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PHASE SYNCHRONIZATION ERROR MODELLING IN BISTATIC LEO SAR SYSTEMS

Abstract

Bistatic Synthetic Aperture Radar (SAR) architectures operating in Low Earth Orbit (LEO) represent
a paradigm shift in Earth observation, offering unprecedented capabilities for single-pass interferometry,
high-resolution wide-swath imaging, and enhanced moving target indication. As the aerospace industry
increasingly adopts distributed satellite systems and close-formation flying, the physical separation of the
transmitting and receiving platforms necessitates the use of independent local oscillators (LO). The lack of
a shared, physically hardwired frequency reference introduces critical phase synchronization errors, which,
if left uncompensated, directly degrade SAR image focusing, geometric accuracy, and the coherence of
the interferometric phase. This paper presents a comprehensive, high-fidelity mathematical model for
phase synchronization errors tailored specifically for bistatic LEO SAR systems. The proposed model
systematically characterizes the primary sources of phase de-correlation. It incorporates the inherent
phase noise of Ultra-Stable Oscillators (USO) by mapping specific Allan variance profiles—covering white,
flicker, and random walk frequency noise processes—into the phase domain. Furthermore, the model
accounts for uncompensated relative platform motion, relativistic time-dilation effects driven by complex
orbital dynamics, and dynamic atmospheric propagation delays, such as ionospheric scintillation and
tropospheric path variations, affecting the inter-satellite synchronization link. By utilizing an advanced
state-space representation, the formulation accurately captures the time-varying nature of oscillator drift
and its intricate coupling with the SAR azimuth integration time. To validate the theoretical framework,
the study evaluates two primary inter-satellite synchronization strategies: continuous-wave and pulsed-
link synchronization. Extensive Monte Carlo simulations are conducted utilizing typical LEO orbital
parameters (e.g., 500-600 km altitude, varying spatial baselines) at X-band frequency. The simulation
results quantitatively assess the residual phase errors post-compensation under varying Signal-to-Noise
Ratio (SNR) conditions of the synchronization link. These residual phase errors are then mathematically
mapped to the final interferometric phase stability to evaluate their direct impact on the resulting Digital
Elevation Model (DEM) accuracy, specifically calculating the expected vertical height errors. The findings
indicate that the proposed error model accurately predicts system performance boundaries and provides a
robust, scalable framework for defining mission-critical hardware requirements. Ultimately, this modeling
approach equips mission designers with the essential analytical tools to optimize synchronization link
budgets, baseline configurations, and oscillator specifications. By doing so, it ensures that the resulting
topographic products strictly adhere to the rigorous absolute and relative vertical accuracy requirements
demanded by advanced Digital Terrain Elevation Data (DTED) standards, explicitly targeting compliance
with DTED Level 3 and Level 4 specifications for next-generation multistatic SAR missions.
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