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A Fast-Startup 40MHz
Crystal Oscillator with
Linear-Interpolation Injection
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Proposed LIC-TSI XO
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Abstract

In Internet of Things (IoT) and wireless communication systems, a stable and
precise reference clock is indispensable. Among various options, the crystal
oscillator (XO) is the premier choice for generating reference clocks due to its
high quality factor and excellent temperature stability. However, its startup
time is inherently long, often requiring several milliseconds to reach a steady
state. Modern loT devices extensively employ "duty cycling" to conserve
power, spending the majority of their time in sleep mode, because battery
replacement for these distributed nodes is often extremely difficult. During
wake-up cycles, this prolonged startup time wastes a significant amount of
battery energy. While prior energy injection techniques can accelerate this
process, they are frequently accompanied by lengthy iterative calibration
times and high hardware overhead.

To resolve this pain point, this work proposes a two-step energy injection
architecture equipped with a Linear-Interpolation Injection calibration
technique, and its system architecture is illustrated in Fig.1. The core circuit
utilizes a digitally controlled ring oscillator (DCO) to assist in generating
the injection energy. Upon startup, a brief first energy injection is initially
performed. Subsequently, the system automatically and rapidly measures
the frequency error between the DCO and the crystal under the highest and
lowest DCO frequency tuning settings. Because the relationship between
the DCO's period and its control capacitance is approximately linear, the
system avoids time-consuming blind guessing. Instead, it utilizes a linear
interpolation mathematical formula to directly calculate the accurate
DCO control signal within constant time, aligning the DCO frequency
perfectly with the crystal's 40 MHz and completely eliminating the latency
of traditional step-by-step tracking. Following this, the system uses this
calibrated frequency to perform a second, powerful energy injection to
rapidly wake up the crystal, where the overall timing sequence of the
fast-startup process is shown in Fig.2.

In terms of industry applications, this technology is highly compatible
with wearable devices, medical sensors, Bluetooth trackers, and smart
home nodes. These devices remain in sleep mode for the vast majority of
their operational time. Compressing the preparation time during frequent
wake-ups from the millisecond scale down to the microsecond scale can
significantly extend device battery life from months to several years, and
significantly reduce corporate maintenance costs.

This chip is fabricated using the TSMC 90-nm CMOS process, with a measured
average power consumption of only 70 microwatts. It demonstrates
exceptionally high stability across a wide temperature range from -40° C
to 125° C and under *10% voltage variations. As illustrated in Fig.3,
conventional natural startup requires 1.1 milliseconds. In contrast, reaching
a steady state takes only 16.3 microseconds after enabling the fast-startup
circuit, achieving an approximately 69x startup acceleration. This technology
achieves an outstanding balance between microsecond-level startup speed
and ultra-low energy consumption, providing an innovative clock solution
for next-generation green loT chips.
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Fig. 3 Measured startup waveforms without and with the proposed LIC-TSI technique.
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