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Abstract

Precision circuits for analog and mixed-signal applications are at the forefront of today’s mod-
ern technologies, driven by the increasing demands for enhanced accuracy, reduced form factor,
and cost-efficient solutions. The design of on-chip voltage, current, and frequency references has
become pivotal in System of Chip (SoC), addressing challenges related to Process, Voltage, Tem-
perature (PVT) variations, and external environmental factors. Commercially, chips are plastic
packaged for protection and versatility in various applications. However, these plastic packages
are susceptible to environmental conditions, resulting in mechanical stress on the silicon die (chip)
due to a mismatch in the thermal and hygroscopic properties of package components and the chip.
Although the chip is not directly exposed to the environment, it experiences the effects of external
conditions through the package. Achieving stability in precision references, measured in parts
per million (ppm) over varying operational conditions, remains paramount. Bridging the gap be-
tween simulation and on-chip measurements ensures robustness and reliability, making precision
references indispensable for various applications.

This thesis comprehensively investigates CMOS-integrated frequency and voltage references,
presenting several significant findings and discoveries. The work addresses the challenges in de-
signing PVT and package stress-tolerant precision references. It involves architecture, circuit de-
sign, and layout choices, prioritizing the precision reference’s robustness while minimizing error
sources contributing to the temperature coefficient (TC).

The frequency output in an RC-based frequency reference mainly depends on the PVT and
package-induced sensitivity of the CMOS process resistor and capacitor. However, the first-order
TC of resistors is approximately 1000 ppm/°C in any CMOS technology node. This means that
temperature compensation is needed for use in frequency references. The TC of MIM capacitors in
matured technology nodes is less than 30 ppm/°C. In contrast, only MOM capacitors are available
in lower technology nodes, and they have a TC of 70 ppm/°C, necessitating TC compensation. The
precision references must withstand a military temperature range of -40°C to 125°C..

The second chapter of the thesis focuses on designing a near Zero Temperature Coefficient
(ZTC) resistor that is PVT tolerant. The ZTC resistor, fabricated in TSMC 180 nm technology,
exhibits a best-case temperature spread of 2.93 ppm/°C across a wide range of -40°C to 125°C in
simulations. This versatile component is suitable for lower technology nodes where complemen-
tary resistors are unavailable.

The third chapter investigates the impact of thermo-mechanical package stress on HRI-poly
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resistors and MIM capacitors with a dedicated test chip with nine identical MIM capacitors and
HRI-poly resistors placed at nine locations. Our findings showed that the effective mismatch
between the identical resistor and capacitor pairs changes with temperature and location. We
developed a mathematical model to estimate the impact of stress in terms of stress coefficients,
effectively de-embedding the mismatch, thermal dependence of material properties, and layout
routing parasitics. In conclusion, we provide analog engineers with layout guidelines for placing
HRI-poly resistors and MIM capacitors for a temperature-independent mismatch.

We have fabricated a frequency reference circuit in CMOS 28 nm technology that addresses
the shortcomings of the gyrator-based ZTC resistor. The architecture is physics based and does
not require post-silicon trimming for ppm accuracy. The proposed architecture cancels the first
order resistor and capacitor TC with physics based parameters. The proposed frequency reference
uses a low TC MOS capacitor of 8 ppm/°C. Our proposed frequency reference operates at 3.75
MHz with an energy efficiency of 122.64 plJ/cycle on a 1.8 V supply. Moreover, the temperature
sensitivity of the proposed frequency reference is 26 ppm/°C (1 + 307) over a temperature range of
-40°C to 125°C without any trim.

The shortcomings of the frequency reference presented in Chapter 4 were addressed in Chapter
5. It presents a 1V chopper-less physics-based 200 MHz RC frequency reference with a Phase-
Locked-Loop (PLL) single-point trim. The frequency reference is based on the physics based
model proposed in Chapter 4 achieving an accuracy of 17.5 ppm/°C' over a temperature range
of -40 to 120°C. PLL one-point (1T) trim adjusts the center frequency, while accuracy over
temperature does not require any trim. A 120-hour burn-in aging test changes the frequency
accuracy by 1.14 ppm/°C' across temperatures. The prototype designed in TSMC 65nm draws
400 pA from a 1 V supply with an Allan deviation of 80.5 ppm and line regulation of 1.27%/V.
The chip could not be measured because the modeled MOS leakage current was higher than the
fabricated one.

The issues posed by the proposed frequency reference resulted in the design of a sub-1V
bandgap in TSMC 28 nm CMOS technology, generating 538 mV operating with a 0.85 V power
supply. A novel curvature compensation scheme is proposed and validated across PVT simula-
tions, achieving 12 ppm/°C with a single-point trim. The proposed bandgap consumes a power of
154W in TSMC 28 nm.

In addition, we performed SPICE modeling of RF inductors and MIM capacitors fabricated
in SCL 180 nm CMOS technology, acknowledging the effects of fringing, parasitic, and substrate
effects on MIM capacitors and spiral inductors. Model development and validation are performed
using Keysight-IC-CAP software, with simulated and measured data showing +1.25% agreement.

The findings presented in this thesis significantly contribute to the advancement of CMOS-
integrated frequency and voltage references, offering innovative solutions and deep insights into
the design and performance of precision components for various applications in modern integrated
circuits.
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