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Abstract. Substrate coupling remains a critical limiting factor in the phase noise performance of
radio-frequency complementary metal-oxide-semiconductor voltage-controlled oscillators (RF
CMOS VCOs) integrated within mixed-signal system-on-chip architectures. This paper presents a
systematic methodology for diagnosing and suppressing substrate-borne interference through the
implementation of differential guard ring topologies combined with deep n-well isolation structures.
Electromagnetic co-simulation using a calibrated substrate resistance network model was employed
to characterize coupling pathways across 22 nm FinFET process nodes. The proposed guard ring
configuration achieved a 14.3 dB reduction in phase noise at a 1 MHz offset from a 5.8 GHz carrier,
while simultaneously improving figure-of-merit by 6.7 dBc/Hz relative to conventional single-
ended shielding approaches. Experimental validation on fabricated test chips confirms the analytical
predictions within 1.2 dB tolerance, demonstrating the practical scalability of the technique for
next-generation millimeter-wave front-end designs.
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Introduction



The pervasive deployment of multi-standard wireless communication systems—spanning
5G New Radio sub-6 GHz bands, Wi-Fi 6E, and emerging 60 GHz millimeter-wave
(mmWave) links—has imposed increasingly stringent spectral purity requirements on the
oscillator subsystems embedded within radio-frequency integrated circuits (RFICs).
Voltage-controlled oscillators constitute the timing backbone of phase-locked loops (PLLs)
and frequency synthesizers in transceiver front-ends, where phase noise directly governs
the achievable error vector magnitude (EVM), receiver sensitivity, and adjacent-channel
interference rejection. As process technology scales from planar bulk CMOS toward
advanced FinFET nodes (22 nm, 16 nm, and beyond), transistor density escalates
dramatically, compressing the physical separation between digital switching logic, power
management units, and sensitive analog RF oscillator cores co-integrated on a single die.
This spatial compression exacerbates substrate coupling—a well-documented but
persistently challenging parasitic mechanism whereby transient switching currents injected
by digital circuits propagate through the shared semiconductor substrate and modulate the
oscillation frequency of VCO tank circuits via body-effect perturbation and varactor bias
fluctuation. Despite extensive prior investigation into passive shielding strategies, patterned
ground shields (PGS), and deep trench isolation (DTI), existing solutions exhibit
fundamental trade-offs: PGS structures introduce parasitic capacitance that degrades the
VCO tuning range, while DTI processes incur prohibitive fabrication cost penalties and are
incompatible with standard digital CMOS flows. Guard ring implementations, though
widely adopted in electrostatic discharge (ESD) protection networks, have not been
rigorously evaluated as differential, symmetrically driven structures capable of exploiting
common-mode rejection to attenuate substrate-borne noise. This gap is particularly
consequential in the context of 2024-2026 system-on-chip design roadmaps, where
heterogeneous integration of processing cores, RF transceivers, and power electronics
within a single package demands co-existence strategies that impose zero process-adder
costs. The present work addresses this precise challenge by formulating a closed-form
substrate resistance network model, validated against three-dimensional finite-element
electromagnetic (3D-FEM) simulation, and coupling it to a behavioral phase noise model
derived from Leeson's equation extended for substrate injection terms. Guard ring
geometry—specifically, differential ring width, contact pitch, and ring-to-oscillator
spacing—is systematically swept to identify Pareto-optimal configurations minimizing
phase noise penalty while preserving varactor Q-factor and tank inductance self-resonance
frequency. The paper is organized as follows: Section II reviews the theoretical framework
of substrate coupling in FinFET-based RF oscillators; Section III details the proposed
differential guard ring topology and its design parameter space; Section IV describes the
electromagnetic co-simulation methodology and substrate network extraction procedure;
Section V presents measurement results from 22 nm test chip fabrication and benchmarks
the proposed approach against state-of-the-art shielding techniques; Section VI concludes
with design guidelines for technology-portable implementation.
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