UAVs as SAR platforms and RFSoC based 

SDRadar, the project has achieved significant progress in 

hardware development, data acquisition, and processing 

techniques. The experiments successfully demonstrated 

monostatic and bistatic SAR and InSAR with the improved 

position accuracy using PPK postprocessing and synchro-

nization technique. Future efforts will focus on acquiring 

single-pass bistatic interferograms and tomograms for 

SDC and STV measurements through either drone-based 

or airborne platforms.  
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