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Foreword

The world is changing rapidly, and the speed of change depends on modern
electronic technologies and their fast advancements. Electronics, or microelectronics
products, now govern all modern devices and apparatuses. After the
microprocessor's invention, the continuous reduction in size of transistors until
almost the physical limit mainly favored digital electronics. Subordinately, there
was a development of disciplines that refer to analog electronics. Analog develop-
ments have had to adapt to limitations imposed by technological advancements but
have also exploited the advantages offered by new technologies.

If we consider the engineering design aspect, we see that there is a substantial
difference between digital and analog design. While digital design, which allows a
high level of automation, requires innovation at the architectural level, analog design
requires mental processing and inventiveness at a much lower complexity, reaching
the transistor and layout levels. Indeed, different applications require the use of
specific design techniques and strategies. Moreover, since analog functions of a very
different nature must operate on the same chip, as happens for the so-called system
on chip (SoC), the designers must have a broad spectrum of knowledge while
possessing a specific familiarity with their sector of activity.

Market demands have brought requests for various analog engineering skills.
They must know how to convert analog to digital, make circuits that arrive at
microwave frequencies, and obtain amplification with extremely low noise or
handling power at very high or ultra-low levels.

For the above, research laboratories with increasing capability and specific
competencies have been born. These laboratories of excellence produce state-of-
the-art results, also presented at primary conferences, and published in prestigious
scientific journals. More important, their activity indicates the path of innovation in
industries. The State Key Lab of Analog and Mixed Signal VLSI of Macau is an
example of a scientific reality born and grown to a top level in a few years.

Transferring knowledge from the research and development laboratories to the
productive world is a fundamental step of innovation. Unfortunately, advanced
knowledge is not available on the shelf and is often tacit (i.e., owned by the
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researcher and not codified), hence the vital necessity for methods that facilitate the
process. In the digital field, the need is less felt for two reasons. Few industrial
players dominate the market and have robust R&D activity internally. The architec-
tural studies for realizing with billions of transistor digital processing functions can
be codified and studied using a hierarchical approach. Design automation supports
the project phases at a lower level.

Conversely, the transfer of analogical knowledge is problematic. Textbooks
provide essential knowledge, and scientific articles summarize advanced knowledge.
The status suggests that the activity of an analog designer is like a craftsman (or an
artist) that uses their own experience (or inventiveness). There is a gap between basic
and advanced knowledge; overcoming this isn't easy.

The knowledge gained from studying textbooks does not go into detail and does
not teach the "tricks" that are fundamental to the success of an advanced design.
Scientific articles often miss relevant features, and the used wording is for an already
experienced audience. Also, they use procedures and research methodologies that
only the specialized community often understands. Furthermore, the mathematical
foundations are frequently believed to be known and referred to other publications,
indicated as bibliographic references.

All this constitutes a barrier to an effective transfer of analog knowledge. How to
fill the gap? The procedure is complex because it requires harmonizing the role and
needs of two interacting realities, to increase the visibility of research centers, and to
identify stimulating research topics. It also needs to collaborate on medium- and
long-term issues and educate future engineers and researchers capable of conveying
the tacit knowledge accumulated during the study and research periods.

The first essential element for the complex process indicated above is the present
book which, as well illustrated in the introduction, describes in suitable detail the
knowledge developed in various fields of microelectronics by many scientists of a
top research center. The book, other than the desire to “fill the gap,” favors the
cooperation between research and production.

Pavia, Italy Franco Maloberti
Macao, SAR, China
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Introduction

General purpose integrated circuits (ICs) emerged in the early 1960s, and the
application-specific integrated circuits (ASICs) gained traction in the IC market
during the 1980s, highly influencing until now the world of ICs. ASICs are custom-
ized ICs for a particular application or end use responsible for expanding the
semiconductor industry, changing the respective business model, and significantly
increasing IC designs and the working opportunities especially for analog design
engineers. ASICs also influenced the whole ecosystem of semiconductor system
design, fabrication, and manufacturing, testing, and packaging, as well as the CAD
tools. They are completely different from other standard ICs like microprocessors or
memories specifically designed for a wide range of applications. On the other hand,
analog and mixed-signal ASICs contain both analog and digital circuits, as well as a
key building block that is the data converter, in the same chip. Their design allows
engineers to explore a great potential to reduce complex multiple IC chips, minimize
costs, protect intellectual property, improve reliability and performance, as well as
increase miniaturization, bringing down the power consumption. Real-life applica-
tions include smart mobile phones, sensor systems with on-chip standard digital
interfaces, voice-related signal processing, charge controllers for lithium-ion batte-
ries, unmanned aerial vehicles (or drones), automotive and other electrical vehicles,
aerospace electronics, and the fast-developing Internet of Everything (IoE). All this,
in a global network that involves communications among the users and the whole
universe of around 50 billion electronic gadgets worldwide. Essential in such
electronics infrastructure are the brain (CPU), the memory, and the senses (analog/
digital interface with audio, vision, and sensors) because a brain does not work
without a sensing system. This ubiquitous network operates with data acquired from
analog sources, thus connecting two different realities, the analog (physical/real) and
the digital (metaverse/virtual) worlds. Since the interface between the two realms
plays with analog signals, the most critical building blocks are high-performance
radios, power-efficient RF and mm-wave circuits, ultra-low-voltage clock refer-
ences, low-power and high-performance data converters, integrated energy
harvesting interfaces, fully integrated power converters, and low-dropout regulators.
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Xii Introduction

All these circuits need to exhibit high-quality performance with low power con-
sumption, high energy efficiency, and high speed, thus enabling a reliable and
consistent development of the IoE while enlarging its frontiers. Since the total
market value of the A/D interface is in excess of 20 Billion USD per year, this
imposes a huge pressure in the design area with a high demand for analog design
engineers. Nevertheless, although this opens a vast field of opportunities for those
engineers, it also constitutes a huge challenge for them because it implies a contin-
uous knowledge update to accompany the fast pace of IC technology development
down to the nanometer scale in CMOS. Mixed-signal ASIC design offers engineers
the possibility of putting their creativity into practice to come about with innovative
solutions. Then, the main objective of this book is to present state-of-the-art designs,
all based in material from the two top publishing electronics outlets, the IEEE
International Solid-State Circuits Conference (ISSCC) and the IEEE Journal of
Solid-State Circuits (JSSC), adequate for the applications referred above and that
are appropriate to stimulate and well equip the mind of future skillful analog design
engineers. The authors list of this book also reveals a high quality of international
collaboration. This book includes eight chapters organized as follows.
Chapter “High-Performance SAW-Less TDD/FDD RF Front-Ends” presents high-
performance radio frequency (RF) transceiver (TXR) front-ends, describing first a
SAW-less TXR for multiband TDD communications and next a fully integrated
multiband FDD SAW-less transmitter (TX) for 5G New Radio (5G-NR).
Chapter “Power-Efficient RF and mm-Wave VCOs/PLL” addresses power-efficient
RF and mm-wave VCOs, presenting different techniques that enhance the perfor-
mance of the oscillator, as well as introducing reference-spur-reduction techniques
for the subsampling PLL. Chapter “Ultra-Low-Voltage Clock References” puts
forward designs and measurement results of two ultra-low-voltage clock references
in deep-submicron silicon processes, introducing a regulation-free sub-0.5 V crystal
oscillator for energy-harvesting Bluetooth Low Energy (BLE), and also demonstrat-
ing a fully integrated 0.35-V temperature-resilient relaxation oscillator using an
asymmetric swing-boosted RC network. Chapters “Low-Power Nyquist ADCs”
and “High-Performance Oversampling ADCs” give out two types of analog-to-
digital converters, namely low power Nyquist and high-performance oversampling,
respectively. Chapter “Low-Power Nyquist ADCs”, in particular, starts by describ-
ing two high-performance pipelined ADCs, a 12-bit SAR-assisted three-stage
pipelined ADC with an open-loop Gm-R-based residue amplifier running at
1GS/s, and a 3.3-GS/s 6-bit fully dynamic pipelined ADC using a linearized
dynamic amplifier. Besides, it also presents two time-domain ADCs different from
conventional voltage-domain ADCs: the first is a 13-bit hybrid ADC which com-
bines a SAR ADC with a time-to-digital converter (TDC), and the second is an 8-bit
10-GS/s time-domain ADC that aggregates four time-interleaved channels.
Chapter “High-Performance Oversampling ADCs” initially describes a sturdy
multi-stage noise-shaping (MASH) continuous time (CT)—delta sigma modulator
(DSM), followed by the analysis of the preliminary sample and quantization tech-
nique and finalizing with two different noise-shaping pipeline-SAR ADCs.
Chapter “Integrated Energy Harvesting Interfaces” introduces different switched-
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capacitor (SC) power converters for several AC-type and DC-type energy-harvesting
interfaces that allow full integration, target high system efficiency, and small size for
the highly miniaturized Internet of Things (IoT). Chapter “Fully Integrated
Switched-Capacitor Power Converters” hands out fully integrated switched-
capacitor power converters discussing the topology, analyzing the power conversion
losses, introducing techniques to reduce gate-drive switching and parasitic losses,
and comparing centralized and distributive clock generation methods for multiphase
SC converters. It also presents practical design examples of a SC converter-ring and
a multi-output SC converter. Finally, chapter “Hybrid Architectures and Controllers
for Low-Dropout Regulators” reports hybrid architectures and controllers for
low-dropout regulators, introducing classic LDO control methods and power stage
selection, it also details examples of analog-assisted and hybrid control digital
LDOs, as well as ampere-level switching LDO for high-performance multi-core
processors.
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High-Performance SAW-Less TDD/FDD )
RF Front-Ends o

Gengzhen Qi, Pui-In Mak, and Rui P. Martins

1 Introduction

In this chapter, we introduce two high-performance radio frequency (RF) transceiver
(TXR) front-ends. The first is an SAW-less TXR for multiband TDD communica-
tions that employs a novel N-path switched capacitor (SC) gain loop; another is a
fully integrated multiband FDD SAW-less transmitter (TX) for 5G new radio
(5G-NR).

To achieve an area-efficient SAW-less wireless TXR for multiband TDD com-
munications, we propose an N-path SC gain loop. Unlike the direct-conversion
transmitter (TX: BB filter — I/Q modulation — PA driver) and receiver (RX:
LNA — I/Q demodulation — BB filter) with such functions arranged in an open-
loop style, here we unify the signal amplification, bandpass filtering, and 1/Q
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(de)modulation in a closed-loop formation, being reconfigurable as a TX or RX with
an LO-defined center frequency. The key advantages are the multiband operation
capability in the TX mode and high resilience to OB blockers in the RX mode.
Fabricated in 65-nm CMOS, the TXR prototype consumes up to 38.4 mW (20 mW)
in the TX (RX) mode at the 1.88-GHz LTE band?2. The LO-defined center frequency
covers >80% of the TDD-LTE bands with neither on-chip inductors nor external
input matching components. By properly injecting (extracting) the signals into
(from) the N-path SC gain loop, the TX mode reaches an —1-dBm output power,
a —40-dBc ACLRgytrA1, and a 2.0% EVM at 1.88 GHz, while showing a —154.5-
dBc/Hz OB noise at 80-MHz offset. In the RX mode, we measured a 3.2-dB NF and
a + 8-dBm OB-IIP;. The active area (0.038 mm?) of the TXR is 24 times smaller
than the state-of-the-art LTE solutions.

Besides that, we also report a fully integrated multiband FDD SAW-less TX for
5G-NR. It features the following: (1) a bandwidth-extended N-path filter modulator
(BW-Ext FIL-MOD) to enable high-Q bandpass filtering at a flexible RF, with its
bandpass characteristic enhanced through the synthesis of a complex pole pair via
merging positive and negative feedback networks (PFN/NFN), thus surmounting the
trade-off between the passband flatness and out-of-band (OB) rejection; (2) an
isolated baseband (BB) input network to avoid the mutual loading effect between
the BW-Ext FIL-MOD and itself; and (3) a transimpedance amplifier (TLA)-based
power amplifier driver (PAD) to absorb both the bias and signal currents of the
BW-Ext FIL-MOD for better linearity and power efficiency. Fabricated in 28-nm
CMOS, the TX manifests a 20-MHz passband BW and a consistently low OB noise
(< —157.5 dBc/Hz) for different 5G-NR bands between 1.4 and 2.7 GHz. The circuit
exhibits sufficient output power (3 dBm) and high TX efficiency (2.8-3.6%) con-
currently with high linearity (ACLR; <44 dBc and EVM <2%). The active area is
0.31 mm”.

The organization of this chapter is the following:

Section 2 introduces an N-Path SC gain loop as a SAW-less TXR for multiband
TDD communications. Section 2.1 introduces the properties of the SC gain loop that
holds a number of promises of being a reconfigurable TXR. Section 2.2 describes
how it is possible to embed the gain-boosted N-path technique into the SC gain loop
to build the SAW-less TX mode. In Sect. 2.3, we report the SAW-less RX mode
utilizing a switched BB extraction technique to improve further the NF. Section 2.4
describes the LO (local oscillator) generator (LOGEN) with the TX—/RX-mode
control logics, followed by the measurement results in Sect. 2.5. Finally, Sect. 2.6
draws the conclusions.

Section 3 introduces the SAW-less multiband transceiver using an N-path SC
gain loop. Section 3.1 introduces the BW-Ext FIL-MOD and compares it with
the original FIL-MOD. Section 3.2 details the TX design and analyzes it using
both the functional view approach and LTI-based transfer function. Other details are
for the isolated BB input network, wideband TIA-based PAD, and low-power
LOGEN. Section 3.3 summarizes the measurement results and Sect. 3.4 presents
the conclusions.
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2 SAW-Less Multiband Transceiver Using an N-Path SC
Gain Loop

In order to develop multiband cellular radios at low cost, on-chip N-path switched
capacitor (SC) filters [1] rekindled as a promising replacement of the off-chip SAW
filters. The improved speed and parasitic effects of ultra-scaled CMOS technologies
enable the N-path SC filters to provide tunable high-Q filtering over a wide range of
frequencies [2, 3]. Beyond filtering, N-path mixing also facilitates wideband
receivers (RXs) to achieve input matching and harmonic rejection [4-6]. The
mixer-first wideband RX [4] shows a high out-of-band (OB)-IIP; (+25 dBm)
while covering a wide RF range (0.1-2.4 GHz), but the NF (5 dB) becomes a hard
trade-off with the power consumption (70 mW) due to the absence of RF gain. The
noise-canceling RX [5] balances better between the OB-IIP3 (+13.5 dBm) and NF
(1.9 dB), but its dual-path topology involves extra mixing and baseband
(BB) circuitries, consuming more area (1.2 mmz) and power (78 mW). Recently
reported, a gain-boosted N-path technique led to a single-mixing blocker-tolerant
RX [6] with competitive OB-IIP3 (+13 dBm) and NF (1.5-2.9 dB) at smaller area
(0.028 mm?) and power (11 mW). Regrettably, it demands a high gain-boosting
factor (200 mS), which strongly restricts the signal bandwidth (BW = 2.6 MHz) and
RF coverage (<1.5 GHz); both are inadequate for modern cellular standards such as
the LTE.

SAW-less transmitters (TXs) confront a different challenge as the effort is on
lowering the OB noise and spectral leakage, especially at the nearby RX bands
(<100-MHz offset). The SAW-less TX in [7] exploits direct quadrature voltage
modulation to lower the OB noise (—159 dBc/Hz at 40-MHz offset) and raise the
power efficiency (5.7%). Its power amplifier driver (PAD) is the only gain stage,
rendering the OB noise primarily dominated by the thermal noise of the passive
mixers and phase noise of the LO generator. Nevertheless, its PAD relies on a
passive LC load to deliver the required output power (P, and suppress the OB
harmonics, being inflexible to support multiband communications. In fact, recent
SAW-less multiband TXs still rely on dedicated baluns to extend the RF coverage.
An example is the current-mode SAW-less TX in [8] that exhibits a —158-dBc/Hz
OB noise at the RX band (30-MHz offset), but demanding large die area (1.06 mm?),
and power (96 mW) for its mixer and voltage-to-current converter that have to be
linear and low noise.

We present an N-path SC gain loop as a SAW-less TXR for multiband TDD
communications, entailing no on-chip inductors or external passives for input
matching. Unlike the typical TXRs with the building blocks cascaded in an open-
loop style to build up the RF-to-BB (or BB-to-RF) signal-processing chain, here the
N-path SC gain loop operates in a closed-loop style to unify the TX and RX
functions, allowing a very compact multiband TXR (0.038 mmz). Measured at the
LTE-band2 (1.88 GHz) and band5 (0.836 GHz), the TX mode exhibited an
ACLRgytrA1 <—40 dBc, an EVM <2.1%, and a low output noise of <—
154 dBc/Hz at 80-MHz offset. The RX mode drew 20-mW power and exhibited a
3.2-dB NF and a + 8-dBm OB-IIP; at 1.88 GHz.
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2.1 Principle of the SC Gain Loop as a TXR

Comparatively, a SAW-less RX should be able to amplify a weak in-band (IB) signal
in the presence of large OB blockers, whereas a SAW-less TX ought to be able to
deliver a large IB signal with low OB noise and spectral leakages. Such discrepancy
inspires the exploration of a RX-TX-compatible N-path technique to implement a
reconfigurable TXR suitable for TDD-LTE (even FDD-LTE, by duplicating the
TXR as separated TX and RX modes). To build this concept, Fig. 1a presents an
SC gain loop. We create the primary functions of TX and RX with a gain stage
rounded by a SC network that consists of a capacitor Cg and two switches. Empir-
ically, we can recognize “upmix + gain” as a TX function (Fig. 1b), with the BB
signal injected between the left-hand switch and Cg and the RF signal extracted from
the gain stage’s output. Based on the Miller effect, the extra downmix path helps
reusing the gain stage to boost the effective Cg and reduce the effective on-resistance
of the two switches. Besides, with the right-hand switch, the gain stage’s output sees
a large RF impedance, avoiding any unwanted gain drop. By transforming the SC
network into an N-path SC network, we can embed the gain-boosted N-path
technique [9] into such a gain loop, unifying the key TX functions in a closed-

Lo G 10
— | ————

Upmix Downmix

BB Injection . . BB Extraction
Transmitter (TX) Receiver (RX) 865, # B8,
o | G LO IO G| LO
" o] |——o%
Upmix + Extra Extra Gain +
Gain Downmix Upmix Downmix
% : D »—4 Gain
I/ RF Extraction RF Injection I/

(b) (c)

Fig. 1 (a) An SC gain loop performs gain, downmix and upmix in a self-feed manner. It can
operate as a (b) TX under BB injection and RF extraction or (¢) RX under RF injection BB
extraction. The extra downmix and upmix paths allow gain-boosted N-path filtering. For RX, there
are two BB extraction solutions, BBL (without right-hand switch) and BBR
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loop style: (1) signal amplification, (2) high-Q bandpass filtering, and (3) 1/Q
modulation.

Figure 1c shows that the SC gain loop is reconfigurable as a RX by using the
“gain + downmix” function. Specifically, with the RF signal injected at the gain
stage’s input, we can extract the BB signal around Cf. Similar to the TX mode, the
extra upmix path allows it to be compatible with the gain-boosted N-path technique.
The resultant RX essentially offers the key functions: (1) signal amplification,
(2) high-Q bandpass filtering, (3) I/Q demodulation, and (4) input impedance
matching.

2.2 N-Path SC Gain Loop as a TX
TX-Mode Architecture

From Fig. 2, with N = 4, the N-path SC gain loop becomes a practical TX by adding
four passive RC filters RgrCgt to receive the general four-phase BB signals Vgp.
X1 - 4 (i.e., differential and 1/Q). Switches SWy and SWy perform the upmix and
downmix functions, respectively, around the gain stage (G,rr). Gmrr 1S an inverting
amplifier that ensures the gain loop is under negative feedback. Outside the gain
loop, the utilization of a wideband PAD boosts the gain, provides isolation, and
drives the off-chip 50-Q load.

With SW; and SWy activated periodically by a four-phase nonoverlap LO, the
capacitor Cg charges with an in-phase BB voltage at one side, while charging an
amplified out-phased BB voltage on the other side. As such, the loop gain due to the
Miller effect boosts the effective capacitance of Cg at the input. This mechanism not
only reduces the chip area for Cg but also its parasitic effects, allowing the TX mode
to operate at a higher RF. Another key aspect is that we embed high-Q bandpass
filtering at both V; tx and V,, rx sharing one N-path SC network. Further, we sum
the IB RF voltage in-phase over a switching period, while the OB RF voltage cancels
out at both V; tx and V,, 1x. Unlike the typical passive N-path filter with the OB
rejection limited by the on-resistance of the switches, here the loop gain offered by
Grr alleviates such a limit due to the on-resistance division by the open loop gain
(i.e., high OB rejection without consuming large LO power).

Functional View of the TX Mode

Figure 3a presents, for intuitive understanding, a functional view of the TX mode. It
is not an equivalent circuit, since the “I/Q modulation” and ‘“high-Q bandpass
filtering” appear unmerged as two cascaded functions to illustratively make a
comparison with [7]. The I/Q modulation is alike a typical TX, synthesizing an RF
signal at V;, rx from a four-phase BB signal at Vg 1x; — 4. Vi Tx virtually passes
through a high-Q bandpass filter that can reject the OB noise first at V; tx and second
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Fig. 2 Four-path SC gain loop as a TX. Injection of the four-phase BB (Vg 1tx1 — 4) via Rgr. The
PAD extracts V,, tx and drives the 50 Q. Gain-boosting the N-path filter by Grr realizes high-Q
bandpass responses at V; tx and V, Tx

at V,, tx. We can model the N-path SC network as a linear-time-invariant (LTI) RLC
resonator around the passband [2], where the tunable inductor represents a tunable
center frequency. Interestingly, when we omit the extra downmix path in Fig. 2, the
closed-loop TX returns to an open-loop style similar to [7] that aims at low OB noise
emission by direct quadrature voltage modulation (Fig. 3b). The narrowband PAD in
[7] exploits a passive LC resonator for unwanted harmonic attenuation (<—40 dBc),
and hence the output response has a low Q and fixed center frequency. Unlike [7],
here we reuse the gain created by G,rr to boost the Q of the bandpass responses at
Vi, tx and V,, 1x, resulting in much stronger OB noise suppression. To exemplify it,
Fig. 4 plots the simulated gain responses at V; tx and V,, tx at 2 GHz. Without the
extra downmix path, V; rx offers only 11-dB OB rejection with no further improve-
ment added at V,, tx. For the proposed TX, the rejection at V; rx improves to
22.5 dB, with an extra rejection of 7.8 dB added at V,, tx. There is a 1.6-dB gain
drop at V,, tx in the TX, due to the finite frequency-translated impedance of the extra
downmix path. Also, the gain response in Fig. 4 refers the four-phase BB to the
single-phase RF. If considering the single-phase BB to the single-phase RF, the gain
value is 9 dB higher. This fact applies to all plotted gain responses of the TX mode
(presented later).
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Fig. 3 (a) Functional view of the TX, we can compare it with [7] (b) that uses a passive LC
resonator for its narrowband PAD. This work features a gain-boosted N-path filter and a wideband
PAD to allow high-Q filtering and LO-defined center frequency, being more flexible for multiband
operation

TX-Mode Open-Loop Equivalent Model

To simplify the quantitative study, we develop an open-loop equivalent model of the
TX mode illustrated in Fig. 5. Inspired by the principle of Miller decomposition, the
N-path SC network has a subdivision into two parts referring to the gain stage’s
output and input. The former is alike a typical passive N-path filter [9] hanged on V,,
X, While the latter becomes four separated SC networks (i.e., single path, single
phase) placed between the BB passive filter RgrCgt and voltage mixer SWi. We can
model the input-referred on-resistance of SWy (Rswr, ;) and the input-referred Miller
capacitance of Cg (CF, ;) at BB as
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Fig. 6 Comparison of modeled and simulated gain responses: (a) open-loop V; rx in Fig. 5 versus
the closed-loop V; 1x in Fig. 2 and (b) open-loop V,, 1x in Fig. 5 versus the closed-loop V,, Tx in
Fig. 2

where Rswr, o is the output-referred switch’s on-resistance, Cg . is the Miller
capacitance at V,, tx, and Ry is the load impedance of Ggr. The modeled Cg,_; in
Eq. (1) is equal to Cr multiplied by the open-loop gain of Ggr. The enlarged Cf_;
implies less physical capacitors to realize a specific BW. For instance, with
Gmrr = 130 mS, R = 9.3 kQ, R, = 38.4 Q, and Cr = 8 pF, the computed C ;
is 39.7 pF which is ~5% more area efficient than the general passive N-path filter
[2]. Also, the circuit suppresses the effective resistance Rswg, ; (10 ) and Rswr, o
(11.3 Q) through G,rg, improving the OB rejection.

To verify the accuracy of the model, Fig. 6a plots the gain responses at V; rx
simulated with Rgt = 500 Q, where the modeled open-loop response fits well with
the closed-loop, except that there is a 1.2-dB gain drop due to the input parasitic
capacitance of G,rr. The modeled gain response of the open-loop V,, Tx is accurate
(Fig. 6b), which has a better OB rejection (~2 dB) as the far-out blockers see a
smaller impedance at the open-loop V,, tx.

Gain Response

Based on the open-loop equivalent model above, we can study the gain response
from BB to Vg, Tx in two steps. Recalling Fig. 5, the gain stage Grr essentially
isolates its preceding and following stages, allowing first the computation of the
transfer function from BB to V; rx, followed by that from V; 1x to Vrg, rx. For the
former, we employed a simplified equivalent circuit (Fig. 7a). Since the input
impedance seen from G.rr iS mainly capacitive (C;), we can denote the load
impedance as Z; 1(w) = 1/jwC,. Here, the angular frequency w is close to w; o. In
view of the BB, the input voltage Vgg, Tx1 — 4 1S in series with the BB impedance
which becomes.
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and (b) from current source I; tx to Vg, tx. [, Tx is equal to the transconductance G,rr multiplied
by Vi, T

Zan (0= ono) =R/ /5 L ) Zei(w—wi0) @)

® — w10)Crr

where Z (0 — wL0) (Fig. 5) is the impedance of a single path decomposed from the
extra downmix path. Since the SC circuit operates as a BB-to-BB gain response, we
can ignore the high-order frequency components and represent Zg_ (@ — @po) as.

1
Zrilw— ~4R i
Fi(w—oL0) SWR.i +j(a) —w10)Cri

3)

which enhances the BB rejection due to the boosted capacitance of Cg, ;. Putting
Eq. (3) into Eq. (2), Zgg(w — @y o) expands to.
1

. (w0 — Cgj
1/Rut + j(@ — 010)Cor + el

4)

Zpg(w —w10) =

At center frequency with @ = @y o, the impedance is Rgt in Eq. (4), and when @
moves away from @y o, the impedance starts to roll off. The —3-dB BW approaches
1/Rg1(Cgt + CE, ;) if Rswr, i is close to zero. In this case, Cg, ; dominates the BB BW
and the ultimate rejection is infinite. If enlarging Rswr, ;, the —3-dB BW widens and
finally converges to 1/RgtCgr.

According to the LTI expression of the up-converted RF voltage in [10], we can
obtain the RF voltage V; rx transferred from Vg 1x1 _ 4 in Fig. 7a as.
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where m is an integer. Figure 8a plots Eq. (5) for 2 GHz which matches well with the
simulated curve spanning from 1.5 to 2.5 GHz. The term of infinite summation in
Eq. (5) comprises the fundamental and higher odd-order harmonics. Since the
fundamental term is dominant, we can simplify Eq. (5) as.

Virx(@) ~ V2 Zii(o) - Zes(@ — @ro0)/Rer
" 7 Zii(w) + Rswr + = Zgs(0 — w10)

X (67”/4 - Veprx1 (0 — wro) + e * . Vg rxo (0 — CULO)) (6)

where Vi rx(w) provides an intuitive view of the low-pass response of Zgg(w —
w1 0) up-converted to V; tx as a high-Q bandpass response, with a —3-dB BW
around twice of that from Eq. (4).

Similarly, to analyze the response from V; 1x to Vgg, 1x of the open-loop TX
model, we developed a simplified circuit (Fig. 7b), with G,rr modeled as a
transconductor converting the input V; rx to an output current /; tx, expressed as
I, x = GmrrVi, Tx. C» is the input parasitic capacitance of the PAD. I; tx draws
current from Ry, C5, and the output-referred N-path filter to create the RF voltage V,,
tx- As the PAD involves no frequency translation and its passband gain should be
flat, our focus is on the response from V; rx to V, tx. Referring to Eq. (13), the
impedance Z, Tx(w) seen by V, rx is as follows:



14 G. Qietal.
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Rswr.o + Z12(w)
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+ ’ +0o0 . (7)
L+ ”_ZZF’O(Q) - CULO) m :z; 0 (4m+1) (Z12 (4maro+o)+Rswr.o)
where Zi2(w) =R1// jc; and Zo (0 — @10) = 556 Thus, Vorx will be.

Vorx (@) = GureZorx (@) - Vix (@) (8)

From Fig. 8b, the prediction of Eq. (8) fits well with the simulations covering a
1-GHz span at LO = 2 GHz. By ignoring higher harmonics, we can simplify Eq. (7)
just to a high-Q bandpass impedance as below:

ZL2 (CO)
z S I
orx(@) Z15(w) + Rswr,o
ZL2 (a))
- | R + . 9
( e +JZ Cro(RL + Rswro) (@ — @10) ®)

At the center frequency, Eq. (9) is equal to Z; (), and then, it is interesting that
the output-referred N-path load does not bring any gain drop if the harmonics are out
of concern [11]. However, the parasitic capacitance C, induces a 1/(1 + joR; C,) gain
drop (e.g., —0.6 dB at 2 GHz). Also, the —3-dB BW of the high-Q bandpass filtering
is equal to 4/7[2CF, o(RL + Rswr, o) When Z; 5(w) is resistive.

Noise Analysis

Most OB noise of the TX mode results from the thermal noises of the Ry, the gain
stage Grp, and the on-resistance Rgwy. As modeled in Fig. 9a, the thermal noise
voltage V,, rpr 1S in series with the BB impedance and experiences the same transfer
function of the BB signals. As such, the power spectral density (PSD) at V,, ,1x due
to Ryt iS.

V2 ke = [Hitx (@) - [Horx (@) * - VZg (10)
where we introduce |H;, tx(®)| and |H,, tx(w)| as the transfer functions from BB to
Vi, tx and V;, 1x to V,, Tx, respectively, to represent Eqgs. (5) and (8). The thermal
noise power of Rgt is Vﬁ,RBT =4kTRgt. The high-Q bandpass filtering in the N-path
SC gain loop greatly suppresses the OB noise contribution from Rgy. Similarly, the
output noise PSD due to Rgwy is.
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where Vﬁ,RsWL =4kTRgwy. In Fig. 9b, we modeled the thermal voltage source of the
Gurr stage as an input-referred V,, gmrp, and the corresponding noise power is

VﬁmeRF =4KkT /Gurr- V. gmrr €xperiences the same transfer function as V,, irx;
thus the output noise PSD due to Ggrr is.

5
V%,GmRF,oTX = [Horx(@)]” - V121,GmRF' (12)

Figure 10a, b exhibit the simulated output noises at V,, tx due to Rgt and GrF,
as well as due to SW and SWy, respectively. When the offset frequency is beyond
70 MHz, G,rr generates more noise than that of Rgt as it experiences less OB
rejection within the N-path SC gain loop. When comparing it with SW;, SWg
contributes with less noise due to the lack of amplification in the extra downmix
path (Fig. 2). Furthermore, the output noises shown in Fig. 10 are almost flat, with
the offset frequency referred over 80 MHz. Upsizing the switches SWp_ g can lead to
a lower output noise floor, at the expense of more LO power.

Figure 11 displays the simulated harmonic folding effect at V,, 1x. For N = 4, the
nearest and strongest component that folds back to the desired band (around LO) is
3xLO and after is 5xLO [10]. Even though the TX is single-ended, the even
harmonic folding is insignificant (simulated <—70 dB). Due to the high-Q bandpass
filtering of the gain-boosted N-path technique around 3xLO and 5xLO, the far-out
noise induced by the folding terms is much smaller than the IB that experiences no
frequency translation. Thus, the harmonic folding effect is generally less important
in the TX design.
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OB Noise, Passband Roll-off, and Harmonic Emission

The BB resistor Rg plays a key role in balancing the performances in terms of signal
BW, voltage gain, OB linearity, and OB noise. Intuitively, any resistors coupled with
the N-path SC gain loop will degrade the Q of the passband responses at V; rx and
Vo, Tx- As plotted in Fig. 12a, a large Rgr improves the OB rejection but at the
expense of a gain drop in the passband due to the finite input impedance at V; rx.
Simulated at 2 GHz, with Rgr ranging from 100 to 800 €2, the OB rejection increases
but induces a 4-dB gain drop, whereas the —1-dB BW decreases from 24 to 8 MHz.
The output noise at V,, tx drops from 1.04 to 0.33 aV?/Hz at 80-MHz offset owing to
the increased rejection from 7.3 to 19.3 dB (Fig. 12b). In fact, as Rgt generates noise
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Fig. 12 (a) Rgr should balance the signal BW, OB rejection, and noise. (b) The output OB noise
reduces with increased OB rejection but it will saturate as a large Rpt induces noise itself. (¢) When
RF frequency increases from 0.836 to 1.88 GHz, passband frequency shifting increases from 0.9 to
1.9 MHz while the gain droop decreases from 1.1 to 0.8 dB

itself, the rejection of OB noise will saturate eventually if raising only Rgt. Here, the
TX mode chooses a 500-Q Rt to reach 17.1-dB OB rejection and 0.42-aV*/Hz
output noise at V, tx. From SpectreRF simulations (pss + pnoise), the OB noise at
VRE. Tx 18 —157.7 dBm/Hz at 80-MHz offset, where the main contributors are Rg
(24%), Gmrr (20%), SW1_ r + LO divide-by-4 circuitry (20%), and PAD (10%). The
rest arises from the off-chip 50-Q load and switches SWrx _ rx for the TX-RX-
mode control.

Mainly due to the input capacitor of Grr, the simulated passband frequency
shifting is within 0.9—1.9 MHz when the RF frequency covers the range between
0.836 GHz (band5) and 1.88 GHz (band2) (Fig. 12c), with 1.1-dB passband roll-off
at band5 and 0.8 dB at Band2 for LTE10. The impact of such roll-off characteristics
on the EVM performance should be insignificant, since the EVM of an LTE signal is
the RMS value of each resource block (RB)‘s EVM and the BW (180 kHz) of each
RB is much smaller than the signal BW (9 MHz for LTE10) [12]. To address this
roll-off issue, we can apply a preemphasis digital equalizer to compensate the
passband roll-off for the TX mode, similar to the post-emphasis equalizer used in
the RX path [13]. In the digital baseband, the compensation of different passband
roll-offs (0.3 dB range) according to the RF frequency is feasible at the cost of small
area and power. In addition, the preemphasis digital equalizer can be an option to
compensate the sharp roll-off region of the analog filter for [8], although without
passband frequency shifting.

For the spectral purity, V,, tx contains typical LO harmonic emission with a third-
order harmonic rejection ratio (HRR3) of 9.5 dB for N = 4. Nevertheless, with the
limited BW of the PAD and output bonding wire, the HRR; at the TX output Vg, Tx
improves (Fig. 13), going up with frequency (e.g., 23 dB at 2 GHz). In addition, the
single-ended PAD operating in class AB mode dominates the second-order har-
monic distortion (HD,) at Vrg, Tx. In fact, by properly matching the PAD’s push-pull
transistors, HD, can be <—37 dBc at a 0-dBm P,,, from simulations (Fig. 13).
Harmonic rejection N-path filtering [14] can be an option to further improve the
harmonic emission. In practice, an off-chip PA loads the output of the PAD. For LTE
applications, the commercial high-power PA (e.g., [15]) is narrowband and will
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suppress all OB harmonics from its TX. Thus, the PA harmonic distortion still
dominates the spectrum clearance at the final output. Finally, we use a single-pole
multi-throw switch for the multiband TX to interface with different PAs.

Other Implementation Details

To enhance the power efficiency and avoid any internal gain nodes, we choose G,r
as an inverter-based amplifier self-biased by a feedback resistor Rg. The nonoverlap
LO, - LO4 (25% duty cycle) prevents the 1/Q cross talk from degrading the linearity.
The capacitor Cgt essentially operates as a charge buffer at the BB side to relieve the
gain drop at the RF side, due to the input capacitance of G,rr. By switching SWy_ g,
the circuit will up-sample the filtered BB voltages to V; tx in sequence, thus seeing a
high input impedance of G,,rr and allowing good linearity. In order to decouple the
signal-handing ability of G g to the overall TX output power, we further amplify
the RF signal at V,, 1x by the wideband single-ended PAD before outputting Vrg Tx.
The PAD, based on a push-pull cascode structure (M; . ,), contains the cascode
transistors (M3 . 4) self-biased by a feedback resistor (Fig. 2). From the simulations,
the class AB PAD achieves a —1-dB output BW of ~2.1 GHz, which is adequate to
cover >80% of the LTE-TDD/FDD bands from 0.7 to 2 GHz. With the PAD single-
ended, a 2.5-V supply allows better HD; (—43.4 dBc) and voltage gain (9.3 dB)
while showing a 12.2% drain efficiency at a 0-dBm single-tone Pout. Both HD; (—
37 dBc) and voltage gain (5.7 dB) will degrade with a 1.2-V supply applied and the
cascode transistors removed.

As a reconfigurable TXR, the TX-RX-mode switches SWryx _ rx (Fig. 2) are
critical and require careful sizing to minimize the parasitic effects, especially for the
PAD that has an input capacitance of ~500 fF. With the PAD powered-down, we set
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Vg1 = GND and Vg, = Vppys (2.5 V) for M| and M,, respectively, to share the
voltage stress between M; and M, and to ensure device reliability [16].

Unlike the gain-boosted mixer-first RX in [6] that benefits from a large G rr
(200 mS) to improve the NF and OB linearity, here we downsize G,rg to 130 mS
with the concerns of spectral regrowth and EVM in the TX mode. In addition, [6]
employs a 0.7-V supply for power savings, but entailing large transistors to generate
a 200 mS G,rr, Which strongly restricts the RF coverage due to a large parasitic
capacitance. On the other hand, we design the parasitic capacitance to be 2.2x
smaller than [6]. The loop gain offered by G,rr reduces the physical size of Cr to
8 pF for the targeted signal BW of ~12 MHz. As the PAD isolates the N-path SC
gain loop with the external parts (e.g., bondwire and pad), we define the center
frequency of the passband with the LO.

2.3 N-Path SC Gain Loop as a RX

As depicted in Fig. 14a, we can reconfigure the four-path SC gain loop as a
multiband RX, which is compatible with the TX mode without tuning of compo-
nents. With SWy and Cr already embedded in the downmix process, we can disable
in the RX mode [6] the original switch SWg in the SC gain loop (Fig. 2). We insert
the RF signal Vrg, Tx at the source port in the input of G,rg (Vi, rx). and then, after
amplification, there is a down-conversion of the RF signal as four-phase BB signals
extracted by series switches SWpg driven by a set of out-phased LO. Finally, there is
the amplification of the four-path BB signals (Vg rx1 — 4) by an inverter-based
transconductance amplifier (G,pg), With the channel length of the transistors set at
0.18 pm to reduce the flicker noise. We size the G,,,gg as 11 mS. The theory of the
gain-boosted N-path RX appeared in [9, 17].

Due to the bidirectional transparency property of N-path passive mixers, the RX
can attain input matching over a wide range of RF without any off-chip matching
components. In Fig. 14a, we create a LO-defined bandpass input impedance at V; rx,
by frequency-translating the BB low-pass response to RF as bandpass, via the
passive mixer SWy. Besides, the mixer SWp, at the extra upmix path, also creates
an N-path filter around G,gr With the feedback capacitor Cg together, resulting in
high-Q bandpass filtering at both V; rx and V, rx (Fig. 14b). Due to the loop gain
created by G,rg, the BB circuitry sees a higher impedance back to the source port
[18], allowing the use of large Rpr (21 k) and small Cgp (1 pF) to save the die area
and improve the NF.

Resulting from Grg offering phase inversion between its input and output, we
can alleviate the frequency shifting of the S;;-BW from the LO due to the input
capacitance (imaginary part) to <1 MHz [6]. In contrast, the simulated frequency
shifting raises to ~5 MHz for the typical passive mixer-first RX [4]. The series
inductance (bondwire) can be as large as 1.9 nH when targeting a §;; < — 10 dB,
which is within the practical range and can help to lower the NF by 0.4 dB in virtue
of enhancing the passband gain, while suppressing harmonic folding terms [19]. The



20 G. Qietal.

BB Extraction Rer %
Technique Cer .%
8
LO Waveform iy G
LO, [ SWe Vg rx1 4 Vi,RX
o, 1L . Rer . ; ‘ ‘ ‘ | | | ‘ ‘ ‘
vt : " 792 19 2 204 208
o 1o Frequency (GHz)
N-PathFilter || Vg rx4 12 (b)
| LO, s IJ Ron= 1000
Extra | LO, (I:IF 10}
Upmix | | SW. "

[oe)
T

Band: 5—21—2

Source |

. Bands (0.836GHz)
4t ~_ Band21 (1.455GHz)

1 o RX
= — Band2 (1.88GHz)
efine - 2
LO-Defined _A_ .A. 40 5 0 5 10

Passband Frequency
Normalized Frequency (MHz)
(@) )

Gain @ Vorx(dB)
D
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responses at V; rx and V,, rx. (¢) Passband frequency shifting increases from 0.3 to 0.8 MHz when
the RF band ranges from band5 to band2 and the passband gain droop increases from 1.6 to 1.9 dB

simulated passband frequency shifting ranges from 0.3 to 0.8 MHz when the RF
frequency varies from 0.836 GHz (band5) to 1.88 GHz (band2) (Fig. 14c), with the
passband roll-off ranging from 1.6 to 1.9 dB. Compared to the TX mode, here the
passband ripple is ~1 dB higher due to the impact of BB impedance, which we can
address with the post-emphasis digital equalizer [13].

With the input impedance matching provided by the BB impedance frequency-
translated to the RF port [6], it allows a large Rg (9.3 kQ2) to concurrently improve the
gain, NF, and OB rejection. Rgr and Cgr mainly define the BW of the BB low-pass
response.

For the BB extraction, unlike the RX in [6] that exploits the series resistors Ry,
here we employ switches SWy in series with the BB amplifiers (Fig. 14a). SWg
driven by the same 25%-duty-cycle LO are out-phased with those in the N-path
filter, to prevent the BB noise from leaking directly to the antenna port (only leaking
to the output of GrE), resulting in a better NF. Figure 15 plots the simulated OB
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Fig. 15 Simulated OB rejection at V; rx and V,, rx and NF versus (a) the BB series resistors R in
[6] and (b) the on-resistance Rswpg of the out-phased switches SWg at 2 GHz

rejection and NF for two different BB extraction techniques at 2 GHz. Figure 15a
exhibits the NF optimized to 3.12 dB with the BB series resistor R, set at 100 Q.
Smaller R, will induce a higher gain drop whereas a large R, will generate additional
noise from itself. Here (Fig. 15b), the on-resistance Rswg of the out-phased switch
SWg sized at the same value of 100 € improves the NF to 1.84 dB. Besides, both BB
extraction techniques provide similar OB rejection at both V; gx and V, rx.

2.4 Four-Phase LO Generator and TX-/RX-Mode Logics

Figure 16 presents a div-by-4 ring counter that generates the four-phase LO. To
achieve high LO phase precision at low power, transmission gates form the dynamic
D flip-flops, with a phase corrector added after the first input buffer which receives
the off-chip differential master clock (4LOp and 4L.Oy) running at 4x LO. Due to the
reconfigurability of the TXR, we add a TX—/RX-mode logic block to activate or
disable the switches SWy, SWg and SWpg. For the TX mode, the four-phase LO
drives LOy _ 4, swr. and LO; _ 4, swr, While the switch SWy is off. For the RX mode,
switch SWr is on, while LO; _ 4 swr and LO; _ 4, swg share the same four-phase
LO but are out of phase with each other. By properly sizing and determining the
transistors’ ratios in the output buffers and TX—/RX-mode logic block, the
nonoverlap LO robustly withstands PVT variations. The simulated LO phase noise
at 2 GHz is —159.8 and —160.7 dBc/Hz at 80 MHz offset for TX and RX modes,
respectively. The LO generator at 2 GHz draws 10.3 mA (7 mA) in the TX (RX)
mode.
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Fig. 16 Twenty-five percent duty-cycle four-phase LO generator with TX—/RX-mode switch
logics

2.5 Measurement Results

Figure 17 exhibits the TXR prototype fabricated in 65-nm CMOS without inductors
or baluns; it occupies a very small die area (0.038 mm?) dominated by the four-path
feedback capacitors (32 pF) and the PAD. The TX and RX modes controlled by
switches SWrx _ rx operate separately.

TX Mode

The power supply of the G, rr and the LO generator is 1.1 V while that of the PAD is
2.5 V. Figure 18 depicts the measured output spectrum of a 10-MHz-BW 64-QAM
OFDM Signal at the LTE band2 (188 GHZ) The ACLREUTRAI and ACLREUTRAZ
are —40 and —51.9 dBc, respectively, at a —1-dBm output power after
de-embedding the loss of the cable and PCB. The EVM is 2.0%. By adjusting the
gain-phase balancing of Vgg T1x1 _ 4, the spurs due to I/Q mismatch and LO
feedthrough are suppressible to <—40 dBc. By simply sweeping the LO frequency,
we consistently measure high-Q bandpass responses at different RF consistent with
the simulations (Fig. 19a). The noise floor is —154.5 dBc/Hz at 80-MHz offset for
band2 (Fig. 19b), which includes the thermal noise of the TX path and the phase
noise of the LO generator. We obtained similar measured results at LTE band5
(0.836 GHz at 45-MHz offset) and band21 (1.455 GHz at 48-MHz offset). At a —
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Active Area: 0.038 mm?

Fig. 17 Chip photo of the TXR, reconfigurable as a TX or RX by simple mode switching
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Fig. 18 TX mode: output spectrum of a 10-MHz BW 64-QAM OFDM signal at LTE band2

1-dBm output power, CIM; and CIMs are <—49 and <—63 dBc, respectively
(Fig. 19a).

The PAD (16.3 mW), the G,rr (10.8 mW), and the LO generator (11.3 mW)
dominate the power consumption at LTE band?2. In Fig. 20a, the power consumption
rises from 31.3 (band 5) to 38.4 mW (band2) due to the dynamic type of the LO
generator that has an average power efficiency of ~6.6 mW/GHz. The TX-mode
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Fig. 20 TX mode: (a) power breakdown at different RF. (b) Power consumption versus output
power for the LTE band2 and band5

power consumption downscales accordingly when the output power backs off
(Fig. 20b) for band2 and band5. For example, at a 3-dB power back-off, the power
consumption at band2 (band5) drops by 5.1 mW (4.8 mW), mainly associated with
the PAD. The power saving is <15% with the 3-dB power back-off only based on
the gate biases (Vp;, ») of the PAD. We should explore a more power-efficient
variable gain PAD in order that it can operate out of the N-path SC gain loop.
Table 1 presents the performance summary as well as the benchmark with state-
of-the-art current—/voltage-mode LTE TXs [8, 20]. Due to the effective gain-
boosted N-path filtering, this circuit succeeds in improving the multiband flexibility
and area efficiency that is 24 times better than the state of the art, while preserving a
comparable power efficiency (2.1% for band2 and 2.4% for band5). However, the
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Table 1 CompPARISON WITH STATE-OF-THE-ART LTE TXs

This Work - TX-Mode JSSC14[1.8]* I1SSCC'15[1.21]
SC Gain Loop + Current-Mode + Voltage-Mode Mixer + 33%-

TX Techniques Gain-Boosted N-Path Filter + Class-A/B Power Mixer + Duty-Cycle LO +

Wideband Push-Pull PAD Passive Baluns Passive Baluns
On-chip Balun/Inductor Zero Four Two
Multi-Band Flexibility Defined by LO Count on Baluns Count on Baluns & Paths
External Matching Parts Zero (compatible w/ RX) Zero(only TX) Zero(only TX)

Measured Performances at different LTE Bands (LTE10, 10MHz signal BW)
Band2 Band5 Band2 Band5 Band13
(1.88 GHz) (0.836 GHz) (1.88 GHz) (0.836 GHz) (0.782 GHz)

Output Power, P,_, (dBm) 1 12 31 28 2
Output Noise (dBe/Hz -1579@ 3
@";':eq_omimq] A545@80 | -156@45 | -158*@80 | -159°@45 (Pu=-%Brn]
ACLRgyyras (dBe) 403 416 -43 434 54
ACLRgyrraz (dBe) 519 503 545 549 NIA
EVM (%) 20 21 14 14 08
Power (mW) 384 33 696¢ 136¢ 216
TX Efficiency (%) 24 24 29 26 07
Active Area (mm?) 0.038 1.06¢ 093
Supply Voltage (V) 11,25 18 18
Technology 65nm CMOS 55 nm LP CMOS 40nm LP CMOS

4 BBs are generated by on-chip DAC; ® Measured with 50/20 Resource Block; © Without DAC, Biquad and 2 baluns

output noise is inferior when compared with [8] that concentrates the power budget
on the final power mixer stage and [20]. We also acknowledge that [8] and [20] have
a higher output power and better spectral purity under a higher power budget.

RX Mode

We use a single 1-V supply for the RX mode. In Fig. 21a, the circuit exhibits
narrowband input impedance matching with S1; < — 12 dB with the position simply
defined by the LO. The unmatched OB parts are of low impedance favoring the
blocker rejection. The NF is 2.2 dB and up to 3.2 dB at 1.88 GHz (Fig. 21b). The NF
goes up with frequency due to the BW limit of G,,gr. The total power consumption
rises from 16.3 to 20 mW along with the frequency mainly due to the LO generator
(Fig. 21b). G,rr and the BB circuits consume 9.2 and 3.8 mW, respectively. The
[IP,, ITIP; and P.;4g measurements mainly assess the linearity. From Fig. 22a, the
IB-IIP,/1IP5 is +30/—12 dBm, whereas the OB-IIP,/IIP5 is +48/+8 dBm at 80-MHz
offset. Further, we measured the IIP, profile by applying two tone tests with
frequency at fi o + Af and fi o + Af + 1 MHz, whereas we obtained the IIP; profile
atfi o + Afand fi o + 2Af — 1 MHz. At 80-MHz offset, the measured OB-P_,4p is —
5 dBm (Fig. 22b).

Figure 23a plots the NF measured at BB that is <3.2 dB at 5 MHz under
LO = 0.836 GHz. The blocker NF is 16 dB with a 0-dBm CW blocker injected at
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Fig. 21 RX mode: (a) LO-defined narrowband S;;, and (b) RF-to-IF gain, power consumption,
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Table 2 Comparison with State-of-the-Art LTE RXs

27

This Work - RX-Mode ISSCC'15[1.6] JssC'14[1.22 JSSC'14[1.23]

Gain-Boosted-Mixer- Gain-Boosted-Mixer- Curent-Reuse + RF LNA +
RX Techniques First + N-Path Filtering+ | First + N-Path Fiterning + Actve/Passive Passive Mixer +

Switched-BB Extraction Resistive-BB Extraction N-Path Mixers G,,-C + OpAmp

RF Input Style Single-Ended Single-Ended Single-Ended Diffierental
External Matching Parts Zero Zero Zero Transformer
Supply (V) 1 07,12 12,25 03
Power (mW) @ RF (GHz) 20@1.88 1n@is 16.2@ 085 40@3
DSB NF * (dB) 32@1.88 29@15 55@085 31@3
BB BW (MHz) -9 2 9 0510 50
Die Size (mm?) 0.038 (include TX) 0.028 055 ~06
R - 16 @ 80MHz 135@80MHz NA 14@80MHz
0B-P, (dBm) -5 @ BOMHz -6 @ BOMHz -25@50MHz -125@ B0MHz
OB-lIP3 (dBm) +8 +13 174 +3
OB-lIP2 (dBm) +48 +50 +61 +80 (calibrated)
BB Filtering 1Real Pole 1 Real Pole 2 C‘:’;pg:;"'“ L ?EB?:}E(:: +
Voltage Gain (dB) 36 38 511 70
Technology 65nm CMOS 65nm CMOS 65nm CMOS 28 nm CMOS

* Measured flat NF at BB.

80-MHz offset (Fig. 23b). Estimated from simulations, 4 dB of such a blocker NF is
due to the saturation of G,z and increase of the on-resistance of SWy ; both lead to
lower OB rejection. To improve it, we should enlarge the supply voltage and power
budget of G,rr. Another 5 dB is due to the gain compression at BB originated by the
utilization of a large Rggr. The reciprocal mixing of the LO phase noise contributes
with additional 4 dB, with the remainder mainly caused by the phase noise of the
signal generator (Agilent E4438C) that provides the CW blocker signal. Moreover,
the simulated blocker NF (<10 dB) from Cadence (qpss + gpnoise) is typically
better than the measured one, as the latter includes the collective effect of equip-
ment’s noise limit and uncertainty [21].

Table 2 illustrates the performance summary and compares it with the state-of-
the-art wideband RXs [6, 21, 22]. We pulled off a similar NF and die size when
comparing them with [6] but entailing here only a single supply. Although this work
consumes more power than [6], it operates at a 1.25 times higher RF and has a 4.5
times larger BB BW. The die area is at least 14 times smaller than [21] and [22] at a
comparable power consumption, NF, and OB-IIP;.
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2.6 Conclusions

We developed an area-efficient SAW-less multiband TXR using an N-path SC gain
loop, which can be reconfigurable as a TX or RX by properly injecting and
extracting the RF and BB signals. Specifically, with a four-path SC network as the
feedback path of a gain stage, we embody all essential TX and RX functions, that is,
signal amplification, high-Q bandpass filtering, and I/Q (de)modulation. The
LO-defined bandpass filtering effectively suppresses the OB noise in the TX mode
and OB blockers in the RX mode. We do not involve any on-chip inductors or
external input matching components to cover a wide range of RF. The circuit
analysis derived from an open-loop TX model using the Miller effect, which
simplified the calculation of the signal transfer function, and noise contributions of
RpT, Gmrr, and on-resistances of all switches. The RX mode featured a switched BB
extraction technique to improve the RF. The very small area of the TXR rendered it
as an attractive candidate for cost reduction of SAW-less multiband cellular radios,
although we should further develop a higher TX output power (>0 dBm to account
for the PCB loss) and power-efficient variable gain for practical cell phone
applications.

3 1.4-2.7-GHz FDD SAW-Less Transmitter for 5G-NR
Using an N-Path Filter Modulator

For the sub-6-GHz 5G new radio (5G-NR), it is increasingly challenging to reduce
the number of surface acoustic wave (SAW) filters between the transmitter (TX) and
the power amplifier (PA), due to the increased channel bandwidth (BW). As depicted
in Table 3, there are ten frequency division duplex (FDD) bands between 1.4 and
2.7 GHz specified by the 3GPP standard [23]. When there is a wide channel BW
accompanied by a small TX receiver (RX) frequency spacing (Af), it results in a
small Af/BW ratio. For instance, it is 2.4 for the NR-n74 band. To realize a
SAW-less TX, it has to emit negligible out-of-band (OB) noise at the nearby RX
band to avoid desensitization. Recent efforts [8, 24] rely on high-order baseband
(BB) filters and substantial bias currents to hinder the OB noise (e.g., —158 dBc/Hz
at 30-MHz offset), yet at the cost of large power consumption (>90 mW) and area
(1.06 mm?). Although the charge-domain direct-launch digital TX [25] is more
flexible and consumes less power (40.3 mW) and area (0.22 mmz), it has a limited
output power (—3.5 dBm) and entails off-chip baluns to underpin multiband cover-
age. For the direct quadrature voltage modulator [7], it demonstrates adequate output
power (4 dBm), low output noise (—159 dBc/Hz), and high TX efficiency (10%), but
it shows no multiband flexibility due to its LC-based PA driver (PAD) and adds
more BB filtering to suppress the OB noise due to the digital-to-analog converter
(DAO).
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Table 3 The 5G-NR FDD bands in the 1.4-2.7-GHz range

NR-FDD| TX Freq. RX Freq. f | Max. BW
Bands (MHz) (MHz) (MHz) | (MHz)
n1 | 1920-1980 | 2110-2170 | 190 20
n2 | 1850-1910 | 1930-1990 | 80 20
n3 | 1710-1785 | 1805-1880 | 9 30
n7 | 2500-2570 | 2620-2690 | 120 20
n25 | 18501915 | 19301995 | 80 20
n30 | 2305-2315 | 2350 - 2360 | 45 10
n65 | 19202010 | 2110-2200 | 190 20
n66 | 1710-1780 | 21102200 | 400 40
n70 | 1695-1710 | 1995-2020 | 300 25
n74 | 1427-1470 | 1475-1518 | 48 20

Merging the gain-boosted N-path filter with the I/Q modulator in [26, 27] enables
flexible RF bandpass filtering on-chip. Unlike the typical TXs in [7, 24, 25] that are
open-loop designs, such a filter modulator (FIL-MOD) operates in a closed-loop
format to perform concurrently I/Q modulation and high-Q bandpass filtering. The
local oscillator (LO) frequency can simply tune the center frequency. Yet, the
filtering effectiveness is moderate with the signal BW extension, due to the tight
trade-off between the passband BW and OB rejection. Although the FIL-MOD
[26, 27] can cover the 0.7-2-GHz LTE bands and supports up to a 10-MHz BW, it
limits the OB noise to —154.5 dBc/Hz.

Then, we introduce a SAW-less TX supporting a 20-MHz BW, which covers the
10 5G-NR FDD bands within the 1.4-2.7-GHz range. We establish a number of
circuit techniques to balance the performance metrics, namely, the channel BW, the
output noise at small Af, the multiband flexibility, and the integration level. The key
innovations are threefold as follows:

1. A BW-extended N-path filter modulator (BW-Ext FIL-MOD) — by embedding a
high-order gain-boosted N-path filter into the I/Q modulator, we obtain BW
extension and steeper OB filtering.

2. An isolated BB input network — it avoids the mutual loading effect between the
BW-Ext FIL-MOD and the input network, thus upholding a high-Q filtering
profile at RF, while reducing the nonlinearity and cross talk at BB.

3. A transimpedance amplifier (TIA)-based PAD — it absorbs the bias and signal
currents of the BW-Ext FIL-MOD for better linearity and power efficiency. It also
features an inner parallel Gy, linearizer to suppress its third-order cross-intermod-
ulation product (CIM3).
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3.1 Existing FIL-MOD and Proposed BW-Ext FIL-MOD

In [27], the gain-boosted N-path filter merged with the I/Q modulator. This act
relaxed the order of the BB filters that otherwise should be high enough to suppress
the OB noise from the DAC. Yet, the gain-boosted N-path filter suffered from a tight
trade-off between the passband BW and OB rejection, as explained next. Afterward,
we introduce the BW-Ext FIL-MOD that alleviates such a tradeoff.

Existing FIL-MOD

Figure 24a displays the simplified schematic of the FIL-MOD from [27]. The switch
SW_, upmixes the BB signals to RF, while the gain stage —G,,; offers signal
amplification. A switched capacitor (SC) N-path negative-feedback network
(NFN) made by switch SWy and capacitor Cg surrounds —Gy,;. The input network,
simplified as Zg, can be a simple passive RC filter [7, 27]. According to [9, 17], the
open-loop gain provided by —G,,; offers three benefits due to the created Miller
effect with Cg: (1) boosting the effective capacitance of Ck at the input of —G,,;,
which reduces the chip area for Cg; (2) the open-loop gain divides the effective ON-
resistance of SW_ g, enabling higher OB rejection or relaxing the LO power budget;
and (3) high-Q bandpass filtering occurs at both the input and the output of —Gyy;,
since the in-band RF voltage adds in-phase over a switching period, while canceling
out the OB RF voltages. Yet, there is a hard trade-off between the passband BW
(10 MHz in [27]) and OB rejection, rendering the FIL-MOD unsuitable for wide-
band applications.

Figure 24a shows an analytical model of the FIL-MOD, to analyze its RF
bandpass response in which we can frequency-translate the BB low-pass response
to RF as a bandpass, owing to the bidirectional transparency of the passive mixers
[4, 28]. By omitting SWy g, the BB equivalence is —G,; surrounded by the NFN,
made by Cg. Based on such model, we can obtain the first-order BB transfer function
from VBB, I(S) to VBB, O(S) (Flg 24b)
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Fig. 24 (a) The existing N-path FIL-MOD and its analytical model. It features a gain-boosted
N-path filter to realize high-Q bandpass filtering at flexible RF. (b) The frequency response
up-translated from BB to RF
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where r, is the output resistance of —G,,,; and @w;qp is the passband BW at BB. When
Gmiro < 1 and G,,1Zs < 1, we acquire wsggp = 1/(CeGni7oZs) in which the
passband BW is inversely proportional to Cg. Referring to the gain loop inside the
analytical model, the input conductance is (Zl)7l ~ $(Gn17o)CE, Which implies a
first-order low-pass response. With a frequency translation to RF, we create a
second-order RF bandpass response, with a passband BW of 2 - w3qg. The LO
frequency can tune the center frequency @y o.

The Proposed BW-Ext FIL-MOD

To alleviate the trade-off between the passband BW and OB rejection, we introduce
a higher-order gain-boosted N-path filter, implemented through the addition of an
N-path SC positive feedback network (PFN), composed by switch SW, and capac-
itor C, (Fig. 25a). The anti-phased LO waveforms of SWy_ g drive SW7 to ensure a
positive feedback. The parallelized PFN and NFN co-synthesize a complex pole
pair, explained by its analytical model presented in Fig. 25a. The BB equivalence
becomes the —Gy,; surrounded by both PFN and NFN. We model the PFN as a gain
stage —A,, in series with C,, whereas the NFN is only Cg. A, is the conversion gain of
the passive mixer driven by the 25%-duty-cycle LO waveforms, with A, = 0.9.
According to [29], we can induce the BB transfer function from Vgg_1(s) to Vpg, o(s)
in the analytical model (Fig. 25b) as.
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Fig. 25 (a) The proposed BW-Ext N-path FIL-MOD and its analytical model. It features a NFN
and a PFN to form a complex pair pole with -Gm1, widening the passband BW. (b) The frequency
response up-translated from BB to RF
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where Qg is the Q factor for the BB resonance and wgg is the natural frequency.
Obviously, a low-pass response with a dual-pole roll-off profile emerges by
co-synthesizing NFN and PFN. We can size Qg and wgg via Cg, z. When G, 17, < 1
and G,1Zs < 1, Qg is proportional to a capacitor ratio Cz/Cg. By choosing a
moderate QOs, we can obtain a wider passband BW Aw (Fig. 25b) by extending
wgg. In Eq. (14), an unwanted zero appears due to Cg and located at G,,,;/Cg, which
however we can neglect since it is far away from the poles. The filter order derives
from the input conductance of the gain loop (Fig. 25a), which is Z) "'+ ()
U'x szroCFCz + 5((1 — Gu1roAz)Cz + GroCr) [29]. As a result, the filter order of
the BB input conductance increases due to the PFN. With such a response
frequency-translated to RF, we can create a higher-order bandpass response. In
Fig. 25b, w o + wpp defines the lower and upper center frequencies wci, 2,

respectively. The RF passband BW is 2 - Aw and the Q factor given by
OriLmop = @Lo/(2 - Aw).

Figure 26 compares the RF frequency responses of the FIL-MOD and the
BW-Ext FIL-MOD. We set G;;; = 100 mS, r, =20 Q, Cg =5 pF, and Cz = 10 pF,
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and suppose Zg is a simple passive RC low-pass filter with resistor Rg = 400 Q and
capacitor Cg = 2 pF. Due to the created complex pole pair, the BW-Ext FIL-MOD
widens the flat passband BW (—1-dB point) to 46.8 MHz, which is 1.5 times larger
than the FIL-MOD, along with an improved steepness of the roll-off profile. At the
80-MHz offset, the BW-Ext FIL-MOD improves the OB rejection by 15 dB at Vig
(Fig. 25a) at a 2-GHz RF.

We can alternatively recognize the SC N-path PFN and NFN as notch filters; thus
the OB noise feedforwards via these two paths bypassing —G,; [3, 30]. Due to their
inverse phase responses, the OB noise partially cancels at the output of —G,,
leading to better OB rejection.

3.2 TX Design and Analysis

Architecture

Figure 27 details the TX schematic that exhibits the four-phase BB signals (i.e., I/Q
and differential) received from the isolated BB input network (SWy and Cg). The

BW-Ext FIL-MOD
SC PFN: Switched-Capacitor /(.:I.Zz LO:
Positive Feedback Network SWz
N-Path SC PFN
SC NFN: Switched-Capacitor ¢ Lo Ms
Negative Feedback Network I—o
SWr
: N-Path SC NFN
: Ve [, M,
! LOz LO Vip I\I Vop lop
I |-G i i
?7 SWs % Cs SW. L~ —
BB Inputs | ] Lﬂﬂ Wideband
(IQand |  Isolated-BB Input Ci TIA-Based
Differential) | = PA Driver (PAD)
! SWs TOCe SWe ~ —
¥ Vi LS Tvon 1
| LO, LOs IN ON oN
|
r——- Wideband Vout
1 N-Path SC NFN
! SW,
CLKwo LO14 o
! G Lo RX-Band
! 25% Duty Cyde .
! N-Path SC PFN Noise
Yo Ny s .
| Lo, 1L _T1 s «—>
: Loy LT Cz LOs Af
' Loy — 111

Fig. 27 Schematic of the fully integrated multiband SAW-less TX with low RX band noise. The
LO defines the RF operating frequency. The key blocks are the BW-Ext FIL-MOD, the isolated BB
input, and the wideband TIA-based PAD. The PAD absorbs the bias and signal currents of —G,;
for better linearity and TX efficiency
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BW-Ext FIL-MOD performs I/Q modulation by upmixing the BB signals through
the switch SWy.. Subsequently, the gain stage (—G,,;) amplifies the upmixed signal.
A simple NMOS device realizes —G,,1, such that the following TIA-based PAD can
absorb its bias and signal currents (/o p and Io_n). This co-design benefits both the
linearity and TX efficiency, together with an inner parallel G, linearizer (—G,,,) to
suppress the CIM; at the TX output. Then, an on-chip center tap transformer
combines the differential signal currents before driving the off-chip 50-Q load for
measurements. The differential implementation not only benefits the output power
but also allows using the cross-feedback capacitors C; to cancel the parasitic effects
associated with —G,,;, trimming the passband shape. C offers the design freedom
to balance the OB rejection with the passband flatness at both V; p and Vg, p.

The BW-Ext FIL-MOD embeds an N-path SC NFN (SWg and Cf) and an N-path
SC PEN (SW7 and C7) around SWi and —G,,;. SWg performs the downmix
function, while SWy is for the anti-phased downmix function to create the PFN.
For example, when the four-phase 25%-duty-cycle LO waveforms (i.e., LO; to LOy)
drive the switches SWy g, the anti-phased LO waveforms (i.e., LO3 to LO,) will
drive the SW7. In addition, the isolated BB input network utilizes the adjacent phase
of each nonoverlap LO waveform to time-interleave the operations of the BB
injection and BW-Ext FIL-MOD. Thus, the adjacent LO waveforms (i.e., LO, to
LO,) drive SWp.

Functional View of the TX

To be more intuitive, Fig. 28a presents a functional view (which is not the equivalent
circuit) of the proposed multiband BW-extended TX, with the I[/Q modulation and
BW-extended bandpass filtering decomposed as two cascaded functions to simplify
the comparison. The I/Q modulation is in the forward path like a typical TX,
synthesizing an RF signal at Vj p from the four-phase BB signals injected by the
isolated BB input network. The RF signal virtually experiences BW-extended
bandpass filtering at both Vi p and Vg, p to reject the OB noise. In Fig. 28b, we
draw the model of the N-path SC NFN as a paralleled RLC resonator around —G,,
forming a gain-boosted N-path filter where the tunable inductor represents the
tunable RF center frequency [3], whereas we can model the N-path SC PFN as
series RLC resonators, which shunt to ground in Fig. 28a, thus creating a third-order
Chebyshev notch filter around —G,,; when combining it with the paralleled RLC
resonator. The NFN and PFN together result in a high-order gain-boosted N-path
filter. The tunable inductor in the series RLC resonators also defines the RF center
frequency, which is the same as the paralleled RLC resonator.

When compared with the conventional passive RC-BB input network in Fig. 28b,
the isolated BB input network lowers the BB mutual loading effect and decouples
the Q-factor degradation of the created RF bandpass response in the BW-Ext
FIL-MOD (detailed in Sect. 3.2.4). The circuit in [27] exploited a wideband
singled-ended voltage-input PAD in the conventional FIL-MOD (Fig. 28b); how-
ever, it can only deliver a —1-dBm output power at a —40-dBc ACLR,. Here, we



High-Performance SAW-Less TDD/FDD RF Front-Ends 35

High-Order Gain-Boosted N-Path Filter
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Fig. 28 (a) Functional view of this work that features the isolated BB input, gain-boosted N-path
filter with BW extension, and a wideband TIA as the PAD. (b) Functional view of the TX in [27]
based on the passive RC-BB input, the gain-boosted N-path filter, and the voltage-input amplifier as
the PAD

introduce a wideband differential TIA-based PAD. In this case, the PAD (reported
later) is capable to deliver a larger output power along with a better linearity.

LTI Model of the BW-Ext FIL-MOD

For the RX, the bidirectional transparency property of the passive mixer allows
frequency translation and impedance transformation [4, 28], and then it implies the
introduction of a linear time-invariant (L'TI) model for the original linear time-
variant (LTV) circuitry. The LTI model represents the time-varying effects of the
N-path switches by applying an impedance transform factor a to the BB impedance
and adding a virtual shunt resistance Ry,. When N = 4, the 25%-duty-cycle LO
waveforms drive the passive switches, with a scaling factor a = 2/7%. Ry, represents
the loss due to harmonic up-conversion and dissipation or the harmonic folding
effect due to the passive switches.

The application of the LTI model to the passive mixer-based TX is also possible
due to the bidirectional transparency property. Similar to [4, 28], the scaling factor «
acted as the BB impedance in TX. Yet, we can neglect the virtual shunt Ry, for TX,
since the harmonic folding effect plays only a little contribution on the in-band
amplified signal and also the OB noise [27]. Figure 29 displays the equivalent
LTI-based model of the BW-Ext FIL-MOD. To simplify the analysis, we employed
a single-ended architecture. Since the isolated BB input network operates as a BB-to-
BB gain response in the signal path, the resistor Rg = 4 - Rgwp represents the switch
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Fig. 29 Equivalent Cza R
LTI-based model for the | N
BW-Ext FIL-MOD PFN

CF/G RSWR
< 1
NFN
0<Rg Rsw. |) Vop
?Wl—‘ —D
+ S
Vth_ T I CB/G ; CP EL fo

Scaling factor = a=2/T2
Operate @ (Wrr - wio) = Cz, Cr, Caand Rs
Operate @ WrrF = Rswz, Rswr, Rsw, C1, -G, o and -Az

Fig. 30 The voltage gain, -5
predicted by the LTI-based
analysis against the
simulation result over a . -10¢
200-MHz span at 2-GHz %
RF. G,y = 100 mS, - 15}
r():on,szspF, g
C, =10 pF, Rg =400 Q,
and Cg = 2 pF E) 20
‘©
o _25(_ O LTI-Based Analysis p
— Spectre-RF Simulation
-30

192 196 2 204 208
Frequency (GHz)

SW5. Here, we only focus on the LTI model for the BW-Ext FIL-MOD, leaving the
analysis of the isolated BB input network for Sect. 3.2.4. In Fig. 29, the scaling factor
a acted on the components operating at BB frequency (o — w1 o), thatis, Cz, Cg, Cg,
and Rg. The voltage source Vy, is the approximated LTI-based Thévenin equivalent
voltage, which is v/2/z(e™/*Vppi(s) + e "/*Vppo(s)) at BB frequency (@ —
w1 0) [10]. When neglecting the input parasitic effect of —G,,,; and ON-resistance
Rswi, Eq. (15) deducts the signal at V_p, which is a third-order bandpass response
with a complex pole pair. In Eq. (15), we introduce two left-half s-plane zeros
located at a/(CzRgw) and a/(CgRswgr) when G, Rswr < 1, which however we can
move to higher frequencies by using smaller Cz (or Rswz) and Cg (or Rswr).
Figure 30 plots Eq. (15) plotted at 2 GHz which matches well with the simulated
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curve spanning from 1.9 to 2.1 GHz, except that there is a 1.3-dB gain increment
since we neglect the input parasitic capacitance of —G,;:

(Cstsz + a)((CFGmlRSWR - CF)S + Gmla)ro
— CrCzRp CyRswz(Rswr + Fo)
V2 /(e * Vg 1(s) + e ™4 Vg o(s))
5+ (82 + (wo/Q)s + @2)
W a(GmiroRea(AzC7 — Cr) — Rpa(Cp + Cr + Cz) — Ce(Rswr + 7o) — CzRswz)
° — CrCzR CaRswz(Rswr + 7o)

Vo,P ~

(15)

(16)
0 = /CrCzRgCpRswz

o /(Rswr + 7o) (a(GmiroRpa(Cr — AzCz) + Rpa(Cg + Cr + Cz) + Cr(Rswr + ro) + CzRswz))
A

A = CeRpa(GmiroCz(A;Rswr — Rswz) — Ce(Rswr + 7o) (17)
— CpCzRpa(Rswr + Rswz + ro(1 +Az)) — CeCzRswz(Rswr + 7o)
— CpRpCzRswz

Since the PFN may introduce a stability concern, we must design carefully the
BW-Ext FIL-MOD. As explained in Eq. (14), the capacitive ratio Cz/Cr dominates
the Q factor of the bandpass response and also the stability. When ignoring the input
capacitance of —G,,; and the ON-resistances Rswr. r. z, based on the equivalent
LTI-based model of Fig. 29, we can derive the loop gain by breaking the closed loop
(=G + CE, ;) and injecting a test voltage. With the closed loop broken at the input
of —Gy,1, we obtain the open loop voltage gain as.

Vies,0(8) _ s - GmiRpar,(CzAz — Cr)

Vtest,I(S) S2 . [(Cz(l +Az) + CB)CFRBVO} + - [RBOI(CF + Cz + CB) + CFFO] +a
(18)

which is a second-order high-pass response. With G,,,; = 100 mS, r, = 20 Q,
Ce =5 pF, Cg = 2 pF, Rg = 400 Q, and Az = 0.9, we can plot Eq. (18), as in
Fig. 31, for different C, at the 1-100-MHz range. The loop gain climbs with the
increment of Cz, and the loop gain is <0 dB when Cy is <20 pF. Thus, we can secure
the closed-loop stability when C/Cg < 4.

Besides that, C offers the freedom to balance the OB rejection with the passband
flatness at both V| p and V5, p. In Fig. 32a, with the increment of C, the Q factor of
the RF bandpass response increases, as reflected in the passband ripple. When
Cz = 30 pF, the BW-Ext FIL-MOD tends to be unstable, and its passband ripple
is ~3.2 dB. When compared with C =5, the 10-pF C extends the flat passband BW
(—1 dB point) by 17.8 MHz, along with an improved OB rejection by 3.2 dB at an
80-MHz offset. Also, the ON-resistance Rgwyz offers freedom to balance the OB
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Fig. 31 The loop gain is <0 dB when C < 20 pF, indicating that the BW-Ext FIL-MOD can
operate with stability
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Fig. 32 (a) The simulated tunable BW and OB rejection for different C. (b) The on-resistance
Rsw7 offers other degree of freedom for tuning the BW and OB rejection

rejection and passband BW (Fig. 32b). A smaller Rgw7 improves the performance
but at the cost of LO power. When Rgwz is 20 Q, the flat passband BW and OB
rejection at the 80-MHz offset improve by 12.4 MHz and 3.1 dB, respectively, when
compared with a 80-Q Rswz.

Isolated BB Input Network

The isolated BB input aids to alleviate the mutual loading effect between the
BW-Ext FIL-MOD and itself, while hindering the BB cross talk. For the 25%-
duty-cycle LO waveforms, short overlap among them may occur during the transi-
tion. For example, when the falling edge of LO; overlaps with the rising edge of
LO,, a BB current loop occurs in the conventional passive RC-BB input network
[27] (Fig. 33), with both the N-path SC PFN and NFN omitted and the finite input



High-Performance SAW-Less TDD/FDD RF Front-Ends 39

impedance of —G,,,; expressed by the parasitic capacitor Cp. The induced BB current
loop affects the voltage across Cp, thus degrading the linearity [7]. Here, the isolated
BB input network hinders this effect by utilizing the adjacent phase of LO wave-
forms to time-interleave the operation of the BB injection. Although the switches
driven by LO; and LO, turn on simultaneously during the short overlap period, the
switch driven by LO; turns off, and then the BB current goes to ground through Cg,
thus, preventing a BB current loop.

In the signal path, the isolated BB input network is similar to that of the passive
RC-BB input, as a BB low-pass filter with the —3-dB frequency corner
1/(4RswgCg). After that, with the BB signals injected into the BW-Ext FIL-MOD,
the BB injection circuits become a load. Essentially, the BW-Ext FIL-MOD sees it as
a paralleled RC network if it is a passive RC-BB input network, whereas each LO
sequence in the isolated BB input network only sees a shunt capacitor Cg, thus
preserving the created RF bandpass response. In Fig. 34a, the isolated BB input
improves the OB rejection by 7 dB at 80-MHz offset for Cg = 2 pF, Rg = 400 Q,
and Rgwp = 100 Q. Unlike the BB low-pass filter [7, 27] where the OB rejection is
proportional to Cg, a smaller Cg enhances the OB rejection for the isolated BB input
network. In Fig. 34b, the OB rejection obviously improves at a small Cg (<2 pF)
when comparing it with the passive RC-BB input, since the BW-Ext FIL-MOD
dominates the OB rejection, and a larger Cg degrades the Q factor of the created RF
bandpass response. The lower limit of Cy ties up to the passband BW; thus we
should choose a proper Cg to balance the passband BW and OB rejection. Also, the
ON-resistance Rswp offers the freedom to balance the passband BW of the BW-Ext
FIL-MOD with the OB noise rejection (Fig. 34c). The increase of Rgwg enhances the
OB rejection along with a lower output noise.
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Fig. 33 The LO overlap effect between the falling edge of LO, and rising edge of LO,. It induces a
BB current loop in the typical passive RC-BB input network, although hindered in the isolated BB
input network
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Fig. 34 (a) Isolated BB input improves OB rejection when compared with the passive RC-BB
input. (b) Simulated OB rejection and passband BW at different Cg. (¢) Rswp allows balancing the
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Wideband TIA-Based PAD

Since the single-ended voltage-input amplifier as a PAD can suffer from low
linearity and output power [27], herein we present a differential wideband
TIA-based PAD to absorb the bias and signal currents of —G,,;. An on-chip 1.4:1
transformer combines the differential RF outputs, shunted by a 5-bit tunable Cy
(0.1 pF/step) to expand the RF coverage. With the cross-coupling capacitor C;
(2 pF), a moderate thick-oxide transistor (M3) is adequate, 300 pm/150 nm, to
enhance the reverse isolation, reliability, and voltage gain (by 4.6 dB from simula-
tion). The differential implementation not only aids the output power but also allows
the utilization of a cross-feedback capacitor C; to cancel the parasitic effects
associated with —Gyy,, trimming the passband shape. C; is a 4-bit tunable capacitor
bank with 50 fF/step. We use transistor M, to isolate the two cross-coupling
capacitors (C; and Cs) that serve different purposes.

The CIMj3 term is always a key challenge on the spurious emission in TXs
[20, 31, 32], due to the third-order intermodulation product of signals around
(1 x LO) and (3 x LO). With a BB tone (fgp) fed to the TX (Fig. 35a), there is,
after the mixer, the desired tone at f; o + fgg and the unwanted tone at 3 X f; o — fgg
due to the use of 25%-duty-cycle LOs. After passing the TIA-based PAD, the
unwanted CIM; term appears at fio — 3 X fgg. Similar to the full-duplex spaced
(FDS) jammer test in the RX with the equally duplexed TX leakage and OB jammer
injected [30], the OB output-referred third-order intercept point (OB-OIP;) can
reflect into the CIM; term in TX, leading to.

OB — IIP; — Poy + Pinzro + G;AD — Pcivs ’ (19)

where P, is the TX output power and Py, 3.0 is the third LO PAD input power and
Gpap is the gain of PAD. The third LO PAD input power is 9.5 dB smaller than the
first LO one for 25%-duty-cycle LO waveforms [7]. In order to reach a <—50 dBc
CIM3;, the OB-IIP5 should be >24.75 dBm when delivering a 3-dBm output power
with a 12-dB PAD gain.
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Fig. 35 (a) Signals around 1xLO and 3xLO (at the output of the FIL-MOD) inject to —G,,,; and
generate CIM3 at Vg p. (b) CIM; partially cancelled by the paralleled linearizer —Gy,»

Unlike [32] that employs an area-hungry passive LC filter between the MOD and
PAD and [20] that uses power-hungry multiple LO phases to suppress the third-order
harmonic, we utilize an inner parallel G, linearizer (—G,,,) in Fig. 35b to suppress
the CIM; term at the TX output [33, 34]. We design —Gyy; to bias at the triode region
and to achieve the partial cancellation of the third-order coefficient with —Gy
biased in the saturation region. For a better power efficiency, we biased —Gy,; in
the class-A/B mode. —G,; (—Gn,») is a simple NMOS transistor, sized with 120 pm/
30 nm (60 pm/30 nm). With G, linearizer the OB-IIP; improves by 9.2 dB (i.e.,
26.7 dBm) in the TIA-based PAD, when compared with the circuit without the
linearizer. From 500-run PVT Monte-Carlo simulations, only 0.4% of the samples
has a CIM3 < 35 dBc. Yet, we can obtain CIM3 < 40 dBc for all 500 runs after
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simple bias calibration on —G,,,. Also, a careful layout is essential to pull of the
robustness of the TIA-based PAD.

Four-Phase 25%-Duty-Cycle LOGEN

Figure 36 presents a low-power 25%-duty-cycle LO generator (LOGEN). The
differential self-biased input buffers amplify first the input clock signals. After
adjustment by a phase corrector, a divider-by-2 receives the input signals. To
generate the 25%-duty-cycle LO waveforms (LO; . 4), it is necessary to apply
“AND” logic on the frequency-divided 50%-duty-cycle signals Q;,,0;, and the
signals 2LOp, . Since the rising and falling edges of LO; . 4 derive from the 2LOp,
N, the divider-by-2 will not contribute with noise for LO; . 4 [7]. Unlike [7, 27] that
employ a single-ended inverter-based input buffer, a differential self-biased input
buffer amplifier here improves the phase noise without sacrificing the power [35]. By
introducing a self-biased circuitry, we secure a differential amplifier, consisting of
transistors M—M,. The embedded inverter (M5 and M,) acts as a push-pull amplifier,
adaptively biased by a negative feedback scheme using the current-sourcing tran-
sistor M and the current-sinking transistor M,. We embed another push-pull ampli-
fier (inverter) with Ms and Mg that inversely amplify the input clock signal LOpy, n to
Vour- Simulated at 2 GHz, the LOGEN exhibits a phase noise of —158.4 dBc/Hz at
40-MHz offset frequency, improving by ~6 dB when compared with the single-
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Fig. 36 Low-power four-phase 25%-duty-cycle LOGEN with differential self-biased input buffers
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ended input buffer. The LOGEN consumes 9.8 mW power at 2 GHz, of which
0.8 mW result from the differential self-biased input buffer.

Other Implementation Details

Resulting from the Miller effect created by the loop gain of —G,,;, small physical Cg
(5 pF) and SWp g (20 pm/30 nm) allow the reduction of the parasitic effects and LO
power [9]. The simulated G, is 110.2 mS and the inverting gain from V; pto Vg pis
—1.6 V/V (Fig. 27). From simulations, the main contributions for the output noise at
the 80-MHz offset are from —G,,; (27.8%), SWi, r (14.4%), SWz (7.2%), and
TIA-based PAD (18.2%), whereas SWg and LOGEN only contribute 1.2% and
3.8%, respectively. The remainder comes from the 50-€2 load and bias circuit. SWy
is hence small (6 pm/30 nm) to save the LO power. LOGEN contributes to the output
noise in two aspects: the LO-feedthrough noise from the switches’ parasitic capacitor
and the LO-modulated phase noise with BB signals. The differential TX implemen-
tation cancels the LO-feedthrough noise; the created high-Q bandpass filtering at
both Vi p and Vg, p effectively suppresses the LO-modulated phase noise, alleviating
the LO phase noise requirement and thus saving the LO power.

3.3 Measurement Results

Figure 37 shows the fully integrated SAW-less TX, fabricated in 28-nm CMOS,
occupying a 0.31-mm? active area. The power supply of the LOGEN is 1 V, with the
TIA-based PAD powered at 1.8 V. Figure 38 depicts the measured output spectrum,
with a 3-dBm output power at 2.535 GHz (NR-n7 band) when applying a 64-QAM
SC-FDMA signal with a 20-MHz BW. The ACLR, and ACLR, are —44.4 and —
58.7 dBc, respectively. The EVM is 1.9%. The I/Q mismatch image and LO
feedthrough is suppressible to <—40 dBc by manual calibration on the gain-phase
balancing of the four-phase BB inputs (I/Q and differential). Furthermore, the BB
calibration is beyond the focus of this work. By simply sweeping the LO frequency,
we can consistently measure a high-Q bandpass response at different NR bands
covering 1.4-2.7 GHz and also compatible with the simulation (Fig. 39). The flat
passband BW is >20 MHz. At a 3-dBm output power, the CIM; and CIM5 are —54
and — 64.2 dBc, respectively (Fig. 40a). The output noise floor is —158 dBc/Hz at
120-MHz offset for NR-n7 band, which includes the thermal noise of the TX path
and modulated phase noise of the LOGEN. Figure 40 summarizes similar measured
results at the NR-n2 Band (1.88 GHz at 80 MHz offset) and the NR-n74 Band
(1.4485 GHz at 48 MHz offset), including the CIM;_ s, the output noise floor, and the
ACLR| , (Fig. 40b). When the output power is back off, the OB noise degradation is
<1.5 dB (Fig. 41a), and the ACLR; , varies <2 dB regardless of the signal BW of
10 or 20 MHz (Fig. 41b).



44 G. Qietal.

Fig. 37 Chip photo of the
implemented multiband
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Fig. 38 Measured output spectrum for NR-n7 (2.535GHz) with a 20-MHz BW

The TX can support a wider signal BW >20 MHz, but it has to leverage with the
OB rejection (refer to Fig. 34b). To improve both the OB noise and signal BW, we
can incorporate better BB DAC and more BB filtering. When compared with the
NR-n74 band (Af/BW ratio = 2.4), although NR-n3/NR-n66 band has wider signal
BW (30/40 MHz), the larger Af/BW ratio (3.17/10) alleviates the design challenge.
We did not realize a variable-gain control in this work, which however can be
applicable to the TIA-based PAD. Like [7], we can split the PAD to high-gain and
low-gain modes, and in each mode, we can slice the PAD in small equivalent unit
cells.

At different Cz, we measured the OB rejection and — 3-dB passband BW for
5G-NR bands at different offset frequencies (Fig. 42a) according to the 3GPP
standard. The OB rejection enhances by 3.1 dB (7.2 dB) at a 48 MHz (120 MHz)
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Fig. 43 Power consumption at different 5G-NR bands and under power back-off

offset when compared with the 5-pF C, while paying out for 2.1 MHz (3.5 MHz) for
a — 3-dB passband BW. However, the —3-dB passband BW is still >43 MHz for
Cz = 20 pF. We can also increase the OB rejection by enlarging SW, (Fig. 42b).
When Rgwz = 20 €, the simulated OB rejection improves by ~6 dB at 120 MHz
offset when compared with a 40-Q Rgwz, while yielding an acceptable BW decre-
ment (<3 MHz).

At the NR-n7 band, the —G,,; and PAD (58.3 mW) plus the LOGEN (12.2 mW)
dominate the power consumption. From Fig. 43a, the power consumption rises from
55.1 mW at the NR-n74 band to 70.5 mW at the NR-n7 band due to the parasitic
effect of —Gy,; and PAD and the dynamic type of LOGEN that has an average power
efficiency of ~4.8 mW/GHz. Under power back-off, the power consumption down-
scales accordingly (Fig. 43b) for the NR-n72, the NR-n2, and the NR-n7 bands. For
example, at a 3-dB power back-off, the power consumption at the NR-n7 band
(NR-n74 band) drops by 12.5 mW (11.2 mW) mainly associated with —G,,; and
PAD. The power saving is <20%, only based on the gate biases of the PAD.

Table 4 summarizes the chip performance and compares it with the state-of-the-
art TXs [25, 27] and [32]. Due to the effective BW-Ext FIL-MOD, isolated BB input
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Table 4 Performance Summary and Benchmark with the State of the Art

This Work ISSCC™8 [1.32] | ISSCC'16 [1.26] | JSSC™MT [1.27]
TXTechnaues | BW Extended Nath FiterModuistor | Fikr ot | Ressie ODAC |17 57
+ Wideband TIA-based PAD PAD Wideband PAD
Fully Integration Yes Yes (of: Chl:% aluns) Yes
RF Range (GHz) 1410 27 1410 27 09,24 07102
Frequency Bands NR-n74 NR-n2 NR-n7 HPUE-B41 2 4GHz LTE-B2
(1.4485GHz) | (1.88GHz) | (2.535GHz) | (2 535GHz) (1.88GHz)
RF BW (MH2) 20 20 20 0 | 2 10
Quiput Power (dBm) 30 31 30 kR 35 & |
Power Cons. (mW) 55.1 60.2 705 1132 248 384
TX Eficiency (%) 36 34 28 18 18 21
Output Noise A518@ | 1575@ | -156@ 1578@ 1589@ A545@
(dBeHz) @ Af(MHz) 48 80 120 80 45 80
CIM, (dBc) 523 525 54 596 <50 52
ACLR, (dBc) 454 456 444 447 47 403
EVM (%) 19 18 19 No data <16 20
Active Area (mm?) 0.31 104 022% 0038*
Supply Voltage (V) 1,18 No data 09,11 11,25
CMOS Tech. (nm) 28 14 28 65

& Quiput baluns are offichip  # Single-ended implementation is compact but leads to a limited output power

network and wideband TIA-based PAD, this work manifests a number of perfor-
mance advantages among the linearity, OB noise, and TX efficiency. Although [25]
reported a smaller die area than here, it requires off-chip baluns to combine the
differential outputs, and its output power is 6.5 dB lower. Comparing with [27], this
work supports a two times wider signal BW and achieves a 3-dB lower OB noise and
a 4-dB higher output power. With similar output power and OB noise as [32], this
work shows higher area efficiency (3.3x) and TX efficiency (56%).

3.4 Conclusions

This chapter described a 1.4-2.7-GHz FDD SAW-less TX, composed by a BW-Ext
FIL-MOD, an isolated BB input network, and a TIA-based PAD to deliver wide
passband BW, low output noise, sufficient output power, and high linearity. The
BW-Ext FIL-MOD featured a higher-order bandpass response co-synthesized by the
PFN and NFN, alleviating the trade-off between the passband BW and OB rejection
of the original FIL-MOD. For the isolated BB input network, it upheld the BW-Ext
FIL-MOD’s high-Q bandpass response during the BB signal injection and avoided
the BB cross talk. The TIA-based PAD together with the inner parallel G, linearizer
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allowed sufficient output power, better linearity, and power efficiency. The fully
integrated TX prototyped in 28-nm CMOS occupied an active area of 0.31 mm?. The
circuit obtained high linearity (ACLR; = - 44.4 dBc) and low OB noise (—158 dBc/
Hz) when delivering a 20-MHz signal at a 3-dBm output power. The overall
performance rendered this SAW-less TX an attractive candidate for multiband
FDD radios.
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1 Introduction

The phase-locked loop (PLL) providing a pure local oscillator (LO) or a clock signal
is one of the most critical building blocks in the wireless or wireline transceiver.
Since operating at the highest frequency and directly deciding the out-of-band phase
noise of a PLL, the oscillator plays a key role in the PLL subsystem. This chapter
presents several techniques to improve the oscillator performance from radio fre-
quency (RF) to millimeter-wave (mm-wave) frequency. We will also introduce
reference spur reduction techniques for the subsampling PLL.

H. Guo - Z. Yang - Y. Peng - Y. Chen - J. Yin (X)) - P.-I. Mak

State-Key Laboratory of Analog and Mixed-Signal VLSI/IME and FST-ECE, University of
Macau, Macao SAR, China

e-mail: yb77441 @um.edu.mo; yb77431 @um.edu.mo; martinpeng @um.edu.mo;
ychen@um.edu.mo; junyin@um.edu.mo; pimak @um.edu.mo

C. C. Lim
State-Key Laboratory of Analog and Mixed-Signal VLSI/IME and FST-ECE, University of
Macau, Macao SAR, China

School of Engineering, Asia Pacific University of Technology and Innovation, Kuala Lumpur,
Malaysia

e-mail: lim.cheecheow @apu.edu.my

H. Ramiah

Department of Electrical Engineering, University of Malaya, Kuala Lumpur, Malaysia
e-mail: hrkhari@um.edu.my

R. P. Martins
State-Key Laboratory of Analog and Mixed-Signal VLSI/IME and FST-ECE, University of
Macau, Macao SAR, China

On leave from Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal
e-mail: rmartins @um.edu.mo

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 51
R. Paulo da Silva Martins, P.-I. Mak (eds.), Analog and Mixed-Signal Circuits

in Nanoscale CMOS, Analog Circuits and Signal Processing,
https://doi.org/10.1007/978-3-031-22231-3_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22231-3_2&domain=pdf
mailto:yb77441@um.edu.mo
mailto:yb77431@um.edu.mo
mailto:martinpeng@um.edu.mo
mailto:ychen@um.edu.mo
mailto:junyin@um.edu.mo
mailto:pimak@um.edu.mo
mailto:lim.cheecheow@apu.edu.my
mailto:hrkhari@um.edu.my
mailto:rmartins@um.edu.mo
https://doi.org/10.1007/978-3-031-22231-3_2#DOI

52 H. Guo et al.

2 Inverse Class-F (Class-F~1) VCO

2.1 Toward the Power-Efficient Low-Phase-Noise Oscillators

The trend toward denser modulation schemes in imminent RF communication
systems has continuously driven the development of high-purity LC oscillators
with low power consumption. For an LC oscillator operating at @, we can generally
express its phase noise at an offset frequency of Aw as [1]

L(Aw)=10"log |F— - =
(4) 17200 (awy

()

KT L (0(3)]

where k is the Boltzmann’s constant, T is the absolute temperature, V,, is the
differential oscillation amplitude, L is the tank inductance, Q; is the tank quality
factor (Q-factor) at wg, and F is the device excess noise factor defined as the total
effective output noise normalized to the noise of the tank parallel resistance [2]. Nota-
bly, the inductor Q-factor (Qp) will dominate Q; in oscillators below 10 GHz.
Equation (1) suggests three methods to reduce the phase noise: (1) choosing an
inductor with small inductance and high Q; to minimize the L/Q; ratio, (2) maxi-
mizing the oscillation amplitude Vp, and (3) cutting down the noise factor F by
reducing the noise contribution from the transistors. In the first method, scaling
down the inductor dimension devilishly will degrade Q;, limiting the minimum L/
O [3]. In the second method, the supply voltage limits Vp that unfortunately
diminishes with the scaling down of CMOS technology. We can observe that
these two methods mainly rely on CMOS technology, which is not easy to manip-
ulate in the circuit design stage. Regarding the third method, the noise contribution
from the transistors directly relates to the specific oscillator circuit topology, which
offers plenty of room for the circuit designer to explore novel circuit techniques or
oscillator topologies.

Considering Vp already maximized for the low-phase-noise design, in a classic
class-B oscillator with a tail current source (Fig. 1a), the tail current source provides
a high impedance at the tail node, which isolates Vg and ground, preventing the tank
Q degradation even when M, , is in the deep triode region under a large Vp. Thus,
such an arrangement well suppresses the noise contribution from M ,. On the other
hand, we can convert the noise at low frequency and 2w, of the tail transistor (Mr) to
the phase noise by mixing with the output signal at @, through M, , [4]. Typically,
M-t can be a dominant noise source. If we remove Mt and directly connect Vg to the
ground, the tank Q degradation will occur when M , is in the deep triode region.
Subsequently, the noise contribution from M; , will significantly increase.

Figure 1b illustrates that we can suppress the noise contribution from M, , under a
large V},, by utilizing a tail tank resonating at the second harmonic frequency (2a¢)
[4]. Here, a high impedance Zrayp. at 2w helps to alleviate the tank loading effect.
From the viewpoint of the time-variant model [5], a high Zray at 2w, generates a
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Fig. 1 Schematics of (a) the class-B oscillator with a tail current source, (b) the class-B oscillator
with a tail tank, (c¢) the class-B oscillator with implicit CM resonance, and (d) the class-F, 3
oscillator

second harmonic voltage at V. Thus, the circuit reshapes the drain-to-source voltage
Vps waveform to have a flat region close to zero when the transistor is in the triode
region (Fig. 1b). Since the output phase is insensitive to the transistor channel noise
in the flat area of Vpg, there is no noise upconversion, ideally reducing the noise
contribution from M , to the same level as using an ideal tail current source. With
the aid of the tail tank, the 1.2GHz oscillator in [4] exhibited an excellent figure of
merit (FoM) of 195 dBc/Hz at 10 MHz offset. However, accommodating the extra
tail inductor increases the die area.

To realize a compact design, it is necessary to implement the high impedance at
2w with the utilization of the implicit common-mode (CM) resonance of the main
LC tank [6]. In a differential spiral inductor with a mutual coupling coefficient
k (Fig. 1c), the tank inductance and capacitance are (1 + k)L and Cpy; + Ccp With the
tank excited by a differential-mode (DM) input, resulting in an oscillation frequency
of wy=1/y/(1+k)L(Cpm + Ccm) . At a CM input, the tank inductance and
capacitance change to (I — k)L/2 and 2Ccy, corresponding to a CM resonance
frequency of wcm = 1/4/ (1 — k)LCcm. By properly selecting k and Cppy/Cey ratio,
we can obtain wcy/@wy = 2 such that the tank can provide a high impedance Zcy, at
2wyq. The 2.85-3.75 GHz oscillator prototype in 28 nm CMOS pulled off an FoM
between 191.8 and 192.5 dBc/Hz at 5 MHz offset and a 1/f* corner between 120 and
240 kHz. We can also apply the CM resonance to a class-F oscillator [7]. From
Fig. lc, the transformer tank employing Ccy, in the primary winding and Cpy in the
secondary winding exhibits two DM and one CM resonant frequencies. Under CM
excitation, the input signal cannot see the secondary winding since k becomes weak
due to the magnetic flux cancellation, resulting in wcm = 1/+/Lp.cmCom- By prop-
erly selecting the ratio between LpCcn, LsCpm, and Lp, cmCcom, We can guarantee
wcm/@o = 2. Besides, this work also placed the other DM resonant frequency at 3w,
which eventually generates an F, 5 tank. Moreover, the passive voltage gain (A,)
from the drain to gate nodes of the transistors provided by the transformer tank helps
to reduce the transconductance required to sustain oscillation, further reducing the
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noise contribution from the transistors. The 5.4—7 GHz class-F 3 oscillator in 40 nm
CMOS attained an FoM between 190.5 and 191.4 dBc/Hz at a 10 MHz offset. In
addition, reference [6, 7] also revealed that the second harmonic resonance reshapes
the transistor’s drain voltage waveform to achieve a symmetric rise and fall time,
which suppresses the flicker noise upconversion and improves the close-in phase
noise.

The Q-factor (Q,) of the second harmonic resonance can affect the transistor
noise suppression capability. Intuitively, a large Rp, can enlarge the second har-
monic voltage in Vpg, extending the flat area in the Vg waveform where the output
phase is insensitive to the transistor channel noise. Unfortunately, a high O, is
typically unavailable in the CM resonance tank for two reasons. First, the differential
spiral inductor employed in [6] suffers from a relatively low Q-factor (Qr cm) at @cm
due to unavoidable magnetic flux cancellation. From Fig. 2a, the CM current in the
adjacent windings flows in the opposite direction, raising the ac resistance and
reducing the inductance at CM oscillation (Fig. 2b). The electromagnetic
(EM) simulations maintain the inner diameter and sweep the spacing between the
two turns to change the k and Q; cn, while keeping a relatively constant L. From
Fig. 2¢c, alower k yields a higher Oy ¢ at the cost of chip area. Hence, we can hardly
realize the required large Cp-to-Cc ratio at high frequency when all the capacitor
banks are off. Second, the CM technique requires the implementation of CM
capacitors (Ccy) with single-ended switched capacitors (SC). When compared
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Fig.2 (a) CM current excitation. (b) Circuit model of CM current excitation. (¢) EM-simulated Oy
com, and Qr. pum versus coupling coefficient &
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with the differential SC, the Q-factor of the single-ended SC is inherently lower for
achieving the same tuning range [8], which further degrades the tank Q-factor (Q,) at
the CM resonant frequency.

The inverse class-F (class-F~') oscillator [9, 10] (discussed in the following
subsections) aims to break the abovementioned limitations of the CM resonance
technique and further improve the phase noise and power efficiency.

2.2 Principle of the Class-F~! Oscillator

Figure 3 represents an NMOS (N-channel metal oxide semiconductor)-only class-F~
! oscillator with a 1: n transformer (n > 1), where n is the transformer turn ratio
defined by n = ki+/Ls/Lp. As the transformer-based tank can provide two resonant
peaks; it is possible to map them to f; and 2fy, respectively. Furthermore, as Fig. 4
illustrates, when the drain current I, containing the first three harmonics multiplies
by the tank input impedance Zjy = Vp/Ip, it generates large first (Vp;) and second
(Vp») harmonic voltages, justifying its class-F~' operation [11] (i.e., square-like I,
and half-sinusoidal V). Using the T-model of the transformer (Fig. 5), we can derive
the low (f) and high (fi;) resonant frequencies of the transformer tank as

w0+ -a(1-R)

2
— 2
S 2LsCs (1 —k2) @)

where £ is a ratiometric given by & = LgCs/LpCp. Fig. 6a plots the ratio of fi/fi.
against ¢ for different k,,,. To map f; to fy and fiz to 2f (i.e., fu/fi = 2), we arrive at

Fig. 3 NMOS-only class-
F~! oscillator
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Fig. 5 Equivalent circuit of the transformer-based tank

16&% + (100k2% — 68)¢ + 16 =0 (3)

where k, < 0.6 is the necessary condition for satisfying class-F~' operation. If we
only consider the situation £ > 1 that maximizes the high-band impedance Rp,, the
variation of k,, against £ suggests that a high & requires a low k&, to ensure fi/fi, = 2
(Fig. 6b).

With phase noise closely related to the tank impedance, we derive the input
impedance Zy at fy and 2f; as
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where Qp and Qg are the intrinsic Q-factors of the primary and secondary coils,
respectively. Figure 7a plots Rp; and Rp, for different Lp, revealing that a high & will
reduce Rp; and raises Rp,, favoring the phase-noise performance.
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If we define the drain-to-gate voltage gain of the transformer as Ay = Vg/Vp, by
using Egs. (2) and (3), the Ay of the first harmonic (Ay;) and the second harmonic
(Av») voltages are functions of £ and n expressed, respectively, as

ny —4E + 176 —4

Ve
A=W )

Figure 7b plots Eqgs. (6) and (7) in dB against &, suggesting that Ay; moves up
with &. Ay, is smaller than 1 for £ > 1.4 and drops quickly as £ increases. With the
first harmonic drain voltage V; amplified at the gate while the limited transformer’s
resonant bandwidth attenuates the second harmonic voltage Vp,, the gate voltage
would predominantly contain the first harmonic component only. Then, we only
need to consider the first harmonic voltage for reliability. Yet, negative g, transistors
are vulnerable to breakdown if Ay is excessively large. In another design trade-off,
we can fix f, with large ¢ and n, requiring a tiny Cp which is hard to implement in
practice.

Although 1Z;,,| has two peaks, that is, Rp; and Rp,, at both f; and 2f; and Rp, > Rpy,
the class-F ' oscillator can only oscillate at the frequency f; with the transformer
configured as a two-port resonator exhibiting inverted magnetic coupling from drain
to gate nodes, in such a way that the loop gain fulfills the phase condition only at fj,
forming positive feedback around the loop [12, 13]. In summary, a small £ favors
low-power applications, but if a minimum PN is necessary, we should maximize &,
providing that the negative gy, transistors still operate within the reliability limit.

To generate the differential outputs, Fig. 8 exemplifies how we can stack the
PMOS (P-channel metal-oxide semiconductor)- and NMOS-based class-F ' oscil-
lators and merge their respective transformer-based tanks together. We short the
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Fig. 8 Class-F ' oscillator with a PMOS-NMOS-complementary topology to generate differential
outputs
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center taps of the two coils to provide self-biasing at Vpp/2, with Mp and My sized
such that g, , = gm n. This self-biased scheme eliminates the extra bias circuit and its
noise contribution. The inherent single-ended topology avoids the in-phase relation-
ship between the second harmonic components (Vpp p2, Vponuz) in Vpp and Vpy.
Instead, Vpp 2 and Vpn o are also differential (Fig. 8). Consequently, we avoid the
QO-factor degradation of the inductor or transformer. Since both first and second
harmonic components are differential, we can tune the first and second harmonic
frequencies with either CM or DM capacitors. Then, we can simply implement Cg
and Cp with differential switched capacitors, which improves the Q-factor of the tank
and simplifies the frequency tuning scheme. Improving the capacitor Q-factor is
especially helpful at millimeter-wave (mm-wave) frequencies in which the capacitor
Q-factor dominates the tank Q-factor.

2.3 A 3.5-4.5 GHz Low-Phase-Noise Class-F~1 VCO

The main target of the class-F~' VCO prototype is to achieve low phase noise by
adopting a large £. Thus, we choose & = 3, which corresponds to k,, = 0.38. We
utilized a 2-to-4-turn tapped transformer with Lp = 2.28 nH, Lg = 4.28 nH, and
kyn = 0.38. EM simulation shows that the intrinsic Q-factors for the primary (Lp) and
secondary (Lg) coils at 4GHz are Qp = 19 and Qg = 17, respectively. We can control
the resonant frequencies of the transformer tank in the class-F ' oscillator, that is, fi_
and fy, almost independently by tuning Cs and Cp, respectively. Then, we can obtain
the oscillation frequency f; = fy by tuning Cs while we can adjust Cp to guarantee
Ju = 2fo. To determine Cp and Cs, we utilize 6-bit and 5-bit binary-sized switched
capacitors with an LSB (least significant bit) of 11 fF and 20 fF, respectively. For
continuous frequency tuning, we include varactors in both Cp and Cs. The sizes of
NMOS and PMOS transistors are 37.5 pm/60 nm and 75 pm/60 nm, respectively.
Figure 9 plots the simulated voltage waveforms. Although the drain voltages Vpy
and Vpp have a significant amount of the second harmonic component (i.e., Vp,/

Fig. 9 Simulated output 1.2
voltage waveforms
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Vb1 = 0.4), the gate voltage only predominantly contains the first harmonic com-
ponent as expected. Therefore, we should use Vgp and Vgy as the oscillator’s
outputs. The Q-factors of the switched capacitors mainly depend on the tuning
range. By choosing the Q-factors of Cp and Cs as 47 and 65, and absorbing the
loss of capacitors into the transformer coils for simplicity, we can reasonably assume
Op = Qs = 13.5, which results in Q| = 14 at f and O, = 9.3 at 2f;, respectively.

According to the time-variant model [7], the noise factor F in the phase noise
expression of Eq. (1) is

2

F= Zm e, THO)2i(0) a0 (8)

where iﬁ’i(é’) is the white current noise power spectral density (PSD) of the ith device
and I;(0) is the corresponding impulse sensitivity function (ISF). As illustrated in
Fig. 10, Rp models the transformer tank loss, while G n(p) and gm n(p) Tepresent the
channel conductance and transconductance of the NMOS and PMOS transistors,
respectively. Further, even if the channel is the only physical noise source of the
transistor, due to the large signal swing at the gate and drain nodes, the transistors
will transit between the saturation and triode regions when turned on. For this reason,
we artificially split the transistor current noise PSD into iﬁ’GM =4kTyg,,(0) and
ii,GDS =4kTGys(6), representing the noise PSD due to g, and Gy, respectively.
As such, we can evaluate F, consisting of the effective noise factor of the tank
(Frank), 8m (Fom), and Gy (Fgps), respectively, by substituting iﬁ,T ANk = 4kT /Rp,

Fig. 10 Noise sources of V
the class-F~" oscillator DD
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Table 1 Performance comparison of different oscillator topologies

FoM? FoM

Frank | Fom Fops |2F |7 (Cal.) (Sim.)
Class-B [16]°¢ 1 Yn 0 229 10.64 [194.2 N/A
Dynamic-biased class- | 1 7n 0 229 [0.77 | 195 N/A
C[sI°
Class-F [6]° 0.7 0.7y, 0.27 |1.87 0.5 194 N/A
Implicit CM [1 1¢ 1.22 1.4y, 0.4 342 10.74 | 193.1 192.8
(@2=16.3)
Implicit CM [1 1¢ 1.17 Yn 0.22 |2.68 |0.82 |194.6 194.3
(0>, =9.3)
Class F~'4 (0,=93) |12 0.1y, + 0.14y, 10.08 |1.6 |0.88 |197.2 196.7

“Assume Q; = 14, y, = 1.29, and y, = 1.35 in 65-nm CMOS, and use Eq. (9)
®Assume the current source is ideal and does not contribute with noise

“Data extracted from its corresponding work

9Data obtained from simulation, f, = 4 GHz

i MOs(Gw)» A 7 Mos (Gps) 110 Eq. (8). Here, we can obtain gn(6) and Gay(6) of the
NMOS and PMOS transistors as well as the ISFs through the transient simulation
[10]. Therefore, as summarized in Table 1, we can compare the phase noise
upconversion mechanism between the class-F~' and other oscillator topologies.
Typically we utilize a figure of merit (FoM) that normalizes the phase noise to
power consumption, offset, and carrier frequencies to compare oscillator perfor-
mances. By defining the power efficiency # = Prp/Ppc and Prg = V3 /2Rp, we can
acquire the FoM expression based on Eq. (1):

O 2
FOMZIOIOgl()(Tlm (9)

We maintain the same values of Q; (= 14), Rp; (=250 Q), and Vpp (= 0.6 V) for
both the class-F~' and the implicit CM resonance topologies. Under these con-
straints, F and 7 are the only parameters determining the FoM. For completeness, we
also evaluate the FoM of the implicit CM resonance having a high O, with an
unpractical value of k = 0.18. Class F'hasa higher Frank When compared with
class B, class C, and class F due to the large impedance at 2f; o, which shapes the
drain voltage and the ISF waveform into a non-sinusoidal one. Nonetheless, we
suppress the device noise in class-F~' to a minimum. Specifically, class F and
implicit CM resonance improve the Fgpg by reshaping the drain voltage with the
creation of a tank impedance at 3f; for the former and 2f, for the latter. By further
improving Q, and impedance at 2f;, the Fgpg of the class-F ~1is close to the class-B
oscillator using an ideal current source and the class-C in which we prevent the
negative g, transistors from entering the deep triode region due to a small oscillation
amplitude. Resulting from a small Gpg and a large voltage gain in the transformer,
class F~' also achieves a much lower Fgy than the other four topologies. On the
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other hand, we can also implement the voltage gain in class-C topologies through a
transformer coupling from source to gate terminals [2]. Assuming a voltage gain of
2.5 in the dynamic-biased class-C topology of Table 1, it leads to a reduction of its
Fom to y,/2.5, which further improves the FoM to 196.7dBc/Hz, provided the
negative g, transistors are still in the saturation region. However, such a voltage
gain would reduce the maximum drain voltage swing that keeps the transistors in the
saturation region.

For the class-F~ " oscillator, since the phase of the tank impedance at 2f; ¢ is zero,
the second harmonic current will flow through a purely resistive path which mini-
mizes the flicker noise upconversion caused by the Groszkowski’s effect [7]. Again,
using the time-variant model, there is a relationship between the 1/f° noise corner
(o, /fs) of an oscillator and the transistor’s flicker noise corner (@) through

rEFF,DC) ? (10)

1
P
upe g s (FEFF,HI

where I'grp(@wof) = I'vos(@ot) * alwot) and a(wot) = g,(@ot)/gm, max 18 the noise
modulating function that reflects the cyclostationary process of the flicker noise
source. I'grg, pc and I'grg, gy are the dc and first harmonics of the I'ggp(wo!),
respectively. The simulated I'grg of the class-F~! oscillator (Fig. 11) shows that
its waveform is symmetric with I'grg, pc = 0.0011 and I'grr, gy = 0.035, resulting in
a small value of (I'gpr, pc/I EFF, H1)2 = 9.88 x 10~ *. Therefore, Wy g is lower than
@1/ by more than three orders of magnitude.

Frequency pushing due to the supply variation is another critical metric for the
oscillator. The oscillator with a small frequency pushing can relax the power supply
rejection requirement of the voltage regulator. Furthermore, small frequency pushing
helps to reduce the noise contribution from the voltage regulator itself.
Groszkowski’s effect can also induce the frequency pushing when the supply

Fig. 11 Effective ISF of the
clalgss—}rl osciltlator t 0.5
0.25}
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voltage varies, considering the relationship between the frequency shift and har-
monic current given by [14]

00 2
ﬁ)w 12 zn_ |Iﬂ2 (11)

0o Q4 nr—1 Im
where Iy, and Iy, are the nth harmonic and the fundamental components of the tank
current, respectively. Usually, the second harmonic current is dominant over the
other high-order harmonic currents. In the conventional LC oscillator without the
second harmonic resonance, the second harmonic current flows through the tank
capacitor. The supply voltage variation will change the Iyy,/Iy; ratio in such a way
that it will shift the oscillation frequency to restore the balance between the reactive
and inductive energies of the tank.

The class-F~! topology significantly suppresses the frequency pushing due to the
Groszkowski’s effect since the Iy, flows through a purely resistive path with f, and
2fy perfectly aligned, that is, fy = 2fy (Fig. 12a). The residual small frequency
pushing induced by the Groszkowski’s effect results from the high-order harmonics
and change of the parasitic capacitance (Cgs and Cgp) of the negative g,, transistors.
It is interesting to observe that the frequency pushing can be either positive or
negative depending on the relationship between the fi; and 2f; (Fig. 12a). When
Jfu < 2fy, the phase of the tank impedance Z;, is negative at 2f, (Fig. 12b) and Iy,
flows through a capacitive path. A higher Vpp raises Iy/liy;, requiring a lower
oscillation frequency to rebalance the capacitive and inductive energy of the tank.
On the other hand, the phase of the tank impedance Z;,, becomes positive (Fig. 12b)
at 2fy when fy > 2fy and the Iy, flows through an inductive path instead. Subse-
quently, the frequency shift caused by Iy, becomes positive as Vpp rises. When f is
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slightly higher than 2f;, it is possible to achieve zero frequency pushing by letting the
positive frequency shift (caused by Iy,) and the negative frequency shift (caused by
the high-order harmonic currents and parasitic capacitance) to cancel each other
(Fig. 12a).

We can keep a small imbalance, between the differential outputs of the class-F '
oscillator induced by asymmetrical parasitic capacitances of NMOS and PMOS
transistors, when operating at 4GHz. The simulation results of Fig. 13 indicate that
the amplitude ratio and phase error of the drain voltages are 1.11 and —1.95°,
respectively. On the other hand, there is a further suppression to 1.006° and 0.12°
for the gate voltages owing to the voltage gain provided by the transformer.

Figure 14 presents the class-F~ " oscillator prototyped in 65 nm CMOS occupying
a core area of 0.14 mm?. The class-F~! oscillator is tunable from 3.49 to 4.51GHz,
and we evaluate its phase noise performance using a Keysight ES052B Signal
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Fig. 13 (a) Amplitude ratio and (b) phase imbalance between the differential outputs at the drain
and gate nodes

Fig. 14 Chip micrograph
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Fig. 16 (a) Measured (a) phase noise and (b) FoM versus tuning frequency

Source Analyzer. Figure 15a shows the phase noise profile of f,;, to fnax When the
power consumption ranges between 1.14 and 1.2 mW at Vpp = 0.6 V. Plotting the
corresponding FoM in Fig. 15b, the maximum FoM ranges between 195.6 and
196.2 dBc/Hz in the 1/f* region. Figures 16a, b illustrate the measured phase noise
and the FoM, respectively, across the tuning frequency at 0.1/1/10 MHz offsets. The
circuit consistently maintains the FoM at 10 MHz offset, which agrees well with the
simulation results described earlier, whereas at 100 kHz offset, the FoM varies
between 190.9 and 192.5 dBc/Hz, translating to a 1/f> corner ranging from 100 to
300 kHz (Fig. 17a). The frequency pushing shows a +4.5 MHz/V and —15 MHz/V



66 H. Guo et al.

350 3492 4506
—
300 -15 MHz/V
~
£ 250 5 ]
2200 = 349175} J4505=
3 z 2
2 150 = =
100 4.5 MHzIV
95 ' : : : 34915 . . . : 45
35 37 39 41 43 45 055 0.57 0.59 0.61 0.63 0.65
Frequency (GHz) Voo (V)
(a) (b)

Fig. 17 Measured (a) 1/f> phase noise corner versus frequency and (b) frequency pushing

at finin and finax, respectively (Fig. 17b). The opposite trend of the frequency pushing
results from the different control voltages of the varactor at f;,;, and fiax.

3 Wideband Mode-Switching MM-Wave VCO

3.1 Capacitive and Resonant Mode-Switching Techniques

Designing a wideband low-phase-noise oscillator is a challenging task. As frequency
increases, the Q-factor of the capacitive devices in the resonant tank, for example,
the varactor or the switched capacitor, eventually becomes lower than the Q-factor of
the inductive devices, causing a severe trade-off between phase noise and frequency
tuning range. To maintain low phase noise, the tuning range of the reported
oscillators at 60GHz has a typical limitation that is ~10% [15].

Although initially entailed in the sub-10GHz oscillators, the mode-switching
techniques [16, 17] promise to break the trade-off between phase noise and tuning
range in the mm-wave oscillators. Basically, by changing the coupling polarity of
two identical oscillators, the capacitive and resonant mode-switching techniques can
achieve two modes with different effective tank capacitances or inductances for
coarse frequency tuning (Fig. 18). Since the voltages on the two sides of the
on-switches in both even and odd modes are in phase, their turn-on resistances
have a negligible effect on the phase noise. Thus, we can keep the switch size small
as long as they can adequately synchronize the two oscillators with frequency
difference induced by the process, voltage, and temperature (PVT) variations.
Within each mode, the varactor or switched capacitor is still necessary to obtain
continuous frequency tuning. Ideally, we can have the tuning range doubled without
impairing the phase noise. However, both the capacitive and resonant mode-
switching techniques have their limitations. For the first technique, Cs increases
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Fig. 19 Concepts of the inductive mode-switching technique

the parasitic capacitance in the odd mode, shrinking the tuning range. The tuning
range degradation exacerbates at a higher frequency since the parasitic capacitance
occupies a larger portion of the tank capacitance. As for the latter, the energy stored
in the inductor reduces at the odd mode, but the trace length and subsequently the
resistive loss of the inductor remain unchanged, degrading the inductor Q-factor.

3.2 Inductive Mode-Switching Technique

To overcome the limitation of the capacitive and resonant mode-switching tech-
niques, we present in Fig. 19 an inductive mode-switching technique [18] that
utilizes the common-mode inductor Lcy to vary the effective tank inductance in
the even and odd modes. In the odd mode, since there is no current at the funda-
mental frequency flowing through the Ly, it excludes the resistive loss of Ly, from



68 H. Guo et al.

Pg P P P,
S;
[o )} *B, Bi® 0, Bye . * B, S, S,
chcp Cdcp% o S,y
= = 2 Pd P2
(@) (b)

Fig. 20 Inductive mode-switching dual-core oscillator: (a) implementation using two separate
inductors and (b) implementation using a single center-tap inductor

the tank inductance, preventing the inductor Q degradation. We can simply realize
the Loy by the metal trace connecting the center tap of a differential inductor and the
supply node.

Figure 20a shows one straightforward way to realize the inductive mode
switching which uses two separate inductors. Here, we employed two identical
single-turn inductors to secure a small inductance value at mm-wave frequencies.
A pair of large decoupling capacitors Cyc, connected between Vpp and ground
provide a short path for the oscillation signal and its harmonics. In the odd mode,
when switches S3 and S, are on while S; and S, are off, the voltages at P, and P, are
differential. Node B; (B,) is the virtual ground, and the inductance of trace OB,
(0O,B,) is the CM inductance (Lcy) that would not count for the total tank induc-
tance. Then, the VCO will operate at a high frequency:

wo =

1
\/ﬁ (12)

where L represents the inductance of the trace P1BP,. On the other hand, in the even
mode, when S; and S, are on and S; and S, are off, the voltages at P, and P, are in
phase. Consequently, the CM inductance of trace O;B; (O,B,) contributes to the
overall tank inductance, thereby reducing the oscillation frequency:

1
5 L+ 4Lem)C (13)

If we consider the magnetic coupling between traces P,B; and P,B; and denote
the coupling coefficient as k;,, we can obtain accurate expressions of oscillation
frequencies in the odd and even modes as [18].

1
0 ke "
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Since k;,, is weak in a single-turn inductor as long as the inductor’s dimension is
not over-shrunk, M = kL is usually quite small. According to the EM simulation,
an octagonal inductor with a radius of 52 pm gives Ly = 80 pH and k,, = 0.07 at
50 GHz, resulting in M ~ 5.6 pH. Then, the frequency difference mainly depends on
Lcy, which we can precisely control by the length of the metal trace O,B; (O,B5).

In the layout (Fig. 20a), there is no ideal ground plane that can perfectly short the
two ground nodes physically separated far away. As a result, the parasitic inductance
from the ground plane would significantly increase Lcyy, making it not well con-
trolled. To overcome this issue, we presented a novel inductor layout by flipping
both the center taps OB, and O,B; into the center allowing the merger of O; and O,
as a single node O (Fig. 20b). In the end, we can well define Ly by the length of the
metal traces OB, and OB,. The positions of ports P;_4 remain unchanged to facilitate
the connection of negative g,, cells and switches.

3.3 A 42.9-50.6 GHz Quad-Core-Coupled VCO Using
Inductive Mode-Switching Technique

To further reduce the phase noise, Fig. 21 illustrates how to apply the inductive
mode-switching technique to a quad-core-coupled VCO. The switch (S;;) connects
the corresponding two ports (P;, P;). The detailed arrangement of the 12 switches is
S12 (P, Py), So3 (P, P3), Sz4 (Ps, Py), Sus (Pa, Ps), Ss 6 (Ps, P), Se.7 (P, P7), Sy
(P7, Pg), S18 (P1, Pg), Sy 5 (P, Ps), Sa6 (P2, Pg), S3.7 (P3, P7), and Sy g (P4, Pg).

In the odd mode (Fig. 21a), S; g, S2.3, S4.5, S6.7> S1.5, S2.6, 93,7, and Sy g are on;
S1,2, S3’4, S5’6, and S7’8 are off. Then, the switches Sl,g, S4,5, S1,5, and S4,3 (S2’3, S6’7,
S2.6, S3.7) connect together the ports Py, P4, Ps, and Pg (P, P3, Pg, P;). Similar to the

/ﬁﬁ
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Fig. 21 Port excitations of the quad-core-coupled VCO in the (a) odd and (b) even modes. (¢) EM
simulated Q-factors of the single center-tap inductor and the conventional single-turn octangle
inductor
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case for the dual-core-coupled VCO, nodes B, 4 become the virtual ground nodes,
and the inductances from metal traces OB, OB,, OB3, and OB, will not count for
the equivalent tank inductance Leg oqq- TO consider the magnetic coupling effect, we
group OP P, and OPsP¢ (OP;P, and OP,Py) as inductor 1 (inductor 2) together, and
we can obtain their equivalent inductance Ln as Lo = (1 — ky)L/2 where L is the
intrinsic inductance of trace P1B P, and k; is the magnetic coupling coefficient
between traces B;P; and B,P,. If the magnetic coupling coefficient between induc-
tors 1 and 2 is k,, the equivalent tank inductance becomes

1—k)(1+k
Leq,odd = WL (16)

With the adjacent ports between inductors 1 and 2 all excited in phase, the
magnetic coupling k, enhances the equivalent tank inductance.

In the even mode (Flg Zlb), Sl,27 S3,4, S5,6, S7’g, 81,5, Sz,e, S3’7, and S4?g are on;
82’3, S4’5, S6,7’ and SI,S are off. Then, the switches Sl,27 SS,G’ 82,67 and Sl,S (S3,4, S7,8’
S3.7, S4.8) connect together the ports Py, P,, Ps, and Pg (P53, P4, P;, Pg). Again, we
group OP P, and OPsP¢ (OP3;P, and OP,Pg) as inductor 1 (inductor 2), with their
equivalent inductance expressed as Lg = (1 + k;)L/4 + Lcy/2. Now with all the
adjacent ports between inductors 1 and 2 excited differentially, the equivalent tank
inductance will be

Leq,even = WZJ + (1 _kZ)LCM (17)

Interestingly, the magnetic coupling k, helps to nullify the effect of k; on both L,
odd and Leg even according to Egs. (16) and (17). The EM simulation reveals that k;
and k, are 0.13 and 0.15, respectively, when the inductor in Fig. 21 has a radius of
55 pm, resulting in (1 — k)(1 + k3) = 1 and (1 + k1)(1 — k,) = 0.96. Thus, we can
well control the difference between Legcven and Leg oaq, that becomes 0.85Lcy —
0.01L, which also mainly depends on Lcy, to achieve a small frequency gap between
the two modes.

We can compare the Q-factor of the inductor in Fig. 21 with that of a classic
octagonal inductor having a similar inductance by using EM simulation, with the
modes controlled by ideal switches. In Fig. 21c, the Q-factor of the inductor only
degrades by 7% from 22.6 to 21 at 50 GHz. Assuming a varactor Q-factor of ~10, the
tank Q-factor would negligibly reduce from 6.93 to 6.77 (2.3%). Also, the inductor
Q-factors in both odd and even modes are almost identical when the frequency is less
than 60 GHz.

Figure 22 shows the schematic of the quad-core-coupled VCO. There are four
cross-coupled negative g, cells and the tank capacitor Ct connected between the
two ports always excited differentially in both odd and even modes, to compensate
for the tank loss. We use the dual modes created by inductive mode switching for
coarse frequency tuning, with the fine frequency tuning within each mode obtained
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Fig. 22 Schematic of the quad-core-coupled VCO

by four-bit binary-switched varactors. We employ a small accumulation-mode MOS
varactor for continuous frequency tuning.

If we choose Ly = 85 pH, Leyv = 17, pH &y = 0.13, and &k, = 0.15, the calculation
of the frequency ratio leads to fy/fi, = 1.16. We use the EM simulated scatter
parameters of the inductor to construct a resonant LC tank, observing as predicted
two resonant frequencies, that is, fiy and f;, and with their ratio equal to 1.15, which
is quite close to the calculated results.

The switch size should be large enough to (1) avoid the bimodal oscillation,
(2) guarantee frequency synchronization, and (3) prevent phase noise degradation in
the presence of frequency mismatch among the four cores. As analyzed in [18], the
third aspect for preventing phase noise degradation sets the most stringent require-
ment on the switch size. As a result, we choose the turn-on resistance of the switch to
be 260 Q in this design, which introduces around 1.5 dB PN penalty at a 20 MHz
offset frequency when accounting for a 7% frequency mismatch.

The mode-switching quad-core-coupled VCO prototyped in a 65 nm LP CMOS
process occupied a die area of 0.039 mm? (Fig. 23). We realize the switches for
mode selection with thin-oxide PMOS transistors having a W/L = 7 pm/60 nm to
secure a turn-on resistance of 260 Q. When turned off, the bias of the switch’s gate is
at 0.9 V, which can guarantee that the turn-off resistance is much higher than the
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Fig. 23 Chip micrograph
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Fig. 24 Measured phase noise versus offset frequencies at carrier frequencies of (a) 43.43GHz
(even mode) and (b) 46.03GHz (odd mode)

turn-on resistance for most of the time within one cycle at an output swing between
0.4 and 1.36 V. We employed the open-drain buffer to extract the oscillating signal
from P, for testing purposes, while we also installed other seven ports with the same
buffer to balance the loading impedance.

The VCO prototype consumes around 21 mA at 0.9 V. The measured frequency
tuning ranges are from 42.9 to 46.8 GHz in the even mode and from 46.03 to
50.6 GHz in the odd mode. Figure 24 displays the measured phase noise curves at
two typical frequencies in both modes, obtained by averaging five measurements.
The measured PNs at 43.43 and 46.03 GHz are —112.5 and —113.1 dBc/Hz at
3 MHz offset frequency, respectively. The estimated 1/f* corner frequency is
680 kHz and 710 kHz at 43.43 and 46.03 GHz, respectively. Figure 25 plots the
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Fig. 25 Measured (a) phase noise and (b) FoM at 3 MHz offset versus carrier frequencies

measured phase noises and FoMs at 3 MHz offset frequency across the entire
frequency range. The measured phase noise lies between —111.2 and —115.6dBc/
Hz, corresponding to an excellent FoM between 181.1 and 186.6 dBc/Hz.

4 Multi-Resonant-RLCM-Tank VCO

VCO designs evolved from single-resonant LC-tank VCOs to the recent multi-
resonant RLCM (resistor-inductor-capacitor-mutual-inductance) tank VCOs that
allow reshaping of the VCO phase noise (PN) impulse sensitivity function (ISF).
Two recent RF VCOs [9, 19] exploited the second harmonic resonance to impede the
flicker noise upconversion, achieving an FoM@ My, of up to 195.4 dBc/Hz
(Fig. 26). Specifically, the RLCM tank in [19] tailors a multi-turn inductor with a
positive mutual coupling factor (k > 0) to generate an implicit common-mode
(CM) resonance at 2% the oscillation frequency (Fosc). Yet, the CM resonance has
a quality factor (Q) that is ~50% of its differential-mode (DM) counterpart, due to
partial magnetic flux cancellation within the multi-turn inductor. In [9], the
transformer-based RLCM tank offers two intrinsically high-Q resonances at Fogc
and 2Fosc that can effectively suppress the PN in the 1/f*-to-1/f> PN regions. Still,
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Fig. 26 Simplified schematics and key features of the VCOs in [9, 19] and this work. All apply
RLCM tanks to generate the multi-resonant tank impedance

when migrating to mm-waves, both [9, 19] face their respective challenges. A large
fixed DM capacitor (Cpyy) for fulfilling the DM-to-CM capacitance ratio of [19]
largely limits the tuning range (TR) at mm-wave. For [9], the high-ratio multi-turn
transformer cannot maintain its Q at mm-waves.

Here, we present an mm-wave VCO using a multi-resonant RLCM tank (Fig. 26)
that enables compact and high-FoM implementation. Specifically, a single turn
multi-tap inductor with k < 0 and CM-only tunable capacitors, without the con-
straint of the DM-to-CM capacitance ratio, enable high-Q high impedance reso-
nances at Fosc, ZFosc, and 3Fosc.

We can properly combine the first, second, and third harmonic voltages to nullify
the DC value of the flicker noise effective ISF (I'y ¢ et gc)- In Fig. 27 (left), Ay and 8y
denote the gain and phase shift, respectively, of the first harmonic voltage traveling
from the drain (Vp) to the gate (Vg) of the MOS transconductor (Gyy). For a one-port
RLCM tank, [Ay = 1, 8y = 0] can ideally yield I'y ¢ efs gc = 0. For a two-port RLCM
tank [20-22], we have [Ay > 1, By < 0] that implies more amplitude and phase
controllability. Specifically, we can obtain the normalized ISF at Vp: I'(f) = V'p(£)/
max(IV'p(9)]) and the noise modulation function: m(f) = Gp()/max[Gy(7)]. In one
oscillation cycle, we can define Gy in the cutoff, linear, and saturation regions as
0, BVp, and B(Vg—V), respectively. I'(t) is only a function of the amplitude ratios



Power-Efficient RF and mm-Wave VCOs/PLL 75

60 =
G Lasse,
2 TS
Av=1 and 6v=0 [1] 40 L
= Fiicker Noise I ~:.5[2201 )
1-port 22 Reduction 'V~\~A.[ 21
G RLCM < o
M 4 This Work [2.22] ™.
Ve Vb 2 -~
Tank 5 ol
Eop \\’\\[2 e
Noise Factor (F)=1+y 20 ) v ’
. . - Proposed multi-resonant-RLCM-tank VCO with
RLCM- Resistor -!nductor - various A1 and 81, combinations
Capacitor-Mutual inductance 40
-15 -10 -5 0
v (deg)
_|Av=1Vel/ Vol | = =
= Ve~V A4=0.5 and A;=0.3 0.7
2-port 0.65
V V
| Riem | 06
Tank '
Y 0.55 o
Noise Factor (F) =1+ 7= 05
Vio(t) = Voo + Vo[cos(t) + Aicos(2t + 64) 0.45
+ Azcos(3t + 62)] 0.4
Vs(t) = Voo - Av-Vocos(t + 6
s(t) = Voo - Av-Vocos(t + 6,) 0.35

Vo: is the 15t harmonic amplitude

Fig. 27 Left: One-port and two-port RLCM tanks. Right: flicker noise (I'y ¢ efr.ac) reduction versus
Oy and the selected A, ; and 6, , combination from this work for 2F2rm5 =045

and phase differences of the second to first harmonics [A;, 0,] and third to first
harmonics [A,, 0,]. Such variables allow plotting I'yefrac against Oy (Fig. 27
(right)). For the class-F, VCO [20] with [A; = 0.3, 6; = 0] or class-F3 VCO [21]
with [A; = 0.33, 8, = 180°], I"j/¢efr.ac 1S zero only at By = 0, being a constraint of the
two-port RLCM tank. Although [22] uses both 2Fgsc and 3Fqgc resonances, they
are of low impedance and low Q, while the optimization only concerns A, and A,.
Here, we reveal that proper combinations of A;, and 0, can yield I'yfefrac = O,
regardless of Oy. To realize [Ay = 2.95, 6y = —10°] for the VCO, we choose
[A; = 0.5, 6, = 90°] and [A, = 0.3, 6, = 90°] to nullify I'y/rcfrq. and obtain
212« = 0.45 that is better than those in [19-21, 23].

Figure 28 (left) depicts the VCO and its sizing parameters, excluding the
varactors and switched capacitor (SC) cells. An EM simulation at 28GHz aids
extracting the equivalent inductive model (e.g., L; (r;), L, (12), and k). With
k < 0, the CM-to-DM inductance ratio can be >1 (i.e., Lcm/Lpm = (1 — k)/
(1 + k)), allowing the CM resonance to sit around 2Fggc, between the two DM
resonances at Fosc and 3Fqgc. We can find the optimal DM-to-CM capacitance ratio
by sweeping the factor X (Fig. 28, right) similar to [19]. Interestingly, the VCO with
only CM tunable capacitors (i.e., X = 0) helps correcting the frequency ratio between
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the second and third resonances from the ideal 0.67-0.72; the latter allows retrieving
the impedance and phase information at 2Fqgc. Thus, the Leeson’s noise factor
(F) reaches its theoretical minimum of 1.34 for a MOS channel noise coefficient
v = 1, and the VCO power efficiency is 0.48. At this optimum point, the circuit also
nulls the flicker noise contribution of M;,, ideally yielding
FoMe 10xkHz = FOM @ 10MHz-

The single-turn inductor (Fig. 29, left) features two inner taps to merge L, into L,,
partially reducing the magnetic flux cancellation between them as presented in the
EM simulations. At 28 GHz, the EM-simulated Q; is 28.5 for L; = 126 pH and Q, is
27 for L, = 250pH, all realized in a compact area (320 x 250 pmz). The varactor (C,)
and tunable Ccy (3 bits) at Vp N target a TR of 16%, and their simulated Q is >25.
Tunable C, (3 bits, LSB: 9.5fF) at Vpp x is for the resonance alignment: with the first
resonance set by Ccy first, and then we can tune the second and third to align them
with the first via C,. Furthermore, we can estimate I'j.p(t) by simulating the
impedances (I'y;) and phases (@r D) at Fose, 2Fosc, and 3Fosc. Multiplying
them with the higher harmonics of m(t), we can nullify I'j ¢ gc Within one oscilla-
tion cycle in the symmetric I'y¢e¢(t) (Fig. 29 (right)). The impedance variations of
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each resonance over the TR lead to imperfect zeroing of I'y ¢ fr.qc, accounting for the
FoM and 1/f PN corner variations.

The VCO prototyped in 65 nm CMOS includes an on-chip divider-by-2 to ease
the measurement similar to [20, 23]. To ensure the reliability with thin-oxide
transistors, we selected Vpp = 0.48 V. Figure 30 illustrates the measured PN and
FoM profiles. It reaches a FoOM @ vp, of up to 191.6 dBc/Hz and FoM @ 1omu,, of up
to 190.3 dBc/Hz over the de-embedded TR from F,;, of 25.5 GHz to F,,, of
29.9 GHz. With a 16% TR, the corresponding FoMt@mu, peaks at 195.7 dBc/
Hz. Limited by the increased noise floor at the 10 MHz offset due to the small-size
divider-by-2 and the test buffer, the FoM@9mp; 1S inferior to FoM @ mp,. The e
PN corner raises from 130 kHz at F,,;;, to 230 kHz at F,,,, due to AM-PM conversion
dominated by the parasitics of the varactors and the SC cells. The varactors cover a
tuning range of 491 MHz at low frequency and 766 MHz at high frequency, for a
control voltage from 0 to 1.2 V. The frequency pushing is +114 MHz/V at F,;,
dominated by the varactors, but —535 MHz/V at F,,,, has its origins mainly in the
SC cells. Multi-chip measurements (five samples) confirm that there is no CM
oscillation risk, that the average FoM@mp, is 190.65 dBc/Hz (+0.95 dB), and
that the average 1/f PN corner is 135 kHz (+15 kHz). With the tunable capacitance
range and resolution, the PN and FoM after manual resonance alignment are 5 dB
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Fig. 30 Upper: Measured PN at 12.74GHz. Lower: Performance metrics versus TR

(8 dB) better at a 1 MHz (100 kHz) offset. When operating in a PLL, we can tune
first Ccy for frequency locking and then C, to optimize the PN performance.

Benchmarking with the recent mm-wave VCOs in CMOS [23, 24] and BiCMOS
[25], this work succeeds in improving both FoM and FoMt over a wide range of
frequency offsets as Table 2 tabulates. The 1/f° PN corner is at least 2.4x smaller
than in [23] and is comparable with [24] that, however, entails an extra mm-wave
buffer to enlarge the third harmonic output, penalizing its FoM. For the die area, the
VCO is 1.9x smaller than [24] and 12.5% smaller than [25] that relies on quad-core
coupling. Measuring a TR of 16% from 25.5 to 29.9 GHz, the VCO reaches a
FoMe muz up to 191.6 dBc/Hz that is at least 2 dB better than prior art mm-wave
VCOs in both CMOS and BiCMOS (Table 2).

Figure 31 (left) depicts the VCO die micrograph with the active and capacitive
elements laid out inside the inductor footprint for area savings. Figure 31 (right) plots
the achieved 1/f> PN corner and the FoM relative to other mm-wave VCOs.
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Table 2 Chip summary and benchmark with [23, 24] in CMOS and [25] in BICMOS

Parameters This Work JSSC’2018 [2.24] | SSCL'18[2.23] | ISSCC’18 [2.25]
Multi-Resonant RLCM tank: Implicit Class-F,; Class-Fy3, + Class-C +
Key Techniques Single-Turn Multi-Tap Inductor + 3rd-Harmonic DM Tunable Quad-Core
+ CM-only Tunable Capacitors Extraction Capacitors Coupling
Supply Voltage (V) 0.48 1 0.55 3
Tuning Range (TR) 16% 14% 15.7% 16%
(Fyin to F e GH2) (25.48 t0 29.92) (27.31031.2) (252t0295) | (11.8t0156)
Output Frequency (GHz) ( 12;'7‘:{8*) ( 124?:62*) 27.3 312 ( 1248.'22636*) 15
PN @ 1MHz Af -115.27 -112.31 -106 -104 -114.7 -124
(dBcHz) | @ 10MHz Af -134.00 -130.77 -126 -125 -131.9 -142.6
Power Consumption
Py (MW) 38 4 228 234 6.6 72
FOM @ 1MHz Af 191.6 189.8 181 180 189.59 189
(dBcHz) | @ 10MHz Af 190.3 188.2 1818 | 1818 186.79 187.6
FOM; @ 1MHz Af 195.7 193.9 184 183 193.51 193
(dBcHz) | @ 10MHz Af 194.4 192.3 1846 | 184& 190.71 191.6
1/f3 PN Comner (kHz) 130 230 120 210 550 <50
Die Area (mm?) 0.08 0.15 0.083 1
Technology 65nm CMOS 28nm CMOS 65nm CMOS | 130nm BiCMOS

FOM = |PN]| + 20log;(fy/Af)-10logo(Ppc/1mW)  FOM; = FOM + 20log,,(TR/10)
* Measured after on-chip divider-by-2 & Included the power of the first-stage O/P buffer for harmonic extraction

5 Isolated Subsampling PLL

Recent mm-wave PLLs explored different architectures to enhance their jitter per-
formance at low power. Without noisy loop components, the injection-locked PLL
in [26] using a GHz reference (REF = 2.25 GHz) can effectively suppress the
integrated jitter (86fs,,s), resulting in a better jitter-power FoM (—247.2 dB). Yet,
high-frequency REF injection leads to large spur (—32 dBc), entailing continuous
frequency tracking to withstand the PVT variations. Also, at the system level, the
generation of the GHz REF is necessary to be on-chip (i.e., cascaded PLLs). The
power overhead, for example, additional 20 mW in [27], and unwanted coupling
between the two VCOs become inevitable. To this end, direct synthesis mm-wave
PLLs using a MHz REF are of higher interest, despite the challenge of a large
division ratio (N). An example is a type-Il mm-wave PLL reported in [28] that
achieved 115fs,,,; integrated jitter, but the involved divider, charge pump (CP), and
VCO totally draw 31 mW to suppress the in-band and out-of-band phase noise (PN).
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Fig. 31 Chip summary and benchmark with [23, 24] in CMOS and [25] in BICMOS

The subsampling PLL in [29] using a subsampling phase detector (SSPD) is also
promising for improving the jitter-power FoM, as it eliminates the divider noise and
removes the N” noise amplification of the SSPD, CP, and loop filter (LF). Still, with
the direct subsampling and pulse-controlled gain reduction techniques, both [29] at
RF and [30] at mm-wave suffer from a tight trade-off between low spurs and low
in-band PN.

Here, we report an isolated subsampling PLL (iSS-PLL) dissipating only
10.2 mW at 26.4 GHz. When locked to a 103 MHz REF, it attains low integrated
jitter (71fs,,s) without compromising the spur (—63 dBc). The jitter-power FoM (—
252.9 dB) is at least 5.7 dB better than the recent art [26-28, 30]. These results are
possible due to (1) the minimization of the disturbances at the sensing and control
sides of the VCO by using a master-slave isolated SSPD (iSSPD) plus a V/I
converter and (2) the optimization of the interstage sampling capacitor and ampli-
tude of the iSSPD to suppress the in-band PN.

For a conventional SSPD (Fig. 32, upper), the PMOS-based track-and-hold
(T&H) has to interface directly with the VCO tank, causing a spur due to: (1) periodic
tank capacitance variation induced by the sampling capacitance (Cy), alike the binary
frequency shift keying (BFSK) modulation, (2) charge injection to the VCO tank
from the switch at the sampling edge (SE), and (3) charge sharing between the VCO
tank and C; at the tracking edge (TE). The BFSK effect leads to an amplitude—/
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Fig.32 Upper: Conventional SSPD suffers from large spur due to (1) BESK modulation, (2) charge
injection, and (3) charge sharing. Lower: Proposed iSSPD lowers the kickback charges and
indirectly samples the VCO to decouple the spur with the in-band PN

frequency-modulated spur proportional to 20log(Cs), opposing to the in-band PN
(Lin-band.sspp) that is inversely proportional to Cs.

The proposed T&H (Fig. 32, lower) manages to prevent the BFSK modulation
and suppress the charges’ kickback to the VCO tank. Specifically, the NMOS (M;:
2/0.1 pm) mainly allows the VCO tank to see its gate capacitance (C,) as a constant
load, eliminating the BFSK effect during each T&H operation. The T&H only has a
modulation effect at the drain node of M,, resulting in ~180 mV voltage variation
together with the charges due to injection and sharing in the current branch. There is
a 34 dB attenuation (from the simulation) of such voltage variation at the VCO tank,
since the coupling can only happen through the small parasitic capacitance
(Cga = 1.6fF) of M,. Thus, the maximum voltage variation (AV, in Fig. 32) is
<3.5 mV at Frgp, much smaller than the 190 mV AV, in [30]. As a result, the VCO
tank sees little disturbance from the sensing side.

The control side of the VCO (Fig. 33, upper) can also induce the REF spur. In a
feedforward master-slave configuration for subsampling and holding [29, 30], the
pulser-embedded CP with ripples on Icp induces the spur. The pulser supports gain
reduction by tuning the duty ratio (DR, < 1). Ideally, we can eliminate the
amplitude mismatch between the up/down current sources (Iyp/Ipy) at the locked
point if the on-time is constant. In practice, we can hardly achieve timing alignment
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due to the variable on-time. Together with the possible mismatch between the PMOS
and NMOS switches, it is hard to use a wide PLL bandwidth (BW) to suppress the
in-band PN without causing large ripples on Icp.

The iSSPD cascades two isolated T&Hs to address the above trade-off (Fig. 33,
lower). Controlled by two nonoverlapping clocks (¢ »), the two T&Hs operate in a
master-slave manner and finally output a highly constant voltage (Vs). The V/I
converter transforms two differential constant voltages from the two iSSPDs into a
constant current (Iyp). During 2, the charge injection and sharing result in a current
disturbance to Iyp/Ipy, but they can mostly cancel each other in a push-pull fashion.
By narrowing the duty ratio of ¢, », we can also weaken such disturbance, mean-
while reducing the static current consumption. By properly sizing the iSSPD, the
entire gain (Kisspp) of the iSSPD, implemented as <1, avoids the use of a pulser in
the CP and reduces the capacitor area in the LF. The master T&H attenuates the
sampled amplitude (V) operating at the VCO frequency (Fyco) with the gain Ky,.
The slave T&H centered at the REF frequency (Frgg) is for DC-to-DC transforma-
tion with the gain Kg, suppressing the ripples on Iy;.

Figure 34 depicts the block diagram of the PLL, composed by a frequency
locking loop (FLL) for coarse tuning and a type-1I iSS-PLL for fine tuning. Since
the master T&H operates up to 30GHz with a rise time of ~10 ps for REF, we choose
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Fig. 34 Block diagram of the proposed iSS-PLL. The iSSPD and V/I converter reduce the
disturbance from the control side of the VCO, alleviating the trade-off between spur and PN. The
VCO buffer enhances the sensing-side isolation between iSSPD and VCO

Cs1 = 10fF for an output swing (Vgusrer = 0.56 V) of the VCO buffer, which uses a
compact (10 x 10 pm?) stacked inductor to balance the tracking BW and the in-band
PN of the master T&H. Additionally, we set the output swing at Vy; as 0.12 V to
reduce the disturbance kickback to the VCO tank. Without penalizing the spur, we
can safely upsize Cy, (70fF) to compensate the shrinkage of the output swing at Vy,
resulting in a lower in-band noise contribution of the slave T&H. By setting
Ks = 1.6, we can realize Kisspp =~ 0.35 for gain reduction. A third-order LF and a
VCO buffer further reduce the disturbances at the control and sensing sides of the
VCO, respectively.

The basis of the mm-wave LC VCO is a robust class-F topology using second-to-
fourth harmonic resonance to reduce the impulse-sensitivity-function rms value
[23]. It measures an FoM @My, of 189dBc/Hz and a tuning range of 14.9% (from
25.4 to 29.5 GHz). Its output swing is adequate to directly drive the two cascaded
divider-by-2 circuits with no extra buffers. For compactness and robustness, the
divider-by-2 circuit, based on load-modulated dynamic latches, exhibits a >100%
locking range at ~25 GHz.

The iSS-PLL prototyped in 65 nm CMOS operates at 1 V and 0.55 V (for the
VCO). An off-chip crystal oscillator provides the 103 MHz REF. Figure 35 shows
the measured PN after an on-chip divider-by-4 with the PLL running at 26.368GHz.
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Fig. 35 Measured PN after an on-chip divider-by-4 (i.e. 26.368GHz PLL frequency). The rms jitter
is insensitive to the loop BW and its variation is <10fs,,,; among 6 chips

The restored in-band PN is —112.8 dBc/Hz at a 1 MHz offset. The integrated jitter is
71.16fs s, which is insensitive to the loop BW, and its variation is <10fs,,; among
the six chips measured. The iSSPD + V/I converter dominates the in-band PN. We
regulate the loop BW at ~4 MHz for an optimal jitter performance, that is, roughly an
equal noise contribution by the iSSPD and VCO. The REF spur (—63 dBc) is
insensitive to the PLL loop BW, and its variation is <3 dB among the six chips
measured (Fig. 36).

Benchmarking with the recent mm-wave PLLs (Table 3 and Fig. 37), the
iSS-PLL exhibited improvements of 5.7 dB in the jitter-power FoM and of
11.8 dB in the FoM, normalized to the 103 MHz REF. The iSS-PLL occupied an
active area of 0.24 mm? (Fig. 37).
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Table 3 Chip summary and comparison with the state of the art

H. Guo et al.

This Work Jéchzsls |s§£:2cz']1 8 |s[szé;2§']1 7 |s[5263g']14
CMOS Technology (nm) 65 28 65 65 40
) . Analo Cascaded + | Injection-
Key PLL Techniques iSSPD PLL Typerl F?LL ILCM PLL Loéked PLL SSPD PLL
Supply Voltage (V) 1(0.55 for VCO) 1.2 N/A N/A 0.91
Freq. Range (GHz) 2541029.5 23.31030.2 251030 27410308 | 53.8t063.3
(14.9%) (25.8%) (18.2%) (11.7%) (16.2%)
Ref Freq. (MHz) 103 4915 120 2250 40
71* 114 206 86 214
i;:;”(tfslmeg)’md @26368GHz | @25.95GHz | @29.22GHz | @29.25GHz | @62.64GHz
rms (1k-100MHz) (10k-40MHz) | (1k-100MHz) | (1k-100MHz) | (1k-100MHz)
PN @ 1MHz (dBc/Hz) -112.8* -104 -101.9 -115.6 -90
Total Power (mW) 10.2 31 36.4 24.3 42
FOM (dB) -252.9 -244 -235.1 -247.2 -237
FOM, (dB) -252.9 -237.2 -232.1 -233.8 2411
Power Eff. (mW/GHz) 0.39 1.19 0.70 0.83 0.67
Ref. Spur (dBc) -63* -65 -83 * -32.6 -40.2
Active Area (mm?) 0.24 0.11 0.95 0.1 0.16

FOM = 1010g[(@)2

1sec

* Restored from the measured output at 6.592GHz with on-chip divider-by-4

Power

1mw

FOM, = 10log [("—"‘)2

1sec

Power fREF
1mW 103 MHz

, hormalized to frgr = 103 MHz

** No reported injection spur
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Fig. 37 PLL die photo and benchmark with recent PLLs operating at 25+ GHz
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1 Introduction

An Internet of Things (IoT) network is a crucial component of different revolution-
ary concepts such as Industry 4.0 [1] and smart homes/smart cities [2]. The IoT
devices within the networks gather vast amounts of data for dedicated processors/Al
models, which boost the precision of analyses. An essential criterion for the IoT
device is low power consumption. Ultra-low-power (ULP) radio, intermittently
turned on for a short amount of time for data transmission to reduce the average
power of the IoT device, is popular for the IoT device as it reduces the power
consumption of power-hungry blocks such as the transceiver (TRX) and extends the
lifetime of the device [3]. The system will place the device into sleep mode for a
specific period, with only critical blocks such as memory and wakeup timers
powered on for timing purposes.

On the other hand, there is a trend to power the IoT device with energy harvesters
to realize perpetual operation. As the battery has a finite lifetime, there may be
chances that the IoT device will miss critical data if it runs out of battery. Also,
replacing batteries will be a tremendous task considering that there will be trillions of
IoT devices. Further, the battery may pose environmental issues and create safety
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risks if not handled properly. By replacing the batteries with energy harvesters (EH),
the lifetime of the device increases, and we can obviate the labor to replace the
batteries, which otherwise requires a substantial effort. EH, such as solar cells
(typical available power indoor: 10-100 pW/cm?) and thermoelectric generators
(typical available power: 10-1000 pW/cm?), are promising in this perspective [4—
6]. Yet, they usually only output voltage with amplitudes ~0.3 V-0.4 V and are
unstable with environmental factors (temperature and light intensity) [4]. We can use
a boost converter to stabilize and step up the voltage to the standard I/O voltage, but
this increases the footprint (cost) and power consumption of the IoT device. These
criteria open a prospective research direction for ultra-low-voltage (ULV) circuits,
powered directly by these energy harvesters, and avert the penalties of the interim
converters.

Clock references are indispensable parts of the TRX. Wide-ranging purposes
such as the low-power wakeup timer, the phase-locked loop, the data converters, etc.
require different clock references. Hence, this chapter elaborates on the design and
measurement results of two ultra-low-voltage clock references in deep-submicron
silicon processes. Section 2 introduces the regulation-free sub-0.5 V 16/24 MHz
crystal oscillator for energy-harvesting Bluetooth Low Energy (BLE) radios
implemented in 65 nm CMOS [7], whereas Sect. 3 demonstrates a fully integrated
0.35-V 2.1 MHz temperature-resilient relaxation oscillator using an asymmetric
swing-boosted RC network implemented in 28 nm CMOS [8].

2 Regulation-Free Sub-0.5 V 16/24 MHz Crystal Oscillator
for Energy-Harvesting BLE

2.1 Motivation

The crystal oscillator (XO) is an essential circuit module for modern TRXs. It
provides a stable clock reference for different parts such as data converters, phase-
locked loops, sensors, etc. Despite its excellent frequency stability, it can take a few
milliseconds for the XO to settle into the steady state [9—11] without any fast startup
technique [12] due to the high-quality factor of the crystal (~10°). This startup time
(t;) dominates the “on” latency of the radio, and its startup energy (Es) may
significantly degrade the effectiveness of duty-cycling of an ultra-low-power radio.
If the active energy (Etrx) of a TRX is 1280 nJ (on-time of 128 ps [13] and active
power of 10 mW [14]), the percentage of energy spent for starting the XO in every
working cycle is ~42% for Eg of 1000 nJ for a conventional XO and a duty cycle of
0.1%. Such a percentage will go further up as recent circuit techniques can manage
to suppress the active power of the TRX (Ptrx) [15—17]. Then, reducing Es for the
ULP radios is of paramount importance to reduce its average power consumption.
Recent efforts in both academia and industry succeeded in shortening the #;, and Eg of
the XO [13, 14, 18-23].
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Fig. 1 Overview of the proposed XO and illustration of #g improvement by two techniques: SSCI
and inductive three-stage g.,,. The Ly, Cyp, and Ry are the modeled inductance, capacitance, and
resistance of the crystal, respectively, whereas Cg is the crystal’s stray capacitance

This section reports a regulation-free sub-0.5 V XO according to the system
aspect of the EH BLE radios described in [24-27]. Unlike the existing fast startup
XOs based on standard or I/O voltages to power up their inverter-like or active-load
amplifiers [13, 18-21], the proposed XO is ULV-enabled by using single-/multi-
stage resistive-load amplifiers [28]. This architecture circumvents the ineluctable
voltage headroom limit, rendering it compatible with the ULV application. Specif-
ically, we propose a dual-mode g., scheme and a Scalable Self-reference Chirp
Injection (SSCI) technique for the XO to surmount the operating challenges in both
startup and steady state (Fig. 1). The reported XO includes load capacitors of 6 pF
and suits common commercially available crystals. Yet, we can also apply the
technique to crystals with different load capacitances.

2.2 Fast Startup XO Using Dual-Mode g,, Scheme and SSCI

For a crystal’s resonant frequency (f;,,) at tens of MHz, its ¢, (milliseconds) domi-
nates the “on” latency of a duty-cycled radio, raising the average power consump-
tion. In addition, for energy-limited EH sources, the Es of the XO is crucial as it may
demand a large instant current from the EH source or reservoir. Recent XOs [13, 18—
22] succeeded in reducing both #; and Eg. Herein, we propose two techniques, the
dual-mode g, and the SSCI, for balancing the XO performances in both startup (i.e.,
t; and Eg) and steady state [i.e., power consumption and phase noise (PN)]. The
envelope of the XO during startup at the time ¢ is
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where A; is the initial amplitude and Ry is the negative resistance of the overall
impedance viewed from the crystal core. The Ly, and Ry are the motional inductance
and resistance of the crystal, respectively. The aim of the SSCI is to increase A;
instantly after enabling the XO, while the dual-mode g, allows a boosted Ry
afterward. They together bring down fg without momentarily raising the startup
power, culminating in a lower Eg and a relaxed power-source design.

Scalable Self-Reference Chirp Injection (SSCI)

Signal injection to the XO can bring down ¢ if the injection frequency is close to f;,
of the crystal [19]. Instead of waiting for the XO to build up its oscillation amplitude,
we can use an auxiliary oscillator (AO) to excite the crystal. Yet, due to the high Q
nature of the crystal, such signal injection is only effective if its frequency error from
Jfm1s <0.5% [13]. There were several signal injection techniques for kick-starting the
XO reported. We can categorize them into three groups: constant frequency injection
(CFI) [18, 21, 22], dithering injection [13], and chirp injection (CI) [19].

CFI injects a clock signal into the crystal with a constant frequency precisely
matching f,,. Albeit this scheme is very efficient and simple in concept, the AO
requires calibration as well as a delicate design that will be challenging in a
sub-0.5 V design. As an example, the XO in [21] achieves #; values of 58/10/2 ps
from 1.84/10/50 MHz crystals. Yet, it has a supply voltage of 1 V. Also, the ring
oscillator entails frequency calibration after fabrication.

Dithering injection toggles the AO frequencies to compensate for the frequency
deviation caused by temperature and voltage variations. As such, the injection signal
can cover a wider frequency range than that of CFL. Still, trimming is necessary to
compensate for the process variation. When compared with CFI, its effect on
shortening ¢ is lower since the signal power spreads to a wider spectrum. For
instance, the XO in [13] exhibits a slashed 5 of <400 ps by using dithered-signal
injection (dithered step size: 2%).

Here, we consider CI to be more robust and low cost, as it relies on a frequency-
rich signal to excite the crystal and avoids frequency calibration. The principle is
alike dithering but covers a wider frequency range. It gradually sweeps the oscillat-
ing frequency and progressively decreases/increases the frequency. As such, this
chirping sequence can generate a spectrum between the highest frequency fj; to the
lowest frequency f; as evinced by its Fourier transform [29]. If fi < fi, < fu
regardless of PVT variations, the crystal will persistently receive the power. Despite
its weaker effectiveness on fg reduction since the power spreads to a wider band, CI
has the benefit of no trimming on the AO. It is especially suitable for low-cost and
ULV radios, where there is the possibility of exacerbating the frequency variation of
the AO against voltage and temperature. In [19], a Rn-boosting technique applies
together with CI, showing a fg of 158 ps without trimming or calibration on the
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Table 1 Overview of different signal injection techniques to kick-start the XO

Characteristics of the injecting signal

Constant frequency Dithering Chirping
ts and Eg reduction vvyv vv v
Excitation bandwidth Narrow Moderate Wide
Trimming on AO Required Required Not required
Precision of AO Very critical Critical Relaxed
Literature [20, 21] [13] [19] and this work
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ENro [
A
fuut [6b)] ‘
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Scalable N to adjust injecting
time (tc;) for different crystal
N

fctrl

Fig. 2 Proposed SSCI. It generates a chirping signal to kick-start the XO using an untrimmed RO
with relaxed precision. The FSM (finite state machine) provides feasibility to scale #c;, accommo-
dating different crystal packages (i.e., Ly and Cs)

AO. Still, the related RC sweeping unit for modulating the frequency of the AO is
area hungry (estimated ~90% of the chip area) due to its large time constant (at the
order of 10 ps) for generating the chirping sequence. Table 1 summarizes the key
features of the three signal injection techniques.

Herein, we introduce the SSCI (Fig. 2) that only entails an untrimmed oscillator
with relaxed precision. Its frequency range can easily cover f,, variation against
PVT. Unlike the RC-based chirping [19], we incorporate a five-stage RO with a
finite state machine (FSM) to control the oscillating frequency of the RO via a
cap-bank. Subsequently, the circuit can generate the chirping sequence by
referencing its own signal and requiring no area-hungry RC units to modulate the
oscillating frequency. The FSM counts the number of pulses and sequentially raises
Cosc by sending the control signal f.,; to the RO. Additionally, compared to the
analog sweeping technique in [19], the FSM can digitally scale the total injection
time (f¢y), decided by the number of exciting cycles at each cap-bank value Cogc:
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where N is the number of cycles to repeat at each Cpgc and ¢; is the period of a single
cycle at i-th Cosc. The average amplitude of oscillation on the crystal after the
chirping sequence is proportional to /fcy [19, 29]. Thus, N can be programmed to
adjust #cy, rendering the XO easily compatible with different crystal parameters (i.e.,
an optimum fc; depends on Ly Ry and Ry (Cs) [19]). This digital-intensive
architecture is more area-efficient. The oscillation signal at the RO has a varying
duty cycle with VT variation. To maximize the injection energy (i.e., 50% duty
cycle), the chirp-modulated signal is a div-by-2 output of the RO. This output serves
as both the exciting signal for the crystal via the output driver and the trigger signal
for the FSM. After the injection, the FSM automatically powers down the RO.

Dual-Mode g,, Scheme

The XO using a one-stage g, (Axo.1), especially for the Pierce oscillator, is popular
as it can optimize the steady-state PN [13, 19-21]. The g, offers a negative
resistance compensating for the equivalent resistance of the crystal. Its value also
determines the growth of the oscillation amplitude before the XO reaches the steady
state.

From Fig. 3a, by omitting the resistive loss induced by Axqo.i, the impedance
between the I/O (Zyyp-1) becomes

8m 1
Lamp—1= — + - s 3
P! 4w02CL2 J®o CL ( )

Axo-1(steady-state mode) Axo-3 (startup mode)
lm Rum Cwum v Ru Cwm
— MW
4 I e
‘i'_ _________________________ "‘* Zamp-1
Vin | » " L Vout
20 I 2CL

(a)

Fig. 3 XO using (a) a one-single g, (Axo.1) for the steady state and (b) a three-stage g, (Axo-3) for
the startup
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where Cy is the designated crystal’s load capacitance and oy is the angular oscillat-
ing frequency 2zfy. With Z,,,, shunted by the crystal’s stray capacitance (Cs), it
affects the negative resistance (Ry) of the overall impedance looking from the crystal
core (Zc):

— Re (Zump)
[00Cs Re (Zamp)]* + [1 — @00CoIm (Zamp )]

Ry = — Re(Z.) = 4)

If woCslZympl > 1, we can have Ry = —Re(Z,yp) that matches the expression in
[13] for Axo.1- A large Ry favors more f5 reduction according to Eq. (1). Yet, for |
Zampl 10 be comparable with 1/ayCs [i.e., a higher g, and thus IRe(Z,,,)! to speed up
the startup], we have to cogitate the effect from Cs. Then, we can deduce the specific
Ry of Axo. (i.e., Ry,1) from Eq. (4) as

4ngL2

RNy = ,
(gmCs)* + 16C 2w (CL + Cs)?

(5)

Taking the derivative of Eq. (5), we can obtain the maximum value of Ry ; with
respect to g, at a fixed Cy:

CL
RN,I,max - ZG)QCS(CL ¥ Cs) s (6)
where we apply gm = 4w, Cy (1 + C/Cy). Obviously, Im(Z,,,-1) can only be negative
(capacitive) for Axo.1, and Ry; has an upper limit if only g, is the sizing parameter
[19, 20]. For instance, the Ry ; is limited to 1.2 kQ with Cs = 2 pF, f, = 24 MHz and
CL. = 6 pF, even if we apply an oversized g, = 14.5 mS. There were efforts to raise
Rn.1 by increasing gy, or tuning Cp. temporarily during the startup [20, 30, 31]. Yet,
increasing gy, incurs larger power consumption and is unfavorable toward the
reduction of Egs. Further, Eq. (6) binds Ry ;, with a maximum of 1/2w¢Cs (i.e.,
1.66 kQ in the above example when C; <« Cg and g, = 4w Cy2ICY).

Inspecting Eq. (4), if a positive Im(Z,y,;,) is possible to counteract the effect of Cs,
we can boost Ry to surmount the aforesaid Ry limit. The idea is to mimic a pH-range
inductor on-chip for this purpose. Interestingly, a three-stage g, (Axo.3) with
designated capacitive loads (Z,;_,) can effectively mimic an inductive effect during
the startup (Fig. 3b). Although [32] applied a multistage g, to save the XO’s steady-
state power, here, we explore first its inductive feature for g reduction. For Axo_3, we
define its Zymp a8 Zymp-3. We can maneuver both the Re(Zyyp-3) and Im(Z,mp-3)
between a positive and a negative values by adjusting the inter-stage impedances, as
demonstrated in [7]. For instance, if we set gn;» = 0.4 mS, gn3 = 1.5 mS,
ro12 = 1 kQ, CL = 6 pF, wy = 27z x 24 MHz, and C,; = C,, = 0.5 pF, we can
obtain a Z,n, 3 = —1.6 + 1.2 jkQ. We can utilize the Im(Z,,,,.3) > 0, manifesting that
Zamp-3 18 inductive, to mitigate C and break the limitation (Eq. (6)). Foregoing, we
can have Re(Zc3) = —2.4 kQ due to the inductive Axo_3. Then, we can achieve a
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higher Ry even with similar power consumption when compared with the Axo_j,
enabling an energy-efficient startup. Due to the intricate expression of Ry 3, we do its
optimization numerically, before proceeding to the transistor level implementation.
Besides, the technique is also applicable to different f;. Apparently, for the same
power budget, Axo.3 is inferior to Axp.; in terms of the steady-state PN, as each
stage shares a smaller bias current and the noises accumulate. Also, Im(Z_3), which
determines the XO’s oscillating frequency, deviates from the designated value due to
the presence of C,; and C,,. This affects the accuracy of fy. Consequently, it is
desirable to implement a dual-mode g, scheme that can balance the startup and
steady-state performances. During the startup where the PN and accuracy of f; are
irrelevant, we enable Axo.3 and connect to the crystal to attain a larger Ry for fast
startup. When the crystal gains sufficient energy for oscillation, Axo.3 is off and
disconnected from the crystal while Axp._; takes over to sustain the oscillation. As a
result, the XO can benefit from both Axg_3 (fast startup) and Axo.; (low PN and
accurate fq).

2.3 Transistor-Level Implementation

We design the core elements of the XO (e.g., Axo.1, Axo-3, and RO) to operate below
a 0.5 V Vpp. Only the static and DC circuits (digital logics and constant-g,,, bias
circuit) operate at 0.7 V to facilitate the design. These circuits, mostly powered off
during the steady state, consume <5 pA. Thus, an on-chip switched capacitor charge
pump can easily generate the 0.7 V supply and share it with other blocks at the
system level as described in [26].

Subthreshold common-source (CS) amplifiers with resistive loads (Fig. 4a, b)
constitute the basis of both Axo.; and Axo.3. Unlike other solutions that use current-
source loads [13, 20, 21], the resistive load aids in preserving a moderate g, even
with Vpp < 0.35 V, for a small bias current (simulated at Iy, = 100 pA). For
instance, the simulated g,,, of Axo.; is 1.3 mS at Vpp = 0.3 V and —40 °C, being four
times higher than that of the current-source load (assuming an identical g, with

Voo Vbp

Fig. 4 Circuit implementation of (a) Axo.; and (b) Axo3
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Vbp = 0.35 V at 20 °C). Further, at high temperature, the intrinsic output resistance
of the transistor decreases rapidly. This affects the stability of Ry and causes
variation on z,, especially for Axo.3. The Axo.; with resistive load has a trade-off
of lower immunity to the power supply noise (noise power from Vpp modulated to
the output of XO with resistive load that is 3 dB larger than its current-source-load
counterpart at 1 kHz offset). Also, it has a large f; variation with the g,,, of the Axo.;
not fixed. Still, this is manageable for the BLE standard (< +50 ppm [33]), as well as
other IoT protocols (e.g., ZigBee: +40 ppm). A small nominal /. of 100 pA is
adequate for the expected PN.

A feedback resistor Ry self-biases Axo.1, whereas Axo.3 is an AC-coupled three-
stage CS amplifier aided by a constant-g,, bias circuit. As the g, of the Axo.3 has a
considerable impact on Ry 3, the constant-g,, bias circuit secures Axp.3 to be
inductive and a stable Ry 3 for robust-and-fast startup against PVT. We choose the
channel lengths of the transistors such that their output resistances are ~10x larger
than the resistors R, 3. This soothes the temperature dependency of Ry 3 as Ry 3 and
then dominates r,;_3. We design Axo.z to have similar power consumption
(~100 pA) as Axo.1. As such, the power consumption does not vary instantaneously,
easing the design and layout of the power supply. Each current branch includes
CMOS switches where we can isolate Axo.; or Axo.z from the crystal, while
lowering their leakage power (simulated <14 nW at 0.35 V and 20 °C) when
disabled. Their sizes allow that their on-resistances are negligible when compared
with R 1-3-

Both the parasitic capacitances of the transistors and the finite I/O resistance of
Axo.3 affect the Ry 3. Thus, we should further optimize Ry 3 via simulation. The total
gm budget is 2.3 mS (total bias current: 100 pA, assuming a g,/Ip = 23 V™), with
ro1-3 set according to the g, of each gain stage. Figure 5a shows the locus plots of
Zamp-1 and Z,,, 3 implemented with practical transistors and integrated passives.
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Fig. 5 (a) Locus plot of the Z,;,.; -3 against frequency. (b) Simulated Ry ; and Ry 3 with a fixed
total g, budget of 2.3 mS and the boosting ratio against frequency
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Zamp-1 18 capacitive over all frequencies, while Z,,.3 is inductive over the
13—46 MHz range, which is compatible with different f;. Optimized at the most
popular XO frequency of 24 MHz, the optimum Ry 3 is 2.4 kQ after paralleling it
with a Cs of 2 pF. This result is ~9x higher than Ry ; under the same g,,, budget and
surpasses Ry 1max (Fig. 5b). The boosting effect is insensitive to the frequency
between 15 and 34 MHz, under Ry 3/Rn,; > 6.

Ideally, we should enable Axo_3 during the entire startup phase. Yet, the g,,’s of
M, 3 deviate from their small-signal values when the oscillation amplitude is
growing. This results in an aggravated Ry 3. As a consequence, the optimum active
time of Axo.3 fsw 1S the time when Ry 3 = Ry 1, which means Axo_3 no longer helps #
reduction. We can find the optimal 7, via simulations with measured crystal
parameters to avoid any extra detection and control mechanism.

To realize the SSCI, we implement a five-stage RO constituted by CS amplifiers
with source degeneration. Compared to the RO with inverters or relaxation oscilla-
tor, a RO with CS amplifiers balances the frequency stability and compatibility with
the sub-0.5 V Vpp. The source resistor (Rg in Fig. 2) also reduces the variation of the
oscillating frequency against Vpp. From simulation, the frequency variation of RO
reduces by ~20% over a 0.3-0.5 V Vpp. We set Rp as 36 kQ. The current
consumption of the RO is 20 pA. We implemented the div-by-2 unit and FSM
with standard logic.

We designed the fi; and f; of the SSCI module as 36 and 12 MHz, respectively,
chosen to satisfy fi. < fi, < fiy even with PVT variation (Fig. 6). The total size of the
Cosc, simulated to be 135 fF, outputs an f; of 12 MHz (after div-by-2). Then, we
determine the resolution of the cap-bank, decided by the minimum duration of zcy;
since for a complete chirping sequence, we need to sweep all of the states at least
once, we set the minimum #¢; (i.e., N = 1) as the resolution (number of pulses),
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Fig. 6 (a) Monte Carlo-simulated f; with Vpp = 0.4 V and T = 90 °C; (b) Monte Carlo-simulated
fu with Vpp = 0.3 Vand T = —40 °C. N = 30 for both cases
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defined in Eq. (2). The optimum #cy, according to [19] and the measured crystal
parameter, becomes 4.6 ps. Thus, we set Cosc as a binary-coded 6-bit cap-bank
(unit cap: 2.14 {F), corresponding to a minimum #c; of 4 ps with the designated fi
and f; . Even though there is a discrepancy between the applied and optimum #cy, it
almost does not affect the 7, as the ¢y is only present for a short period when
compared with #,. As the amplitude of oscillation after the CI is proportional to
/T, even the applied #c; is 13% shorter than the optimum; the amplitude is only 7%
smaller. Due to the high growth of the oscillation amplitude of the Axo.3 (time
constant in Eq. (1): 9.33 ps), we can compensate for the discrepancy between the
applied and optimum #¢y by the Axo_3 quickly, for example, the growth of oscillation
amplitude countervails the 0.6 ps discrepancy (~1.07x). No significant difference in
t; will emerge, even with PVT variation on the ¢y (Fig. 7).

The RO generates an oscillating signal at 2fy with Cogc = O fF (with oscillating
frequency governed by the parasitic capacitances) and Cosc progressively increased
by the FSM bit-by-bit according to N to Cosc = 135 fF wherein the RO oscillates at
2f1 . In this work, the variable N is digitally configurable among 1, 2, 4, and 8.

2.4 Experimental Results and Comparison with State
of the Art

The XO, fabricated in 65 nm CMOS with fixed on-chip C. of 6 pF, occupied an
active area of 0.023 mm?> (Fig. 8a), of which 36% corresponds to the Cp. (Fig. 8b).
The target f, can be flexible between 16 and 24 MHz. We first verify the SSCI
functionality. Figure 9a exhibits the measurement of the oscillating frequency of the
RO (after div-by-2) against Cogc, Which is consistent with the post-layout simula-
tion. The average f; and fy across five dies at room temperature are 10.93 MHz (o:
0.32 MHz) and 35.96 MHz (o: 1.21 MHz), respectively. Figure 9b confirms the
chirping sequence with N = 1, and Fig. 9c plots the duration of #c; against N.
Then, we tested the XO with a 24 MHz crystal (package: 3.2 x 2.5 mm?) without
any startup aid at room temperature (20 °C) and Vpp = 0.35 V. The measured crystal
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Fig. 9 (a) Measured and simulated oscillating frequencies of the RO versus Cogc at different
conditions, robust to cover f; of the crystal even with Vpp and temperature variations. (b) Measured
chirping sequence (N = 1). (¢) Injection duration #c; against N. For the latter two figures,
Vop =035V, T=20°C
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Fig. 10 Measured startup waveform (a) without startup aid and (b) with SSCI and Ax¢ 3 enabled
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parameters Ly, Ry, Cy, and Cg are 11.1 mH, 19 Q, 3.95 {F, and 1.3 pF, respectively.
Under these conditions, we have t; = 1.3 ms (Fig. 10a). The 7, decreases to 530 pus
with Axo.3 enabled during the startup.

We estimate Ry ; and Ry 3 from the growth of the oscillation amplitude according
to Eq. (1), which we can write as

Aenv(t() + Al‘)) RN — Rym
In = - At. 7
( Aenv (tO) 2LM ( )

By measuring the growth of the oscillation amplitude within a specific time
interval, we can estimate the Ry of the XO. For Axo_;, the growth of oscillation is
1.01x/ps, and thereby we calculate Ry ; as 230 Q (Fig. 11), which is close to the
prediction (as described in Sect. 2.3). Similarly, we find Ry 3 = 2.2 kQ. Owing to
two reasons, the reduction of f, is not commensurate with the Ry-boosting ratio



104 K.-M. Lei et al.
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between Axo.3 and Axo.;. Firstly, as described in Sect. 2.3, M;_3 will deviate from
their nominal operating points and deteriorate Ry 3. We can reveal this by measuring
ts against fg, (Fig. 12). When ¢, is short (<60 ps) where M, _3 are in the subthreshold
region, the small-signal model is still valid to estimate #, against f, (i.e., slope of the
curve (~ —10) closely matches with —Rn3/Rn1 + 1). As t,, further increases, the
oscillation drives M, 3 away from its original operating point and worsens Ry 3.
Hence the slope of the curve declines and eventually reaches zero whereas the Axo.3
no longer aids #,-reduction. Secondly, the XO entails an overhead time to enter the
steady state after switching to Axo.;. After this, the XO still takes ~380 ps to enter
the steady state. Here, the nonideality of the ULV Axq_3 limits the improvement on
t;. In fact, for the amplifiers with standard I/O voltage and higher output swing, the
reduction of f; should be more profound and better matched with the Ry-boosting
ratio.

With both Axo.; and SSCI enabled, we further decrease f5 to 400 ps (3.3x
reduction) and the corresponding Eg is 14.2 nJ (2.8% reduction) (Fig. 10b). When
switching from Axo.3 to Axo. that have different output impedances and, subse-
quently, operating frequencies, there is an instantaneous change in the output swing,
since the magnitude of current passing through the crystal does not change abruptly.
The percentage of energy consumed in the startup phase by the SSCI, Axo_3, and
Axo.1 181 7%, 39%, and 53%, respectively. We verified that #, can tolerate +50%
uncertainty for <10%tg variation, implying that we can obtain an adequate f; even
with nonoptimal #, (e.g., variation on PVT and crystal’s parameters). This also
justifies that the existing RO will be good enough to control t,, avoiding any
external detection and control mechanism.

For the transient frequency of the XO, it takes ~300 ps to settle for a +£20 ppm f,
accuracy (i.e., 50 kHz drifting from the center frequency of 2.44 GHz in a packet, as
defined in [33]). This result is 3.5x faster than the case without startup aid (Fig. 13).
The steady-state power is 31.8 pW at 0.35 V, and the PN is —134 dBc/Hz at 1 kHz
offset, being adequate for most IoT applications and comparable to other state-of-
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Fig. 13 Transient f; profiles 60

of the XO (Vpp = 0.35 V,

T =20 °C) +20 ppm
- A (1, I A SN e L
£ of —

Q .
& B He———— |. _________
- | _ 3.5x faster -20 ppm
=3 | 222120 |
E -60 . ! 0.3ms '1.05ms
Wl Axos & ! (wlo Axos &
I Sscl) ISscl)
-120 — —
-0.2 0.2 0.6 1.0 14 1.8
Time (ms)
1.2 800 :
T=20"C fo=24MHz

) = 700 -& 0.3V

ol = - 035V

E N £ 0 - 04V

a No SSCl as RO a

2 0.6 fails to operate = 500
s S
7] & 400
0.3 300 : : : :
40 14 12 38 64 90
025 03 035 04 045 05 .
Voltage (V) Temperature ('C)

(a) (b)

Fig. 14 Measured XO ( fo = 24 MHz) performances. (a) Startup time against Vpp. (b) Startup time
against temperature

the-art XOs with a standard voltage (e.g., PN of —136 dBc/Hz at 1 kHz and
Jo =26 MHz in [10]).

The XO can uphold a steady-state output swing >80% of Vpp for Vpp = 0.3-0.5-
V. The ¢, varies <25% from its mean (400 ps) for Vpp = 0.3-0.5 V (Fig. 14a). Only
the RO of the SSCI fails to start if Vpp drops down to 0.25 V, but Axo_3 is still in
place to aid #g reduction. Over —40-90 °C, fg variation is <7.5% (Fig. 14b). We
obtained similar results for a 16 MHz crystal (i.e., Afy/fo = 13.4 ppm over 0.3-0.5 V,
Afolfo = 21.9 ppm over —40-90 °C, and fg variation, 9.8%).

Table 2 benchmarks the performance of the XO with the prior art. In terms of E,
this work is >2.6x better than [20] and slightly higher than [21]. Furthermore, we
can consider this circuit in the vanguard, since it proves the feasibility of regulation-
free operation under a wide range of sub-0.5 V Vpp, while conforming to the
frequency-stability specification of the BLE (Bluetooth Low Energy) standard.
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Table 2 Performance summary and comparison with recent art

ISsccC’16 ISSCC’17 JSSC’18
Thi k JSSC’16 [3.19
15 wor BIV ] 5 5 [3.20] [3.26]"
Applications BLE Bluetooth BLE BLE N/A
LVi ti
. ULV inductive Chirp injection +| Dithered |Dynamic load +| Precisely-
Fast startup techniques three-stage gm + . S . .
gm-boosting injection gm-boosting timed CFI
SSCI
LV -t m -t -st m+
Steady-state techniques v one-stage & Qne stase One-stage g
+ resistive load inverter current-source load
CMOS process (nm) 65 180 65 90 65
0.09
Active area (mm?) 0.023 0.12 0.08 0.072 (per
X0)
Supply voltage, Vop (V) 0.35* 1.5 1.68 1.0 1.0
Temperature, TRange (°C) -40 — 90 -30 — 125 -40 — 90 -40 — 90 -40 — 85
CL (pF) 6 8 (off-chip) 6 9 10 9 8
Frequency, /o (MHz) 16 24 39.25 24 | 24 24 50 | 10
Startup energy, Es (nJ) 15.8 14.2 349 = = 36.7 133 [ 12
Startup time, 75 (1s) 460 400 158 64 | 435 2009 22 | 10
Ats/ts over Trange 9.8% 7.5% 7% +35% |+20% 26.6% 7% | 3%
versus Trange] 21.9° 14.1° +5.5 N/A N/A N/A
Afolfo (ppm) . 5
versus Vb 13.4°¢ 17.9¢ 1£0.6 (1.2-1.8 V) N/A N/A N/A
Steady-state power (W) | 316 | 31.8 181 393 | 693 95 195 | 455

“Digital and constant-g,,, bias circuits are at 0.7 V (current budget: 5 pA) generated by an on-chip
charge pump as [29])

@ 0.35V

“Across 0.3-0.5V @ 20° C

dAmplitude >90% and Afy/fy <220 ppm

°Only results from similar crystal packages compared

3 A 0.35V 5200 pm? 2.1 MHz Temperature-Resilient
Relaxation Oscillator with 667 fJ/cycle Energy Efficiency
Using an Asymmetric Swing-Boosted RC Network
and a Dual-Path Comparator

3.1 Motivation

For the crystal-less IoT node [34] and wakeup receiver [35], low-power and fully
integrated kHz-to-MHz clock sources with moderate frequency inaccuracy are
pivotal to their operations. For instance, [35] requires a frequency reference with
~2.5% frequency accuracy to calibrate the digitally controlled oscillator of the
wakeup receiver. Although the crystal oscillator offers better frequency stability, a
typical MHz-range crystal oscillator can consume tens of pW, which is
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impermissible for the always-on module of an IoT node. In fact, we expect a pW-
range power budget in the standby mode [23]. Also, the presence of an off-chip
crystal can restrict the volume miniaturization of the IoT nodes.

The ring oscillator is a viable solution among the fully integrated oscillators due
to its outstanding power efficiency, tuning range, and compactness [36]. Yet, the
oscillating frequency of the ring oscillator is prone to PVT variations that require
extra circuitry for compensation. For the LC oscillator, it has a proper balance
between the integration level and frequency stability [37, 38]. Yet, the LC tank is
too bulky for MHz-range applications.

Recent relaxation oscillators (RxOs) [39—47] proved their potential by attaining
fast settling time, moderate intrinsic frequency stability, tiny footprint, and high
energy efficiency. A typical RxO consists of a period-defining network, amplifiers,
and logic gates. The period-defining network periodically (dis)charges the capacitors
therein, and the amplifiers compare the voltages on the capacitors with a reference
voltage. The logic gates read the output from the amplifiers and generate the required
output correspondingly.

For IoT nodes powered by sub-0.5 V energy-harvesting sources such as the
thermoelectric generator and solar cell, ULV operation adds to the RxO design
constraints. Existing RxO architectures [39-44] do not favor sub-0.5 V operation,
which severely confines the voltage headroom. Hence the linearity and accuracy of
the current and voltage references are inferior, and their degraded precisions can
affect the RxO’s stability. Also, at high temperature, the transistor’s leakage current
(I1cax) limits the performance of the current/voltage reference.

Recently, a swing-boosted differential RxO proposed in [45] featured a symmet-
ric swing-boosted RC network to define the period of the RxO, enabling no current
or voltage reference while delivering a swing-boosted output to improve the noise
performance. As this architecture does not entail current or voltage reference, it
allows scaling down of the Vpp without affecting the RC network precision.
Nevertheless, it has the common-mode voltage (V) of the RC network restricted
to mid Vpp, which implies Vo < 0.25 V for sub-0.5 V operation, thereby hindering
the operation of its subsequent comparator.

This section proposes a RxO that surmounts the challenges of sub-0.5 V opera-
tion and achieves high area and energy efficiencies. The key techniques are (1) an
asymmetric RC network to free the V\ restriction while preserving a swing-
boosted output and (2) a dual-path comparator with delay compensation to allow
temperature resilience. Prototyped in 28 nm CMOS, the RxO occupied a tiny area
(5200 pm?) and attained superior energy efficiency (667 f/cycle) and figure of merit
(FoM, = 181 dB) with respect to the prior art.
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3.2 Asymmetric Swing-Boosted RC Network

Figure 15a depicts the schematic of the swing-boosted RC network. As demon-
strated in [45], the RxO utilizing this RC network exhibits low jitter (c;;) attributed
to its swing-boosted output voltages (V) from the symmetric RC network (k = 1).

Considering @, (Fig. 15b), V. is initially at the ground and V,,,, connects to Vpp,
whereas V, is initially at Vpp and V}, connects to the ground. V, charges to Vpp and
V,, charges to the ground with time constant (r) RC. When they cross at Vcy such
that V,, < V,, the comparator inverts its outputs. Consequently, the chopper alternates
the connections, where V., now connects to the ground and Vj, connects to Vpp. As
the charges across the capacitors conserve, V, and Vy change to Vcy + Vpp and
Vem — Vpp after the transition. The process in @, is complementary, and the
operation repeats @; after another transition. Hence, the differential signal V,, has

VDtD \ 4 Vtop

R g = C ._C:K

Vx W -

C T 2 AR TLK
-Er A Vbot
(a)

>
[This work]

()
Voo

Vo

» »
> »

Ti T2
Vem = 0.5V Vemu > 0.5Vop & Vew,p < 0.5V
(b) (c)

Fig. 15 (a) Simplified schematic of the swing-boosted differential RxO. (b) Timing diagram of the
output of the RC network with & = 1, with V¢ fixed to 0.5 Vpp. (¢) Timing diagram of the output
of the RC network with k > 1 such that Vi u and Ve p suit the design of the subsequent ULV
comparator (this work)

A
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a swing of 2 X Vpp,. Since the o, of the RxO is inversely proportional to the slope of
V,.y at the threshold (S,,), raising the swing of V. , increases S, and improves the c;,.

The RC network symmetry restricts Vy to mid Vpp regardless of the oscillation
phases (@1,,). As Vpp decreases to <0.5 V, the Vi shrinks to <0.25 V, which is
insufficient to properly bias a differential pair with a tail current source. To break this
limit, we propose an asymmetric RC network (k > 1), in which one RC branch has a
larger 7. From Fig. 15c¢, this act facilitates V., to (dis)charge at different 7. The leaps
on V, and V, after the chopping are still +Vpp, whereas the Vcy of V. and V,
alternate between Veyy and Veump in @ and @, respectively. As such, we can
design k that allows proper Veymu (Vemp) and thereby favors the operation of the
subsequent ULV comparator.

Analyzing the waveform in Fig. 15¢, we can derive four equations governing the
(dis-)charge of the asymmetric RC network:

(Vemp + VDD)ei% =Vemus (8)
(Vemp — 2VDD)€7‘§_IC + Vop =Vemu, )
(Vemu + VDD)eil% =Vemp, (10)
(Vemu — 2VDD)6’_J‘_2C -+ Vop = Vemp- (11)

Assuming that T; = T, solving Egs. (8)—(11) leads to

k
Voo —Vemp | _ Vemp (12)
Vop + Vemp 2Vpp — Vemp

k
Vemu _ Voo —Vemwu (13)
2Vpp — Vemu Vob + Vemu”’

—T/2RC
1+ 3e )’ (14)

T
k=src/Mn ( 1 —e T/2RC

where T, = T, = T/2. Therefore, we can calculate the required k to achieve a
sufficient separation of Veyy (Vem.p) by numerically solving Egs. (12) and (13),
as well as the corresponding 7 by Eq. (14). Figure 16a illustrates the Veyu, Vemps
and T versus k.

The S,, around the threshold crossing determines the o, with the following
equation [48]:

Vn Xy
9
Se

(15)

Ojit = Q@

where a is a constant of proportionality and V/, ,, is the equivalent noise from the RC
network and the subsequent comparator appearing at its output. We can determine
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Fig. 16 (a) The simulated Vcyu, Vemp, and the oscillating frequency versus k. Choosing a k > 1
enables a lower (higher) Vemp (Vem,u), facilitating the ULV operation. (CLK) The Sxy from
mathematical modeling and simulated 1/6;; from an ideal RxO with asymmetric RC network versus
k. Overdesigning k decreases the Sxy and thus aggravates oj;

S,y by solving for the difference between the derivative of Vy and Vy when t = 7/2
(the time when crossing occurs),

5= (= 3) 19

For instance, in @,, Vx and Vy become
Vx(t) = (Vomu + Vop)e <, (17)
Vy(t) = (Vemu — 2Vpp)e B + Vpp, (18)

where we set t = 0 as the beginning of @,. Taking the derivative of Vy with respect to
t and substituting ¢ = 7/2, we can get

A% T 1 _.r
d—tX (t: E) = — E(VCM,U + Vpp)e =, (19)

and substituting Eq. (10) into Eq. (19):

av T 1
G (1=2) = ~geVou (20)

Similarly, we can obtain the slope of Vy at t = T/2:

av T 1
G (1=2) = ~ e (Vown — Vo). (1)

Then, S,, in @, is
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1 Vv %
= e Voo — Y12, Vo0, 22)

where we can find the relationship between Veyp and k from Eq. (12). Note in
(3.22) that when k = 1 (symmetric RC network as in [45]), Sy, = —Vpp/RC,
showing that a higher Vpp improves S,, and thus o;;,. Figure 16b shows the §,, as
a function of k. Under the identical RC and Vpp, increasing k results in decreasing
S,y We can calculate S, similarly in @; provided that T} = T, S,, in @, should be
equivalent (in negative) to S,, in @,.

Based on Fig. 16a, b, we can have the following takeaway: a large k allows Vyu
(Vemp) to approach Vpp (ground), easing the use of an NMOS (N-metal-oxide
semiconductor) (PMOS [p-channel metal-oxide semiconductor])-input amplifier for
comparisons. Yet, upsizing k penalizes o, since o;;; o 1/S,,. Besides, pushing Veum .y
(Vemp) close to Vpp (ground) saturates the input pairs of the subsequent amplifiers.
Then, there is a trade-off between the minimum Vpp and o, for the RxO utilizing the
asymmetric RC network. The minimum gate voltage at the NMOS-input amplifier is
~0.2 V (i.e., 0.1 V for the tail current source +0.1 V for the gate-source voltages of
the differential pair), and the minimum Vpp of the comparator is ~0.35 V (explained
in Sect. 3.3). To yield a minimum Vpy y of 0.2 V to drive the NMOS-input amplifier
with 15% margin, we choose k = 2.4 such that Vcyy 15 0.23 V (0.66 % Vpp). During
the fabrication, the mismatch between the resistors diverts Vey y (Vem,p) from their
desired values. Nevertheless, since k is the ratio between the resistors, we can
minimize its variation through a delicate layout and a common centroid technique.
This means that a 15% margin is adequate to safeguard the operation of the RxO.
Correspondingly, we positioned Veump at 0.33 X Vpp to favor the PMOS-input
amplifier.

With k = 2.4 in Fig. 16b, S,, reduces by 39%. To verify the degradation of ¢;;,, we
built an ideal RxO utilizing the asymmetric RC network with a noise source and
simulated the oj;, with different values of k. We juxtapose the simulated 1/5;; of such
RxO in Fig. 16b. The 1/cj; decreases (hence o, increases) at a similar rate of k with
Sy The 1/0j;; at k = 2.4 decreases by 36%, thus verifying our analysis.

3.3 Circuit Implementation
ULV Comparator with Dual-Path Amplifiers

In [45], the RxO utilizes an inverter-based amplifier for voltage comparison.
Although this amplifier has excellent noise performance, it is not suitable for ULV
operation as it requires a minimum voltage headroom of 2(Vggs + Vps). We proposed
the asymmetric RC network in Sect. 3.2 for ULV operations, where we can adjust
the Vemu (Vemp) according to k. To cope with different Vi, at two phases of
oscillations under a ULV headroom, we utilize a comparator with dual-path ampli-
fiers to handle the voltage comparisons across V, . The comparator consists of an
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NMOS-input, a PMOS-input amplifier, and logic gates to generate the CLK signal.
The NMOS-input amplifier, enabled in @, is capable of handling a higher input
Vem, where Vy and Vy cross at Ve u, with the PMOS-input amplifier disabled. The
complementary operation happens in @,. As such, both amplifiers can perform
comparisons under the ULV headroom. When compared with the case using k = 1
and only a PMOS-input amplifier, the variation of the RxO’s oscillating period
(Tosc) reduces by ~40%.

Figure 17a, b presents the proposed ULV RxO, with each amplifier built by
cascading three gain stages, each formed by a fully differential common-source
(CS) amplifier (Fig. 18a), to boost the overall voltage gain. The simulated gains of
the cascaded amplifiers are >27 dB. Following the amplifiers, the logic gates
generate the CLK signals and operate the chopper of the RC network after boosting
to CLKy (explained below).

Since we can adjust the Veyu (Vemp) of the RC network between Vpp and
ground by choosing an appropriate k, the main limitation for the minimum Vpp of
the RxO derives from two factors: the dual-path amplifier and the logic gates.
Assuming all transistors biased in the subthreshold region with the gate voltages
bounded between Vpp and ground, the minimum Vpp of the differential CS ampli-
fier is Vsp1 + Vpss + Vpss (in Fig. 18a) if we assume the Vpg-drop on Mg, the
transistor for power-gating, is negligible. To maintain operation in the subthreshold
region, the |Vpgl of a transistor should be >3 x Vr, where Vr is the thermal voltage.
The Vr reaches 34 mV at 120 °C. Hence, the minimum Vpp of the differential CS
amplifier is 306 mV in theory. We allow ~10% margin for the design and choose a
Vop of 0.35 V. On the other hand, the necessary Vpp for the logic gates to operate
under the desired oscillating frequency also limits the minimum Vpp. In the selected
CMOS 28 nm process, the delay of the logic gates with Vpp 0of 0.35 V varies <1% of
Tosc from —20 to 120 °C, evincing that a Vpp of 0.35 V is sufficient to power the
logic gates.

The comparator’s delay (t4e10y) affects the Toge stability. As described later, a
delay generator compensates for 4.1,y under different operating conditions. Here, we
target a maximum Afgejay ~ 25% of Togc across —20 to 120 °C such that the resultant
Tosc variation after compensation is <2.5%, reserving a 10% mismatch margin
between fg4e1,y and the delay generator. The simulated #4e1oy (N + P channel) ranges
from 17 ns at 120 °C to 146 ns at —20 °C under a power consumption of 500 nW
(at 27 °C), with a variation ~10% above the target.

The gate voltages of M; and M, determine the operating region of M5 (Fig. 18a).
To guarantee M5 operates in the subthreshold region, Vpg s needs to be higher than
3 x V1. We can either increase Vi, p (Vi N), Which is the RC network output for the
first amplifier, by upsizing k or decreasing the Vgs of M5 and My. As explained in
Sect. 3.2, upsizing k deteriorates the oj;;. On the other hand, under the same bias
current and channel length, decreasing Vg incurs a wider M3(My), thus exacerbat-
ing the f4c14y and the RxO’s frequency stability. From the simulation, the amplifier’s
delay raises by 26% with the Vg of M3(M,) reduced by 10 mV (with the width of
M;3(My) enlarged). We aim for a Vg of 0.1 V for M3(M,) to achieve a proper trade-
off between the f4ejay and o
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Fig. 17 (a) Proposed ULV swing-boosted RxO featuring an asymmetric RC network and a dual-
path comparator. We track the delays of the amplifiers to tackle the frequency fluctuation against

temperature and voltage variations. (b) Schematic of the logic gates. The SR latch, together with the
delay unit, guarantees that the RxO only generates desired oscillating signal without glitch

Since each amplifier is only responsible for comparing V, and V, in one phase, we
can have them power-gated based on the CLK state to reduce the power consump-
tion. For instance, in @; where CLK is high and the common-mode voltage of V, and
Vy is at Vou,u, we enable the NMOS-input amplifier for comparison, while powering
down the PMOS-input amplifier. The operation reverses in @,. This duty-cycling
scheme saves 26% of the total RxO power budget.

To ensure that M; and M, operate in the subthreshold region, a common-mode
feedback (CMFB) circuit generates their gate voltages (Fig. 18b). The CMFB circuit
compares the common-mode output voltage of the amplifier to V s and corrects Vip.
We scaled the transistors’ sizes of the CMFB circuit from the main amplifier such
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Fig. 18 (a) Schematic of the differential CS amplifier (NMOS). (b) CMFB circuit for the NMOS
CS amplifier

that the PVT variations have the same effect on the amplifier and CMFB circuit to
enhance its robustness.

We utilized a SR latch to read the results from the amplifiers and yield the desired
state of CLK. Also, we used a delayed CLK (CLK) signal CLKp, (CLKp) to mask
out the glitches and avert the undesired transition of CLK due to glitches from the
amplifiers during the switching. For instance, as illustrated in Fig. 17b, before the
end of @, (CLK and CLKp, are high), both S and R of the SR latch are high and
maintain the state of CLK. Therein, with the NMOS-input amplifier enabled, we
disable the PMOS-input amplifier. Once Vx > Vy, R becomes low and S is still at
high (since CLK}p, is low), which forces CLK to low. Then, the circuit enables the
PMOS-input amplifier, while disabling the NMOS-input amplifier. During the
switching of the amplifiers, we may have an undesired transition on Vun/Vourp-
The CLKp, signal and the NAND gates guarantee that these undesired glitches do not
affect the state of CLK. After a delay of 74, CLK goes low. Both S and R are high
again, and the SR latch maintains the state of CLK until V,,p goes high (Vx < Vy).
The operation repeats itself after another transition of CLK. A simple RC circuit and
inverters with 74 of ~80 ns implement the delay unit. We selected 74 to allow
sufficient margin before the zero-crossing point of Vyy without affecting the com-
parison, yet it would be long enough to filter out the glitches from the amplifiers
during the switching amid PVT variation.

A constant-g,,, bias circuit aids the amplifiers in withstanding voltage and tem-
perature variations [49]. A switched-capacitor voltage doubler (Fig. 19a) powers the
bias circuit, which extends the voltage headroom (2 x Vpp = 0.7 V). As we can reuse
the CLK signal from the RxO itself to operate the voltage doubler, the power (11%)
overhead is low. During the start-up, there is no CLK signal yet to drive the voltage
doubler, and hence there would be no output from the bias circuit without any
auxiliary signal. Thus, a start-up pulse (duration ~1 ps, generated on-chip after Vpp
rises) enables an auxiliary ring oscillator (RO) to operate the voltage doubler in this
start-up phase (Fig. 19b, c¢). With the V,x boosted up to ~2 X Vpp, the bias circuit
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Fig. 19 (a) Schematic of the switched capacitor voltage doubler. (b) The auxiliary RO that drives
the voltage doubler during the startup. (¢) Timing diagram of the auxiliary RO and the voltage
doubler

functions properly within this period. Then, we disable the start-up pulse and the
auxiliary RO, with the RxO starting to operate. Like this, the RO does not pose
interference to the RxO nor affect the accuracy of the RxO’s frequency. The RO’s
frequency ranges from 15.2 to 35.1 MHz across —20-120 °C.

Delay Generators

The temperature dependency of f4ejay affects RxO’s Togc. Ideally, Tosc is only
dependent on the RC network. However, the 4oy after the zero-crossings of V,
prolongs the duration of each phase. As t4e1ay is temperature-dependent, it deterio-
rates the RxO’s frequency stability. Raising the amplifiers’ power budget can
diminish the ratio Zgejay/Tosc, but it penalizes the RxO energy efficiency. In [42], a
period controller compensates f4ejay by doubling the current injected into the period-
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Fig. 20 (a) Proposed delay generator to track the f4cjay at different operating conditions and its
timing diagram. (b) Matching between f4c1oy and fpn + fpp against temperature variation (under
nominal case). (¢) Principle of the delay compensation: when @y is high, 7 of the RC branches
halved thus V., (dis)charge at a double rate to compensate fgei,y. (d, €) The Monte Carlo-simulated
tpp and fpy (100 runs) at 27 °C with different input codes for the capacitor banks

defining capacitors, in which the current injection duration tracks fgejay. As such, it
can correct Tosc to minimize its temperature sensitivity. Yet, the period controller
entails an extra comparator for copying #qeiay, penalizing the power budget.

Since the delay of an amplifier relates to its bias current, we introduce a delay
generator to create a pulse, with its width inversely proportional to the bias current.
As demonstrated in Fig. 20a, two delay generators (for NMOS- and PMOS-input
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amplifiers) with scaled currents from the main amplifiers generate the pulses after the
edges of CLKy. From the simulation, the width of the pulses @ closely tracks #gcay
(error <7.6% of t4e1ay O <2.3% of Tosc). To compensate #qeiay, We halve the 7 of the
RC branches when @y = 1 by closing switches S; and S, in Fig. 17a. The open-
loop compensation scheme alleviates the long settling time of the oscillator. Fur-
thermore, this compensation method can even off the temperature dependency of the
resistors in the RC network, avoiding area-hungry composite resistors to obtain a
zero temperature coefficient (TC) [42, 46].

We implemented the delay-controlling capacitors Cy and Cp as four-bit capacitor
banks, with their values programmed to balance the process variation once after
fabrication. The design of the tuning ranges of the capacitances can cover the
variations of #4c1,, amid process variations. The #4c1,, of NMOS-input and PMOS-
input amplifiers vary from 15 to 45 ns and 36 to 60 ns, respectively, from the Monte
Carlo simulation (100 runs, at 27 °C). Consequently, we design the delay generator
and the capacitor banks capable of generating pulses of width in this range by
adjusting their codes correspondingly (Fig. 20d, e). With the proposed compensation
scheme, the simulated variation of Tggc decreases from 25% to 2.1% over —
20-120 °C. For the constant-g,, biasing, the current decreases with temperature.
Hence, both Iz and Igp, the biasing currents of the NMOS-input and PMOS-input
amplifiers, are minimum at —20 °C. Consequently, the fpy and fpp are largest at —
20 °C and decrease to their minimum toward 120 °C. Therefore, we have the overall
resolutions of fpN and fpp confined at low temperature (7 ns and 13 ns). Still, these
resolutions are sufficient to uphold the 2.5% frequency error requirement. In case a
finer resolution is necessary, the number of bits of the capacitor banks can increase.

CLK Boosters

The non-idealities of the switches influence the performance of the RxO. For
example, the nonzero on-resistances (Roy) of the transistors that constitute switches
Si_¢ (in Fig. 17a) affect the 7 of the RC network. Under sub-0.5 V, the transistors
work in the subthreshold region. Then, the situation emerges as Ron increases
exponentially with —(Vgs — Vry), where the worst case of Vsl is 0.5 x Vpp without
any boosting technique. Further, as Roy is prone to temperature variations (Ron
increases with a decreasing temperature), it inevitably affects the frequency stability
of the RxO. To alleviate the impact, we should minimize Roy in comparison with
R in the RC network. One possibility is reducing Ron by upscaling the widths of the
transistors that compose the switches. Yet, this act leads to another problem: in the
deep submicron CMOS process, the I1 ., in the off-state, especially at high temper-
ature, restricts the RxO’s performance and operation range. Considering the switches
Si, in Fig. 17a again, at high temperature, the transistors with high I; ., equiva-
lently reduce 7. Altogether, there is a trade-off between their Royn at low temperature
and [y ¢,k at high temperature.

To tackle this challenge, we employ clock boosters [50] to triple the swing of the
digital signals (CLKy, CLKy, and @gy). The clock booster, powered from Vpp,




118 K.-M. Lei et al.

107 10°
1.72MQ Ve=0.35V
10%k Ve=0.7V .
<C
210%
g0} 8 é
z [ E
0% =
- £ ot
200 a
3L
10 1
9 -6)
0% o s 10 50 s 0 5 100 150
Temperature (°C) Temperature (°C)

(@) (b)

Fig. 21 (a) Roy of an NMOS from —20 to 120 °C with different V5. For both cases,
Vp = Vs = 0.175 V. The increased swing on Vg reduces the variations of Ron by 8600x. (b)
I e Of the same NMOS in (a) in the off-state. With a negative Vg, the Iy o, reduces by 389% at
120 °C. For both cases, Vp =0.35 Vand Vs =0 V

increases the swing of the periodic signal (high, 2 x Vpp; low, —Vpp) without
additional power supply. With a boosted swing, the worst |Vggl for the transistors
now becomes 1.5 x Vpp. Besides, benefitting from the negative voltage (—Vpp) at
the logic low level, it effectively suppresses /i .., €ven at 120 °C. For example, this
scheme not only tightens the variations of the Ron of an NMOS switch across —
20-120 °C by 8600x (Vp = Vs = 0.5 x Vpp, Fig. 21a) but also shrinks / ¢, in the
off-state at 120 °C from 307 to 0.8 nA (Fig. 21b), rendering the RxO robust in an
extreme environment.

3.4 Measurement Results

We fabricated a prototype of the RxO in 28 nm CMOS 1P10M technology. It
occupied a core area of 5200 pm?, dominated by the comparator (28%) and RC
network (26%) (Fig. 22a, b). The RxO consumed 1.4 pW at 22 °C on average
(N = 7) (Fig. 23a, b)), where the comparator (49%, from simulation) dominates
(Fig. 22c¢). After the fabrication, we apply three-point trim to the capacitor banks of
the delay generator based on the measured frequency of the RxO.

Peripheral equipment such as the oscilloscope (for observing the waveform in
real-time) and the frequency counter (for measuring the frequency f) have high input
capacitances. The digital buffers with a Vpp of 0.35 V and reasonable sizing are not
capable of driving these equipment. Thus, we utilize on-chip-level shifters to raise
the output signals for swings of 0.9 V. Afterward, we feed such signals to digital
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Fig. 22 (a) Chip micrograph of the fabricated RxO in 28 nm CMOS. (b) Area breakdown of the
RxO. (¢) Power breakdown of the RxO (from simulation)

buffers with a Vpp of 0.9 V (supplied independent of the RxO’s Vpp) to drive the
peripheral equipment.

The mean oscillating frequency of the RxO is 2.1 MHz. It has an energy
efficiency of 667 flJ/cycle, rendering it the most energy-efficient RxO reported in
the MHz-range. After calibrations, the deviations of the RxOs’ frequencies are
<2.5% from —20 to 120 °C (Fig. 23c). The resulting TC is 158 ppm/°C on average.
The mean variation of the RxO’s frequencies from 0.35 to 0.38 V (~9% of Vpp) is
2.5% (Fig. 23d). The line sensitivity, where we also take the supply voltage into

account [(%) / (A—VV)], is 26.8%. The large sensitivity of the RxO to voltage variation

is attributable to the subthreshold operation and low Vpg across the transistors of the
amplifiers. From the simulation, the bias current of the NMOS-input amplifier
increases by 25% from 0.35 to 0.38 V, hence affecting the #4c1oy and the RxO’s
frequency. Still, the 0.35-0.38 V range is sufficient for IoT devices powered by solar
cells and installed in the typical indoor environment (e.g., home and office), as the
open-circuit voltage of a solar cell varies 30 mV amid a change in light intensity of
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Fig. 23 Measured performance of the RxO from seven chip samples. (a) Power consumption
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Fig. 24 (a) Measured period jitter of the RxO (52,000 hits on the oscilloscope). (b) Accumulated
jitter of the RxO

~3x [51, 52]. If we relax the requirement on frequency stability or recalibration of
the frequency at different Vpp, is feasible, the working range of the RxO can extend
to 0.5 V and then limited by the breakdown voltage of the CMOS process (1 V) due
to the voltage doubler and clock booster.

The RMS period jitter of the RxO is 800 ps (0.15% of Tosc) (Fig. 24a). The
accumulated jitter increases at a rate of VN up to ~60 cycles, in which the thermal
noise is the dominant noise source (Fig. 24b). When compared with [45], the high
period jitter is attributable to the low supply voltage, low power, and different
amplifiers handling the comparison in @, and @,. Still, the RxO is appropriate for
the devices in which ULV and ultra-low power are the priorities (e.g., wakeup
receiver [35]). The long-term stability is 210 ppm (gating time >0.1 s). To
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Fig. 25 (a) Startup waveform of the RxO, with Vpp switched on at # = 0 s. (b) Transient frequency
during startup. The RxO reaches steady state within three clock cycles or 3.6 ps after enabling Vpp.
(c) The startup time of the RxO at different temperatures

characterize the supply noise rejection of the RxO, we superimpose a sinusoidal
signal on Vpp and measure the corresponding period jitter. In the presence of a
20 mVp,, sinusoidal signal (1 kHz) at the supply, the period jitter of the RxO exhibits
a value of 2 ns.

We also characterize the startup time of the RxO, which is crucial if the RxO is
power gating to further suppress the power consumption of the IoT node. As the
asymmetric RC network requires finite clock cycles to produce a consistent output
signal, the RxO’s frequency settles after the third clock pulse (Fig. 25a, b). Over the
entire temperature range, the RxO enters the steady state within 3.6 ps after enabling
Vpp (Fig. 25¢).

Herein we benchmark the RxO using two FoM. First, we evaluated the RxO using
the FoM proposed in [44]

_ /- T range
FoM, = 101og (Power e ) (23)
with the temperature range Tiange. This FoM takes into account the trade-off among f,
power, Tunge, and TC. The FoM; of the RxO is 181 dB, which is comparable to the
state of the art in spite of the ULV Vpp of 0.35 V. Then, we evaluated the RxO using
the conventional FoM:
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Table 3 Performance summary and comparison with the state-of-the-art RXOs
Koo, Mikulié, Liu, Savanth, |Lee,
ISSCC’17 | ESSCIRC’17 |JSSC’19 |JSSC’19 |JSSC20
[43] [40] [44] [41] [45] This work
Process 180 350 65 65 180 28
(nm)
Frequency |0.44 1 1.05 1.2 10.5 2.1
(MHz)
Vob (V) 1.4-33 3-4.5 0.98- 0.9-1.8 1.4-2.0 0.35-0.38
1.02
Power 21.3 210 69 0.82 219.8 1.4
W)
Energy effi- | 48.4 210 65.7 0.68 20.9 0.67
ciency
(pl/cycle)
Trange (°C) | —20-100 —40-125 —15-55 | —20-125 | —40-125 | —20-120
TC (ppm/° | 169 243 4.3 100 137 158
O
Variation 0.04% 0.42% 0.17% 2.64% 2.3%
across Vpp +0.54%
Line sensi- | 0.03% 0.84% 4.25% 6.16% 26.8%
tivity (LAY 0.54%
)
Area (um?) | 58,000 40,000 51,000 5000 15,000 5200
Period jitter | 1060 - 160 - 9.86 800
(PSrms)
Startup - 1* 8 10 - 3.6
time (us)
No. of 100 5 - 7° 15 7
samples
FoM, (dB) | 162 165 174 183 168 181
FoM, —152.7 - - - —157.7 —143.4
(dBc/Hz) (@ 10 kHz) (@ 1kHz) | (@ 10 kHz)

“Deduced from the numbers of cycles to start, which may underestimate the true startup time
"For temperature stability measurement

FoM,; =PN —201log

offset

f )+1010g<

1

Power

mW)’

(24)

where PN is the phase noise at the offset frequency from the carrier fy¢gser. The PN of
the RxO at 10 kHz offset is —68.4 dBc/Hz, resulting in an FoM, of —143.4 dBc/Hz.

Table 3 summarizes the performance of the RxO and compares it with recent art.
This work is the first sub-0.5 V temperature-resilient (<2.5%) RxO achieving a high
power efficiency of 667 fl/cycle (Fig. 26). When compared with the RxO with a
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Fig. 26 Comparison with state-of-the-art fully integrated oscillators. Red circle, relaxation oscil-
lator; blue circle, frequency-locked-loop type oscillator. A larger circle implies a relatively higher
oscillating frequency. The figure only shows selected oscillators with frequencies between 0.1 and
10 MHz

symmetric swing-boosted RC network [45], this RxO operates at a 4% less Vpp,
while achieving a comparable TC after compensation.

4 Conclusions

This chapter detailed the analysis and design of two ULV MHz-range clock refer-
ences for different purposes, with both clock references implemented and taped out
in deep-submicron CMOS, exhibiting well-founded and pioneering measurement
results. The first is a regulation-free sub-0.5 V XO for energy-harvesting BLE radios.
We introduced two circuit techniques, dual-mode g, and SSCI, to reduce the startup
time ¢ and energy E,. The dual-mode g,, exploits the inductive feature of three-stage
&m (Axo-3) to counteract the crystal’s Cg during the startup and the low-noise feature
of one-stage g, (Axo-1) to preserve the PN in the steady state. The XO prototyped in
65 nm CMOS has a compact area (0.023 mm?) that is >3.1x smaller than the prior
art. The measured ¢, and E of the XO, with a 24 MHz crystal, are 400 ps and 14.2 nJ,
respectively. The frequency stability against voltage (0.3—0.5 V) is 17.9 ppm and
temperature (—40-90 °C) is 14.1 ppm; both conform to the BLE standard.

The second clock reference is a 2.1 MHz temperature-resilient RxO with a 0.35 V
supply voltage for ultra-low-power IoT nodes. We jointly design an asymmetric
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swing-boosted RC network and a dual-path comparator to tackle the challenges of
ULV (<0.5 V) operation. The open-loop delay generator compensates for the
temperature-sensitive delay of the comparator. Fabricated in 28 nm CMOS, it has
an active area of only 5200 pm? and achieves the best energy efficiency of 667 fJ/
cycle among the previously reported MHz-range RxOs. Further, it also has a high
figure of merit of 181 dB in spite of the ULV headroom and can settle within 3.6 ps
after enabling the supply voltage.
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1 Introduction

The ADC-wise/ADC-based implementations become more favorable in the com-
munication and sensing systems as their wider flexibility for the system architects.
Both the wireless and wireline receivers impose a stringent speed and bandwidth
requirement for the ADC units. Device sizing is the straightest method for the
bandwidth improvement, whereas their self-loading effect degrades the conversion
efficiency observably when toward a higher conversion speed, implying that the
design becomes speed-limited rather than noise-limited. Relieving such deterioration
with parallelism, like time interleaving [1], seems attractive; however, it faces the
challenges of increased area, inter-channel cross-talk, high complexity of calibration,
etc. Increasing the sampling frequency of a single-channel ADC can relax the
abovementioned challenges of time-interleaved ADCs by not only reducing the
number of aggregated channels but also lowering the overall input capacitance and
then imposing a further push on the high-speed ADC performance boundary. The
multichannel configuration also makes the seeking for energy efficiency inescapable,
which is also the basic expectation of the low-power IoT systems.
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Pipelined ADCs [2, 3] are famous among high-performance ADCs; however
conventionally, the residue amplifiers often become the power and linearity bottle-
neck, leading to poor energy efficiency and limited performance. This imposes a
general requirement for high-efficient and high-linear residue amplification tech-
niques in pipeline architectures. Moreover, benefiting from the outstanding energy
efficiency of the successive approximation register (SAR) quantizer, the hybridiza-
tion between the pipeline and SAR ADCs became popular [4-6], as it breaks the
speed bottleneck of the SAR ADCs through pipelining operation, while simulta-
neously keeping its good energy efficiency.

Conventional voltage-domain ADCs can provide accurate quantization steps with
the assistance of the capacitor digital-to-analog converters (DACs) or resistor DACs;
however, they suffer from noise burden and voltage headroom challenges with
reduced supply voltages in advanced fabrication processes. The quantization steps
of the ADCs are linearity scaled with the supply voltage in a voltage-domain
conversion, while being reversed in a time-domain ADC. This feature allows the
time-domain quantization to be suitable for the low-supplied scenarios, breaking the
noise limitation of the voltage-domain architectures under a reducing power supply.
The scaled time quantization step of the time-domain ADCs with fabrication tech-
nology nodes also makes the time-domain quantization attractive in ultra-high-
speed ADCs.

This chapter elaborates on two high-performance pipelined ADCs, the first one is
a 12-bit SAR-assisted three-stage pipelined ADC with an open-loop Gm-R-based
residue amplifier running at 1 GS/s [7]. It achieves SNDR and SFDR of 60.0 dB and
74.6 dB with a Nyquist input, respectively, leading to a Walden FoM of 9.3 {J/
conversion step and a Schreier FoM of 168.2 dB by consuming 7.6 mW. The other is
a 3.3 GS/s six-bit fully dynamic pipelined ADC using a linearized dynamic amplifier
[8], attaining 34 dB SNDR with a Nyquist input, consuming 5.5 mW, and yielding a
Walden FoM of 40.0 fJ/conversion step. On the other hand, this chapter describes
also two time-domain ADCs to distinguish from conventional voltage-domain
ADC s, the first is a 13-bit hybrid ADC which combines a SAR ADC with a followed
time-to-digital converter (TDC) [9], and it reaches 20 MS/s conversion speed under
PVT (process-voltage-temperature) variations with a 0.6 V power supply and
exhibits a Schreier FoM as high as 181.9 dB. The second is an eight-bit 10 GS/s
time-domain ADC that aggregates only four time-interleaved channels [10]. It
delivers an effective resolution bandwidth (ERBW) larger than 18 GHz, benefiting
from the time-domain integrated front-end.

This chapter has the following organization: Section 2 introduces the
SAR-assisted three-stage pipelined ADC and the proposed Gm-R-based residue
amplifier. Section 3 presents the implementation of a two-step TDC-assisted SAR
ADC, as well as details its PVT tracking strategy. Section 4 shows a post-
amplification residue generation scheme and linearized dynamic amplifier in a
fully on-chip calibrated pipelined ADC. Section 5 elaborates on the application of
time-domain conversion in time-interleaved ADCs, besides the timing-extended
residue generation for a lower metastability error rate.
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2 12b 1 GS/s Three-Stage Pipeline-SAR ADC

Conventional SAR ADCs [11] are not suitable for high sampling rates accompanied
by high resolution, due to the speed limitation from its inherent serial conversion
process. A two-step SAR-assisted pipelined ADC [4-6] breaks such limitations
through the pipelined operation, while simultaneously accomplishing good energy
efficiency. With the sampling rate increased, the two-step high-resolution ADC also
encounters a speed bottleneck due to the large number of successive bit decisions
required in each stage. A three-stage SAR-assisted pipelined SAR ADC [12] further
speeds up the conversion rate by distributing the bit decisions into more sub stages,
which shows a single-channel 12-bit ADC with a conversion rate above 500 MS/s,
while maintaining the attractive energy efficiency of the two-step architecture.

Figure 1 illustrates the typical time allocation of the three-stage SAR-assisted
pipeline ADC. The first and second stages need to accomplish the sampling (Zsamp).
SAR conversion (f.onvi/2), and residue amplification operation (Zympi/2) Within one
period, while the third stage only needs to complete the sampling (fump2) and SAR
conversion (Z.,ny3). Unlike the two-stage SAR-assisted pipelined architecture where
the first stage is often the speed bottleneck of the ADC, both the first and second
stages can be critical in the three-stage architecture. Therefore, the slowest among
those three stages limits the maximum achievable speed as

tsamp + feonvi + tampl
t3sl,pipeSAR = Max tampl =+ teonv2 + tamp2 . (1)

tamp2 ~+ feonv3

For a high-resolution and high-speed target, the noise and sampling accuracy
requirements fundamentally limit the sampling time of the first stage. In order to
further push the pipeline speed, one degree of freedom allows the allocation of fewer

] ] ] ]
tsamp tconv1 : tamp1 : tconvZ : tamp2 : tconv3
| | | I
/ 1% Stage | I | 2" stage |! I'| 3 stage
Input SAR [} SAR SAR

|

Stage 17 Samp.Y/Conversio Amp.
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|

Stage 2: ¢ o o Samp.yConversio Amp.
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Fig. 1 Block diagram and operation timing of three-stage SAR-assisted pipelined ADC
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resolving bits in the first and second stages. Nevertheless, this deteriorates the
linearity of the first-stage amplifier and simultaneously asks for additional quantiza-
tion in the last stage, thus turning the third stage into the speed bottleneck of the
ADC. Another important option is shrinking the amplification time which can raise
the speed of both the first and the second stages. Besides the amplifier circuit
topology, its load capacitance is also a critical factor affecting the amplification
time. Since it has a direct influence on the SAR conversion loop speed, minimizing
the CDAC in each stage becomes a crucial target in a high-speed three-stage
pipelined ADC.

2.1 Residue Amplifier (RA) Discussion

The residue amplifier, which transfers the residue to the successive pipeline stage, is
the critical block of the SAR-assisted pipelined ADC. A high-speed and high-
resolution pipelined ADC calls for an RA with a high gain within a short amplifi-
cation period of time. The general classification of RAs covers closed-loop or open-
loop topologies based on their working mechanism. A conventional closed-loop RA
[5] ensures its gain accuracy through a high DC open-loop gain and a passive
feedback configuration with a complete setting, but resulting in a long setting time
and high power consumption. It also suffers from low intrinsic gain under technol-
ogy scaling. Recently, the ring amplifier [16], cascading a three-stage inverter,
provides a power-efficient and fast-setting closed-loop RA solution with a slew-
based charging (Fig. 2a). Many improvements based on the ring amplifier pulled off
good resilience to PVT variation [17] and fast-settling with high stability [3], while
its dead-zone consideration induces design challenges under different scenarios,
especially for conventional analog designers. Recently, the report of open-loop
architectures overcame the weaknesses of the closed-loop architecture, exhibiting
high power efficiency in high-speed scenarios. In this section, we first review and
discuss state-of-the-art designs of two open-loop RA topologies: the incomplete-
settled and the complete-settled amplification. Then, we introduce the adopted RA.

Incomplete-Settled RA

Figure 2b, ¢ show the dynamic amplifier [18] and the integrator-type RA [12]
working in an incomplete-settled scheme, respectively. They can manifest an excel-
lent power efficiency and a low noise integrating feature with a long integration time.
However, with a short amplification time in high-speed designs, its noise benefit
weakens due to the increased jitter sensitivity [19].

With the amplified output not completely settled, the gain accuracy of the
incomplete-settled RA is also sensitive to the clock jitter. The gain of the
incomplete-settled RA is proportional to the integrating time as indicated in
Eq. (2) [14]:
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Fig. 2 Residue amplifiers with their conceptual transient responses. (a) Ring amplifier with closed-
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G Ry - (1— e~ fam/7),

Ay =
Gm : tamp/CS, famp < <7

)

where G, and R, are the transconductance and output impedance of the RA,
respectively. 7 is the time constant, which is the product of R, and the sampling
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capacitance (Cs) of the backend stage. For a given A,, a shorter tamp requires a
steeper slope of integration, which tends to suffer from larger jitter-induced error,
thus degrading the signal-to-noise ratio (SNR). Consequently, the jitter-induced
noise becomes the primary restriction when the incomplete-settled RAs target higher
SNR and speed specifications [14].

Figure 2c illustrates the amplification timing of the dynamic incomplete-settled
RAs. Since it is necessary to integrate with the same initial output voltage (e.g., 0 V),
it requires a reset phase before charging the load capacitance. The phase of the
“amp.” comprises the startup time (fseqiing,ra) Of the RAs and the charging time
(Zseuting,cs) Of the load capacitance. Therefore, the total amplification time (fump to0) Of
the dynamic incomplete-settled RAs becomes

tamp,tol = tsetlling,RA + tsettling,Cs + frste (3)

feewting R A Telates to the load capacitance and the charging current of the RAs. For low
noise and high-speed targets, the limitation oOf feuiing,cs 18 the jitter-induced noise
requirement as interpreted above. f depends on the overdrive of the reset switch
and the load. The inevitable reset time of the incomplete-settled RA increases the
critical timing path of the ADC, thus inducing a speed constraint in the pipelined
ADC.

Complete-Settled RA

Figure 2d shows a conventional open-loop RA with complete-settled amplification
[20], which is immune to the abovementioned clock jitter issue. Unlike the
incomplete-settled RA, its gain is independent of time as long as we settle the
amplification process, and then we can express it as

Ay =Gn - Roeqgs 4)

where Gy, and R, ¢ are the transconductance and output impedance of the amplifier,
respectively. Furthermore, due to its complete-settled characteristic, its voltage gain
only suffers from transconductance G,, variations over voltage and temperature,
allowing the adoption of a simple G, bias circuit to perform a pure voltage-domain
compensation. However, such a solution consumes static power and has poor V-I
conversion linearity which either requires a higher than first-order background gain
calibrations [14] with large power and area overhead or an analog linearization
technique [21] but with limited ability for a high-resolution ADC. Thereby, we
introduce a high-linearity and purely dynamic power Gm-R-based RA in this design.
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Proposed Gm-R-based RA

Figure 3a illustrates the circuit schematic of the proposed residue amplifier, which is
an open-loop architecture consisting of a differential Gm-cell with clock-controlled
and resistive load (Rp). When compared with a conventional static open-loop
amplifier [20, 21], we designed this RA to have a dynamic operation with switches
S;1 and S,,. The Gm-cell, based on a differential flipped voltage follower (DFVF)
[22], with the shunt-shunt feedback branches (M,, Ms, M;/My, Mg, Mg) keeps the
gate-source voltages of M, and M, constant when the inputs vary. From this, the
DFVF guarantees high linearity under a large input swing with good power effi-
ciency in a class-AB behavior. In contrast with the integrator-type RA [12, 13],
which experiences a large time constant and an incomplete-settled mechanism, this

®ra I

Ds; TR B

VCM ------------------------------

(b)

Fig. 3 (a) The Gm-R-based residue amplifier. (b) Timing diagram
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sets completely with a small time constant through R (200 €2). We can describe the
gain of the amplifier at the steady state by [22]

Ay = 2\/'“n “Cox (W/L)Ml&s “Hp - Cox - (W/L)Mms *Rou - VOV’MMS’ (5)

where p;, and p;, are the mobility of the NMOS and the PMOS devices, respectively.
W/L is the transistor size; Vgy is the overdrive voltage. R, is the equivalent output
impedance. Profiting from the complete-settled characteristic, we can easily com-
pensate the gain variation versus the temperature variation of the presented RA in the
voltage domain. Figure 3b shows the signal behavior of the proposed RA with an
input residue voltage and a load of 40 fF. During the amplification phase (both ®g,
and gy are high), we amplify the residue voltage to the next stage in a pipelined
manner. With an ADC full swing (Vgs) of 1.2 V,,,, the residue voltage is within
75 mV .. Figure 4 plots the open-loop DFVF RA with an 8% gain that ensures a near
9b linearity under the worst-case working scenario. Besides, the proposed complete-
settled RA eliminates the reset time, and its gain is independent of the time with the
amplification well settled. Then, we can express its amplification time as

Lamp,tot,gmR = Lsettling,RA + Tsettling,Cs (63)

tsettling,Cg =In2- (Nbit + 1) * TRA» (6b)

where Ny is the target bit resolution and 7r4 is the time constant of the amplifier
which is equal to Ry X Cioaq- When compared with the incomplete-settled RA, we
eliminate the reset time #, in Eq. (3) to speed up the amplification. In the first stage,
the allocation of 250 ps for the sampling time f,mp ensures the sampling accuracy
under the Nyquist input. The first 4b decisions finish within 500 ps with a small
DAC-assisted SAR conversion. Then, we have only ~200 ps left for the RA1 to
amplify the residue signal under a 1 GS/s goal. Therefore, a small load capacitance of
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RAL1, which is CDAC2, is a key for a short #,y,,1. Likewise, CDAC2 also affects the
conversion time of the second-stage SAR #.,,,> and in consequence potentially leads
the second stage to be the speed bottleneck of the overall ADC.

The presented dynamic Gm-R-based amplifier provides a high-speed and energy-
efficient residue amplification with a dynamic feature. First, when compared with the
incomplete-settled RA, the proposed RA not only removes the reset time, but it is
also free from the jitter-induced error, while both of them limit the amplification
speed of the incomplete-settled RA at high resolution. Second, the load capacitance
(CDAC2) of RA1 reduces with a two-stage RA2 structure to further shorten the
amplification time. Consequently, the presented Gm-R-based amplifier achieves an
8x gain with ~200 ps amplification time, which is one of the fastest to date.
Furthermore, the proposed Gm-R-based RA suffers from fewer temperature-related
variables benefiting from its complete-settled characteristic, and then we can adopt a
low-power voltage-domain temperature compensation instead of complex time-
domain solutions [9, 15].

Two-Stage RA Consideration

With the RA2 enabled for amplification, its input capacitance Cj,, consists of two
parts. One derives from the constant gate capacitance Cgy» and the other is the
varying gate capacitance ACg, originated from the dynamic operation of the RA2. If
we reuse RA1 for RA2, a large parasitic capacitance Cyg, originating from the Ciq
and Cgq of the input pair causes a significant signal attenuation on the Vi,
equivalently leading to an effective gain loss on RA2, and also bringing serious
nonlinear issues. One solution implies the enlargement of the size of CDAC?2,
tolerating the parasitic-induced error of RA2, while the large CDAC2 tends to
require a longer amplification time of RA1 slowing down the speed of the first
stage. Another solution is to scale down the size of RA2, reducing the parasitic-
induced gain loss from RA2. However, we will scale down the gain of RA2
simultaneously, equivalently leading to an effective gain reduction. The consequent
longer amplification time of RA2 and conversion time of the third stage slow down
the loop speed of the second stage or third stage where either scenario will prevent
the design to reach the GS/s target.

In order to keep a large gain of RA2 with a small input parasitic and avoid a large
CDAC in the last two pipelined SAR stages, we split the RA2 into two stages, where
the first (second) stage has small (large) values of parasitic and gain. In this design,
as represented in Fig. 5, we have RA2 with a gain of 8% obtained through the cascade
of two blocks, one with a gain of 2x and the other with a gain of 4x. Due to the
complete-settled feature, both stages in RA2 can amplify the signal simultaneously.
Such configuration is not feasible in integrator-type amplifiers, since the integrating
process is incomplete-settled in the intermediate time and the large second-stage
input variable parasitic capacitance will affect the first-stage amplifier’s linearity.
Those two constraints make the amplifier more sensitive to PVT variations and more
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Fig. 5 The second stage and split RA2 (single side for simplification)

nonlinear which cannot fit the RA2’s design requirements and inevitable demands
for a two-step operation at a lower speed.

The proposed complete-settled amplifier together with a two-stage setup ensures
a high-speed operation, which is not only on the three-stage conversion but also on
the RA2’s amplification. In this design, we design the pole of the first stage to be
more than the double of the frequency location of the second stage’s pole. While in
order to maintain the same bandwidth as RA1, we need to budget an additional 25%
of power in RA2. The additional noise contribution from the two-stage configuration
is not critical for RA2 as the gain of RA1 will relax it. Another consideration is the
linearity, with the input of the second stage of RA2 amplified 2% by the first stage of
RAZ2. In this design, we configured both of the two stages of RA2 with the FVF input
pair as the same as RA1 to meet the 7b linearity requirement.

2.2 ADC Implementation

Figure 6 presents the overall architecture and timing diagram of the prototype ADC,
composed of three sub-SAR ADCs, two RAs, a clock generator, a digital logic, and a
calibration block. To guarantee a >70 dB sampling linearity, we assign 250 ps for
the sampling (®s = 1). The ADC design exhibits a fully asynchronous loop timing
and 14 conversion cycles, with 1 redundant bit allocated between each stage for error
correction. Both the first and second stages only resolve four bits, ensuring an
adequate sampling and amplification time for high linearity. The first stage requires
a large CDAC (L-DAC = 540 fF) to alleviate the thermal noise and the mismatch,
which usually becomes the speed bottleneck of the SAR-assisted pipelined ADC. In
this work, we utilize a small CDAC (S-DAC = 60 fF) for the high-speed first-stage
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Fig. 6 Block diagram and timing diagram of the proposed three-stage ADC

SAR conversion with its decisions transferred to the L-DAC in a bit-by-bit manner to
generate the residue voltage (Vi) on the L-DAC. Both the L-CDAC and S-DAC
sample the input signal (1.2 V,, qis) together during ®g, mitigating the sampling
mismatch through a symmetric clock tree and a careful layout with a correction by
the bit overlapping in the second stage. RA1 that has a gain of eight amplifies Vi to
the second stage which resolves another four bits, with its residue voltage (Vies)
delivered to the third stage through RA2 with a gain of eight, as well. Due to the
abovementioned residue voltage attenuation during the amplification, the full-scale
range of the second and third stages are ~500 mV . qigr and ~400 mV p,_qisr, rESpeC-
tively. Finally, the last-stage SAR ADC determines the remaining six bits. The
splitting monotonic switching scheme [23], used in each stage, maintains a constant
common mode voltage for both RAs and comparators. To reduce the inductive effect
from the bonding wire, we embedded an input buffer [2] on chip.

2.3 Measurement Results

Figure 7 presents the die photograph of the prototype ADC fabricated in 28 nm
CMOS, occupying a core area of 0.0091 mm?. The ADC powered by a 1 V supply
exhibits a 1.2 V,_qisr full-scale range. Due to the unskilled layout, the L-DAC suffers
from some mismatch, and we adopted a bit of weight calibration in the measurement.
We corrected the first 4b codes with an integer bit weight one-time and fixed the bit
weight array to different samples. Besides the one-time calibration to the
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Fig. 7 Die photograph
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Fig. 8 Measured DNL and INL

comparators offset, we obtained the RAs’ gain in the foreground. As illustrated in
Fig. 8, the measured DNL and INL are +0.47/—0.39 LSB and +1.87/—2.21 LSB,
respectively.

Figure 9 plots the measured output spectrum after a decimation of 225-fold at a
low input frequency and near the Nyquist input frequency, respectively. For a low
input frequency of 140.63 MHz, the measured SNDR and SFDR are 61.4 dB and
74.6 dB, respectively, and the input buffer limits the noise performance (SNR). For
the near Nyquist input frequency of 495.19 MHz, the measured SNDR keeps 60 dB
and the SFDR keeps 74.6 dB. Figure 10 displays the measured dynamic performance
at 1 GS/s versus the input frequency. The ADC attains a value above 9b ENOB even
with the input frequency raised up to 1.2 GHz, and the estimated clock jitter
(~200 fs) degrades the dynamic performance when the input signal exceeds 1 GHz.

The ADC consumed 7.6 mW power (excluding the input buffer) running at 1 GS/
s with a 1 V supply, resulting in a 9.28 fJ/conv.-step Walden FoM and 168.2 dB
Schreier FoM. Figure 11 presents the power breakdown, where the RAs consume
almost half of the power due to their short amplification time and low noise
requirements. Table 1 summarizes the ADC performance and compares this work
against state-of-the-art single-channel designs with similar speed and SNDR.
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Table 1 ADC performance summary and comparison with state of the art

[24] [13] [25] [15] [71 [31
This work | VLS| 2017 JSSC 2018 | ISSCC 2017 ISSCC 2017 ISSCC 2019 | JSSC 2019

K.-J. Moon R. Sehgal L. Kull H. Huang B. Hershberg J. Lagos
Architecture Pi"se:;ed Pipsﬂi;ed Pipeline Pipse:;ed Pi"seﬁaed Pipeline Pipeline
Residue ampiifior | OFETRP | gmecetl | GRECCY | amplfier | amplitier | _ampliher | amlier
Technology 28 nm 28 nm 28 nm 14 nm 65 nm 16 nm 28 nm
Resolution [bits] 12 10 12 10 12 11 12
Sample rate [MS/s] 1000 500 280 1500 330 600 1000
Supply voltage [V] 1 1 1 0.95 13 0.85 0.9
SFDR @Nyq. [dB] 74.56 69.2 77 58.39 75.8 78.3 731
SNDR @Nyq. [dB] 60.02 56.6 64 50.1 63.5 60.2 56.6
Power [mW] 7.6 6 13 6.92 6.2 6.0 24.8
[ eaer @Y 9.28 217 358 7.7 15.4 12 45
FoMschreier @Nyq. [dB] 168.2 162.8 164.3 160.5 167.8 167.2 159.6
Area [mm?] 0.0091 0.015 0.22 0.0016 0.08 0.037 0.54

“Including the reference buffer

3 0.6 VPVT-Robust 13b 20 MS/s SAR-TDC ADC

With a low power supply, the voltage and time-domain hybrid architecture is a
promising solution [26] which resolves the voltage-domain headroom issue in a
conventional two-stage ADC [4] through partial time-domain quantization. The time
LSB step that increases as Vpp decreases allows the time-domain quantization to be
suitable for high-resolution and low-supply scenarios. The TDC-assisted SAR ADC
[27, 28] combines a SAR ADC and a TDC through a voltage-to-time converter
(VTC). It merges the advantages of a voltage-domain quantization with a large
swing input signal and a time-domain quantization with a small swing residue signal,
showing an outstanding energy efficiency in the high-resolution design.

Even if the TDC-assisted SAR ADC architecture contains the abovementioned
advantages under a low power supply, it still encounters several design challenges.
First, it is sensitive to the variations of PVT [27, 28]. Unlike the voltage-domain
quantization with an LSB step defined by a reference voltage, the LSB step of the
time-domain converter interacts with the delay of the delay cell, which is highly
sensitive to the PVT variations, especially under a low power supply. Figure 12a
shows a delay cell with two cascaded inverters and its discharging and charging-
based model; we can express the time delay as

Vop - C 1 1
Ty=Tuyn+Tup= %- <IN+IP> (7)

where Ty n and Typ are the delays related to the NMOS current Iy and PMOS
current Ip, respectively. In Eq. (7), Iy and Ip vary along with PVT, and the variation
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Fig. 12 Delay cell with (a) discharging- and charging-based model and (b) ambient temperature
and supply voltage variation response

becomes large under a low power supply due to the corresponding smaller overdrive
voltages. From Fig. 12b, the simulated time delay variations under 0.6 V power
supply are close to 3x and 4x of the 1.2 V supplied condition across the temperature
and supply voltage variations, respectively, with the adopted 65 nm CMOS process.
The second challenge lies on the slow conversion speed of the low power-supplied
TDC-assisted SAR ADC, not only caused by the long VTC latency with a small
residue voltage but also from the large TDC LSB time step with the shrinking power
supply [25]. We can recognize this from the results in Fig. 12b where the delay of the
delay cell with a 0.6 V power supply is close 4x of the 1.2 V condition. This section
presents a PVT-robust TDC-assisted SAR ADC, which achieves a sub-1-dB SNDR
drop across both —50 °C-90 °C and +5% power supply variation at 20 MS/s.
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3.1 Voltage-Time Hybrid ADC Architecture

Figure 13a presents the overall architecture of the 13-bit two-step TDC-assisted SAR
ADC, while Fig. 13b shows its detailed timing. A discharging-based VTC connects a
seven-bit voltage-domain subranging SAR ADC with a 7-bit time-domain two-step
TDC to obtain 13-bit outputs (with 1-bit redundancy). In the voltage domain, we
adopted a subranging architecture with a detect-and-skip (DAS) logic to obtain both
a high-speed and a high-linear capacitor digital-to-analog converter (CDAC) arrays
simultaneously [6]. The four-bit coarse and seven-bit fine SAR ADCs sample the
input signal during ®g simultaneously, with the sampling accomplished with a
bottom plate sampling scheme and bootstrapped switches in a sampling time of
10 ns to strengthen the sampling linearity. Afterward, the circuit acquires the first
four most significant bits (MSBs) through the coarse stage and then transfers them to
the fine stage with the DAS scheme to relax the reconstruction time of the first three
MSB capacitors (64Cg, 32Cg, 16Cg) in the fine stage [6]. We can insert one
redundant bit (corresponding to capacitor 8Cg) between the coarse and fine stages
to cover their gain and offset mismatches. Unlike the floating-based switching
scheme [6], a solid-connected V-, replaces the floating operation to shield the
kickback noise and the common-mode voltage drift induced by the floating capac-
itors, while retaining the energy-efficient and high-linear features. The V- accuracy
requirement greatly decreases as it appears in a common-mode manner at the
comparator input. The unit capacitor in the coarse stage is 7.5 fF for high speed

STA
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Fig. 13 (a) Block and (b) timing diagram of the 13-bit two-step TDC-assisted SAR ADC with
speed enhancement (single-ended SAR ADC for simplicity)
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and 30 fF in the fine stage for high linearity. The size of the coarse comparator is half
of the fine comparator for better energy efficiency.

After the conversion of the subranging SAR ADC, a fully dynamic VTC incor-
porating discharging branches and threshold-cross detectors (TCDs) converts the
residue voltage of the SAR ADC CDAC to a time difference (7p and Ty) including a
PVT tracking ability. Following this, a single-ended time generator produces the
input (STA and STO) for the single-ended TDC giving one sign bit result, simulta-
neously. A 4-bit flash TDC and a 3.5-bit Vernier TDC (includes1.5-bit calibration
range) totally resolve 6 bits in the time domain. In this design, we generate all the
timings on chip in an asynchronous manner (Fig. 13b).

3.2 Stage Bit Number Arrangement

Firstly, the voltage-domain quantization relies on the matching of the unit capacitors
in the CDAC, which is more accurate than the unit delay element in the time-domain
quantization. Therefore, more bits in the second-stage time domain improve the
matching requirement of the delay cells in the TDC, which induces extra calibration
effort. Secondly, solving more bits in the first-stage voltage domain reduces the PVT
tracking accuracy requirement between the VTC and its back-end TDC. For a 13-bit
ADC with a target of >71.0 dB SNDR under PVT variations, the behavioral
simulation suggests a PVT tracking accuracy of <+4.0% with a seven-bit first
stage while <+2.0% with a six-bit first stage. Thirdly, solving more bits in the
first stage also decreases both the energy efficiency and conversion rate of the low
power-supplied SAR ADC significantly because of a higher comparator noise
requirement and more SAR cycles. Therefore, in this work, we allocate seven bits
in both the voltage and time domain after considering the above trade-offs.

In the seven-bit subranging SAR ADC, the bit number selection of the coarse
stage places a trade-off between the conversion speed and the error tolerance range.
More bits in the coarse stage can speed up the voltage-domain conversion through
the DAS logic [6] but reduce the error tolerance range for the mismatch between the
coarse and fine stages. Here, we assign four bits to the coarse stage to support an
error tolerance range of 6.25%. Moreover, the four-bit coarse-stage SAR ADC
assists the seven-bit subranging SAR ADC to accomplish the conversion in 10 ns
under a 0.6 V power supply, according to the post-layout simulation with TT corner
and room temperature.

In the six-bit two-step TDC, additional bits (but less than four bits) in the Vernier
TDC reduces the number of time arbiters in the two-step TDC which results in better
energy efficiency, while it deteriorates the two-step TDC linearity due to more
mismatch errors from two signal paths in the Vernier TDC. Here, the 3.5-bit Vernier
TDC including a 1.5-bit calibration range assists to reduce the total number of
arbiters from 64 in a conventional 6-bit flash TDC to 29 (17 and 12 in the flash
and Vernier TDCs, respectively). Moreover, the behavioral simulation shows that a
<10% one-sigma mismatch among the delay cells in the two-step TDC is necessary
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for >72.0 dB SNDR. Furthermore, the above 1.5-bit calibration range can tolerate a
time residue generator (TRG) offset spread of +4 Vernier TDC LSB step (128 ps).

3.3 PVT Inner Tracking Technique

The PVT-stabilized techniques in [6, 15] for the voltage-domain dynamic amplifier
involve auxiliaries and complicated timing control logic, while with a limited
compensation capability under a low power supply. In order to cover a large LSB
variation under PVT and low power supply, we present a PVT inner tracking
between the VTC and its back-end TDC.

Incomplete-Settled RA

Figure 14 shows the delay cell adopted in the four-bit flash TDC, which defines the
LSB step of the flash TDC. Therefore, the time delay T of the delay cell across PVT
is the term of the TDC that requires tracking by the VTC. According to Eq. (7), we
can express its delay as

1\ Vpp-C
Td=(1+ﬁ>-% (8)

where I, is the NMOS-related discharging current to the loading capacitance Cc. f is
the scaling factor between the PMOS and NMOS-related currents. From Eq. (8), Ty
depends on the supply voltage Vpp and the current source Iy, which is PVT
sensitive, resulting in a PVT-sensitive time LSB of the TDC.

Fig. 14 Delay cell in the
four-bit flash TDC

F| 1F 5
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Discharging-Based VTC

VTC builds the interface between the voltage-domain and time-domain conversion.
The current-starved-based [29] and dynamic amplifier-based [6] VTCs are popular
due to their low power consumption. However, both of them experience difficulties
to track the delay cell variation over PVT as their delay-controlled voltage is the
common-mode voltage while that of the delay cell is the power supply voltage in
Fig. 14. Moreover, they also suffer from low linearity with the voltage-controlled
delay feature. The current discharging-based VTC [29] provides a separate current
branch, making the PVT tracking in the delay cell possible. However, the previous
art [29] has a poor tracking ability due to the nonuniform discharging currents
between the VTC and the delay cell. Here, we design a discharging-based VTC
with a uniform discharging current to the delay cell with an improved tracking ability
to assist a high-resolution ADC with robustness, while achieving a better noise and
linearity performance than [29] through TCDs.

Figure 15 presents the circuit and timing diagram of the designed discharging-
based VTC. During the SAR ADC sampling and conversion (CKt = 0), we reset
both the discharging currents I and TCDs for energy efficiency. After the SAR
ADC cycle, the residue voltages Vp and Vyy hold at the CDAC of the seven-bit fine
SAR ADC, with a common-mode voltage of Vpp/2. Then, we generate the rising

Fig. 15 (a) Circuit and (b)
timing diagram of the
presented VTC
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edge of CKrt asynchronously, and Vp and Vy start to discharge at the same rate
through Ip. The VTC generates the time outputs 7p and T once Vp and Vy cross the
threshold voltage Vrgr of the TCDs, respectively. The pseudo-differential structure
of the VTC in Fig. 15a reduces the noise requirement of Vrgg through a cancellation
effect. The TCDs and the current sources I, power down with the time difference
TrEs, generated through the power down logic CKp, (falling edge of CKp, in Fig. 15)
for good speed-scaling energy efficiency.
From Fig. 15, we can write the output time difference Trgs of the VTC as

Tres = (Vp — Vn) % )

D
where Cg, 1S the capacitance of the single-end CDAC of the fine SAR ADC, which
includes 136 unit capacitors (Cg). From Eq. (9), the VTC shows attractive high
linearity from the linear discharging operation. Considering the full-scale (FS) input
Voltage of VP and VN ((VP — VN)FS = VDD/136)’ the FS TRES of the VTC becomes

C
Tres,rs = Vpp - I—S- (10)

From Eq. (10), the VTC FS Tggs also depends on the power supply Vpp and the
current source 7Ip, which is similar to Eq. (8).

PVT Tracking Implementation

As Eq. (8) defines the flash TDC LSB step and Eq. (10) is the TDC FS input time
difference, the FS output code of the four-bit flash TDC is

Tresks __f Ce Iy (11)
T4 1+ﬂ Cc Ip’

We intentionally designed f > 4 in Eq. (11) to alleviate the influence of the
PMOS-related delay and allow the domination of the NMOS-related delay. The
variation of f (<+3%) and Cg/Cc (<+0.5%) over the temperature and supply
voltage variation is negligible; hence, if the VTC discharging current I, (Fig. 15)
and the delay cell discharging current Iy (Fig. 14) share the same PVT response, we
can obtain the inner tracking between the VTC and its back-end TDC.

In order to match Ip and Iy response, we configure the current source Ip of the
VTC as illustrated in Fig. 16. Here, I consists of 1 branch of 10 serial-connected
unit NMOS and 6 configurable branches (with one of these branches used for VTC
offset calibration) of 20 serial unit NMOS. The unit NMOS of the current source Iy
(Fig. 14) has the same size as the unit NMOS of the current source Ip (Fig. 16),
biased by Vpp (in Figs. 14 and 16, V1 = Vg = Vo5 = Vpp), Ip, and I share the same
PVT characteristic. Moreover, we designed the current source I, to be configurable
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Fig. 17 Simulated (a) VTC Tgrgs rs, delay cell Ty, and (b) flash TDC ES code versus temperature
and power supply variation

by selecting a different number of branches for the process variation induced by the
partial PMOS-related delay in Fig. 14 and the other non-idealities. One branch of
10 series unit NMOS with 3 branches of 20 series unit NMOS are active at the TT
process corner to achieve a VTC FS output of 1024 ps according to Eq. (10). The
above configuration supports a cover range of 100% Trgs s With a coarse step of
20% Tres rs- We obtain a fine-tuning step by setting Vp in Fig. 16 slightly deviated
from Vpp (A < 20 mV). Figure 17 displays the simulated VTC output time Trgs ps,
the delay cell Ty, and the flash TDC FS code versus temperature and power supply
variations. Three conditions are necessary to show the presented PVT tracking
capability: —50 °C at 0.57 V supply (slowest), 27 °C at 0.60 V supply (normal),
and 90 °C at 0.63 V supply (fastest). The PVT tracking technique tracks an LSB
variation as large as 52.2% and reaches a TDC FS code variation of only 1.6%.
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3.4 Measurement Results

Figure 18 shows the die photograph of the prototype two-step TDC-assisted SAR
ADC, fabricated in a 1P9M 65 nm CMOS process, occupying an active area of
0.053 mm”. The ADC power supply and SAR ADC reference both have a voltage of
0.6 V. We added a large bypass capacitance on chip to stabilize the reference
voltage, with the output data of the ADC decimated by 5 to mitigate the ripple that
couples through the PAD ring. The unit capacitor in the SAR ADC is a custom-
designed encapsulated metal-oxide-metal capacitor, and the adopted high-linear
switching scheme [6] prevents calibration. The ADC uses one-time foreground
calibration to remove the offset of the VTC and align its FS output time to the
back-end TDC through the configurable branches in Fig. 16. Moreover, we apply the
background bit shifting to the TRG offset off chip. Beyond that, the accuracy of the
time-domain quantization relies on its intrinsic matching without calibration.
Figure 19 plots the measured DNL and INL with a conversion rate of 20 MS/s.
The measured DNL and INL errors are within —0.74/+0.72 LSB and —1.03/
+1.31 LSB, respectively, benefiting from the high-linear CDAC in the SAR ADC.
Figure 20 exhibits the measured 66,536-point FFT spectrums with both the LF and
Nyquist input signals at 20 MS/s. The ADC achieves 71.5 dB SNDR and 91.9 dB
spurious-free dynamic range (SFDR) with an input frequency of 0.49 MHz and
71.0 dB SNDR and 89.5 dB SFDR with an input frequency of 9.98 MHz. Figure 21
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Fig. 20 Measured FFT spectrums with (a) LF and (b) Nyquist input signal at 20 MS/s
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presents the measured SNDR and SFDR versus various ADC input frequencies with
a sampling rate of 20 MS/s.

To verify the robustness of the ADC, Fig. 21 shows the measured SNDR
variation across a temperature range of —50 °C-90 °C under different power
supplies of 0.57 V, 0.60 V, and 0.63 V without bias optimization (Vt = Vpp). In
Fig. 21, benefiting from a PVT inner tracking technique, the maximum SNDR drop
compared to the SNDR at 25 °C with a 0.6 V supply is 0.89 dB. Moreover, part of
the SNDR drop under the high temperature results from the rise of the thermal noise.

The ADC consumed 82 pW at 20 MS/s with a power supply of 0.6 V, where the
VTC consumes 39% for low-noise purposes and the TDC utilizes only 17% due to
the two-step architecture without TA. The other power consumption percentages
include 36% for the voltage-domain SAR ADC and 8% for the bootstrapped clock
generator.

Table 2 summarizes the performance of the presented ADC and compares it with
other state-of-the-art ADCs. This work achieves a Walden FoM of 1.4 fl/conversion
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Table 2 ADC performance summary and comparison with state of the art

[27] [28] [30] [31] [32] [33]
This JSSC CICC JSSC VLSI JSSC JSSC
work 2016 2017 2015 2016 2016 2017
Architecture SAR- SAR- SAR- Pipe- SAR- SAR- SAR
TDC TDC TDC SAR VCO Slope
Technology 65nm |90 nm 180 nm |65nm |40nm |28 nm 40 nm
Resolution [bits] 13 10 13 13 - 12 13
Active area [mm?] 0.053 0.041 0.215 0.054 0.030 0.005 0.068
Power supply [V] 0.6 0.6 1.5/1.0 |12 1.1 0.9 1.0
IDNLI [LSB] 0.74 0.47 1.20 0.58 - 0.53 1.08
[INLI [LSB] 1.31 0.53 1.70 0.96 - 0.82 3.79
Sample rate or 2 x BW | 20 2 20 50 6 100 6.4
[MS/s]
SNDR @ LF [dB] 71.5 55.0 73.1 71.5 71.4 65.7 -
SNDR @ Nyq. [dB] 71.0 54.5 - 70.9 - 64.4 64.1
Total power [pW] 82 4.6 1280 1000 350 350 46
FoMy @ LF [fl/conv. |1.3 5.0 17.3 6.5 19.2 22 -
step]
FoMy @ Nyq. 14 5.3 - 7.0 - 2.6 5.5
[fJ/conv.step]
FoMg @ LF [dB] 182.4 168.4 172.0 174.9 170.7 177.2
FoMg @ Nyq. [dB] 181.9 167.9 - 175.5 - 175.9 172.5
PVT robustness Yes No No Yes Yes Yes Yes

step and a Schreier FoM of 181.9 dB with Nyquist input. When compared with the
low-power-supplied TDC-assisted SAR ADC in [27], this work greatly increases the
conversion rate and accuracy. On the other hand, compared to the TDC-assisted
SAR ADC in [28], this ADC pulls off a similar conversion rate and accuracy but
with a low power supply, avoiding complex off-chip calibrations to the SAR CDAC
and TDC delay cells.

4 6b 3.3 GS/s Pipeline ADC

The pipelined architecture adopted for ADCs typically exhibits a 9 ~ 14-bit resolu-
tion and a moderate sampling rate of around 2 GS/s per channel [34, 35]. Each stage
(except the last) of the pipeline accomplishes three major operations: sampling,
quantization, and residue amplification. Previous art [36] demonstrated that we can
avoid this operation sequence by generating the residue with reference-embedded
dynamic preamplifiers. However, with the reference realized by unbalancing the
loading capacitance of the preamplifier’s outputs, its accuracy relies on its tuning
step, limiting the comparator’s regeneration speed and the overall sampling rate of
the 6b ADC to only 550 MHz. Another concern is the linearity of the residue
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amplifiers. Reference [37] avoids this issue by activating different dynamic
pre-amplifiers for each ADC threshold and calibrating the threshold to the desired
value. This however limits the implementation into a tree structure with additional
hardware and calibration overhead. Conventional closed-loop amplifiers call for
high gain and suffer from stability issues, and they are also power-hungry. Dynamic
amplifiers (DAs) can improve the power efficiency as well as the speed, but the
linearity is relatively poor due to the input-dependent common current, especially
under a large input swing. While calibration [38] requires a high order post-
distortion extraction procedure that is hardware hungry, the time-domain lineariza-
tion technique [39] limits the amplification speed significantly with the common-
mode (CM) detector. This section presents a single-channel 3.3 GS/s six-bit
pipelined ADC which features a post-amplification residue generation (PARG)
scheme, linearized dynamic amplifier, and on-chip calibration to achieve high-
speed, low-power, and a compact prototype.

4.1 Post-amplification Residue Generation

Figure 22a presents the conventional pipelined ADC structure and its timing dia-
gram. It can achieve high-speed reach due to the pipelining operation and the fast
flash sub-quantizer, with extended resolution obtained by cascading multiple
low-resolution stages. Each stage (except the last) generally consists of a sampler,
a sub-quantizer, and a multiplying digital-to-analog converter (MDAC). We can
describe the operation of this conventional pipelined ADC with an open-loop
amplifier as follows. First, we sample the input signal (V;,) during ®g and quantize
it afterward with the sub-quantizer during ®q. Then, the DAC generates the residue
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Fig. 22 (a) Conventional pipelined ADC architecture and timing diagram and (b) pipelined ADC
with the PARG scheme
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voltage according to the quantization results, further amplified during ® 4 and passed
to the subsequent stages for additional quantization. Under a low-to-moderate
resolution target, the time required for the sampling, quantization, and amplification
is similar, which leaves out an idle time slot. This classical arrangement accom-
plishes serially three major operations, including sampling, quantization, and residue
amplification. The amplification (®,) thereby must wait for the completion of the
quantization as well as the DAC feedback (®q), leading to an inefficient time
allocation with idle time in each pipelined stage.

In contrast with the conventional substage operation, Fig. 22b illustrates a PARG
pipeline architecture [8]. While each pipelined stage shares the same hardware as a
conventional pipeline ADC, we rearrange its operation to avoid idle time. First, we
sample the input signal (V;,) during @ and quantize it with the sub-quantizer during
@ 4. Simultaneously, the RA also amplifies the sampled input within ®, and passes
the result to the subsequent stages for residue generation and further quantization.
Instead of amplifying the residue, now the RA amplifies the full sampled input,
generating the residue afterward by adding/subtracting the proper reference voltage
from its output. The residue generation thus happens after the amplification allowing
the comparator and the RA to work in parallel. The parallelized operation accelerates
the overall speed by allowing each stage to accommodate only two basic operations,
sampling and conversion/amplification, effectively eliminating the idle time.

Under the same target resolution, we can unify the required time for sampling
(Tsam), amplification (T anmp), and comparison (T¢omp) When comparing the conven-
tional pipeline and the PARG scheme. The smallest possible clock period of the
conventional pipelined ADC is

Tcix =Tsam + Tsetup + Tpre + Tcomp + Tamp + Tpac (12)

where Terups Tpre» and Tiomp are the setup time of the sampled input/residue voltage,
the pre-discharge time, and the regeneration time of the comparator, respectively.
Tpac is the DAC logic delay. In the conventional setup, each stage (except the last)
must conclude sampling, comparison, and amplification where certain timing over-
heads, such as setup time and predischarge time of the comparator, are inevitable due
to the serial operation in each stage. While with the post-residue amplification
scheme, the shortest clocking period can decrease down to

Tcix =Tsam + Tsetup + Tpre + Tcomp (13)

Noteworthy is the fact that we saved Tanp and can merge Tpac and Teqp as the
amplification and comparison now happen simultaneously. Here, we assume
Tore + Teomp > Tamp, since the regeneration time of the comparator is often more
critical than the amplification time in high-speed scenarios. The PARG can provide a
1.5-fold improvement in conversion speed compared to the conventional pipelined
ADC for a low-to-moderate resolution target, or alternatively, it contributes with an
additional one-third of regeneration time for the comparator, thus improving the
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metastability error rate of the ADC. It is also worth highlighting that the optimum
timing of Fig. 22a requires a clock pulse-width modification, shortening the sam-
pling time from a half period, which is sensitive to PVT variations. While the half-
period setup in the PARG is more robust, the actual saving or speed enhancement is
higher than the discussed value above.

4.2 Linearized Dynamic Amplifier

An open-loop-type MDAC provides a convenient and high-speed way to facilitate
the PARG with the amplified voltage held on the succeeding stage’s capacitor; it
places a higher pressure on the linearity requirement of the residue amplifiers as they
interface with larger signal swings, especially at the initial stages. In this design, we
adopt the dynamic residue amplifier due to its outstanding energy efficiency and
fully dynamic power property. With the speed-limiting CM detection removed and
its gain accuracy ensured by the calibration, a linearization technique is necessary to
reach a reasonable SFDR performance even for a low-to-moderate resolution target.

Figure 23 depicts the schematic of a conventional DA [18] and its transient
waveforms. Its basic working principle is discharging the supply-precharged load
capacitors through an input-controlled current source. The voltage gain Ay of the DA
is

Gn 8mi +8m 1
Av= g Tamp = S22 o Tamy (14)

where g, Cp, and T,y are the transconductance of the input transistors, the load
capacitance, and the amplification time, respectively. Regarding the integrating
nature of the discharging process, it is desirable to have the output differential

RST 'Amp. ' Hold

\

(b)

Fig. 23 (a) Schematic and (b) signal behavior of the conventional differential dynamic amplifier
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current (Ipy — Ipy) linearly related to the input voltage and consistent throughout
time. However, the drain-source current of the MOSFET is second-order dependent
on its overdrive voltage according to the square-law model, and thereby it fails to
linearly follow the input, originating nonlinearity in the amplification. We can obtain
the nonlinearity induced by the differential input pair by exploring the relationship
between the differential drain current of an input pair and its differential input
voltage based on the square-law equation [40]:

1 4],
IDI*IDZZEk(VIJr*VIf) %*(VH*VIJZ (15)

where Ip; and I, are the drain currents generated by M; and M, in the amplification
phase for the inputs Vi, and Vi_, respectively. Icy represents the common-mode
current and k = pCox % the geometry and process parameters of the MOSFETs. The
suppression of the nonlinearity originated by the Icy term is possible through a
careful sizing of M3, which reduces the channel length modulation effect. Conse-
quently, the gate-source voltage of M3 mainly controls Iy, and is relatively constant
within the amplification. On the other hand, the input pair originates a second-order
input-dependent term (Vy, — V;_)? inside the square root part in Eq. (15), imposing
that the differential output current fails to follow the input linearly. This leads to a
compressing type of nonlinearity as the square root term decreases when the input
difference grew. Such a type of nonlinearity is the major bottleneck and becomes
severe with the large input swing in the first initial pipelined stages.

As described in Eq. (15), there is a relationship between the input pair-induced
nonlinearity and the second-order dependency of the MOSFET drain current on the
input ((Vy, — V;_)? term). The presented idea alleviates its impact by forcing the term

Fig. 24 Dynamic amplifier
with the proposed
linearization technique
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under the square root part in Eq. (4.15), 41% — (V14 — Vy_)?, approach to a

constant value. Figure 24 displays the DA with an auxiliary path for linearization.
On top of the conventional DA structure, we add an auxiliary pseudo-differential
input pair My—Mj; with clock-controlled through Mg—M-;. They share the same
main clock signal ®4.,, with the DA and provide compensation currents /p; aux and
Ipsaux- The sum of the compensation current is

1
Isum,Aux:IDlAux +ID2Aux:C+§kl (V12+ + V127) (16)

where k) :uCOX% is the geometry and process parameters of My/Ms and the
variable c is

=2k (V3 _ aux — 2Vin—axVem) (17)
where Vi, _ aux 18 the threshold voltage of the auxiliary pair. As Igym, aux in Eq. (16)
is in parallel with Iy, the second-order input-dependent term (V% L+ Vlzf) in

Eq. (16) compensates for the nonlinearity from (Vi, — Vi)? in Eq. (15). After
including the compensation, Eq. (15) becomes

1
1D1—1D2=§k(V1+—V17)\//75 (18)
where

4] 4k k
p= /SM + 71 (Vem — Vinaux)” + (71 - )(VI+ Vi)’ (19)

From Eq. (19), the perfect compensation happens when k1/k = 1 in which the
differential current in Eq. (15) results as

1 4],
Ipi —I; = Ek(vl+ —-Vio) % +4(Vem — Vinaux)? (20)

Comparing Eq. (15) with Eq. (20), there is the cancelation of second-order terms,
VI2 . and V127 , with the introduction of auxiliary paths, while # in Eq. (19) depends
only on constant values: Ven, Vin - auxs #s Coxs and transistor geometries, as well as
ICM~

The basis of the DAs is the differential pair configured as a common source, thus
the source-degeneration technique is also effective for its transconductance (g,)
linearization. By adding a degeneration resistor Rp, we induce negative feedback,
which suppresses the gain variation of the DA. With the major portion of g,
nonlinearity suppressed by the previously discussed auxiliary path, the degeneration
mainly alleviates the input dependency of Icy; for better overall linearity. The
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nonlinearity from Iy is also significant since the drain-source voltage of M3 (V,) is
also dependent on the input, which eventually affects § in Eq. (19) even when k1/
k = 1. However, the degeneration also turns the effective G, of the input pair into
Hiﬁ , thus reducing the overall gain of the DA. The proposed linearization

technique partially compensates such loss as its gain is superior to the conventional
design. Simulation results show that degeneration resistors provide an extra 6 dB
linearity improvement on top of the proposed linearization technique under typical
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Fig. 25 Dynamic amplifier with proposed linearization technique: (a) THD improvement versus
k1/k with auxiliary pair only and (b) THD improvement versus k1/k with degeneration
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conditions; the overall THD improvement with both linearization techniques is no
less than 16 dB across different corners and temperatures.

Figure 25a shows that the auxiliary pair contributes with close to 10 dB of
linearity improvement with kl1/k = 1. However, due to the PVT variations, the
best compensation moves away from kl/k = 1. While the overall improvement
stays above 16 dB for k1/k within 0.25—-1.25 (Fig. 25b), a proper choice of k1/k and
the degeneration resistance allows the proposed DA to tolerate a certain range of
temperature variation. Here, we choose kl/k = 0.7 to ensure a sufficient THD
performance over PVT.

4.3 On-Chip Calibration

Similar to the conventional architecture, the proposed pipelined ADC is sensitive to
interstage offset and gain error impairments. In addition, due to the stringent linearity
requirement, the gain mismatch between the signal paths of the DA is also critical.
Originated from mismatch and process variations, the offset of the comparators and
dynamic amplifiers as well as the interstage gain error from the residue amplifier
significantly limit the overall performance of the ADC. With redundancy among
stages often introduced in the conventional approach to mimic the offset error, it
however complicates the quantizer design as it requires multiple reference voltages
and comparators in each stage. Besides, it cannot correct the nonlinearity caused by
the gain mismatch between the signal paths of the DA. Instead, in this design, we
suppress both offset and gain impairments through a hardware-sharable and low-cost
foreground calibration. The calibrations run sequentially, starting with the

Vem Vem To St[N+1]
e Falqc)mp comparator and RA
RA v

\—mmmmm————
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St[N] offset
ctrl code

——

Cal unit
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o
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Fig. 26 Detailed block diagram of the offset and gain calibrations
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comparator offset, the amplifier signal path-gain mismatch,then followed by the
amplifier gain. Figure 26 depicts their block diagram.

The offset calibration of the comparators starts from the first stage and each stage
accomplishes it in sequence. During the calibration, the ADC works as normal, but
the bottom plate of the DAC keeps resetting and disconnecting from the comparator
control. We short together the differential inputs of each stage after amplification,
which generates the corresponding common-mode voltage for the offset calibration.
The decision passes through an eight-time majority voting logic and controls the
counter.

We calibrate together the offset and the signal path-gain mismatch of the
DA. Since both signal paths experience the same nonlinearity, their gain therefore
undergoes the same characteristic and does not worsen the linearity performance.
Nevertheless, due to the mismatch between the signal paths, their transfer charac-
teristics can shift and scale, worsening the differential gain nonlinearity. The adjust-
ment of the Ip, can compensate the offset. However, such compensation only aligns
the center point of the deviated gain curves rather than the overall gain characteristic.
Instead of trimming I with an extra pair, we manage to trim the loading capacitors
(Cy) of the differential outputs which compensate both the offset and the differential
gain error simultaneously.

The calibration of the interstage gain error happens from the last to the first stages.
To detect the gain error of stage N (with nulled offsets in the comparator and
amplifier), the DAC of stage N through % generates a half-LSB voltage while others
keep the reset. Then, it suffers an amplification and quantization by the current
and/or subsequent stages. The quantization result D[N:5] is ideally 2™ —1, which
is the full scale of stage N to the fifth stage. The calibration starts with a minimum
gain configuration and increases the gain until D[N:5] approaches its ideal value.

4.4 Overall ADC Implementation

Figure 27 draws the overall ADC architecture that consists of six 1 b stages which
aggregate a six-bit resolution. We do not insert any redundancy among stages to
obtain the best efficiency and avoid the need of multiple reference voltages, while

IN+ m— TH L STG | | STG | | STG | | STG | | STG [ | STG
IN-®»™—c.= 4 0 4 1 (1 2 |1 3 (1 4 (1 5
35fF 1b 1b 1b 1b 1b 1b

T C.= C.= C.= Cs= Cs= Cs=
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Fig. 27 Overall architecture
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calibrating the gain and offset error in the foreground. The adoption of the PARG
scheme allows the quantization and amplification to run in parallel for high speed.
The interstage gain is close to 1.5%, keeping a balance between the first few stages’
linearity and later stages’ noise/accuracy requirement. The stringent linearity
requirement, which is a drawback of the PARG scheme, imposes a low 1.5% gain.
However, with the 6b target in this design, such a small gain does not lead to a large
trade-off between noise and power, and therefore, the PARG scheme is quite
appropriate for high-speed and low-resolution designs. Only the DAs in the first
two stages utilize the proposed linearization technique, and the remaining stages
maintain the conventional DA to ensure a proper common-mode range through the
pipe. The auxiliary path in the proposed DA brings a faster dropping Vcnm when
compared with a conventional architecture, which degrades its maximum achievable
amplification time and noise performance. However, this design is not noise limited,
and the bottleneck is linearity. Such noise performance degradation has no impact on
the overall ADC energy efficiency. The sampling capacitances of the first, second,
and third stages are 35 {F, 15 {F, and 15 {F, respectively, and 10 fF for the remaining
stages. Such small capacitance ensures a high-speed and low-power operation.
Furthermore, we adopt split monotonic switching to generate the residue in each
stage, which avoids an additional CM voltage. We aligned the outputs of each stage
with the D-flip-flop.

4.5 Measurement Results

Figure 28 presents the ADC, fabricated in 28 nm CMOS, with ~40 fF input
capacitance (excluding ESD), occupying an active area of 0.0166 mm?
(132 pm x 126 pm), including the on-chip calibration circuits. The input swing of

CLK BUFFER

Fig. 28 Die photo
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Fig. 29 Measured ADC (a) spectrum at near Nyquist input and (b) DNL/INL before and after
calibration

the prototype is 400 mV,_gi¢r to adopt the PARG scheme. During measurements, the
circuit performs on-chip calibration in the foreground with the calibration counter
values frozen throughout all conditions. Figure 29a illustrates the measured output
spectrum (decimated by 225) at 3.3 GS/s for an input near Nyquist (1.649 GHz),
with and without calibration. Before the calibration, the second and third harmonics
dominate the SFDR and greatly limit the achievable SNDR. The mismatches
between differential circuits cause mainly the second harmonic, while the offset
and gain error result in the third harmonic. After the conclusion of the calibration,
these harmonics decline and the SFDR improves by 5 dB. Moreover, as depicted in
Fig. 29b, the measured DNL and INL before calibration are +1.48/—1 LSB and
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Table 3 ADC performance summary and comparison with state of the art

[39] [36] [37] [38]
Verbruggen Chen Shu Oh
This work JSSC’10 VLSI’13 | VLSI'12 |JSSC’19
Architecture Fully dynamic Fully dynamic Flash Flash Flash
pipeline pipeline
Technology 28 nm 40 nm 32 nm 40 nm 65 nm
SOI
Supply (V) 0.9 1.1 0.85 1.1 0.85
Power (mW) 5.5 2.6 8.5 11 7.5
ERBW (GHz) >6 2 2.43 1.5 3.1
Resolution (bit) |6 6 6 6 6
fs (GS/s) 33 22 5 3 25
SFDR@Nyq. 45.45 415 37.48 38 45.07
(dB)
SNDR@NYQ. |34.16 31.1 30.9 33.1 33.8
(dB)
FoM@Nyq 40.02 40.3 59.4 99.3 74.7
(fJ/conv.-step)
Active area 0.0166 0.03 0.02 0.021 0.12
(mm?)
Calibration On-chip Oft-chip Off-chip | Off-chip | On-chip

+1.08/—1.68 LSB and after calibration are +1.08/—0.85 LSB and +1.11/—
1.044 LSB, respectively.

Figure 30a plots the measured SFDR/SNDR across input frequencies from DC to
6 GHz. The circuit maintains the SNDR and the SFDR at ~33 dB and 45 dB due to
the small input capacitance and the bootstrapped sampling front-end. Figure 30b
exhibits the SNDR and SFDR as well as the power consumption versus sampling
frequencies from 1 GS/s to 4 GS/s with a fixed input at ~1.6 GHz. The performance
has a significant drop beyond 3.4 GS/s that results from the insufficient conversion
time. At sampling rates below 300 MS/s, the performance degrades due to leakage
on the residue holding capacitors. We sized their switches for the lowest R, due to
the high-speed target. Besides, it clearly shows that the power consumption scales
linearity versus sampling frequency with a slope of 1.5 pW/MHz, which confirms
the fully dynamic characteristic of this prototype. With a fixed calibration set
obtained at a 0.9 V supply and no recalibration, the SNDR degrades less than
3 dB for a +5% supply change (Fig. 30c). Moreover, three randomly selected
samples demonstrate a similar performance which further proves the effectiveness
of the calibrations (Fig. 30d). Table 3 summarizes the major ADC specifications and
compares them with state-of-the-art designs. The proposed prototype achieved a
competitive energy efficiency and SNDR in a compact area even including on-chip
calibration circuitry.
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5 8b 10 GS/s Time-Domain ADC

Recently, direct time-domain ADCs [41, 42] that consist of a VTC and a TDC
exhibited promising speed advantages through a time quantization step reduction.
Such structures are also friendly to time-interleaved architectures, not only for their
small interleaving factor but also the small sub-channel input capacitance. The above
features make time-interleaved time-domain ADCs easy to acquire a high-input
bandwidth, while manifesting an attractive area efficiency.

The time-domain ADCs show advantages in a high-speed scenario, but they
usually present a limited resolution of six bits when running over GS/s [41, 42]
due to the mismatches between the time quantization steps. Higher resolution
requires more time quantization steps, and it needs finer time steps with sub-gate
delay for a certain conversion speed. Both the Vernier [9] and pulse shrinking [42]
TDCs can achieve a sub-gate time resolution; however, a calibration for their highly
nonlinear quantization steps is essential for the sub-2-ps condition, which often
requires a known input condition with a large lookup table, thus inducing additional
design complexity. Such time step variations over the PVT also impose a gain
calibration when applied to multi-stage architectures.

This work reduces the interleaving factor of an eight-bit 10 GS/s ADC to four
through a time-domain sub-channel ADC running at 2.5 GS/s. A 16x time
interpolation-based TDC resolves in two steps while allowing both the interstage
gain and the quantization step to avoid calibration over PVT variations.

5.1 Time-Interleaved Architecture Considerations

Prior arts [43, 44] demonstrate that an eight-bit ADC running at 10 GS/s requires
8—16 time-interleaved SAR ADC channels in FinFET and SOI technologies while
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Fig. 31 (a) Time-interleaved SAR ADC with hierarchical sampling and (b) time-interleaved time-
domain ADC
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even >16 channels in a conventional planar CMOS process [45]. Without a hierar-
chical interleaving front-end, time-interleaved SAR ADCs allow a limited band-
width due to their large input capacitance. The hierarchical sampler [46, 47] provides
a solution to strengthen the ADC bandwidth (Fig. 31a), with the 16 channels divided
into four groups, and each group is driven by a dedicated voltage buffer. The added
buffers isolate the sampling capacitors Cs and the capacitor arrays Cssar of the
sub-SAR ADCs, thus improving the bandwidth but with additional noise and power
penalty.

Utilizing the high-speed feature of the TDCs, a single TDC can achieve a
conversion rate as high as fourfold that of SAR ADCs, thereby reducing the number
of interleaving channels from 16 to only 4 (Fig. 31b). Besides, the VTC not only
provides a voltage-to-time conversion but also acts as a sub-channel wideband buffer
to isolate the sampling network and the quantizer, ensuring that the time-domain
quantization has no impact on the sampling function. The VTCs also consume
dynamic power and their inverter-based output stages only need to drive several
time comparators in the TDCs with small loading, while the static voltage buffers in
Fig. 31a face a heavy load from the capacitor array of the SAR ADCs and routings.
Such difference guarantees the high-energy efficiency of the VTC-based
sub-channel buffer at a high-speed scenario, while still maintaining the high band-
width feature of the hierarchical sampling architecture.

5.2 Sub- time-Domain ADC Architecture

Even though the time-interleaved time-domain ADC has a number of benefits,
designing an energy-efficient eight-bit 2.5 GS/s sub-channel ADC in the time
domain is not a trivial task due to its complex conversion mechanism. While we
can find in the literature that the discharging-based VTC is sufficient to meet the
requirement, the TDC often is the bottleneck in terms of conversion speed and
linearity. For an N-bit differential time-domain ADC with a 50% duty cycle clock,
its maximum achievable conversion speed is

1 1
fsmax < N Tiss (21)

where T sp is the least significant bit (LSB) time resolution. From Eq. (21), an eight-
bit 2.5 GS/s TDC calls for a Ty sg of 1.5 ps, which is a challenging number
considering a >10 ps minimum gate delay in 65 nm CMOS.

Two-stage TDCs [48] demonstrated an energy-efficient sub-gate time resolution
with a reduced number of delay cells and time comparators; however, they require a
time amplifier. The extra latency of the time amplifier compresses the TDC conver-
sion period, thus preventing its application in a high-speed scenario. The
PVT-sensitive gain of the time amplifier also necessitates extra calibration effort,
bringing complexity. A two-stage TDC architecture by cascading a flash TDC and a
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Fig. 32 (a) Block and (b) timing diagram of the interpolation-based eight-bit 2.5 GS/s time-domain
ADC

Vernier TDC, introduced in [9], omitted the time amplifier but suffered from heavy
nonlinear time steps with sub-2-ps 7 gg.

In this work, we present a time interpolation-based two-stage TDC with an
uncalibrated T sg of 1.375 ps to solve the abovementioned challenges. Figure 32a
shows the block diagram of the eight-bit 2.5 GS/s time-domain ADC, which consists
of a sample and hold block, a VTC-based sub-channel buffer, and an eight-bit
two-stage TDC. The eight-bit two-stage TDC comprises a four-bit differential
flash TDC with one-bit folding as the coarse stage and a five-bit single-ended 16x
interpolation-based TDC with one-bit redundancy as the fine stage. A time residue
transfer logic connects two stages and converts the differential time residue to a
single-ended time difference between Rg and Rs (R and Rg are the fast and the slow
time residues, respectively) based on the quantization results in the coarse stage. We
define the interstage gain between two stages by the 16x interpolation factor in the
fine stage, inherently without using a time amplifier, thus enabling a fast conversion
rate. The 16X interstage gain shows PVT robustness, as the unit delay cells (22 ps) in
both stages share the same topology. The interpolation operation also allows time
quantization steps without calibration. The thermometer-to-binary (T2B) encoders in
Fig. 32a adopt a multiplexer-based architecture [49], while the five-bit T2B encoder
for the fine stage has a segmented topology based on three-bit T2B encoders to
shorten the layout routing for its input data.

The sample and hold block in Fig. 32a adopts bootstrapped switches with cross-
coupled compensation for high linearity. The single-ended sampling capacitance is
only 45 fF to support a high input frequency, and the sampling time is 100 ps under
2.5 GS/s per channel (Fig. 32b). After sampling, the fully dynamic VTC [9] converts
the sampled voltage into a time difference (Sp < 0 > and Sy < 0>, also the inputs of
the time residue transfer) through a pair of current sources and crossing detectors.
Then, we quantized the generated time difference with the presented eight-bit
two-stage TDC in the time domain.
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5.3 16% Time Interpolation-Based TDC

The phase interpolation technique [50] is useful for a finer sub-gate time step.
However, the strict requirement for the phase interpolator output slew rate to reduce
the phase interpolation error brings high power consumption. Moreover, when
cascading the 2x phase interpolator to achieve a large interpolation factor, the
mixed use of interpolations from both the rising and falling edges in [50] renders
extra interpolation errors and then limits the maximum achievable interpolation
factor, especially for the sub-2-ps output time intervals.

Figure 33a presents the 16x time interpolator in this work with a four-layer
architecture and balanced input and output loading, while we share the phase
interpolators at the edges with the adjacent 16x time interpolators. All the phase
interpolators in Fig. 33a share the same unit cell topology presented in Fig. 33b,
which guarantees a good matching performance. The 2x phase interpolator in
Fig. 33b consists of two parallel inverters (inputs are Pp; and Py, respectively)
with the same dimension for interpolation purposes and a followed driver for
inversion. Consequently, all the interpolations in Fig. 33a proceed at the rising
edges, which provides better consistency, thus allowing a larger number of cascaded
layers. The 16x time interpolation divides a 22 ps time interval (between R; and
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Fig. 33 Schematic of (a) 16x time interpolator with four-layer architecture and (b) unit phase
interpolator cell. (¢) Timing diagram of the 16x time interpolator
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Fig. 34 The five-bit interpolation-based TDC

R; , 1, and a 10% to 90% rising time of ~20 ps) into 16 output time intervals with a
resolution of 1.375 ps and an output rising time (10-90%) of ~10 ps (Fig. 33c). The
circuit accomplished a 16x gain from the input to the output through the interpola-
tion factor inherently, which is also the origin of the interstage gain between the
coarse and fine stages in Fig. 32. The delay of the four cascaded phase interpolators
causes latency (Fig. 33c¢).

The vertical cascading in Fig. 33a provides more time intervals with finer time
resolution, while a horizontal cascading generates more time intervals and keeps the
current time resolution (Fig. 34). The five-bit TDC in Fig. 34 cascades two 16 time
interpolators with 32 output time intervals for the five-bit quantization, with a
quantization range defined by the 22 ps delay cells. We added dummy delay cells
and interpolators both before and after the quantization cells to shield the terminal
effect and inserted only partial dummy interpolators for energy saving. We also
inserted an extra delay to the Rg signal path in Fig. 34 for a latency matching purpose
in Fig. 33c and time range shifting with its accuracy quite relaxed due to the one-bit
redundancy in the five-bit interpolation TDC.

When compared with the “minus” operation to obtain a sub-gate time resolution
in the Vernier TDC [9], the “division” operation of the interpolation TDC shows
better accuracy and robustness under the fabrication impairment. For example, using
a 23.375 ps slow delay and a 22 ps fast delay for a 1.375 ps time resolution in a
Vernier TDC, 2% variations (¢) applied to both the slow and fast delays generate a
46.7% variation (o) to the 1.375 ps time step. On the other hand, a 2% variation (o) to
the 22 ps delay cells in Fig. 34 divides into 16 parts by adding extra errors from the
interpolators (totally <15% in this work). Figure 35 illustrates behavioral simula-
tions of the SNDR of an eight-bit two-stage TDC with either a five-bit Vernier TDC
or the presented 16x interpolation-based TDC as the fine stage versus their unit delay
variations. The x-axis in Fig. 35 represents the variations (o) of the slow and fast
time steps in the Vernier TDC, while in the interpolation TDC, it refers to the
variation (o) of the output time steps of the 16x time interpolators. For the interpo-
lation TDC, we investigated two behavioral models: the first has a unified time step
variation to reflect the impact of the random mismatch between the unit phase
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interpolators; the second has time step variations that are proportional to the input
time intervals of different layers to explore the impact of interpolation errors from
the cascaded architecture. The modeled eight-bit TDC has a four-bit flash TDC as
the coarse stage with a 1% one-sigma quantization step variation (which meets the
transistor simulation results). From Fig. 35, the presented 16x interpolation-based
TDC relaxes the requirement of fine-stage delay units significantly when compared
with the Vernier TDC. With a 50% one-sigma fine-stage variation (to 1.375 ps) and a
1% one-sigma coarse-stage variation (to 22 ps), the presented eight-bit two-stage
TDC achieved around 43 dB and 40 dB mean SNDRs with the unified and input-
related variation models, respectively, in the 100-run Monte Carlo simulation.
Therefore, the 16x time interpolation technique saves this design not only from
the interstage calibration but also from the complex time quantization step
calibration.

5.4 Low Metastability Time Residue Logic

The metastability property of the two-stage time-domain ADC shares the same error
mechanisms as the pipelined ADCs [51]. The coarse stage dominates the metasta-
bility error performance with a larger magnitude, while a well-designed fine stage
produces an error only in 1 LSB due to the flash conversion feature.

Figure 36 presents a time residue transfer scheme with an extended timing logic,
in order to increase the maximum available time for the coarse-stage time compar-
ators. The residue transfer unit consists of a pair of time residue folding and
subtraction logics for the differential time residue generation and a pair of dynamic
OR gates for converting the above differential time residue to single-ended to fit the
following single-ended interpolation-based TDC in the fine stage. During this
process, we shifted the selector output by one coarse-stage time quantization step
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Fig. 36 (a) Block diagram of the time residue folding and subtraction. (b) Extended timing for the
comparator decision. (¢) Time residue output versus time input

Tp coarse and embed extra delay units 7p pera (~65 ps) in the time subtraction signal
path (Fig. 36b). By adopting these timing-extended units, the maximum available
time for the coarse-stage time comparators increases from less than 22 ps to over
100 ps, thereby lowering the metastability error rate from the coarse stage. More-
over, we also introduce pipelined timing at 2.5 GS/s to allocate a longer decision
period for the coarse and fine stages.
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Fig. 38 Measured DNL and INL of the aggregate channel

5.5 Measurement Results

Figure 37 shows the chip die micrograph of the prototype eight-bit 10 GS/s time-
domain ADC, fabricated in a 1P9M 65 nm CMOS process, occupying an active area
of 0.095 mm”. We bonded the chip die on a printed circuit board with <0.5 mm
critical bonding wires. We adopted a high-speed ADC measurement strategy with
input amplitude and phase monitor, applying one-time foreground calibration to
remove the offset of VTCs for better dynamic range performance. We removed in
the background together with the residue transfer offset the gain, the remaining
offset, and the time skew between different channels, while enabling the calibration
occasionally to track the slow drift of the ambient temperature and supply voltage.
We do not apply any calibration related to the time quantization steps and interstage
gain, benefiting from the 16% interpolation-based two-stage architecture.
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Figure 38 displays the measured DNL and INL performance of the aggregate
channel; the eight-bit ADC shows DNL and INL errors within —0.69/+0.58 LSB and
—1.02/+1.25 LSB, respectively. Figure 39 presents 8192-point output spectra of the
ADC with both Nyquist and over Nyquist input frequencies. The 10 GS/s ADC
exhibits 40.1 dB SNDR and 52.8 dB spurious-free dynamic range (SFDR) with a
Nyquist input, while keeping 37.6 dB SNDR and 46.7 dB SFDR with an 18.1 GHz
input, benefiting from the time-domain time-interleaved front-end architecture.
Figure 40 plots the measured SNDR and SFDR of the ADCs with various input
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Fig. 41 Measured SNDR and SFDR versus ambient temperature and power supply variation
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frequencies sampling at 10 GS/s; the SNDR drop at 18.1 GHz input is less than 3 dB
when compared with the 40.5 dB SNDR at 0.13 GHz input.

Figure 41 illustrates the measured PVT robustness; two verified chips both show
<0.5 dB and <0.6 dB SNDR variation across —55 °C—125 °C and +5% power
supply variations, respectively, when set to a common output swing. The better
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Table 4 Performance summary and comparison with state-of-the-art time-interleaved ADCs

[41] [42] [52] [47] [44] [43] [53]
This work
JssC 16 cicc 19 ISScCC 14 JSSC 14 VLSI 13 JSSC 17 JSSC 14
ADC architecture TI time domain TI SAR TI flash
65nm 65nm 65nm 28nm 65nm 32nm 16nm 32nm
Technology
CMOS CMOS CMOS SOI CMOS SOI FinFET SOI
Resolution [bits] 8 6 6 6 6 8 8 6
Sampling speed [GS/s] 10 10 10 10 12.8 8.8 28 20
Number of channels 4x 4x 2x 8x 32% 8x 32x 8x
Supply voltage [V] 1.0 1.3 1.0 1.0 1.2/1.1 1.0 0.9 0.9
Power [mW] 50.8 98.0 29.7 32.0 162.0 35.0 280.0 69.5
Active area (mm %) 0.095 0.073 0.015 0.009 0.232 0.025 N/A 0.250
SNDR @ Nyq. [dB] 40.1 272 325 338 29.5%* 37.0 315 30.7
SFDR @ Nyq. [dB] 52.8 42.1 40.7 41.1 32.4%% 48.8 39.1 38.1
37.6 24.6% 26.0* 29.7 26.4
SNDR @ >Nyq. [dB] N/A N/A N/A
@I18.1GHz | @7.0GHz | @8.0GHz | @19.8GHz | @25.0GHz
46.7 32.3% 28.5% 46.1 29.6
SFDR @ >Nyq. [dB] N/A N/A N/A
@18.1GHz @7.0GHz @8.0GHz @19.8GHz | @25.0GHz
FOMyaigen [fJ/conv.-step] 61.5 523.7 86.2 80.4 519.0%* 68.9 325.7 124.1
FOMscepreier [dB] 150.0 1343 144.8 145.7 135.5%% 148.0 138.5 142.3

fEstimated from the input frequency sweep results.
“*Performance with 3.12-GHz input.

performance at a higher temperature and lower power supply is due to larger time
quantization steps at these conditions.

Figure 42 shows the measured metastability error rate of one-channel time-
domain ADC. The measured curve matches well with a behavioral modeled erfc
curve with 42 dB SNDR considering terminal and quantization noise and DNL
errors. The measured curve shows an error rate corner <10~ %, benefiting from the
metastability-reduced residue transfer logic.

Table 4 summarizes the performance of the presented time-domain ADC with a
comparison to other state-of-the-art time-interleaved ADCs. The presented ADC
increases the resolution of the time-domain ADC to eight bits while with a <1.5 ps
uncalibrated quantization steps. When compared with the time-interleaved SAR
ADC:s, this design uses less channel number for a target speed and saves consider-
able power than the designs with a hierarchical sampler. This time-domain ADC
attains comparable sub-channel conversion speed with flash ADC but higher reso-
lution and smaller input capacitance.
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1 Introduction

Driven by the rapid development of IoE, the performance of wireless communica-
tion SoCs demand high power efficiency while simultaneously allowing a wideband
and high-resolution input/output signal for massive information throughput. In the
receiver end, the performance bottleneck always lies in the analog-to-digital process,
where the analog-to-digital converters (ADCs) need to have high dynamic range and
exhibit low noise and with high-energy efficiency. Nevertheless, such a mixed-
signal building block does not enjoy all the benefits inherited from the technology
scaling, and it will become challenging a design to meet all the above aspects.
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Modern Wi-Fi and mobile communication standards call for an ADC with a few
tens to hundred megahertz of bandwidth and with a dynamic range close to 80 dB.
The continuous-time (CT) delta-sigma converter inherently embeds anti-aliasing and
is the block to drive the system earlier due to its high impedance input interface. A
discrete-time delta-sigma modulator (DSM) conventionally shows no obvious
advantage, but when deeply hybridized with a successive approximation register
(SAR) ADC, usually designated as noise-shaping (NS) SAR, the energy efficiency
surpasses the CT-DSMs at a relatively low bandwidth design target. The work
described in [1] introduced a multi-loop to reduce the performance gap between
CT and discrete-time (DT) DSMs, increasing the noise-shaping order for higher
SQNR (signal-to-quantization-noise ratio) at a low oversampling ratio (OSR). A
Sturdy multistage NS delta-sigma (MASH) also designated as SMASH and an
additional error feedback (EF) loop can relax the critical matching DAC. Preliminary
sample and quantization techniques in [2] provide extra quantization during an idle
time in the excess loop delay (ELD) compensation period, pushing the single-loop
CT DSM toward low power at wide bandwidth. On the other hand, we can also
extend a NS SAR ADC into a multistage configuration as in [3] and [4]. Besides,
with partial interleaving techniques, a tens of megahertz bandwidth is possible.
Furthermore, [3] also utilizes the residue amplifier in the pipeline architecture for
EF-type NS. The N-O multistage NS sigma-delta MASH structure in [4] further
simplifies the critical gain accuracy in the NS pipeline SAR architecture.

The organization of this chapter is as follows: Section 2 introduces a SMASH CT
DSM. Section 3 details the preliminary sample and quantization technique with the
CT DSM. Then, Sects. 4 and 5 introduce two different NS pipeline SAR ADCs.

2 Sturdy Multistage Noise-Shaping (MASH)
Continuous-Time (CT)-Delta-Sigma Modulator (DSM)

A large signal bandwidth required by wireless telecommunication applications
restrains the OSR used for the DSMs. To obtain the desired resolution while keeping
a better power efficiency, we need to explore the following two dimensions together
in the design of the DSM.

On one hand, the DSM should aim to secure an aggressive NS. However, a higher
NS order suffers from instability in a single-loop topology. Alternatively, we can use
the multistage noise-shaping (MASH) [1] architecture to overcome the instability
issue. Nevertheless, the noise leakage inherently exists in MASH DSMs resulting
from the mismatch between analog and digital filters. A DT solution is more robust
for the MASH over its CT counterpart whereas the speed remains the bottleneck.
Besides, it is necessary to improve the opamp efficiency in a DT MASH. Due to the
inherent switching activity, we can apply an opamp sharing technique to reduce the
number of required opamps in a DT DSM [5], reducing the power and area
consumptions. However, we can further improve the opamp sharing efficiency in a
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DT MASH [6]. The CT solution allows a larger signal bandwidth and a better power
efficiency whereas the noise leakage is detrimental in a CT MASH. The CT sturdy
MASH (SMASH) [7] poses a high potential to replace the CT MASH as it exhibits a
relaxed matching requirement to reduce the noise leakage.

On the other hand, we can employ a multibit quantizer to improve the resolution
further and mitigate the requirements of the loop filter. Yet, the multibit feedback
DAC is nonlinear owing to the element mismatch, dictating a DAC linearization
technique. We can perform the DAC linearization by using either a dynamic element
matching (DEM) technique or calibrations. DT architectures favorably use the DEM
when the sampling frequency is relatively low. But, with a multi-GHz sampling
frequency in CT solutions, the DEM is neither feasible enough nor power friendly.
Instead, it is common to find DAC calibrations in wideband CT DSMs to address the
DAC nonlinearity issue. Nevertheless, the on-chip DAC calibration [8] requires
additional power and area consumptions. Moreover, the off-chip DAC calibration
[9] is not able to track the current source mismatch error over temperature variations,
which is not desirable in a high-performance CT DSM.

2.1 Related Prior Arts

To implement a large signal bandwidth required by the mainstream LTE-A cellular
standard, the CT DSM is undoubtedly preferable. Besides, with low supply voltage
required in an advanced process, a SAR ADC as a quantizer poses a potential
attractive alternative to a traditional flash ADC. However, a SAR ADC usually
demands multiple clock cycles for quantization, thus imposing a larger timing
headroom when compared with a flash architecture. Therefore, most of the reported
SDMs employing a SAR as the quantizer only attained a small signal bandwidth
[10, 11].

The MASH DSM circumvents the stability problem associated with high-order
noise shaping, but the CT MASH suffers from the mismatch between the analog and
the digital filter. By feeding the second stage into the first loop, the SMASH provides
a solution to this leakage issue. Still, the quantization error extraction and cancella-
tion are still challenging due to the delay and phase shift in a CT SMASH. The work
[7] presents a CT SMASH for the first time, addressing the quantization error
extraction and cancellation. Figure 1 presents the block diagram of a CT SMASH.
As foreseen, there is one propagation delay introduced by the first quantizer. Then,
with a CT input and a delayed DT output, the correct extraction of the quantization
noise Eq; from the first quantizer would be somewhat problematic. Straightfor-
wardly, in Fig. 1, it is necessary to generate the same delay for the CT input of the
first quantizer in order to extract correctly Eg;. Theoretically, we can employ a
sample and hold circuit to obtain such a delay. However, with a multi-GHz sampling
frequency, the sample and hold topology is not power friendly at all. Instead, the
proposed CT SMASH with a passive RC low-pass filter (LPF) to generate such a
delay is feasible owing to the oversampling property. Moreover, to eliminate
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Fig. 1 A CT 3-1 SMASH Analo Digital
DSM using feedforward in DAC1| 9 g

the second loop [7] 3 Eq
()_ > Lni(s) ‘ Y
V;—>| Lsi(s)
1 C:l
1+sTy Matching Vo

-

Eeoo

o [arz—

effectively the quantization noise Eg;, we can properly select a first-order FF
topology for the second loop to implement a unity-gain STF (standard transmission
format) within the band of interest.

Nonetheless, the delay generated by the passive LPF is very sensitive to temper-
ature and process variations. Any delay mismatch results in leakage of the signal and
therefore may overload the second loop. Besides, the LPF attenuates the high-
frequency components, thus introducing a second peaking in the STF, not at all
desirable.

2.2 Proposed CT Sturdy MASH with DAC Nonlinearity
Tolerance

To reach 50 MHz signal bandwidth for LTE-A applications, it is almost impossible
to continue using a DT MASH architecture. Instead, a CT solution allows
implementing such a large signal bandwidth. A CT sturdy MASH poses higher
potential over a CT MASH owing to its relaxed matching requirements [7]. Never-
theless, as mentioned before, the quantization error cancellation and its extraction are
still challenging in the CT domain. Besides, DAC nonlinearity becomes problematic
with multi-GHz sampling frequency since DEM is less effective at low OSR, while
DAC calibrations require large power and area consumptions. Thereby, we will
present a more robust CT SMASH DSM in terms of quantization error extraction and
its cancellation. Moreover, it would employ multibit quantization to gain good
stability, relaxed dynamic requirements of the loop filter, large maximum stable
amplitude (MSA), and out-of-band gain (OBG) while achieving high linearity but
avoiding any linearization technique in all multibit DACs to reduce power and area
costs.

To pull off the above design goals, we introduce a dual-stage noise-coupling-
assisted CT SMASH DSM using 1.5bit/4bit quantizers in both stages [12, 13]. By
effectively eliminating 1.5bit quantization noise from the first stage, the SMASH
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DSM enjoys all benefits provided by multibit operation of a DSM. The noise
cancelling (NC) technique [14] applied in the SMASH not only improves the
noise-shaping order by one but also works as dithering for the highly tonal 1.5bit
quantization noise and further reduces its in-band tone power. Meanwhile, an FIR
filter [15] incorporated in the outermost feedback path reduces the out-of-band
(OOB) noise power in the nonlinear DAC input to alleviate quantization noise
folding. Both features significantly mitigate the requirement for a highly linear
multibit DAC, thus circumventing any DAC linearization while delivering high
linearity. Moreover, we employed a SAR ADC for a 1.5bit quantizer allowing
extraction of the quantization error using switched capacitor (SC), which is robust
over process and temperature variations. Meanwhile, the selection of a zeroth-order
architecture for the second loop eliminates more accurately the quantization error.
In practice, to speed up the whole feedback loop, we will not implement the
subtraction in the digital domain by using a digital adder. Instead, as Fig. 2 shows,
we obtain the subtraction in the analog domain through DAC, and DAC,; in parallel
in the front-end. The analog subtraction allows the ideal removal of Ey,; inside the
first loop filter. As a result, the number of bits of the quantizer used in the second
loop merely determines the MSA and the OBG of the SMASH DSM. Since the OSR
is low for wideband applications, we can advantageously use multibit quantization in
the second quantizer to realize large MSA and OBG. Ideally, the resolution of the
first-stage quantizer does not affect the performance of the SMASH. Still, a previous
CT SMASH implementation [7] also applied multibit quantization in the first
quantizer. In the MASH topology, using single-bit quantization in the first and
multibit in the later stages is advantageous for DAC linearity due to the single-bit
DAC intrinsic linearity and the suppression of multibit DAC nonlinearity in higher
stages in the digital cancellation logic. Still, the noise leakage emerges from the first
stage related with the single-bit, which is much worse than multibit quantization
noise leakage. This leakage argument is still valid for SMASH DSMs. More
unfortunately, in contrast to the MASH, with DAC, fed back to the most sensitive
input node of the overall DSM, using a multibit DAC, would anyhow impose DAC
linearization. This occurs because the single-bit quantization noise Eg; is highly
tonal, rather than an approximate white noise as the multibit quantization noise. In
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the SMASH, such highly tonal signal E4; would go through the nonlinear DAC,
located in the sensitive input front-end, thus introducing harmonic distortions. In
addition, the large OOB quantization noise of the second stage mixed by the
nonlinearity of DAC, would thereby increase the in-band noise floor. Consequently,
the linearization of DAC, is compulsory in multibit quantization in the second stage
of the SMASH. Thus, previous research work about the SMASH architecture did not
find any advantage in combining an intrinsically linear single-bit quantization in the
first stage with a multibit quantization in the second stage. Yet, this issue subse-
quently emerged in state-of-the-art SMASH DSMs, and we will address it in the
proposed CT SMASH.

Figure 3 presents the overall CT SMASH DSM employing an underlying dual-
loop architecture using 1.5bit/4bit quantizers in the first and second loops, respec-
tively. As a result, the circuit processes an effective 4bit quantization noise inside the
loop filter of the first stage, thus obtaining decent stability, large MSA, and OBG.
Moreover, it applies a first-order noise coupling in the first loop. To account for the
applied NC in the first loop and effectively eliminate the first-order noise-shaped Eg;,
we must implement the corresponding filter (1 — z ') after the extraction of Eq.
From Fig. 3, we move this filter from the input (analog domain) of the second stage
to its output (digital domain), which allows higher accuracy and further increase of
the one noise-shaping order in E. In the backend, the combination of the two digital
outputs V| and V, generates the final output Vg, given by

Vo=STFX + (1 —STE,)NTF (1 -z~ ")E,; —NTF, (1 -z ")Ep (1)

The utilization of a 1.5bit quantizer in the first loop, in case of an imperfect
cancellation, would leak 1.5bit quantization noise Eq; to the final output, thus
deteriorating the final performance. To alleviate the 1.5bit quantization noise
(QN) leakage, we must design a unity-gain STF, as accurately as possible. Thereby,
instead of using a first-order feedforward topology as in [3] (Fig. 3), we select a
zeroth-order topology for the second loop. Without any opamps involved in the
implementation of STF,, their finite GBWs will not affect anymore the accuracy of
the unity-gain STF,. On the other hand, we can mitigate the opamp GBWs employed
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in integrators to be 1 X F (Fj is the sampling frequency of the DSM) with an SQNR
loss of 3 dB in the proposed SMASH. However, in the general SMASH 3-1, we
must keep such GBWs at least close to 3.5*Fs to reduce the 1.5bit noise leakage and
keep the system stable.

As aresult, the 3—0 topology effectively realizes a SMASH architecture where the
first stage provides the noise-shaping order while the second stage determines the
effective quantization bit width. Therefore, overall it allows multibit loop filter
scaling in the first stage yielding larger MSA and OBG, reduced dynamic loop filter
requirements, etc.

The SMASH DSM with a 1.5bit/4bit combination in both quantizers allows
intrinsic linearity in the 1.5bit DAC; while the 4bit DAC, is unavoidably nonlinear.
It is noteworthy that using NC not only helps to increase the noise-shaping order but
also works as dithering [10] for the highly tonal 1.5bit QN E, thus significantly
reducing its idle tones and harmonic spurs. Finally, the combination of the NC
technique in the 1.5bit quantizer in the first stage and an FIR LPF allows the SMASH
DSM to circumvent any linearization technique for the outermost multibit DAC,,
with large in-band tones and large OOB QN highly suppressed before they are
nonlinearly processed by the DAC,.

Figure 4 illustrates the overall schematic of the NC-assisted dual-loop 3-0
SMASH DSM, employing a 1.5bit successive approximation register (SAR) and a
4bit flash ADC for both quantizers, respectively. The input resistance is 250 Q to
satisfy the thermal noise requirement. All DACs use a nonreturn-to-zero (NRZ)
trilevel topology, thus resulting in less unit DAC cells as well as less preceding
drivers. The first loop employs a third-order mixed feedforward (FF)/feedback
(FB) topology, with an OBG of 2.3. The FF/FB combination separates the high-
gain and high-speed requirements into the first and third integrators [11], respec-
tively, which allows a better opamp power efficiency. Besides, a local resonator path
generated by the first and second integrators introduces one zero in the NTF
(non-fungible token) to further suppress the in-band noise. The two FF paths can
effectively decrease the swings of the first and second integrators. To compensate the

1-order Noise Coupling |
q1
o <1 I ‘

Vin

Fig. 4 The overall schematic of the proposed CT SMASH DSM
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introduced outermost two-tap FIR filter, we incorporate a simple FIR compensation
filter F(z) in the inner FB branches that restores the original NTF [12]. To com-
pensate for process variation, the integration and NC capacitors are digitally pro-
grammable with a 4bit trimming accuracy, which can cover +40% RC variations.

By utilizing a 1.5bit SAR ADC for the first quantizer, the circuit naturally
produces quantization noise Eq; on the summing node by the end of the charge
redistribution [5]. Thereby, the capacitor ratio determines the extraction of the
quantization noise Eg;, which is robust over process and temperature variations.
After the SC extraction, the injection of the residue into the last integrator through an
SC buffer generates the first-order NC branch [5]. Meanwhile, the SC buffer also
directly drives the second stage. In order to close the SMASH loop, this architecture
uses 0.757T5 as an overall ELD. To compensate the ELD, we integrate a unity-gain
zeroth-order path with one cycle delay [13] inside the 1.5bit SAR ADC.

This SMASH DSM renders a fourth-order 1.5bit quantization first loop combined
with zeroth-order 4bit quantization second loop into an equivalently operating
overall fourth-order DSM architecture with 4bit quantization. With an OSR of
12, it obtains an ideal SQNR of 90 dB.

2.3 Experimental Results

Figure 5 shows the chip micrograph of the CT SMASH DSM prototype fabricated in
28 nm CMOS with an active core area of 0.085 mm?.

Running at a sampling frequency of 1.2 GHz, Fig. 6 plots the measured 65k- FFT
output spectrum with a —1.6dBFS input at 6 MHz. It exhibits an expected overall
fourth-order noise-shaping slope in the output spectrum. The measured SNDR
(signal-to-noise and distortion ratio)/SNR (signal-to-noise ratio)/SFDR (spurious-

Fig. 5 Chip micrograph of
the prototype SMASH
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Fig. 6 Measured FFT spectrum of the prototype DSM output

Table 1 Performance summary and comparison with state-of-the-art CT DSMs

This work | [8] [17] [9] [7] [18]

Architecture | SMASH Single-loop | Single-loop | Single- SMASH | Single-loop
Fourth- Fourth- Fourth- loop fourth- fourth-order
order order order sixth-order | order 1bit
1.5bit/4bit | 4bit 7bit 4bit 4bit/4bit

Process 28 28 16 65 28 40

(nm)

Supply (V) |[1.2/1.5 1.16/1.5 1/1.35/1.5 1.2/1.8 1.2/1.5 |N/A

BW(MHz) |50 50 125 45 50 40

Fs (GHz) 1.2 2 2.15 0.9 1.8 2.4

SNDR (dB) |76.6 79.8 71.9 75.3 74.6 66.9

SFDR (dB) |87.9 95.2 N/A 83 89.3 N/A

THD (dBc) | —83.9 -94.1 —80 —78.1* —79.9*% | N/A

Power 29.2 64.3 54 24.7 78 5.25

(mW)

Area (mm?®) | 0.085 0.25 0.217 0.16 0.34 0.02

DAC Cal. Without With With With With Without
on-chip On-chip On-chip Off-chip On-chip | On-chip

FoM;s (dB) |168.9 168.7 165.5 167.9 162.7 165.7

free dynamic range) is 76.6 dB/77.5 dB/87.9 dB over a 50 MHz signal bandwidth,
respectively.

Table 1 summarizes the performance of the prototype and compares it with other
state-of-the-art CT wideband DSMs. It obtains a competitive Schreier FoM of
168.9 dB. Using the proposed techniques, it exhibits high linearity without
employing any DAC linearization technique. In contrast, other works [3-5, 14]
using multibit quantization either employ on-chip or off-chip DAC calibrations.
As obviously observed from Table 1, when compared with such works, the power
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and especially the area consumed by this prototype are much smaller. As for the
single-bit DSM in [15], even though it avoids the DAC calibration as well, the
resolution and the MSA are much lower. Besides, it does not only require signifi-
cantly smaller input referred noise for the same SNR, but it would also impose
stricter noise requirements on the preceding circuitry of the transceiver.

3 A 100 MHz Bandwidth Continuous-Time Sigma-Delta
Modulator with Preliminary Sampling and Quantization

Figure 7 presents a fourth-order CT AX modulator architecture, where the modulator
runs at 2 GHz with a bandwidth of 100 MHz, experiencing an OSR of 10. We choose
a cascade of integrators in feedforward (CIFF), as it requires no extra DACs in the
modulator for feedback and ELD compensation and the best noise suppression in the
succeeding integrators [1]. It also reduces the output swing of the first integrator,
which can relax the linearity requirement of the first opamp in the LF. However,
when compared with the CIFB architecture, the CIFF (cascade of integrator
feedforward) requires an extra low-pass filter to alleviate the high STF peaking.
The modulator realizes a fourth-order LF with three opamps. One of the opamps
implements a single amplifier biquad (SAB) integrator to obtain a second-order
transfer function which reduces the power and the phase delay of the LF [19]. The
SAB integrator also introduces a notch in the NTF to improve the SQNR, which is
effective in low OSR CT DSM designs.

The CT DSM employs preliminary sampling and quantization (PSQ) to imple-
ment additional quantization from the QTZ (quantization) backend, which runs at
2 GHz with six-bit resolution and utilizes almost 90% of the clock period. The QTZ
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Fig. 7 The block diagram of the fourth-order CT AX modulator with the coarse-fine QTZ
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of the modulator consists of a three-bit two-step coarse QTZ and a four-bit SAR fine
QTZ with one-bit error correction range. In order to avoid the extra power and
latency introduced by the ELD DAC, we adopt a feedforward scheme. Figure 7
highlights the ELD compensation path, which includes the first and last integrators.
The LF realizes the constant term in the ELD compensation path, equivalently acting
as an active adder in the ELD compensation scheme [2]. Such ELD realization
requires sufficiently high impulse response speed in the modulator, while inadequate
speed leads to out-of-band peaking in the frequency domain and even instability
[20]. Here, we design the unity-gain bandwidth (UGBW) of the first and last opamps
to be higher than the second with 4Fg, with the ELD coefficient also over-designed,
which ensures stability with high impulse response speed.

The three-bit digital tuning capacitors compensate the process variation of the RC
integrator, covering +25% time constant variation. We adopted the nonreturn-to-
zero (NRZ) current-steering DAC and segmented structure [21] to reduce the clock
jitter sensitivity [16] and the power as well as the area of the feedback DAC,
respectively. The calibration of the DAC mismatch between the segment and the
unit element occurs in the digital domain [22]. It involves three steps [19]: first, the
evaluation of the DAC unit cell mismatch error in an offline procedure; second, the
freezing and digital storage of the evaluated DAC error in the lookup table (LUT);
and finally, a summation in the digital domain that corrects the output with the
evaluated DAC error stored in the LUT. Based on the SNDR and SFDR targets, 13b
final output codes are necessary to fulfill the accuracy. The estimated total power and
area of the calibration, including memory, are ~1.4 mW and ~0.008 mm? in the
adopted technology node, respectively. Under the temperature variation with a long
channel device, as both the threshold and current factor mismatches only have a
weak dependency on the temperature [22], the temperature-originated mismatch
variation results from the g./l4, where g, and Iy are the transconductance and
drain current of the MOSFET in the unit current cell, respectively. Simulation results
based on the setup and sizing of this design show that such variation leads to a one
sigma mismatch of ~0.05% from —20 to 80 °C after calibration at 27 °C, still within
the target requirement.

The noise requirement determines the value of the input resistor (R1), which
simultaneously decides the consumed current of the main DAC and the capacitance
load of the first integrator, thus implying that the value of R1 induces a trade-off
between the noise and power of the DAC as well as the opamp in the first integrator.
Here, the target SNR is ~77 dB where the SQNR has close to a 10 dB margin. Based
on such goal, the R and C values are 220 Q and 2.5 pF, respectively, for the first
integrator. Thus, the Cpac dissipated ~2.3 mA.

3.1 Preliminary Sampling and Quantization (PSQ)

A moderate OSR with the number of quantization in the backend QTZ implies a
limitation in the swing variation of the QTZ input signal. Therefore, it is possible to
resolve several more coarse bits during such period when we can still cover the error
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Fig. 8 The sample timing
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in the fine quantization. Under this circumstance, we can extend the conversion time
of the QTZ while simultaneously keeping a reasonable ELD coefficient for the
energy-efficient target. Figure 8 plots the QTZ input and the PSQ coarse-fine sample
timing. The coarse QTZ samples and quantizes at the time between the fine QTZ
sampling and the DAC feedback instant to obtain extra quantization bits. There is a
time difference Afgrc between the coarse and the fine QTZ sampling instants, which
leads to a sampling error (esan)- In order to alleviate it, we should place the coarse
sampling instant as close as possible to the fine, which implies an available short
time for the coarse QTZ. Therefore, there is a trade-off between the amount of &g
and the extra quantization obtained in the coarse QTZ. Apart from Atgc, the
modulator OBG, the LF frequency response, the input variation, and the resolution
of the QTZ all affect the egap. We discuss its correction and other design consid-
erations next.

Considerations about the fine sampling instant in the PSQ technique are similar to
others in conventional techniques. As the CIFF architecture realizes the ELD
compensation in here, the trade-off among the fine QTZ conversation time, the
stability, and the power consumption of the LF bind the fine sampling instant.
Figure 9 illustrates the relation between the SQNR of the modulator and the
opamp bandwidth in the LF, with different choices of the ELD coefficient, and it
indicates the stability condition. Furthermore, since the fine QTZ has to cover the
sampling error, we also need to consider its correction range. For instance, when the
ELD coefficient is 0.4T, the LF requires OPAMPs with 2F; UGBW in order to keep
the modulator stable. With close to ~80 ps one SAR cycle and F of 2 GHz in the
current design, the 0.47 ELD only allows 2b conversion in the fine SAR QTZ,
implying that we must resolve the remaining four bits during the coarse QTZ. Under
this condition, the fine QTZ only can provide a small correction range for the
sampling error that eventually limits the coarse sampling instant location and
reduces the robustness of the PSQ. On the other hand, with a 0.87, ELD coefficient,
a power-hungry-wide bandwidth opamp is necessary that obviously is not a good
choice for an energy-efficient target. In the last case with 0.657; ELD, the modulator
allows four bits fine QTZ with 1b error correction, covering a 175 mV error range.

Figure 10 displays the relation between the sampling error and the Azcg. We can
observe that a shorter Afgc leads to a smaller sample error but with less available
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time for the coarse quantization. When At = 0.1257, it has a small sampling error
but only allows one SAR cycle conversion (~80 ps) in the coarse ADC. With only
one cycle available but 3b quantization, the only possible architecture to achieve it is
the flash that requires seven comparators with offset calibrations and a ladder with
the static current. Consequently, the QTZ will occupy a large area, limiting the
modulator speed. On the other hand, with a two-cycle available time, we can adopt a
subranging architecture to save power and calibration overhead from the pure flash
architecture. In the three-cycle case, not only is the timing over 17§, but also the
sampling error is over the possible correction range. According to all the
abovementioned considerations, we picked here a 0.65T ELD with Afgc of 0.25.
In wireless communication systems, both the conventional and the PSQ QTZ can
saturate with the large out-of-band (OB) blocker under the same STF. However, the
PSQ induces one more concern from the sampling error. The sampling error (rms
value) exceeds the correction range of the fine stage with >300 MHz and O dBFs
blocker signal. Yet, with a simple first-order loop pass (LP) filter, the QTZ maintains
the stability within all frequencies (Fig. 11). The LP filter limits the blocker signal’s
amplitude at high frequency, ensuring that the sampling error is within the dedicated
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Fig. 12 The output of the LF with ideal and real integrator in the zero crossing and half and peak of
the sine wave, respectively

correction range of the fine quantizer. Therefore, to tolerate the OB blocker, the
overhead is an LP filter that is often available from the ADC driver.

In the CIFF DSM of Fig. 7, the feedforward path in the LF compensates the ELD.
During the DAC feedback, the LF experiences a step response-like input. Restricted
by the finite opamp bandwidth in the LF, the output deviates from its ideal value but
eventually converges when the response becomes moderate during input tracking.
From Fig. 12, when compared with the ideal case, the response of the LF in the CT
DSM consists of two parts. The first is the BW limited region, where the output of
the LF is mainly dependent on the step response ability of the LF, thus leading to a
difference egan between the ideal and the real responses. The second is the input
track, where the output is mainly dependent on the transfer function of the LF. In the
BW limited region, the sampling error eganr of the LF with 0.257 At;. becomes
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80(D0ut(1 —zfl)(e*t/f—e%m)'m")/f), (2)

where Doy (1 — 27 Y represents the difference between two sequence output codes.
In the CIFF topology, the Doy (1 — Z ') through the ELD compensation path
directly affects the output of the LF, which is similar to the SC integrator. Therefore,
the second part of Eq. (1) is the difference between two instants under the SC
response, where 7 is the time constant of the LF that is inversely proportional to
the bandwidth of the opamp in the LF. Finally, Eq. (1) indicates the total difference
between two instants of the LF output, which is the sampling error in the proposed
PSQ technique.

Furthermore, the slope and the polarity of the input signal also affect the sampling
error. Next, we use a sinusoidal input as an example to show their influence. The
response of the LF leads to different esap When the input is at the peak and zero
crossing. As Fig. 12 shows, the response polarity reverses at zero-crossing between
the BW limited and the input-tracking regions. Then, the e5ap caused by the input
variation and the LF finite response counteract with each other as indicated by the
equation below:

ESAM@cross X |ginpul| - ‘Doul(l -z l) (3_ i e 0+0‘25T&>/T> |’ (3)

where we subtract the error originated by the input variation (gjnp,) from the LF
response. When compared with the ideal integrator, the real LF experiences a smaller
esam under this condition. We can also confirm this trend through the behavioral
simulation results in Fig. 13. As the opamp bandwidth is proportional to 7, we plot
the sampling error versus the bandwidth which generalizes the required opamp
bandwidth consideration. From there, the esamecross iNCreases with the opamp
bandwidth and becomes closer to the ideal integrator condition. The esame@cross
almost saturates when the UGBW of the opamp is close to 15F, but the minimum
EsaM@cross appears when that UGBW is ~3—4F. Figure 13 also shows the sampling
error of the intermediate cases when the input of the QTZ is close to the one-fourth or
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three-fourths location of the sine wave (eésam@naf). The zero-crossing and peak
conditions bind the originated sampling error. Indeed, the signal behavior of the half
values case is similar to the zero-crossing (Fig. 12), but with a different amount of
error induced from the input-dependent part (&inpu)-

On the other hand, still in Fig. 12, the polarity of the response is the same between
the BW limited and the input-tracking region at the peak. Then, the egan caused by
the input variation and the LF finite response accumulate, which we can express by

ESAM@peak X |8input| + ‘Doul(l -z 1) (6 e 0+0‘25TV>/T> |’ (4)

where the &5, adds to the LF response error. When compared with the ideal
integrator, the real LF experiences a larger esam@peak under this condition. While
it is similar to the zero-crossing condition, as the bandwidth of the opamp increases,
the esamepeak also approaches the ideal integrator’s response, as illustrated in
Fig. 11. The esam@peax 18 at its minimum value when the UGBW of the opamp is
>6F;. Based on the above analysis, since esam@cross ad Esam@peak have different
characteristics versus the integrator bandwidth, we need to consider both errors. In
the current design, we choose a 4F; UGBW to balance the egan and opamp power
with a margin for stability.

3.2 Measurement Results

Figure 14 illustrates the die photo of the CT DSM, fabricated in 28 nm CMOS and
occupying an active area of 0.19 mm?. The power supplies of the QTZ and the NRZ
DAC are 1.1 V and 1.5 V, respectively, assuming low noise considerations. The
other parts are working under a 1 V supply. The sampling frequency of the
modulator is 2 GHz with 10 OSR (oversampling ratio). We implemented the
0.65T, ELD and 0.25T through the inverters’ delay, which varies under PVT.
Here, for best speed performance, we only tune the fine sampling instant. The
bandwidth is 100 MHz. Figure 15 shows the output spectrum of the modulator
with a —2 dBFS, 1.4V, single-tone signal at ~18 MHz input frequency. The SNDR,
SNR, and spurious-free dynamic range (SFDR) are 72.6 dB, 73.2 dB, and 83.6 dB,
respectively, after the DAC mismatch calibration [23]. The 80 dB/decade spectral
slope validates the fourth-order noise shaping realized by the SAB and two conven-
tional integrators. The total power consumption is 16.3 mW composed by 4.4 mW
and 14.3 mW from the analog and digital circuits, respectively. The analog part
comprises the opamps, DAC, and QTZ, and the digital part includes the clock
generator, the logic buffer, and the control circuits. The first opamp consumes the
largest power due to its high thermal noise requirement with a heavy load. While the
second opamp should maintain enough bandwidth for the notch of the NTF that
causes influence on the SQNR of the low OSR design, it together with the last opamp
has relatively smaller power benefiting from their smaller load. The power
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Fig. 15 Single-tone output spectrum

consumption of the 7b 2GS/s coarse-fine QTZ is 1.4 mW, only 8.6% of the total,
benefiting from the PSQ technique-based two-step QTZ. The SAR directly uses the
supply and ground as references; therefore, we did not adopt any reference buffer,
and we include its power in the breakdown of the QTZ power. Table 2 summarizes
the measured performance. The modulator achieves a peak SNDR of 72.6 dB and a
DR of 76.2 dB, resulting in an excellent Schreier FoM 170.5 dB (SNDR) or
174.2 dB (DR), and a Walden FoM 23.4 fJ/conversion step.
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Table 2 Key performance summary

This work
Area (mm?) 0.019
Technology (nm) 28
OSR 10
Fs (GHz) 2
Bandwidth (MHz) 100
Power (mW) 16.3
Peak SNDR (dB) 72.6
DR (dB) 76.3
FOMSch/SNDR (dB) 170.5
FOMSch/DR (dB) 174.2
FoMWa (fJ/conv.step) 234
STF peak Yes(11.7dB)

4 A 40 MHz Bandwidth Noise-Shaping Pipeline SAR ADC
with 0-N MASH Structure

Figures 16a, b present the architecture of the proposed energy-efficient SAR-assisted
NS pipeline ADC and its corresponding signal flow diagram, respectively. The main
ADC comprises the first-stage SAR ADC (6b), the residue amplifier, and the second-
stage SAR ADC (5b). We inserted one-bit redundancy between the two stages to
tolerate the conversion error from the first stage. The ADC is partially interleaved in
the first stage, where a coarse SAR ADC performs the conversion and two fine
DAC:s of Ch-1/Ch-2 DAC generate the residue voltage alternately. Subsequently, the
circuit transfers that residue voltage to the residue amplifier for residue amplification.
The residue amplifier adopts an open-loop dynamic amplifier architecture for low
power considerations. Similar to [3], we extract the full resolution residue voltage of
the second-stage SAR ADC after the end of the conversion. Then, the circuit feeds
back the residue voltage to the residue amplifier, adding to the input of the second
stage in the next sampling phase. Consequently, we will have the EF NS completed,
where the zero of the NTF relates to the EF residue gain of a provided by the
dynamic amplifier. However, the dynamic amplifier is more sensitive under PVT
variation than the close-loop residue amplifier in [3], leading to the a variation and a
degraded NTF. Thus, we add an extra FF path in the second stage, which enhances
the NTF and compensates for the NS effect deterioration due to the gain variation in
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Fig. 16 (a) Proposed energy-efficient SAR-assisted NS pipeline ADC architecture and (b)
corresponding signal flow diagram

the residue amplifier, with the pole of NTF related to the FF residue gain of }S.
Consequently, the transfer function of the ADC with the EF-FF NS structure
becomes

Do(z) = Vin(2) + (1 - G%) 0,(2) + i J_FZZEZ; , Qé(dz) ' 5)

There are several design considerations about the NTF in Eq. (3), elaborated in
the following section.

We introduce two calibrations in this case, including the gain calibration for the
dynamic amplifier and the proposed interstage offset calibration. Moreover, the
DWA (data-weighted averaging) technique [24] handles the DAC mismatch. The
DWA and the interstage offset calibration operate in the background with their
hardware completely integrated on-chip. The gain calibration includes the on-chip
PRN generator and the off-chip gain calibration logic (least mean square algorithm),
both detailed later.
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4.1 SAR-Assisted NS Pipeline ADC

To save power, we adopted a dynamic amplifier [24] in the residue amplifier
replacing the conventional static counterpart (Fig. 17). An extra input pair added
to the dynamic amplifier realizes the voltage summation of the EF and the first-stage
residue with dynamic power only. The transistor sizing ratio between the input and
the EF residue pairs set to G: « (unit-gain implemented by a = 1) allows a first-order
NS in the ADC with the filter implemented as the unit delay of Hg(z) = z '. The
separated bias currents of the two paths are I,; and I%,;, with the ratio also set as G: a
for a better gain ratio accuracy. Figure 17 also illustrates the operating sequence of
the dynamic amplifier.

Although the EF residue summation accomplished through the extra input pair of
the dynamic amplifier exhibits good power efficiency, the gain ratio is sensitive to
the nonidealities, including the input common-mode, PVT, and mismatch variations.
Here, the first-stage SAR ADC determines the input common mode of the signal pair
of the dynamic amplifier, while the adopted Vcm-based switching method [25]
secures a stable common mode. However, the input common mode of the EF pair
defined by the output common mode of the dynamic amplifier is sensitive to the PVT
and mismatch variation. According to the simulation result, the output of the
dynamic amplifier common-mode voltage has a maximum variation of 50 mV,
which alters a by 3%.

Due to the open-loop structure, the absolute values of G and a vary greatly over
PVT, but their ratio is less sensitive with the same type of transistors both in the input
and the EF pairs. In Fig. 18a, we plot a 3000-run Monte Carlo simulation with the
process corner variation showing that the maximum variation of the gain ratio
between G and « is within +0.5% when they are 8 and 1, respectively, while we

‘ Viest Res. Amp. -
Vin(z) == . —»F >
in(Z) o stage ¢?Ma stage Dy(z)

b EF VresZ
D1 (Z) 4—(’g'—
ns

o 1 1
o LI LI
(Drst LI H_I
®ya 1 1 —
! Dy |

|b1 G:«a |’b1§ s _|_|___|_|_

Dynamic Amplifier

Fig. 17 Dynamic amplifier-based residue amplifier realizing EF NS and its operating sequence
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Fig. 18 Monte Carlo simulation (3000 runs) of the variation of G: a with (a) process corner and (b)
mismatch variation effect

ensure the accuracy of G by background calibration [26] through tuning the current
source of I,», with the proportional adjustment of a simultaneously, thus maintaining
a stable ratio regarding G. Unlike the PVT variation, the mismatch affects the values
of G and « independently, altering their gain ratio. Figure 18b shows the gain ratio
variation under mismatch with a 3000-run Monte Carlo simulation, where the G:a
has a maximum variation of +11.5%.

To summarize, considering all the above nonidealities and the worst condition
where G and a have an opposite 3¢ variation, the gain ratio between G and «a
experiences a maximum variation of +27%. Therefore, with G well calibrated, « can,
in the worst case, have an error within +27% departed from its ideal value. Figure 19
displays the simulated SQNR of the ADC with the variation of a, based on a ten-bit
SAR-assisted pipeline structure with first-order NS and OSR = 7.5. The SQNR
drops about 4 dB when a varies +27%. To avoid an extra calibration for a, we
present an enhanced NS structure with a mild hardware cost, compensating for the
SQNR drop due to the variation of a.

In Fig. 20, we add an extra residue FF path in the second stage. In this config-
uration, we further filtered the sampled V., with Hr(z) and summed it with the
second-stage DAC’s output voltage in the comparator through an additional input
pair. The comparator provides the FF residue gain of f through the ratio-sized input
transistors [27]. For simplicity, we can just implement the Hg(z) with one cycle
delay, where Hg(z) =z~ ! Therefore, according to Eq. (3), the noise transfer function
of the ADC with the EF-FF NS structure becomes
l—az !

(6)

Ideally, with f set to 1, the additional pole leads to an extra 6 dB noise attenuation
at a low frequency [28], compensating for the SQNR drop due to the o variation.
However, the pole must be inside the unit circle for stability, thereby requiring § < 1.



202 C.-H. Chan et al.

84
83t
82t
81y
80t
79}
78|
77

1%-order NTF
@OSR=7.5
(ADC 10-bit)

SQNR (dB)

0.7 0.8 0.9 1 1.1 1.2 1.3
Variation of a

Fig. 19 Simulated SQNR versus « in a ten-bit ADC structure with first-order NS (¢ = 1) and
OSR = 7.5, where G = 8 is ideal

20

L 112]
ol 1-052

Good NS effect
at low OSR

Magnitude (dB)
T
o
[,
N\

0.01 0.1 0.5
Normalized Frequency

Fig. 20 Bode diagram of the NTF in the current design and its comparison

After accounting for the 3¢ variation of a (+27%) and the maximum 4 dB SQNR, we
set f# as 0.75.

Figure 21 plots the bode diagram of the NTF of the EF-FF NS structure. With the
pole at 0.75, it still obtains an additional 5 dB noise suppression at the low frequency
when compared with the standard first-order NTF. Meanwhile, the NTF owns a low
magnitude at high frequency, leading to a good NS effect with a small OSR. As a
result, the enhanced NTF enables both high resolution and wide BW performance.
On the other hand, according to the 3000-run Monte Carlo simulation results of the
second-stage comparator, the 3¢ variation of f# is +20%, which implies that the pole
moves to a maximum of 0.9 and the system potentially becomes unstable. While
such large variation only happens in the extreme case, the charge sharing between
the feedforward capacitor and the parasitic capacitor, which attenuates the residue
voltage to move the pole away from the unit circle, also helps to stabilize the ADC.
Thus, according to the five measured samples and the post-layout Monte Carlo
simulation result, the ADC is stable within a 30 case. Although such variation can
alter the pole’s location in the NTF, it only slightly weakens the FF NS effect. Based
on a ten-bit SAR-assisted NS pipeline ADC model, Fig. 21 illustrates the SQNR
distribution of a 50-run Monte Carlo simulation under different NS realizations
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Fig. 21 Simulated SQNR distribution under different NS configurations with process corner and
mismatch variations

considering both the variation of @ and S, with the interstage gain of G and offset
calibrated. Due to the relatively accurate gain in the close-loop residue amplifier, its
EF NS structure experiences the smallest SQNR variation. At the same time, the
ADC with an open-loop dynamic amplifier has a decentralized SQNR distribution
under corner and mismatch variations. Fortunately, we can fully compensate the
SQNR drop with the proposed EF-FF NS, saving an extra calibration for the gain of
the EF path.

To overcome the speed limitation of the SAR-assisted NS pipeline ADC in [29],
mainly confined by the single-channel first stage, we introduce a duplicated channel
of Ch-2 in the first stage to obtaining the partial interleaving operation [29]
(Fig. 22a). When Ch-1 performs the conversion at the n-th cycle, Ch-2 samples
the input simultaneously. After the conversion, we employ the residue voltage in
Ch-1 in the residue amplifier for amplification; meanwhile, Ch-2 can still track the
input. In the (n + 1)-th cycle, Ch-1 and Ch-2 alter their roles, whose operation
propagates down in the following samples. Like this, we save the sampling operation
from the critical path of the entire ADC conversion, thereby significantly speeding
up the ADC. Furthermore, since the sampling time now can be as long as the first-
stage conversion plus the amplification time, the tracking time of the sampler
widens, greatly relaxing the design of the sample-and-hold circuit.

We add an extra coarse SAR ADC to further improve the conversion speed, with
the timing diagram illustrated in Fig. 22b. With the coarse SAR, we can simplify the
two-channel SAR ADCs to two-channel DACs. The coarse-SAR quantizes six-bit
MSBs (most significant bits) with its low-resolution DAC, resulting in high conver-
sion speed and low switching power. The circuit transfers the MSB codes to one of
the two DAC:s alternately that generate the full resolution residue voltage. Figure 22b
presents the adopted DWA logic to shape the DAC mismatch error in both channel
DACs. After the coarse SAR resolves three MSBs, we decoded their binary form
into the thermometer code and transferred it to one of the interleaving fine DACs
through the DWA logic. Simultaneously, we continuously resolve in the coarse SAR
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Fig. 22 Timing diagram of the first-stage ADC with (a) two-channel interleaving and (b) addi-
tional coarse SAR-assisted conversion

the remaining three LSBs (least significant bits) of the first stage. Due to the coarse
SAR ADC, the DWA operation calls for no extra time slot and thereby does not slow
down the ADC.

Figure 23 displays the major nonidealities in the ADC architecture. The ngy,y, 1y,
Nempl> and ngmpo are the thermal noise from the first-stage sampling circuit, residue
amplifier, and first- and second-stage comparators, respectively. The n.s and ng are
the thermal noise from the EF and FF path, respectively. The e,;s; and ey, are the
DAC mismatch errors in the first- and second-stage SAR ADCs, respectively. We
denote the input-referred offset voltages of the residue amplifier and first- and
second-stage comparators as Vosra Vosi> and Vs, respectively. First, we omit the
effect of the offset voltage where vy 1y = Vos1 = Vos2 = 0. Therefore, when G4 = G,
the transfer function of the ADC with the noise and mismatch error sources is

1 1
Dy =Viy + g1 + nra + emis1 + EemiSZ + 6

X [Z’l.nef+§NTF~Z”'nferNTF'(”CmPZJer)] @)

With the O and n¢nyp; fully canceled, thereby they do not appear in Eq. (5). The
interstage gain suppresses the n.s and ng; besides, the NTF further shapes the ng
along with Q,. Consequently, the additional noises from the EF and FF paths
become trivial. On the other hand, the extra input pair in the comparator for the FF



High-Performance Oversampling ADCs 205

Nsh1 NratVos ra RA Q2+ncmp2+emi52‘\’osz
V, _Ld*h » T L:\ LR;H\ »T e
in N/ L™ "4 N VW’ L™ "™ "
3 -4 Vies1
-1
emis1'>€3 E e n Z
o A mis1 EF ff B FF v
’* I Z-1 I {34 :4 $4
= ) Vresz h
Q1+Nemp1-Vost ntf _e:. 5 D24
PLE > P« [11GqJe—

=4l

Fig. 23 Major nonidealities in the ADC architecture

path in the second stage worsens the 71¢y,p» and induces an extra 1.7 dB SNR drop of
the ADC under the same power budget, while the additional FF NS imposes a 5 dB
in-band noise suppression, with n.y,,> shaped together with Q5. As a result, the FF
NS still brings net benefit. The sampler in the first stage and the residue amplifier
dominate the overall noise performance of the ADC, while the DAC mismatch error
in the first stage dominates the linearity performance due to its non-shaped charac-
teristic. Furthermore, we fulfill the noise requirement from the sampler and residue
amplifier by budgeting enough sampling capacitance and integration time, respec-
tively. The DWA technique suppresses the DAC mismatch.

Next, we consider the interstage offset in the pipeline structure. When the offset
voltage exists in the comparator, the circuit shifts the searching baseline of the SAR
ADC with the same offset voltage but with reverse polarity. Therefore, the v and
Vos2 from Fig. 23 have negative polarity. The total interstage offset voltage becomes

1 1—z71
Vos,in = Vosl + Vos,ra — 6 . m Vos2- (8)

Due to the unity EF structure, a delayed version of v, feeds back to the input of
the residue amplifier, thus canceling itself out ideally. However, the residual v,
indeed still contributes to v,y due to the non-unity gain of the EF residue
(as discussed above) while the amount is small. Meanwhile, the vy and vy, are
significant under the gain of G and can saturate the second-stage conversion, causing
a large error. Hence, we propose a background interstage offset calibration with low
timing and hardware overhead (detailed next).



206 C.-H. Chan et al.
4.2 Measurement Results

Figure 24 presents the chip micrograph of the ADC prototype fabricated in 28 nm
CMOS occupying an active area of 0.016 mm?. The pseudo-random noise generator,
DWA, and interstage offset calibration logic account for only 1%, 1.3%, and 1% of
the total ADC’s area, respectively. The ADC operates at the sampling rate of
600 MHz and achieves a BW up to 40 MHz at an OSR = 7.5. Figure 25 depicts
the measured 32,768-point FFT spectrum with a 2 MHz and -04dBFS sinusoidal
input signal at different calibration configurations. With all calibrations enabled, the
prototype reaches a peak SNDR and spurious-free dynamic range (SFDR) of
75.2 dB and 87.1 dB, respectively. The residual DAC mismatches and the
nonlinearity from the dynamic amplifier impose the remaining harmonics. The
DWA effectively improves the SFDR, and the interstage offset calibration enhances
both the SNR and SFDR of the ADC. The high-frequency noise floor looks mild
with the DWA enabled (Fig. 25). It is because the DWA shapes the harmonic tones
to high frequency and the quantization error floor superposes the high-frequency
spectrum and the shaped nonideal spurs. However, the NTF of the ADC remains
unchanged. Under a supply voltage of 1 V, the ADC consumes 2.56 mW, leading to
a good FoM of 177.1 dB. The digital part consumes most of the power, including the
control logic and DAC drivers. The power-efficient dynamic amplifier only accounts
for less than 7% of the total power consumption. All the calibrations and DAC
mismatch correction, including the pseudo-random noise generator, the DWA logic,
and the proposed interstage offset calibration, consume only 0.34 mW (13% of the
total ADC power).

Table 3 summarizes the performance of the ADC. It exhibits both high resolution
and BW with outstanding FoMs among all the converters listed, revealing the
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Fig. 24 Die photo
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Fig. 25 Measured output spectrum with different configurations at 600 MS/s

Table 3 Key performance This work
summary Technology [nm] 28
Architecture NS pipe-SAR
Fs [MHz] 600
OSR 7.5
BW [MHz] 40
SNDR [dB] 75.2
SFDR [dB] 87.1
DR [dB] 76.6
Power [mW] 2.56
FoMy [{J/step] 6.8
FoM;s [dB] 177.1
Area [mm’] 0.016
Off. Cal. On-chip

effectiveness of the EF-FF NS structure and the partial interleaving architecture,
including the on-chip calibration. The ADC is robust under PVT variation with the
background calibrations and additional FF path. Besides, with only two DACs
partially interleaved, we can maintain the channel mismatches within a reasonable

level through a careful layout.
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5 A 25 MHz Bandwidth Gain Error-Tolerant N-0 MASH
Noise-Shaping Pipeline SAR ADC

To realize the noise shaping in the first stage, we can consider both EF and CIFF.
The EF structure often calls for an amplifier with accurate gain to construct the sharp
NTF [26], leading to extra noise and requiring calibration. In this work, we use a
fully passive CIFF NS structure in the first stage to implement a stable NTF.
Figure 26 illustrates the proposed MASH 2-0 NS-SAR-assisted pipelined ADC
with a simplified schematic and timing diagram. We realized the second-order
NS-SAR ADC in the first stage based on a passive CIFF filter [30], while the second
stage is a pure SAR ADC. The NTF in Eq. (2) of the first stage is (1-0.5z ") as two
integration capacitors, C; and C,, are equal to the main DAC capacitor. Its operation
procedure is the following. Initially, the DAC capacitor samples the input voltage
(Vin) during @s. Then, the NS-SAR ADC of the first stage converts 6b with the three-
input comparator where the ratio of the input pairs (g, g¢1, and g.) is 1:1:2. After the
sampling and conversion phases, the circuit sums the first stage’s residue (V,.s;) and
the voltage on two integration capacitors (Vi and Vi), subsequently amplified by
a three-input dynamic amplifier where the ratio among the input pairs is the same as
the three-input comparator. Eventually, considering the feedforward path summa-
tion, the amplifier and the comparator (equivalently at their inputs) undertake —Eg;
during the amplification phase ®4,. With —E; handed over to the second stage, it
maintains the noise-shaping ability for the quantization error and comparator noise.
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®; Coac (L) - 1P
> N 0
Vin ®1 o ? Jc2
o, A A A T Y >
in I
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>, 1
quZ I I
Dy 1 i L

Fig. 26 The CIFF MASH 2-0 SAR-assisted pipeline: (a) a simplified schematic and (b) timing
diagram
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After the amplification, V. on Cpac) charge-shared with two integration capaci-
tors (Cy and C,) sequentially during ®; and ®, leads to a second-order passive
integration. Simultaneously, the second-stage SAR ADC attains the remaining 6b
resolution. After all, the output of the second stage (D) passes through the digital
reconstruction filter (NTF/Gy) and then sums with the first-stage output (D), thus
removing the quantization noise in the first stage at the final output (D).

Figure 27 displays the major sources of nonideality in the proposed MASH 2-0
SAR-assisted pipeline ADC. The npac is mainly from the kT/C noise while ng g1,
ni.o1, and np g, are the noises from the two passive integration phases ®@; and @,
[30]. The namp is the total input-referred noise of the amplifier. Eq;, emis1, and neavpi
are the quantization noise, mismatch error in the capacitance DAC array, and
comparator noise of the first stage, respectively, while Eg,, enmis>, and neyp, are
the corresponding impairments of the second stage (same as above). The overall
transfer function, including these nonidealities, is

de
nDACl nquyl nz,azl €mist | Eq1
Vin N V \ /
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Fig. 27 Noise and mismatch analysis of the MASH 2-0 structure
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Dou = Vin — emist + npac + noo1 (1—1/227") + nyor + 2maan(1—1/227")
NTF

NTF - ncvpi + NTF - nampe + el (Eq + emis2 + nempa)

©)

Then, we cannot shape emis1, pac, and ny g1 While ng 1 and n; o are first-order
shaped. With sufficiently large sampling and integration capacitors, we can well
SUPPIess npacs Ho.@1> 11,01, a0d 1y gp, With ep;q; addressed by the 4-b DWA in this
design (detailed later). The NTF shapes both ncvp and Eg;, while the redundancy
between stages can further cover ncyp; and the reconstruction filter (without gain
error) cancels Eg;. Furthermore, the NTF shapes the Eq», emis, and ncmp, while the
interstage gain G suppresses them.

We split the amplification into three paths and list their noises individually. The
namp divides itself into three-input referred noises 7,¢1, 7¢1, and ny,, which connect
to the signal path Vi, Vi1, and Vi, respectively. The nap is the lump sum of all the
above noises. On the other hand, from Eq. (4), the NTF configures all of them as
second-order shaped. Nevertheless, the multiple input pairs worsen the noise when
compared with a single pair at the same power budget [30]. The total noise increases
by 4x because of the two additional added paths. Fortunately, the noise attenuates
~4x due to the NTF with OSR = 8. Its net in-band noise is almost the same as in the
case of the one-pair device. Eventually, we ensure an overall small nayp by
budgeting a sufficiently long integration time.

We carefully studied the noise leakage issue in the MASH architecture due to the
nonideal first-stage NTF. The ratios of the capacitors (DAC array capacitor and two
integration capacitors) and the ratio between the comparator and amplifier input pairs
determine the NTF in this work. As we implement the DAC and integration
capacitors with the same type of capacitors (MoM), we assume them as well matched
in the following analysis with C; = C, = Cpac. We set Gq = G, = 1 to simplify the
analysis and focus on the discussion of the NTF mismatch. We can detail the noise
transfer function of the first stage of the MASH SDM as

(1-0.5z"1)

TF, (z) =
NTF1(2) 1+ (0.5g, + 0258, — 1)z '+ (0.25 —0.25g,,)z 2

(10)

where g and g, are the gain ratios of the input pairs of the comparator normalized
to g.. Besides, a three-input amplifier constructs the first-stage residue of this
MASH?SDM, which implies that we can model the output voltage of the amplifier

Vampliﬁer as
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Vampliﬁer = —NTF; (Z)E (Z)
o L+ (058, +025g, — 1)z + (0.25 - 0.25g,,)2"
(1-0.5z-1)

(11)

where g,; and g,, are the gain ratios of the input pairs of the amplifier normalized to
g.. In the ideal case, where g.; = g1 = 1| and g., = g.» = 2, the transfer function of
the digital reconstruction filter is

NTFy(z) = (1-0.5:7")° (12)
Then, the complete output of this MASH SDM will be

Dou(z) = Vin(z) + NTFq(z )E (z) + Eq (Z)NTFI (2)

| _ 14 (0.58, +0.25g, — 1)z~ +(0.25 — 0.25g,, )z 2
(1 —O.5z")2

NTFd(Z)>
(13)

Here, we cancel completely Eg;(z) in the ideal case. Under PVT and mismatch
variations, the zeros of the NTF, are robust and set by the capacitor ratios, while the
pole locations can drift due to the mismatch among g.; and g.,, but they are not
crucial in the cancellation process. Besides, the mismatch between g,; and g, affects
the cancellation procedure. Fortunately, the robust NTF, can relax their variations. It
is noteworthy that the ratio between g.1, gc2, a1, and g, are in the first-order set by
the width of the same type of transistors, and they therefore are relatively insensitive
to PVT variations.

Only the absolute variation of the amplifier gain is a direct cause of the interstage
gain error. The variations of g,; and g, associated with g, mainly affect the
transmission of —FE;(z) to the second stage and therefore potentially cause noise
leakage. We implement the ratio among g,, g.1, and g,, with the same type of
transistor in different sizes, and they experience similar variations over PVT. On the
other hand, the mismatch, altering the NTF and affecting the gain error tolerance
ability, can influence the relative value between g, g.1, and g, altering the NTF and
affecting the gain error tolerance ability. To demonstrate the sensitivity, we
performed a behavioral simulation based on the ADC structure. Figure 28 shows
the SQNR with g.1, gc2, ga1, and g, variations. Furthermore, the proposed ADC is
more sensitive to the input pair mismatch of the amplifier than the comparator as the
perfect cancellation relies on g,; and g,», which is consistent with Eq. (8). To have a
good matching, the inputs of the amplifier are sufficiently large with sizes 16 pm/
0.05 pm, 16 pm/0.05 pm, and 32 pm/0.05 pm, respectively. Figure 29 depicts their
variations with a 100-run Monte Carlo simulation, and such large size ensures small



212 C.-H. Chan et al.

Simulated SQNR (dB) Simulated SQNR (dB)
) . 85.00 . 86.00
3.2 \ 80.00 2.4 83.00
7000 2.2 77.00
24 65.00 74.00
o I 60.00 $2.0 I 71.00
1.6
1.8
1.6

. . . 08 09 10 11 12
gc1 ga1

(a) (b)

Fig. 28 Simulated SQNR varies with (a) extra comparator ratio and (b) extra amplifier ratio
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Fig. 29 Monte Carlo simulation results of (a) g,; and (b) g.»

enough standard variations. The 3¢ coefficient variations of g,; and g,, are +8.4%
and +12%, respectively, leading to the worst SQNR of 77 dB. Figure 30 presents a
100-run post-layout Monte Carlo simulation, which illustrates the SQNR variations
due to the mismatch of the input pairs of the comparator and the amplifier. The mean
and standard deviation values of the SQNR are 80.26 dB and 1.25, respectively,
leaving enough margin for an overall 75 dB SNDR target.
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Fig. 30 Post-layout ADC 30 T T T T
simulation results with
multiple-input first-stage Num=100
comparator and amplifier pn=80.26
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Fig. 31 Die photo

5.1 Measurement Results

Figure 31 presents the fabricated device in 28 nm CMOS, with the ADC occupying
an area of 0.027 mm?. Figure 32 plots the measured ADC’s output spectrum with
and without DWA. The input frequency is 2.04 MHz with more than nine harmonics
included. Consequently, the interstage gain and nonlinearity error shaping ability
lead to a peak SFDR and SNDR of 92.1 dB and 75 dB, respectively. To demonstrate
the tolerant range, we introduce a wide range of gain errors by adjusting the
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Fig. 32 Measured spectrum
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Fig. 33 Measured SNDR variations versus power supply with five chips

reference voltage of the second-stage SAR ADC. We brought off-chip the reference
voltage of the second-stage ADC for measurement purposes. We measured five
samples and their SNDR variations across +10% supply voltages that appear in
Fig. 33. The largest SNDR drop is 0.65 dB which agrees with the analysis. The
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Fig. 34 Two-tone spectrum

two-tone spectrum with —8.5 dBFS appears in Fig. 34 and the IMD3 is —81.5 dB.
The prototype ADC runs at 400 MHz and consumes 1.26 mW power. The digital
circuits consume the major portion. Table 4 compares the proposed design with the
state of the art having similar specifications. Unlike the gain error shaping (GES)
[31] scheme, the proposed design can handle positive and negative gain errors with
small hardware overhead while still maintaining a relatively high-speed operation.
Reference [32] reaches a good energy efficiency without calibration. However, the
SNDR is ~4 dB and ~8 dB better with OSR = 8 and OSR = 20, respectively. The
prototype avoids off-chip DAC calibration and is within a —16% to +12% gain error
tolerable range with OSR = 8. The design exhibits a larger gain error tolerance range
with a larger OSR with the SNDR mainly limited by other noises and nonlinearities,
which the NTF cannot shape. We obtained a FoMy and a FoMg of 5.5 fJ/conv.-step
and 178 dB, showing that this design can maintain a good power efficiency with an
additional gain error tolerance ability.
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1 Introduction

The approaching of the Internet of Things (IoT) era witnessed the deployment of
billions of active portable devices in various applications, where each of them
perform different application-specific sensing, monitoring, and processing tasks,
like Fig. 1 illustrates. To fulfil the ultimate goal of smart everything, we are
expecting a continuous increase in the IoT device functionality, and frequent battery
replacement is a major concern due to the limited battery capacity [1]. With the
continuous advancement of nanofabrication technologies, IoT devices continue to
undergo drastic power and system volume miniaturization [2, 3]. In advanced
applications including insect-size microrobots [4] and implantable [5—7] systems,
they can have an expected power consumption down to the sub-microwatt level,
with special emphasis on small system volume, light weight, and long operation
lifetime. As the energy availability is becoming increasingly limited in such mini-
aturized systems, different energy harvesting technologies for scavenging energy
from the environment are becoming viable alternatives for resolving the energy
bottleneck.

M.-K. Law (X)) - Y. Jiang - P.-I. Mak

State-Key Laboratory of Analog and Mixed-Signal VLSI/IME and FST-ECE,
University of Macau, Macao SAR, China

e-mail: mklaw @um.edu.mo; timjiang @um.edu.mo; pimak @um.edu.mo

R. P. Martins
State-Key Laboratory of Analog and Mixed-Signal VLSI/IME and FST-ECE,
University of Macau, Macao SAR, China

Instituto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal
e-mail: rmartins @um.edu.mo

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 221
R. Paulo da Silva Martins, P.-I. Mak (eds.), Analog and Mixed-Signal Circuits

in Nanoscale CMOS, Analog Circuits and Signal Processing,
https://doi.org/10.1007/978-3-031-22231-3_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22231-3_6&domain=pdf
mailto:mklaw@um.edu.mo
mailto:timjiang@um.edu.mo
mailto:pimak@um.edu.mo
mailto:rmartins@um.edu.mo
https://doi.org/10.1007/978-3-031-22231-3_6#DOI

222 M.-K. Law et al.

o HE R
ﬁ EVe?_is¥€_§ --ﬁfi'thcare '0' 5,__!’?_%?95? ZI

AH Elnfant v = | Aircraft

Livestocké

Billions of “things” connected together

Fig. 1 Ilustrative diagram of the IoT era, with connected devices customized for different
application specific tasks
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Fig. 2 A generic energy harvesting system with different energy sources powering the system load
together with the storage. The maximum power point tracking (MPPT) module serves to maximize
the extracted energy. The energy harvesting interface comprises DC-DC or AC-DC converters to
maintain the energy flow between harvesters, storage, and load to achieve real-time system power
balance

From Fig. 2, the typical composition of a generic energy harvesting system
includes the energy harvesters from different sources, the system load for performing
specific application tasks, and the energy storage module. The design of the energy
harvesting interface specifically addresses the management of the energy flow
among the source, storage, and load. Different from batteries, energy harvesters
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are typically nonideal energy sources and can have a high source impedance.
Therefore, maximum power point tracking (MPPT) is necessary to ensure efficient
energy extraction. One popular MPPT approach is the perturb-and-observe (P&O)
method [8, 9], also often referred to as the hill-climbing technique. The key idea is to
enforce a small perturbation in the system, in order that it can finally converge and
operate near the MPP. Obviously, P&O is flexible and we can apply it to a wide
range of energy harvesting systems. However, the frequent voltage and current
measurement with fast feedback control can be detrimental to energy-constrained
IoT systems, not to mention the possible stability and response time issue due to the
periodic system perturbations. In low power systems, a more lightweight solution is
the fractional open-circuit voltage (Voc) approach [10, 11]. The basic idea is to
exploit the correlation between the MPP and the fractional V¢ of the harvester. This
MPPT approach can be especially energy efficient and easy to implement, as it
requires only one sampling and comparison operation. However, it is necessary to
disconnect the harvester for Voc sampling, then, it constitutes only a suboptimal
solution which demands a priori knowledge of the energy harvester characteristics.

We can classify energy harvesters into either AC-type like vibration [12—14] or
DC-type like solar [15, 16] or thermal [17, 18]. As the system load typically needs a
DC supply, the energy harvesting interface should perform DC-DC or AC-DC
conversion, with the harvested energy delivered to either the storage or the load.
For peak power delivery, we should extract the extra energy from the storage. The
MPPT circuit can either sample the source information in fractional V¢ or the load
information in P&O. It also controls the energy harvesting interface to bias the
energy source to operate at MPP. Energy harvesting systems typically have two
important parameters. The energy extraction efficiency, which denotes the amount of
power extracted from the harvester with respect to the maximum power available,
which we can express as,

P in,conv
next = P (1 )
harvest, max

where Pj, cony 15 the input power of the energy harvesting interface and Pparvest.max 1S
the maximum power extractable from the energy harvester. Similarly, we can define
the power conversion efficiency (PCE), which is intrinsic to all power converters as,

o, = @)

in,conv

where P,y conv 18 the output power of the power converter. In theory, the energy
harvesting interface should maximize both #cy, and 7.,y to ensure a high end-to-end
efficiency.

This chapter introduces different energy harvesting interface designs using
switched-capacitor (SC) power conversion techniques to achieve full integration,
ultimately targeting both high system efficiency and small size for highly miniatur-
ized IoT systems. Based on the type of energy harvesters, we will introduce different
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SC power converters for AC-type and DC-type energy harvesters together with the
measurement results in Sects. 2 and 3, respectively, with the conclusions drawn in
Sect. 4.

2 Flipping Capacitor Rectifier for Vibration Energy
Harvesting

In case of vibration energy harvesting, a piezoelectric energy harvester (PEH) is a
popular choice due to its high-power density, high scalability and high output
voltage generation [19]. With the PEH subjected to mechanical vibrations, they
induce stress within the material, thus giving rise to an electromotive force that
generates harvestable electrical charge. From Fig. 3a, we can model a piezoelectric
energy harvester using a cantilever-beam structure with one dimension of freedom,
which represents a spring-mass-damper system [14]. We can divide the operation of
harvesting electrical charge, referred above, into two domains, the mechanical and
the electrical, interfaced with a coupling stage. As depicted in Fig. 3b, Ly, Cy and
Ry in the mechanical domain represent the mechanical mass, stiffness, and mechan-
ical loss, while Cp in the electrical domain denotes the intrinsic capacitance.

Mechanical Coupling Electrical Weak Coupling
(b)

Fig. 3 (a) The equivalent model of a piezoelectric energy harvester using a cantilever-beam
structure with one dimension of freedom. (b) The equivalent circuit model consisting of the
mechanical domain, the electrical domain, and the coupling stage, where we can model the PEH
(piezoelectric vibration energy harvester) with an equivalent circuit having in parallel /p, Cp and Rp
under weak coupling
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Typically, the piezoelectric harvester operates at mechanical resonance to increase
the output power. With a small size harvester in miniaturized energy harvesting
systems, we can assume it weakly coupled. Then, we can model the harvester simply
with a dependent current source Ip, in parallel with Cp and the intrinsic loss Rp.
With a miniaturized PEH device, we can assume the mechanical and electrical
domains as weakly coupled (i.e., a small coupling coefficient, I'). In this case, we can
simply model the PEH using the equivalent circuit with Ip, Cp, and Rp connected in
parallel. Assuming a sufficiently large Rp, the PEH is equivalent to a charging/
discharging of Cp with the current source Ip. Consequently, we can theoretically
optimize the output power by operating the PEH at the maximum power point
(MPP), through biasing the PEH at approximately half of the open-circuit voltage

Voo).

2.1 Conventional PEH Interfaces

Figure 4 presents the conventional piezoelectric energy harvesting typically
implemented with a full-bridge rectifier (FBR) for AC-DC conversion. It is simple
to implement and robust, allowing full interface integration. However, there is a
limitation in the extractable electrical power due to the PEH inherent capacitance Cp.
Yet, to implement such (extracting energy from the PEH) is theoretically inefficient,
since part of the harvested energy dissipates with the changing of Cp polarity
whenever Ip changes direction before delivering the PEH energy to the load, as
exemplified with Q. in Fig. 4b.

To alleviate the effect of Cp, we can employ an impedance matching network
(Fig. 5a). As the harvester impedance is capacitive, we can use an inductive
component (e.g., Lgx) to eliminate the phase difference between Vp and Ip
(Fig. 5b, ¢). Then, we can change the input impedance of the AD-DC rectifier by
tuning R; to extract the maximum power. However, as we should size Lgyx to
resonate with Cp at the excitation frequency, there is a direct correlation to the

AC-DC
Rectifier Ip /T\‘ Qo /l-
pe T D
Ip Cr B Re § VPE i T % % /Vrecti‘ N\ i % /
%E | l | ! C. [RL Vp 1/ ‘ \

(a) (b)

Fig.4 The conventional PEH interface (a) using a full bridge rectifier (FBR) for rectifying the PEH
AC voltage to a rectified DC output Vi, and (b) the corresponding timing diagram, with Oy
representing the charge loss for /p to discharge Cp
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Fig. 5 (a) PEH interface with impedance matching network, (b) matching with an external
inductor Lgy, and (c) the corresponding timing diagram with /p in phase with Vp
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Fig. 6 (a) PEH interface with switch only rectifier (SOR) and (b) the corresponding timing
diagram

PEH resonance frequency, rendering this approach unattractive if the PEH resonance
frequency is low.

A simple way to reduce the Q). in Fig. 4b is the switch-only rectifier (SOR),
which shorts the PEH during the zero crossing of Ip using a simple switch (Fig. 6a).
As a result, instead of discharging Cp from V. to —V,. the harvester only
discharges Cp from 0 to —V,. (Fig. 6b), and we can theoretically double the
extracted power while preserving a simple solution. The rebuilt voltage V; is equal
to zero due to the shorting operation. This leads to a longer conduction time, and
equivalently reducing Q). Will increase the extracted power. Nevertheless, the
shorting operation also indicates that we waste energy on Cp, ultimately limiting
the extractable power.

Theoretically, we should quickly reverse the PEH voltage when Ip changes
direction, in order that the Vp and Ip are in phase to reduce the charge loss
(Fig. 7). This operation should be as efficient as possible through recycling the
energy on Cp. The harvesting efficiency has a direct correlation with the efficiency of
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Fig. 7 (a) PEH interface with Cp energy recycling and (b) the corresponding timing diagram
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Fig. 8 (a) The capacitive PEH interface supporting seven-phase reconfiguration in [22] and (b) the
relationship between the achievable MOPIR and the corresponding timing diagram

the PEH voltage flipping operation #g = (V; + Viec)/2Vieer. The higher the 5, the
lower the energy loss during the flipping operation, resulting in a higher extractable
power.

Conventionally, we can obtain such a voltage flipping operation using the
parallel-synchronous switch harvesting on inductor (P-SSHI) approach [20] but at
the expense of a bulky off-chip high-Q inductor. Still, as demonstrated in [21, 22],
we can also achieve efficient voltage flipping of Cp capacitively, so it is possible to
have the interface circuit completely designed on-chip. The basic idea is to first
extract the energy on Cp using a capacitor, with the energy then employed to
recharge Cp while flipping its polarity. In that case, we can invert swiftly the voltage
on Cp, while minimizing the energy loss. To realize this, a multiphase operation can
provide stepwise charging or discharging of Cp for reducing the conduction loss and
improving #g.

Figure 8a shows the capacitive PEH interface (known as flipping capacitor
rectifier, FCR) exploiting a seven-phase operation with four flying capacitors for
both the positive transition cycle (PTC) and negative transition cycle (NTC) in [22],
with the on-chip capacitors C; 4 reconfigured over the seven Cp voltage flipping
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Fig. 9 (a) Chip micrograph in [22], (b) the achieved Poyt over Vi, and (¢) measured waveforms
of Vp at different testing conditions

phases. We can generally employ as a performance benchmark, the maximum output
power improving rate (MOPIR), defined as the ratio between the extracted power
and that using a FBR. From Fig. 8b, we observe that we can improve the conduction
loss by either increasing the total capacitance Cyy, for a given Cp or by increasing
the number of phases. As a result, the extracted output power increases.

The work in [22], fabricated in 0.18 pm CMOS 1.8/3.3/6 V process, occupied an
active area of 1.7 mm?>. With the PEH Cp characterized as 80 pF, we set the total
on-chip capacitance Ciy, to 1.44 nF to achieve a C, over Cp ratio of 18. With all
the components implemented on a single chip, the capacitor area covers ~85% of
total chip area (Fig. 9a).

Figure 9b plots the measured output power P, with different output V. for both
the FCR in [22] and FBR at 110 kHz. The output power can be up to 50.2 pW, and
the achieved MOPIR is 4.83%. At low Vj,, the low switch turn on voltage leads to a
reduced output power. Figure 9c presents the measured PEH voltage under different
measurement settings to demonstrate the effect of phase offset, incomplete charge
transfer, and reduced conduction time on the extracted output power. We can
perceive that the maximum PEH voltage of 5.1 V occurs when the flip time is
~1 ps without the energy loss due to phase offset and reduced to 3.8 V with a phase
offset of ~500 ns enforced.



Integrated Energy Harvesting Interfaces 229
Table 1 Performance comparison of FCR with state-of-the-art PEH interfaces
FCRDesign | JSSC6[8] | ISSCC4[23] | JSSC14[24] | JSSC10[25] | TCAS-M7[26] | JSSC16[27]
Technology 0.18 ym 0.35um 0.35 ym 0.35 um 0.35 um 0.25 um Bi 0.35 pm HV
Energy e?dracnon Fllppmg-lc?pamm P-SSHI Energy . Energy P_SSHI P-SSHI P-SSHI
technique rectifier pile-up investment
Piezoelectric Piezo Systems Inc. | MIDE V21B Emulated
harvester (PSAE @5 mmz) &V22B (ransformer + RC) MIDE V22B MIDE V22B MIDE V22B MIDE V20W
On-chip External External External External External External
Key component MIM capacitor inductor inductor inductor inductor inductor inductor
(Com=144nFF | (L=33mH) | (L=10mHP | (L=330pH) | (L=47pH) | (L=220pH) | (L=20pH)
Max. output power 4.83x
increasing rate 4' o 6.81x 4.22x 3.6x 2.8x 2.07x 5%
(MOPIR) 2k
Max. volage 085 094 o7 NA 075 075 067
fipping eff. (n) ’ ’ : : ’ :
Chip size 1.7 mm? 0.72 mm? 55 mm’ 2.34 mm? 4.25 mm? 0.74 mm? 0.6 mm?
Output power 50.2 pW 160.7 pw* 87 uw 52 yWw 32.5uW 136 pW 75 uW
Operating freq. 110 kHz 225Hz 100 Hz 143 Hz 225Hz 144Hz 82Hz

“Total capacitance for C;_4

PEstimated from the corresponding literature

“Averaged over 4 measured samples

dOff-resonance with 3.35 g acceleration

°FBR output power limited by execessive diod voltage drop

Table 1 summarizes the performance comparison of the proposed FCR technique
with the state-of-the-art PEH interfaces [8, 23—27]. As observed, the proposed FCR
technique can effectively achieve full integration using 1.44 nF on-chip capacitors
under a chip size of 1.7 mm?. The achieved MOPIR is up to 4.83x, which is
comparable to the other inductive PEH interfaces using bulky high-Q inductors
with an inductance of up to the mH range.

Based on the FCR technique in [22], we can further improve the PEH interface
performance using the split-phase technique in [28, 29], obtaining an even higher
MOPIR. Figure 10a presents the system diagram of the corresponding split-phase
FCR (SPFCR) design, which includes both maximum power point tracking (MPPT)
and output voltage control. The idea is to reuse the capacitor array with 4 Cgy to
generate a total of 21 PEH voltage flipping phases, while utilizing the same capac-
itors during the non-voltage flipping time to provide multiple voltage conversion
ratio (VCR) control. It also provides a MPPT scheme for relaxing the device voltage
tolerance.

Figure 11 exhibits the 21-split-phase operation using 4 Cyy, with the harvester
voltage biased in a step-wise manner. We design the voltage across each capacitor,



230 M.-K. Law et al.

4 Vout DC-DC SPFCR DC-DC
TC1 —
I
1 Power [T~ | Power f N~
AC-DC I Switch |1—"| Switch C. JR
Rectifier ¢ oot | Array +C3 Aray | T = g VreaI N1 phases
N Biuke
J 21-Phase 'LC4 Multi-VCR Ve jl. :
SPTCR T™4sc ch-Dc Y "
() (b)

Fig. 10 (a) The SPFCR PEH interface using four flying capacitors with capacitor reuse as
proposed in [29], (b) the concept of capacitor reuse between the DC-DC voltage conversion
phase, and the SPFCR PEH voltage flipping phase
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Fig. 11 The 21-phase SPFCR operation using four flying capacitors in [29]

defined by the multiphase operation, to be distinct in order to facilitate voltage level
generation and DC-DC converter implementation.

Figure 12 demonstrates how we can reuse the 4 Cyyy for DC-DC conversion. With
the reconfiguration arrangement from Fig. 11, the capacitor voltages after the
21-phase SPFCR operation will be Vi = 0.27Vieei, Voo = 0.32Vieer, Ve = 0.19V e,
and V4 = 0.1V, respectively. By selecting appropriate interconnections among
the capacitors in the charging (@) and discharging (®p) phases, we can implement
different buck/boost VCRs, with VCR update enforced after the MPPT operation for
wide input adaptation.

This work employs the fractional open-circuit voltage (Voc) approach to achieve
MPPT. However, as Voc is typically twice the MPP voltage, the voltage tolerance
requirement is ultimately limited during the VOC sampling (Fig. 13a). By exploring
the PEH-dependent empirical correlation between Vypp and the Voc of FBR in
Fig. 13b, this work can achieve MPPT with a much lower voltage tolerance.
Specifically, as observed in the control waveforms in Fig. 13c, the MPPT arbiter
first resets Cp and then samples Vo pgr through the peak detector. The sampled
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Fig. 12 Reusing of the 4 Cj, to realize DC-DC conversion during the non-voltage flipping period
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Fig. 13 (a) Illustration of the advantage of using Voc pgr instead of Voc sprcr; (b) the empirical
relationship between VMPP, SPFCR, VOC, and FBR; (c) the control waveforms of the MPPT
arbiter; and (d) the simplified circuit implementation of the MPPT arbiter in [29]
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Fig. 14 (a) Chip micrograph of the PEH interface using SPFCR in [29] and (b) the empirical
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Fig. 15 (a) The measured waveform under MPPT and SPFCR operations and (b) the measured
Pout versus V. under different external accelerations and the achieved MOPIR under different P;,
FBR i0 [29]

value divided and compared can generate the controls for the VCR update.
Figure 13d shows the simplified circuit-level implementation of the MPPT arbiter.

Figure 14a presents the PEH interface exploiting the 21-phase SPFCR approach,
implemented in 0.18 pm CMOS; it occupies an area of ~0.21 mm?, with 4 off-chip
Cyy of 68 nF each. Figure 14b demonstrates the empirical ratio between Vvpp sprcr
and 2 Vo pgr, With a measured value of approximately 2.3, validating the possibil-
lty of using VOC,FBR for MPPT.

Figure 15a displays the MPPT as well as the 21-phase SPFCR operations. As
observed, the MPPT arbiter can generate the required Vypp sprcr and 2 Voc per
ratio for successful MPPT operation. Figure 15b shows the measured P, versus
Viect and the achieved MOPIR under different P;, rpgr. We can demonstrate that this
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Table 2 Performance comparison of SPFCR with state-of-the-art PEH interfaces

SPFCR JSSC'"7[30] JSSC'17 [22] JSSC'19[31]
Technology 0.18 pm 0.35 ym 0.18 ym 0.18 ym HV
Energy e?dractlon Spllt-p!lase fllp-pfmg SSHC FCR SE-SSHC
technique capacitor rectifier
szc’e'em”c MIDE PPA1021 MIDE V21BL PSA4E @5 mm® | Custom MEMS
arvester
Harvester size 71%10.3 x 0.86 mm® |90 x 16.7 x0.79 mm®| 5x1x1mm® |7 x 2 mm? (4 pieces)
C, 22 nF 45 nF 78.4 pF 1.94 pF
4 Capacitors® 8 capacitors® 4 Capacitorsb 8 Capacitorsb
Key Component 21 phase 17 phase 7 phase 17 phase
Cootal 272 nF 360 nF 1.44 nF 4nF
59~93 Ww=0.12V
MOPIR @Y% 9.7x 4.83x 8.21x
3.7~62x@V=0V
Capacitor-reuse
P;, adaptation multi-VCR no no no
SC DC-DC
Yes
MPPT no no no
(Vo rer-based)
Voltage flipping 0.84 0.8 0.85 0.69
efficiency
Chip size 0.2 mm? 2.9 mm? 1.7 mm? 5.3 mm?
Output power 0.5 ~64 pW 161.8 yW 50.2 yW 186 pW
Operating freq. 200 Hz 92 Hz 110 kHz 219 Hz

4Off-chip component
On-chip component

work can obtain a high MOPIR of up to 9.3 (with a diode drop of 0.12 V), while
accomplishing a wide input power adaption with V set to 2 V. The drop at the low
input power end is due to the increased intrinsic loss.

Table 2 summarizes the performance comparison of the SPFCR with state-of-the-
art PEH interfaces [22, 30, 31]. Using only four capacitors, the proposed SPFCR
PEH interface can achieve a 21-phase PEH voltage flipping efficiency of up to 0.84.
Using Vocrsr-based MPPT, we can realize wide P;, adaptation through
reconfiguring the four capacitors for multi-VCR SC DC-DC conversions. It also
features a high MOPIR of up to 9.3x at a diode voltage drop Vp = 0.12 V.
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3 Reconfigurable SC DC-DC Boost Converter
for Solar/Thermal Energy Harvesting

Switched-capacitor DC-DC converters attain conversion efficiency advantages for
on-chip implementation when compared with inductive converters [32, 33]. The
implementation of SC converters requires relatively much smaller energy storage
elements, and we can realize them using a bulk CMOS process, allowing an
attractive technical approach in energy-constrained miniaturized IoT devices to
deliver efficient power conversion with a small system form factor [8, 9, 16, 34—
42]. As depicted in Fig. 16a, the ambient variations of the energy harvester operating
conditions can lead to a wide-range distribution of the output voltage from the
harvester node. Consequently, the DC-DC converter after the harvester module
should feature multiple ratio conversion over a wide input voltage range to improve
the overall efficiency, as illustrated in Fig. 16b. For instance, the ambient harvested
voltage level can be far lower than the system required supplied voltage, for
example, the voltage provided by a solar cell is normally in the level of 0.2-0.4 V.
A wide and variable range power converter is a prerequisite for powering a loading
system or charging a storage. However, traditional single-VCR SC converters suffer
from limited voltage conversion range and overall efficiency degradation under the
above application scenarios. Accordingly, highly integrated SC DC-DC converters
with multiple VCRSs are superior solutions for wide-range voltage conversion adap-
tation, overall harvesting functionality and performance improvement, and also
system integration level [43—54]. In this section, we discuss the generic SC converter
power stage intrinsic loss model together with advanced topology techniques for
generating fine-grained VCRs and improving the interfacing capability with
DC-type energy harvesters (i.e., solar and thermoelectric sources).

Single-Ratio Conversion

e N
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\ Integrated
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c t Modules Multiple Ratio Conversion
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Fig. 16 (a) DC-DC converter with a wide input voltage range for DC-type energy harvesting
powered systems. (b) Efficiency improvement over a wide input range through multiple ratio
conversion
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3.1 SC Converter Power Stage Losses

In general, the power stage intrinsic performance of two-phase SC converters is
highly dependent on the charge conduction loss and flying capacitor (Cgy) parasitic
loss power, which are critical factors that induce the efficiency degradation during
the switching operations. Establishing an effective and easy-to-use model to evaluate
the SC power stage losses is essential for alleviating the loss influence and optimiz-
ing the conversion efficiency in an EH interface. Figure 17a shows an SC converter
equivalent model with a generic VCR of m: n [55]. The equivalent output impedance
Royt demonstrates that the conduction losses are dependent on both the slow
switching limit loss (Rssy) and fast switching limit loss (Rgsp). The converter
switching frequency fs dominates the overall Royr under a given on-chip total
capacitance and switch conductance (active area) (Fig. 17b). For a single SC cell,
the charge conduction from the input to the output through a Cyy generates charge-
sharing loss between the voltage source and capacitors, inevitably causing conver-
sion efficiency drop. As depicted in Fig. 17c, under a slow switching condition (i.e.,
at a low f5), we can evaluate the corresponding periodic loss power with the SC
power stage in two-phase operation as

Oond
PissL = 3
st = g (3)

SC Converter Power-Stage

Equivalent Model Rour  Resi: Charge sharing loss

m:n Vour Rest: Switch Row loss
' ° * Rour i

IN CL=Ruoad Sweet PCE point
Higher
drfo”;;’“t Higher switching loss
> fs
(a) (b)
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@
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Fig. 17 (a) Generalized SC converter power stage equivalent model and (b) the equivalent output
impedance versus switching frequency under a given total capacitance and switch conductance; the

mechanism illustration for (¢) charge-sharing loss, (d) switch conduction loss, and (e) bottom plate
parasitic loss



236 M.-K. Law et al.

where Qcong is the conducted charge amount. On the contrary, at a high fs, the switch
turn-on resistance Ron will dominate the loss power, as highlighted in Fig. 17d.
Then, we can calculate the loss power through

PispsL = Qg coth [ =15 f 4)
S 2Cﬂy 2RoN Cﬂy S

With Egs. (3) and (4), the equivalent Rss; and Rgsy. for a single SC cell becomes

2
1 Qcond
R — cont 5
L FsCay (QOUT) ®)
_ RssL 1
Rgs1. = > coth <4stONCﬂy> (6)

where Qoyt denotes the periodic delivered output charges. Regarding Eq. (6), as fs
approaches to infinitely high, the Rgs; asymptotic limit is

Q 2

As observed, Eqgs. (3)—(7) describe the loss of a single SC cell. Consequently, we
need to add up the corresponding losses from all SC power cells in a converter power
stage to obtain the overall Rgs; and Rgs;. From [55], we can estimate the overall
Rour for an SC converter power stage by

Rour = \/ Risp. + Risp (8)

In addition to the conduction loss, Cyy parasitic loss can also affect the conversion
efficiency. The parasitic loss is especially critical for fully integrated SC converters
because the on-chip capacitor devices generally suffer from the considerable
top/bottom plate parasitic effect. The parasitic capacitance is typically proportional
to the main capacitor size with a factor of f (Fig. 17e). Depending on the capacitor
type, the value of # can be up to 0.1. We can use the following equation to evaluate
the parasitic loss to the first order for a single SC cell:

Pispar = iChy - AVep*f )

where AVp is the top/bottom plate voltage swing of the Cyy. The above-discussed
conduction and parasitic losses can directly restrict the achievable conversion
efficiency. The related discussion on the optimization of the SC converter power
stage losses appeared in [34, 43, 55, 56].
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3.2 Two-Dimensional Series-Parallel (SP)-Based Topology
Jor Fractional VCR Generation

Several state-of-the-art topology techniques obtained reduced conduction and para-
sitic losses when generating fine-grained step-down VCRs [44, 48, 49]. An integer-
cascading-fractional power stage architecture is a widely adopted topology solution
to provide wide-range and fine-grained conversion ratio generation. Such an
approach involves a converter stage that realizes a high integer VCR and a cascaded
SC stage that features fractional ratio conversion to fine-tune the output levels
[38, 39]. Still, this method may suffer from suboptimal conduction losses when
realizing rational boost VCRs in wide range, especially in on-chip conversion
scenarios due to the limited total capacitor area. We can express a general rational
boost VCR as below:

_ Vour _ m
VCR = v K (10)

where K, m, and n are all positive integers with m < n and m and n are relatively
prime. In Eq. (10), we can implement the integer part of the ratio (i.e., K) using a
well-developed classic integer topology, for instance, Dickson SC topology, to
realize optimal on-chip loss reduction [34, 57], while we can implement the frac-
tional ratio m/n by series-parallel (SP) topology, one of the most well-known
solutions for the fractional VCR generation, using relatively modular power cells.
As a designer, we can adopt an m-row-by-n-column power cell array to construct the
SP power stage for implementing a flexible ratio of m/n [43, 58]. Figure 18a illus-
trates such a topology, defined as a two-dimensional SP (2DSP) structure.
Cooperating with an integer conversion stage (e.g., Dickson structure), the 2DSP-
based SC converter features high step-up rational VCR generation. To obtain a
complete on-chip capacitor utilization, we can reallocate part of the Cyy to generate
either the integer or fractional ratios [50, 59], enhancing the charge-sharing loss
reduction (equivalently, lowering the Rgg ).

Regarding the discussed Rggr loss metric, as described in Eq. (5), its optimal level
when generating a boost VCR expressed in Eq. (10) under a given total flying
capacitance Cror 1S

1 Kn +m—1\?
RssLopt = Crotfs ( P ) . (11)

The above equation is valid for the existing SC boost topologies, and it involves
the loss from both the integer and fractional stages. In the following discussion, we
assume the generation of the integer ratio (K), based on the Dickson topology, for
optimal losses in fully integrated implementation scenarios.

We discuss the issues of using 2DSP topology when generating a fractional ratio
of m/n [52]. Figure 18 demonstrates the two-phase operation for implementing the
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Fig. 18 (a) Generalized 2DSP SC power stage and (b) its two-phase operation states

VCR in Eq. (10) using the 2DSP topology, where the voltage (K—1)Vyy is from the
integer ratio stage (Dickson SC). The m x n SC cell array produces the ratio m/n. A
flexible assignment of m and n can ensure high fractional VCR possibilities. Giving
that the integer part exhibits the optimal Rgg; property, the corresponding Rgg; for a
general 2DSP topology under optimized Cyy charge flow assignment is

Nc_opsp Nc_int 2
S e+ >l 2
R o\ it k=1 _ (m+K-1) (12)
SSL,2DSP — CTOTfS - CTOTfS 5

where Nc >psp and Nc j,, are the total number of power cell units in the fractional
and integer power stage, respectively. We can compare the Rssy »psp in Eq. (12)
with the Rgg; ope in Eq. (11) through the following analysis:

N N
Kn+m—-1 1
; |acil 2psp) — ; |acilopy =m+K—1— — = n(mn—n—m +1).

(13)
From the above equation, since it defines m/n as a proper fraction with n # 1, a

possible solution for Rssi opsp = Rssiope 8 m = 1. Obviously, the 2DSP-based
topology pulls off a suboptimal Rgs;. with most of the conversion ratios except for
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using a 1 x n array (a special case) to implement a VCR of (K + 1/r). Such a special
case can only realize a limited set of fractional part of VCR between 0 and 1/2, which
can degrade its application flexibility.

3.3 Algebraic Series-Parallel (ASP)-Based SC Topology
Development

From the above discussion, even though the 2DSP-based topology can reach a good
VCR flexibility by an m % n capacitor array, it in fact suffers from suboptimal Rgg; in
most of the VCR cases due to using extra Cp,. Besides, the 2DSP topology also
exhibits relatively larger Cy, bottom plate voltage swing (IAVcgl), resulting in
increased Cp, parasitic loss. Those limitations affect the achievable conversion
efficiency of the 2DSP-based wide-range fine-grained converter, especially for
on-chip implementations. To resolve the suboptimal Rgs; and increased parasitic
loss limitations in the conventional 2DSP, we introduced an algebraic SP (ASP)
topology technique, which can theoretically deliver optimal Rss; and improved
parasitic loss, simultaneously, retaining the fractional VCR generation flexibility.
The topology development exploits the basic power cell operations of the 2DSP
followed by elaborating the Voyt expression using ASP-based topology operations
algebraically. By systematically assigning the terminal voltages of the SC power
cells in different switching phases according to a simple algorithm, a designer can
realize arbitrary rational boost VCRs using the ASP-based method (Dickson + ASP)
without using extra Cy,. We also limited well the IAVgl in each cell to reduce the
parasitic loss.

According to Fig. 18, we can represent the integer part generation by the voltage
(K—1)V)y for simplicity. Then, we can express the realization of the VCR in Eq. (10)
by the 2DSP-based topology as

1%
Vour,psp = Vi + (m x %) +(K-1)Vi, (14)

with the second and third terms implemented using the 2DSP and the integer
conversion stage, respectively. By stacking both parts over the converter input, we
can obtain the final output. One limitation with the 2DSP is that the fractional part
during the topology reconfiguration highly relies on m and n, resulting in an
excessive number of Cyy and leading to a suboptimal Rsg; . Furthermore, the limited
capacitor voltage of (1/n)Vyy also results in a higher bottom plate switching voltage
IAVgl, which contributes to significant parasitic loss.

Tackling the issues in the 2DSP structure, Fig. 19 represents the two-phase
ASP-based implementation for realizing the VCR in Eq. (10), featuring a uniform
charge flow amount through each capacitor. The corresponding algebraic Voyr
expression becomes
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Fig. 19 Operation states for the ASP-based rational VCR boost topology with the integer-level
generation by Dickson SC structure

VOUT,ASP :KV[N + (n—m— l)(K— l)V[N + mKVIN + (n— 1)
X (VIN — VOUT) (15)
As observed above, we construct the Voyut expression with the summation of

different items. The included (Viy — Vour) term enables flexible m/n generation

without dividing Vi as the operation in 2DSP. Figure 19 shows the corresponding
two-phase operations. During @,, all the (2n —2) SC cells connect between KV and

Vour, featuring the SP-like operations. The increased Cyy voltages help to lower the

bottom plate switching voltage and hence reducing the parasitic loss. Similarly with

the previously discussed 2DSP case, we can generate the KV and (K — 1)V using

Dickson SC stages for optimal conduction and parasitic losses. As illustrated in

Fig. 19, the Dickson SC stages operate in parallel. It corresponds to a total of

Nc pxs = (Kn — 2n + m + 1) capacitors in the Dickson stages with a uniform

conducted charge amount of I(1/7)Qoyrl. In the ASP-based topology, there are a

total of (Kn + m — 1) power cells (including the Dickson cells) with each cell

conducting a uniform charge flow of I(1/n)Qourtl. Hence, it can theoretically reach

the optimal Rggy according to Eq. (11).
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3.4 ASP Topology Generation and Analysis

Based on the above-discussed ASP operation concept, Fig. 20 shows a generalized
two-phase model for an ASP-based topology framework. It requires a total number
of Ng = 2n — 2 cells for generating a fractional of m/n for an overall VCR of n:
(Kn + m). From Eq. (15), there are (n — 1) Cy, connected to the (Viy — Vour) level,
and the other (n — m — 1) and m cells are charged by (K — 1)Vy and KV,
respectively. Also in Fig. 20, the odd cells are with (K — p)Vyy and the even cells
are with (Vi — Vour). This cell arrangement ensures a pair-wise operation that can
reduce |AVcgl. We can define a configuration factor (p) to determine whether we
should connect a particular odd cell to (K — 1)V or KViN. The value of p can be
either 0 or 1 to generate (K — p;)Vin, where i denotes the cell sequence index.
Furthermore, the defined p is not applicable to even cells. Referring to Eq. (15),
the sum of all p; is equal to (n —m — 1) to obtain power stage voltage balance. For the
framework in Fig. 20, the steady-state voltage balancing equation is

(K=p)Vin+ (Vin = Vour) + (K =p3)Vin + (Vin — Vour) + ..
+ (K=py, 1) Vin+ (Vin = Vour) = Vour — KVix. (16)

Reorganizing Eq. (16), we have the VCR expression as
NF/2

Ng—2 szk—l

_ k=1
VCRsp =K + —o— (17)

By substituting Xp, = n—m — 1 and Ng = 2n — 2 into Eq. (17), we can have the
same VCR expression as in Eq. (10).

(K-p))Vin -~ Vin (K-p3) VIN Vin (K-pne)Vin -~ Vin

CTlsltla ‘WF

Vss

o/ o/ TJ -/ v [ o
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Fig. 20 Operation states for a general ASP-based boost topology (the integer-level generation by
Dickson SC structure)
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Observed in Eq. (17), the result of p, is not unique, indicating that there are
multiple sets of p to deliver the same VCR with optimal Rgg; . Yet, it may introduce
suboptimal parasitic loss depending on the specific p; determination. The algorithm
presented below ensures a systematic p selection together with parasitic loss
reduction:

i1 m (i )2
N [ () ES R o

i+1 m (i 1)/
0. () (=T <+ X e
k=0

p;(iis odd) = (18)

From Eq. (18), we can find that p; is dependent on m/n and the specific config-
urations of its previous cells. Figure 21 describes illustratively well the procedure for
p; determination. By applying the above cell determination rules, the ASP power cell
ordering (Fig. 20) ensures that we can well bind the IAVgl below Vi for reduced
parasitic loss with a specific m/n.

According to the aforementioned loss analysis for a generic SC power stage,
Fig. 22a exhibits the Rgg, comparison between the ASP-based and the 2DSP-based
topologies when generating rational VCRs between 1:1 and 1:6 under a constraint
condition of the same total capacitance. In the comparison, we set the fractional part
of the VCR as m/n = {1/5, 1/4, 1/3, 2/5, 1/2, 3/5, 2/3, 3/4, 4/5}. We used the Dickson
SC stages in both ASP and 2DSP cases to realize integer ratios, including also the
corresponding loss contributions for fair comparisons. Regarding the integer gain
generation, the corresponding required number of “unit” power cell in the 2DSP-
based topology is typically more than that of the ASP-based topology. Hence, it
leads to a higher Rggp, under the same Cjp, area. From Fig. 22a, the ASP-based
topology achieves evidently lower Rsg; for the whole range in contrast to the 2DSP-
based topology, except for the cases of m = 1, which exhibits the same Rgg; for both
implementations.

Fig. 21 Flowchart of p; (init: m/n, Nk, i= 1, iis odd, po= 0)
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the ASP topology

(i-172

1+ Pt
=0

n
(=}

Pi




Integrated Energy Harvesting Interfaces 243

70 RssL vs. VCR Parasitic Loss vs. VCR (fixed Vix)
gol —o—ASP-based 1 = 15 x%¢
—5—2DSP-based < %
50 5 | B 1.25 % . x L
540 2 x* o = %’&x
& x XX X X S 5 % x
S 30 &1 & x © 7S
g x XX X X -°l% 2 075 x o e e
Z2 of g o O
o ‘:.x L Tosf S —o— ASP-based
xx X X S —s— 2DSP-based
o Luaite = . = 025} o8 b
1 2 3 4 5 6 1 2 3 4 5 [}
VCR VCR
(a) - _ (b)
Parasitic Loss vs. VCR (fixed Vour)
"g‘ 0.3} % —o— ASP-based
z o —¢— 2DSP-based
50.25- .
2 0.2f X
S o *g(x x>§<
é 0.15f o
? % x
N0 ey &09°% %
©
E 0.05 o o 1
2 0%
04 2 3 4 5 6
VCR

(c)

Fig. 22 Theoretical comparison between the ASP-based and the 2DSP-based topologies with the
fractional VCRs from 1:1 to 1:6 on (a) the Rgs;. (normalized to Crotfs), (b) the parasitic loss
(normalized to fCrorfsVin) under fixed-Vin, and (c) the parasitic loss (normalized to the same
BCrotfsVour) under fixed-Vour

Figure 22b, ¢ show the parasitic loss comparison between the ASP-based and the
2DSP-based topologies. The power loss takes the integer and fractional parts into
account in both cases. Furthermore, we can observe that the ASP-based technique
effectively reduces the parasitic loss in all the modeled VCRs when compared with
the 2DSP-based technique. In Fig. 22c, because of the parasitic loss at higher
frequency, we did not scale any of the VCRs by decreasing Vyy; the loss difference
between the two topologies becomes smaller when VCR increases.

3.5 ASP-Based SC Boost Converter Implementation

This part introduces an ASP-based fully integrated SC boost converter with seven
rational VCRs to support a wide input voltage range. Each SC power cell can be
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reconfigured to generate either the integer or fractional ratios. Thus, the whole design
achieves full capacitance utilization for optimizing the Rgg; . Figure 23a displays the
SC converter overview. The power stage operates consists of dual interleaved
branches operating with a 180-degree phase difference. Each branch consists of
four SC cells (C; .. 4) with the top and bottom plate terminals connected to Vi,
Vour, or Vsg for implementing different ratio configurations. A four-phase
nonoverlapping (NOV) clock generator is employed with an externally injected
master clock to reduce the shoot-through loss due to the short circuit conduction
state. This design adopts an adaptive bootstrapping (ABS) gate driving technique for
robust power switch control over a wide voltage dynamic range. The configuration
control of all the seven VCRs is through receiving a three-bit binary code (Dyn),
which determines the specific topology demand according to practical conditions.

The designed ASP-based SC boost converter was implemented in a 65 nm bulk
CMOS process. The total flying capacitance is about 3 nF. The on-chip filtering
capacitance contains 1 nF for Vgoyr and 0.3 nF for Viy. All the on-chip SC cell
implementations employ parallel-connected MIM and MOS capacitors, stacking
longitudinally to save the on-chip area. This design features using low-voltage
power switches to improve the switch on-resistance (Ron) and reduce the switching
loss. The implemented converter can boost a Vi between 0.25 V and 1 V to a Vour
of 1 V. Figure 23b exhibits the converter die micrograph with building block
annotations, with the power switches, drivers, NOV clock generators, and buffers
placed between the dual branch power cells. The chip occupies an active area of
0.54 mm®.
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Fig. 23 (a) System overview of the implemented ASP-based SC boost converter and (b) the
corresponding converter die micrograph
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The SC boost converter shown in Fig. 23 covers a wide VCR range from 1:1.25 to
1:5, including 4:5, 2:3, 3:5, 1:2, 2:5, 1:3, and 1:5, specifically. By the property of
uniform Cyy charge flow, the corresponding required SC cell number are 4, 2, 4, 1,
4, 2, and 4, respectively, implying that all seven VCR cases can be realized using
Cy . 4 with full capacitance utilization. Figure 24 gives a power cell operation and
partitioning mode summary. For the implemented VCRs, C .. 4 can be configured to
serve as either the Dickson or the ASP power cell. The designed converter generates
the rational VCRs of 4:5, 2:3, 3:5, and 2:5 based on the ASP topology. A typical
voltage doubler implements the 1:2 ratio, and the conventional Dickson topology
generates the VCRs of 1:3 and 1:5 for optimal parasitic loss. In the converter design,
C; - 4 can be identical as they have the same charge flow amount under all the seven
VCRs, which also include all the possible VCR cases using four Cgy.

The converter load regulation control is through pulse-frequency modulation
(PFM). We apply a three-bit digital control to achieve the VCR reconfiguration
together with a resistive ladder-based input voltage detector. To resolve the startup
issue at low input voltage, we can use on-chip charge-pump techniques.

Figure 25 plots the measured power conversion efficiency (PCE) using a variable
resistive load Ry, over the targeted input voltage range and a fixed Voyr at 1 V. The
resistive loading changes from 85 € to 800 €, except for VCR = 1:5 with R limited
to 200 € due to the higher Rgg; . The measured peak PCE (1,cax) is ~80% with Ry,
between 85 Q and 100 Q at VCR = 2:3. From Fig. 22c, the 2:3 ratio with the
ASP-based topology shows a lower parasitic loss than that with the ratio 4:5, which
is in turn lower than the 1:2 ratio case. Consequently, the measured PCE for 1:2, 4:5,
and 2:3 increases progressively, as displayed in Fig. 25. Regarding the ratio 3:5,
even though the parasitic loss is slightly less than that of the ratio 2:3, its property of
relatively higher Rggp loss (Fig. 22a) eventually affects the achievable PCE,
corresponding to the measured results exhibited in Fig. 25.
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Fig. 24 Summary of the power stage operating modes under all the seven VCRs
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Fig. 25 Measured PCE over the targeted Vi range under different resistive loads when generating
a VOUT of 1V

Figure 26 exhibits the measured PCE over an output power range for each
implemented VCR under a fixed Vouyr = 1 V. The output power ranges from
1.2 mW to 20.4 mW, with a maximum power delivered at VCR = 1:2. Moreover,
due to the specific Vi selection, the results in the plot do not include the overall peak
PCE point for the converter.

Table 3 summarizes the measured performance and presents a comparison of the
ASP-based converter with other state-of-the-art designs. In the table, the design
presented in [38] based on SP topology adopts high-density MIM capacitors to
implement the Cyy, hence, featuring low bottom plate parasitic capacitance. As the
ASP-based converter exhibits a property of lower Rggp and parasitic losses, it
demonstrates a comparable peak efficiency (#7peax) as [38], but with an estimated
1300 times power density improvement by employing higher density capacitance
(MIM+MOS) as the on-chip Cyy. In contrast, with the customized design using the
fully depleted silicon-on-insulator (FD-SOI) process in [59], which realizes a higher
Npeak> the ASP-based converter design attains more than 4.6x power density
enhancement in bulk CMOS with finer-grained VCRs. The discussed ASP-based
converter also demonstrates higher peak efficiency and higher power density than
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Fig. 26 Measured PCE over different output power range under fixed Voyr of 1 V (DC) for all the
seven VCRs

Table 3 State-of-the-art SC converter performance summary and comparison

ASP design | JSSC'16 [39] | JSSC'15 [59] JSSC'15 [60] | JSSC'17 [39] | JSSC'18 [50] | ISSCC'16 [47]
Technology | 65 nm CMOS| 180 nm CMOS | 28 nm FD-SOI | 180 nm CMOS | 180 nm CMOS | 65 nm CMOS HS/SCSI\:([)HS
Conversion type Boost Boost Boost Boost Boost Buck-Boost Buck-boost
Topology type | ASP-based SP-based Customized Customized Moving-sum AVFI Binary recursive
VCR type Rational Rational Rational Integer Integer Rational Rational
Number of VCR 7 14 3 2 a2 13 (boost) 9 (boost)
VCR range 125~5 1.33~8 1.5~25 4~6 10 ~31 1.1 ~7 (boost) | 1.14 ~4 (boost)
Integrated Cyy | MOS + MIM HD-MIM MOS + MOM | MOS +MIM N/R MOS + MIM MIM
0.26~13
Vix Range [V] 0.25~1 0.45~3 1 1 0.25~0.65 (boost) 2 ~ 6 (boost)
Vour VI 1 33 1.2~24 3~6 4 1.2 5
Tout max [MA] 20.1 0.015 1 0.24 20.001 21.7 (boost) 1.4 (boost)
Hpeak [%0] 80 81 88 58 60 83.2 (boost) 70.9 (boost)
P-density
ensity @ik ay, 5 0.0174 %09 B4 -0.0001 10.8 (boost) | 0.15 (boost)
[mW/mm®]
Fully integrated Yes Yes | Yes Yes Yes Yes Yes

“Estimated from the corresponding literature
PRegulation control executed externally

[47, 60] in boost conversion modes. In contrast to the boost mode reported in [50],
the achieved power density by the ASP-based design is 2.1% higher through reduc-
ing the power stage control redundancy. Figure 27 benchmarks the state-of-the-art
fully integrated SC boost converters, including the discussed ASP-based design, in
both bulk CMOS and special processes. We can observe that the ASP-based
converter results in a higher power density while attaining a high number of VCR
when compared with the existing designs in bulk CMOS.
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Fig. 27 Performance benchmarking with state-of-the-art fully integrated SC boost converters

4 Conclusions

In this chapter, we introduced different energy harvesting interface designs using
switched-capacitor (SC) power converters suitable for miniaturized IoT systems. In
terms of vibration (AC-type) sources, we discussed both the FCR and SPFCR
interfaces, which can significantly increase the PEH energy extraction efficiency
without using external bulky high-Q inductors to obtain a compact system imple-
mentation. We can further employ the reusing of the capacitors in the SPFCR to
achieve multi-VCR DC-DC conversion for wide input-power range adaptation in a
component efficient manner. In terms of solar/thermal (DC-type) sources, we studied
the ASP topology, which can attain an optimal conduction loss and reduced parasitic
loss in the power stage. The employment of MIM+MOS as flying capacitors can
significantly improve the power density over prior arts, while featuring a peak
efficiency of up to 80% without using any external components. The proposed
techniques can be especially useful for the next-generation low-cost miniaturized
IoT systems with an extreme level of integration.
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1 Introduction

In recent years, monolithic and highly integrated DC-DC power converters are in
great demand for various low-power devices, like implantable, wearable, and por-
table devices [1]. Integrating a DC-DC power converter fully on-chip is always
favorable, as it potentially results in a simpler system design and smaller PCB
footprint, and it also lowers the cost by eliminating or integrating the most costly
power converter component: the power inductor.
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Fig. 1 A typical SoC power delivery network

In typical system-on-chip (SoC) designs (Fig. 1), there are many different logic
and functional blocks that need multiple individual voltage domains, enabled by
multiple power converters and voltage regulators [2]. Meanwhile, if power con-
verters can have zero external components that can significantly reduce the number
of I/O pins of the SoC chip, the converters can deliver much better transient
performances by allocating the power converters closer to the point of load.

Among linear voltage regulators, switching-mode power converters, and
switched-capacitor (SC) power converters, SC converters are good for full integra-
tion with only capacitors used easily built on-chip with a nanometer process
[3]. Although the efficiency of an SC converter drops linearly when the output
voltage deviates from its ideal output voltage, we can still obtain good efficiencies
with multiple voltage conversion ratios (VCRs). Therefore, SC converters attracted
great interest from both the industry and the academia and are a promising alterna-
tive for the next-generation SoC power delivery. Several practical products emerged
from the application of techniques presented in prior research works.

However, designing a high-performance on-chip SC power converter can be very
challenging [3, 4]: First, the power efficiency of an SC converter with only a few
VCRs is not high over wide input and output voltage ranges. Second, an SC
converter has limited output impedance, and its maximum power density is a
function of the on-chip capacitance density and the switching frequency; thus, an
increase in power density will always sacrifice power efficiency. Hence, in a
standard CMOS process of which the capacitance density is relatively low, there is
a fundamental trade-off between power density and efficiency, and optimizing this
trade-off can be challenging. Third, the output voltage ripples due to hard-charging
currents affect the performances of noise-sensitive devices, and lowering the output
voltage ripple requires higher switching frequency and larger capacitance. There-
fore, minimizing the voltage ripple using minimum system resources and cost is also
a stringent problem to solve.

To tackle the abovementioned design challenges, many circuit- and system-level
techniques came out. Researchers and circuit designers try to optimize the SC design
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with better trade-offs among power density, conversion efficiency, system cost, and
design complexity. In this chapter, we will provide a systematic summary and design
guidelines of recent SC converter design techniques. We will also review the
advantages and drawbacks of these design techniques, in the aspects of topology
generation, loss analysis and optimization, voltage ripple reduction, and closed-loop
regulation.

The remaining of this chapter will have the following organization: Section 2
discusses the topology generation and selection, as well as the topology-level
efficiency considerations. Section 3 analyzes the power conversion losses of SC
converters and introduces techniques that reduce gate-drive switching loss and
parasitic loss. Section 4 compares the centralized and distributive clock generation
methods for multiphase SC converters. Then, we will describe two design examples:
an SC converter-ring and a multi-output SC converter in Sects. 4 and 5, respectively.
Finally, Sect. 6 draws the conclusions.

2 Topology Generation
2.1 Efficiency and Power Density Trade-Off

Topology generation or selection is the first step of consideration in most of the
designs. With the input and output voltage ranges specified, we can determine the
required VCRs first. For an SC converter, the theoretical efficiency is

_ Vour
’/I_MXVIN, (1>

where M is the ideal VCR of the selected topology. With only one VCR, the power
conversion efficiency decreases monotonically when the output voltage drops from
the ideally converted voltage (M x V). For applications that require a wide input or
output voltage range, it is important to reconfigure the power conversion cells for
several VCRs to cater for a changing input voltage. The SC converter can then
operate at a proper VCR that delivers the maximum efficiency.

Figure 2 shows the theoretical efficiency of an SC converter and a low-dropout
regulator (LDO) with respect to the output voltage V,, [5]. For example, if V, needs
to be 1/2 Vi, the efficiency is 7 = 50% when using an LDO. With the SC converter
configured as M = 2/3, then we get n = 0.5/0.667 = 75%; on the other hand, with the
SC converter reconfigured as M = 1/2, then the ideal efficiency can be 100%.
Obviously, with more VCRs, the converter will have a higher averaged efficiency
across the whole Vg and Vi ranges. However, more VCRs need more flying
capacitors and power switches; thus, combining multiple topologies in one power
stage increases circuit complexity and the equivalent output resistance, reducing the
output power capability and power density. Clearly, there is a trade-off between
power efficiency and power density, and then, the target is to obtain an optimum
high efficiency range with a reasonable design complexity.
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Fig. 2 Theoretical efficiency comparison of an SC converter with four VCRs and six VCRs versus
an ideal low-dropout regulator [5]

2.2 Two-Phase Limitation and Three-Phase Operation

Most switched-capacitor converters use only two operational clock phases, with the
number of VCRs limited by the number of flying capacitors [6]. For example, with
two flying capacitors, the realizable step-down VCRs are 1%, 2/3%, 1/2x, and 1/3x
only. If more VCRs such as 3/4x and 1/4x are necessary, the converter requires one
more flying capacitors.

An alternative method to realize more VCRs while keeping the number of flying
capacitors unchanged is to use a multiple clock phase operation [7-10]. A three-
phase operation [7] and two- or three-phase operation [8] used in step-up SC
converters boost the output voltage to 6x/7x of the input voltage for LED/LCD
driver applications. Similarly, when applied to step-down SC converter in [9], it
generates a very low output voltage (1/4%) for wireless biomedical implants. Exper-
imental results show an efficiency of 70% obtained for Vo = 0.5 V. Figure 3 shows
the three-phase topologies (3/4x and 1/4x) using only two flying capacitors and
achieving up to 20% efficiency improvements together with a higher average
efficiency over wide V and Vpy ranges [10].

In a short summary, multiple-phase operation uses fewer capacitors and switches;
furthermore, it realizes a better trade-off between power efficiency and density,
covering wider input and output voltage ranges.
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Fig. 3 Operation states of two topologies that use three-phase configuration realizing (a) 1/4x
mode and (b) 3/4x mode [10]

2.3 Review of Other Topologies

To cover a wider voltage range with high efficiencies, some reconfigurable SC
converters have a large number of VCRs, for example, the successive approximation
(SAR)-based SC converter that has 117 VCRs [11]. By reconfiguring cascaded
power cells that have M = 1/2, each power cell can be the top or the bottom voltage
domain for the next stage, such that the output voltage has seven-bit resolution
[12]. The topology is further improved by using recursive SC converters [13, 14]. In
[15], a gear train topology emerged using five off-chip capacitors constructed four
stacked power stages that realized 24 VCRs. We can find similar works in [16], and
algebraic series-parallel topologies appeared to generate more VCRSs to cover wide-
voltage ranges [16, 17]. However, these converters have a common drawback; the
output impedance is high due to the stacking of too many power switches in series
that limit the load current capability and power density. But, we may use them in
low-power applications with stringent requirements on system integration.

As mentioned above, a SoC requires multiple voltage domains for individual
functional blocks, and then, single-input multiple-output SC converters, with capac-
itors and transistors potentially shared to save silicon area overhead and improved
overall power efficiency, can serve the purpose well. Reference [18] proposed a
dynamic power cell allocation scheme for multicore application processors. The
dynamic allocation of power cells according to load demands can improve the
efficiency by 4.8% when compared with the case without it. The peak efficiency
was 83.3% and the maximum load was 100 mA, meanwhile, minimizing the cross
regulation. Reference [19] presented a specific application that requires two outputs
with different loads and used an on-demand strategy to compensate the current
shortage, thus saving on-chip capacitor area. In [20], VCR of 2x and 3x shared
one transistor and reduced silicon area and improved the efficiency.
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3 Efficiency Optimization
3.1 Unified Models for Losses in the SC Converter

When designing fully integrated switched-capacitor (SC) converters, optimizing
efficiency is one of the most important procedures to ensure the maximum power
density under peak efficiency. However, the loss contribution of SC converters may
arise from multiple factors and may vary with different topologies, leading to
complexity in analysis and optimization. In this subsection, we present a methodol-
ogy to predict the overall efficiency and find the optimized peak efficiency.

Switched-capacitor converters can have an ideal 100% efficiency under close-to-
no-load condition, besides, the power efficiency starts to drop when the charge
transfer on the flying capacitors happens, due to the well-known charge redistribu-
tion loss. In general, the output voltage drops proportionally with the loading
current, forming an equivalent output resistor (Royt) at the output node. Such
that, Eq. (1) above is the expression of the theoretical efficiency for a certain
VCR. We can observe that there is a relationship between the efficiency and the
proximity of the real output voltage (Vour) to the ideal output voltage (MVy). The
charge redistribution loss, also known as hard-charging loss, is the integrated
conduction energy loss from the resistive loss on the switches. M. Seeman proposed
a unified model to calculate Royr (Fig. 4) [21, 22].

We can model an SC converter as an ideal DC voltage source with an ideal
transformer representing the voltage conversion and also with a finite output resis-
tance Royt [21, 22], composed by Rgg;. (slow switching limit resistance related to
the charge redistribution loss) and Rggr (fast switching limit resistance due to the
finite conductance of switches), expressed by

1
Cilow @

Rrsp. = KsRon 3)

RssL. =K ¢

where K¢ and K are topological factors determined by the charging scenario, C is
the capacitance of the flying capacitor, fsyw is the switching frequency, and Ry is the
on-resistance of the switches.

The overall output resistance becomes

Fig. 4 Transformer-based Ro

SC converter model M lo Vo
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This model assumes that the output voltage is an ideal DC voltage with neglected
voltage ripple. Reference [23] pointed out that Eq. (4) may be inaccurate when the
output ripple voltage is very large and presented an improved solution. Deviation
from Eq. (4) may also occur if Rsgp is close to Rggp. Otherwise, this model is
accurate enough in the estimation of the Rp and in predicting the output voltage Vp;
thus, it became a widely used practical model [24, 25].

Here, we present examples to calculate Ry, for three topologies: the 2%, 3/2x, and
4/3x topologies that use two-phase clock. We design all Ron as equal, as they
conduct the same amount of charge. Table 1 summarizes K- and K for the three
VCRs. The major loss is due to the equivalent IR drop of RoyT, and from Egs. (2)
and (3), it is necessary to reduce Royr loss, high fsw, and large transistor width Wgy.

3.2 Switching and Parasitic Losses

In addition to conduction losses, the gate-drive switching loss Psyw and parasitic loss
Ppara are also significant, especially for fully integrated SC converters. They are
actually determining the peak efficiency of the regulated SC converters, due to the
adjustment of the output resistor Rg to obtain a regulated V, under different loads.
At certain V), the theoretical efficiency would be identical. Le et al. analyzed in [26]
these two losses in addition to Seeman’s model. We can calculate the gate-drive
switching loss Psw by knowing the switching frequency fsw, the gate capacitance
Cgate, and the driving voltage Vgw. Regarding the parasitic loss, it is still complex
and may vary a lot over different topologies [27, 28].

In 2020, Jiang et al. [29] presented a unified method to simplify the parasitic loss
calculation by observing the voltage swing of individual parasitic capacitors. We use
1/3x mode SC converters as examples to analyze the parasitic loss reduction. We
assume that the additional charge introduced by the parasitic capacitors will not
affect the flying capacitor voltages, as the parasitic capacitors are much smaller
(usually below 5%) than the main capacitors. We also suppose a no-load condition
such that the capacitor voltages would not change among the operational phases.

Let us consider the 1/3x SC converter from Fig. 5, with the positive- and
negative-plate parasitic capacitors Cip,, Cip—, Cypy, and C,,_, where we labeled
their voltage swings in both phases. For the summation-mode converter, when @,
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changes to @,, Cj,,, charges from V), to Vi with a charge Q, p,.. The energy sourced
from Vi is

2
Eiprcn=ViNOQipy =VIN(VIN = V0)Cips = 3 ViCips (5)

When @, changes to @, C,,, discharges from V/y to Vj, and the energy returned
to Vo becomes

2
Eipipis =VoQipr =Vo(Vin —Vo)Cipy = 9 VixCips (6)

The energy loss due to C p, is the difference of Egs. (5) and (6), and we can write
it as

4
Eipi1oss =Ei1pi.cHn — Eipypis = 9 ViCips (7)
For Cy,,_, it charges from 0 to 2/3 Viy in ®y:
2 4 5
Ele,CH:(VIN_VO)gleCIPf = §V1NC1P— (8)

In @, with all the charges dumped back to ground by C;,,_, the loss is
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4
Ep_1oss=Eip_cn= §V%NC1P7 )

In general, considering the parasitic capacitor Cp, charged and discharged
between two voltages V; and Vy, in the charging phase, the energy sourced from
the system is

Epcu=Vu(Vyg—V.)Cp (10)
In the discharging phase, the energy returned to the system is
Eppis =V (Vg —V)Cp. (11)
Hence, the energy of the parasitic loss is the following:
Epross =Epcu — Eppis = (Vi — V1.)’Cp=AV2Cp (12)

The dominant factor of the parasitic loss is the voltage swing AV that is (Vy —
V1), where the parasitic capacitor Cp charges and discharges between these two
voltages V; and V. Then, we derive the parasitic loss of one parasitic capacitor Cp
as

Peara.cr = Cp(Vir — Vi) fsw = AV Cpfsw (13)

By using Eq. (13), we can calculate the parasitic loss Ppara Of all parasitic
capacitors Cy,, and C;,_ (i = 1...N) by finding out the voltage swings of the
positive and negative plates.

3.3 Gate Switching Loss and Parasitic Loss Reduction

The concept of reducing the gate-drive switching loss implies the use of low-voltage
(thin-oxide) transistors [25]. The method places in cascode several thin-oxide
transistors to withstand a higher breakdown voltage. Because the feature size of
the thin-oxide transistor is less than that of the thick-oxide transistors, the gate
parasitic capacitance is much lower.

Figure 6 shows the operating principle of the NMOS stacking transistors. The
turn-on resistance Ron of a MOS transistor is

Lyvin
Ron= ———7+— 14
N KVopWsw (14)

where K is a process-related parameter, Vgp is the overdrive voltage of the transistor,
and Ly is the minimum channel length. We can implement a power switch using
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Fig. 6 Operating principle of the NMOS (N-type metal-oxide semiconductor) stacking transistors
one thick-oxide high-voltage transistor or two stacking thin-oxide low-voltage

transistors. If the two implementations have the same Ry, then for each type of
transistors,

1
Ron 1= ERON_H (15)

Considering Eqs. (14) and (15) together, the size ratio of the thick-oxide transistor
to thin-oxide transistor is

Wsw u Ly KiVop L

Wow .~ 2Li KuVon s (16)
Now, the switching loss becomes
Psw =V swConteWsw. (17)
Then, the ratio of their switching losses is
Psw, V§WH Coate, Wsw, (18)

= )
Psw, 2Viw, Coate, Wsw,

In a typical 0.18 pm CMOS process, we have 1.8 V thin-oxide transistors and 5 V
thick-oxide transistors. Then, the lengths are Ly = 0.5 pm for NMOS, Ly = 0.7 pm
for PMOS (p-channel metal-oxide semiconductor), and L; = 0.18 pm. The overdrive
voltages are Vop g =3 V and Vpop 1 = 1.2 V. We extract other parameters from the
process design kit and list them in Table 2. The results show that using low-voltage
transistors, we can obtain a 2.615% and 1.778% switching loss reduction for the
NMOS and PMOS switches, respectively. This helps the converter to achieve 82%
peak efficiency in 0.18 pm CMOS. In [30], six thin-oxide transistors used in a
cascode arrangement allow the SC converter in 65 nm CMOS to switch faster.
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Table 2 SWitChil’lg loss NMOS PMOS
calculations Type Low-V |High-V |Low-V |HighV
Lo (4m) 0.18 07 0.18 05
K (1 m/QV) 0.147 0.138 0.048 0.03
Coate (fF/LMIN) | 0.52 0.82 0.62 0.62
WelWr 0.829x 0.889x
Psw u/Psw 1 2.615% 1.778x

It is even more necessary to use cascoded devices in high-voltage applications,
since the Q,Ron product of the thin-oxide transistor is much smaller than that of the
high-voltage DMOS (deep diffusion metal oxide semiconductor) transistors
[31, 32]. In [32], two 3.3 V transistors cascoded in an 11/1x topology convert a
high voltage (3540 V) to 3.3 V with 94.7% peak efficiency. In [8],3.3 Vand 5 V
transistors cascoded in a 6x step-up SC converter with a 15 V output voltage exhibit
reduced gate switching loss.

Parasitic loss is also proportional to the switching frequency. It becomes signif-
icant on a fully integrated SC converter, especially when MOS capacitors utilize
flying capacitors. Multiple works [33—39] reported reduced parasitic losses, by using
low parasitic ferroelectric capacitor [33], deep trench capacitor [34, 35], parasitic
loss recycle techniques [36, 37], and dynamic voltage biasing techniques
[38, 39]. All these methods reduce the loss caused by parasitic capacitance and
can increase the efficiency.

3.4 Efficiency Optimization

We can obtain the overall efficiency as

Po
, W == 19
ﬂ(fsw sw) Po + Pross ( )
Pioss = Pc + Pg + Psw + Ppara (20)

Obviously, the gate switching loss Pgy and the parasitic loss Ppagra are propor-
tional to the switching frequency fsw and the transistor size Wsyw, while the charge
redistribution loss P and the conduction loss Py are inversely proportional to fow
and Wgyw. Then, we can find the optimum efficiency point by sweeping fsw and
Wsw.

Figure 7 illustrates an example of efficiency curves with the optimum point at the
maximum load condition (I;oap = 600 uA) [25]. We conducted the efficiency
calculation and simulation using MATLAB, and to obtain the peak efficiency of
each VCR, we swept fsw and Wgyw from 10 MHz to 30 MHz and from 10 pm to
40 pm, respectively. Figure 7 shows the results in three-dimensional curves. For the
4/3x mode, the peak efficiency is 82.5% when fsyw is 11.3 MHz and Wgyy is 27.5 pm.
For the 3/2x mode, the peak efficiency is 80.5% when fsw is 15.7 MHz and Wgy is
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Fig.7 Simulated efficiency with respect to the switching frequency fsw and the width of the power
transistor width Wew

33.94 pm. The optimal fsw for the 3/2% mode is higher than the optimal fgw of the
4/3x mode because we used fewer transistors; as the switching loss is lower, we can
employ larger transistors. For the 2% mode, the peak efficiency is 80% when
fsw = 19 MHz and Wsw = 40 pm. This mode uses the smallest number of
transistors; thus, switching and parasitic losses are significantly lower than the
other two modes; however, both fgw and Wgyw can be larger. In conclusion, by
using this model, we can obtain optimized efficiency for certain topologies.

4 Clock Generation and Distribution: 123-Phase
Converter Ring

4.1 General Concept of Multiphase Interleaving

We can consider output voltage ripple as power loss, because a larger ripple means
that we should reserve a larger supply voltage for the load. To reduce the ripple, we
can easily apply a multiphase interleaving scheme in fully integrated SC power
converters [26, 40-47]. Figure 8 presents the concept and system diagram, where we
implement multiphase interleaving by partitioning the SC power stage into multiple
small cells, with these power cells driven by different clocks (ck; to ck,). Adjacent
clocks have a 360°/n phase shift and 7/n delay where T is the switching clock period,
such that the output voltage has a higher equivalent frequency; thus, we can reduce
the output voltage ripple. An n-phase voltage-controlled oscillator (VCO) can easily
generate multiphase interleaving clock signals. To effectively regulate Voyr, a
frequency modulation scheme is favorable, as it saves unnecessary switching losses
as well. After the error amplifier senses Voyr and generates the control signal Vi, it
will adjust the switching frequency according to the load condition. Besides reduc-
ing the output voltage ripple, we can also significantly reduce the input current (/1n)
ripple as the discontinuous inrush input current of a single-phase converter would be
evenly distributed among interleaving phases for a multiphase converter. Conse-
quently, we can use smaller input and output capacitances. As such, more interleav-
ing phases are beneficial and preferable in recent fully on-chip SC converter works
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Fig. 8 System diagram and waveforms of multiphase interleaving SC converter [27]

[40—47]. However, distributing a large number of interleaving clock phases across a
large converter chip area can be challenging.

4.2 Clock Generation: Centralized Versus Distributive

Figure 9 presents two schemes of interleaving clock generation and distribution.
Figure 9a shows the H-tree structure with centralized clock generation and then
distribution, commonly used in large digital circuits and systems. For a multiphase
SC converter, each power cell needs one clock signal from the central VCO, and
N phases will need an N-bit clock bus running over the whole converter, complicat-
ing the design. Moreover, in order to obtain good phase matching, the power stage
layout has to be symmetrical, thus restricting the layout shape of the power man-
agement unit to rectangular. To distribute the interleaving clock phases by each of
the power cells, we need to route them from the central VCO to the power cells.
Then, we will get a parasitic capacitor Cp | cgrp = logoN X L X Cparo, Where N is
the phase number and Cpagrg is the unit parasitic capacitance in fF/pm. The total
parasitic capacitance of all the clock wires driven by the VCO is
Cp torc = N X logoN X L X Cpagre- Therefore, the power consumption for the
clock distribution is large. Consequently, the number of clock phases in most of the
works is under 50 [26, 41-43].

On the other hand, Fig. 9b presents the distributed scheme [44—47], where we
design the power cells to be identical, and the adjacent power cells generate clock
phases with a fixed delay from the preceding. When connecting N such cells (N is an
odd number) in a ring, we can form a ring oscillator along with the power converter.
Each power cell supplies power to the power rails that run through the whole
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converter. When compared to the H-tree scheme, the distributed clock paths are
shorter, and then the parasitic capacitance along the clock wire is only
Cp torp = N X L X Cparo Which is much smaller. Subsequently, the power
consumption of the VCO is also much lower. Meanwhile, it is not necessary to
locate the power cells on the periphery of the chip; actually they can run through the
loading blocks that require power, as long as the connected power cells form a
closed-loop ring. One possible drawback for this scheme is that the total parasitic
capacitance along the clock routing paths will affect the switching frequency of the
power ring. To tackle this issue, we should size the inverters in the ring oscillator
accordingly.

For fully on-chip SC converters dealing with fast load transients, even the input
and output decoupling capacitors, or at least part of them, need full integration
on-chip. They would occupy a large die area, and we can reduce their values only by
decreasing both the input rush current and the output-voltage ripple. We can
effectively diminish these ripples by using multiphase interleaving. Two recent
works with a large numbers of phases emerged, 101 phases in [47] for driving
LEDs and 123 phases in [45, 46] for microprocessors, thus achieving very low
output voltage ripple without using external capacitors.
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To summarize, the distributed scheme has the advantages of layout flexibility and
lower power consumption when compared with the centralized scheme. We should
draw a special attention to the buffer capability of the distributed ring oscillator.

4.3 123-Phase SC Converter Ring

Figure 10 illustrates a ring-shaped SC converter surrounding the load, to take full
advantage of the multiphase interleaving technique [45]. In addition, the converter
ring achieved a unity-gain frequency (UGF) higher than its switching frequency by
setting its dominant pole on the output node. The designed converter ring consists of
many time-interleaved power cells and only one controller. For a Lego-like layout,
the size of the controller layout is exactly the same as that of one power cell. We
planned the input and GND pins of the converter ring on every corner of the chip,
without affecting the pads of the load. Similar to a standard pad ring, the converter
ring surrounds the load in the square, with minimum changes (if not zero change)
necessary for the existing layout of the load. One of the advantages of the power cell
approach is its simplicity: we only need to design one power cell and the complete
power ring. The converter ring layout and bumping diagram are also compatible
with flip chip packaging. One advantage of integrating a step-down DC-DC con-
verter on chip is that the input current is much smaller than the load current, thus
reducing the input bump/pad current stress.

The regulation of the SC converter can use LDO-assisted loop [48], hysteresis
control [49], pulse skipping modulation [50], and frequency modulation [51]. For a
multiphase SC converter, frequency modulation is the most appropriate method
since using LDO and using hysteresis control are both not feasible.
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Figure 11 exhibits the small-signal analysis of the multiphase SC converter. One
key feature of this circuit is the fact that the UGF of the designed multiphase
converter is a few times higher than its switching frequency. The following features
allow that to happen: (1) to consider the time-interleaved multiphase SC converter as
a pseudo-continuous-time power converter, (2) to set the dominant pole at the output
node, (3) to employ a high-speed error amplifier (EA), and (4) to tune the oscillator
frequency through its supply to change the switching frequency of all phases
instantly and simultaneously.

A switched-capacitor circuit is basically equivalent to a discrete-time resistor.
Therefore, it only provides a first-order filtering in the power stage. Meanwhile,
multiphase operation empowers the SC converters with more attractive features, for
example, smaller input and output ripples, and faster transient responses, that allow
the converter to respond within a small fraction of the switching period, acting more
like a continuous-time power converter. On the other hand, the LC filter of a buck
converter operating in continuous conduction mode (CCM) is a second-order filter,
which can provide better filtering but limits the loop bandwidth and slows down the
transient response. Also, it is necessary to change the inductor current before the
regulation of the output voltage during load/line transients.

For the control loop design, there are several benefits of designing the dominant
pole at the output node, as discussed in [46]. If the output pole po is a nondominant
pole, the loop needs to have an internal dominant pole with a frequency that is a
couple of decades lower than po, which will limit the UGF. To set po as the
dominant pole, the converter can drive a large capacitive load without affecting
the loop stability. Higher capacitive load is always better for the loop stability.

Following a conventional design methodology, the AC signals that are higher
than fsw/2 cannot pass through a discrete-time power stage, as imposed by the
Nyquist theorem. On the other hand, multiple time-interleaving phase switched-
capacitor power cells (SCPCs) act as a pseudo-continuous-time stage [46], which
means that the AC signal higher than fsw can also pass through the multiphase
discrete-time power stage. In the VCO-based pulse frequency modulation (PFM) of
SC converters, after the conversion of the voltage information Vppc to the frequency
domain by the VCO, there is another conversion back to the voltage domain through
the multiphase SC power stage. Therefore, with a high-speed error amplifier
(EA) design, we can obtain an UGF that is a few times higher than the fgw.
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Although the buck converter can also enjoy the bandwidth extension benefit of
multiphase interleaving, the abovementioned pseudo-continuous-time condition
does not apply to buck converters because they can use PFM control as well,
including hysteretic control and constant on-/off-time control. However, in fact,
the constant on-time control belongs to both categories of PWM and PFM, because
the inductor-based converter always requires the duty ratio information for output
voltage regulation. Besides, during the load transient period, the duty ratio should be
optimally 100% for light-to-heavy load transient and 0% for heavy-to-light load
transient. The PWM sampling effect still exists in the constant-on-time controller,
limiting the bandwidth extension. Therefore, we can only apply to SC converters
[44, 45] a fixed duty ratio PFM, considered as a pseudo-continuous-time operation.

Figure 12 presents the chip micrograph of the first version of the converter ring
design [44] implemented in 65 nm CMOS, for microprocessor applications. It has
30 power cells and 1 controller on the top edge plus 31 power cells on the other
3 edges, forming a ring around the whole chip. The number of power cells can be an
arbitrary large number, depending on the layout and power cell shape and sizes. But
the number of power cells will also decide the number of inverters in the ring
oscillator, which determines the maximum switching frequency and consequently
the maximum output power.

Figure 13 displays the measured load transient response, reference tracking, and
output voltage ripple waveforms of the first converter ring design. We place one load
of 25 mA on each corner of the chip to emulate the load transient events. For the load
transients between 10 mA and 110 mA, the output voltage variations are within
58 mV with Vi =2V, Voyr = 1.1 VCM = 2/3, benefiting from the designed high
UGF. To accommodate the dynamic voltage scaling (DVS) function, we demon-
strated a reference tracking speed of 2.5 V/ps. The measured output ripples range
from 2.2 mV to 30 mV, in a variety of loads and Voy1/Vin conditions. The phase
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Fig. 13 Measured load transient response, reference tracking, and output voltage ripple waveforms
of the converter ring [43]

mismatch on the chip corners and PVT variations dominate the nonideal output
ripples. In summary, this SC converter ring exhibits low voltage ripple and fast
transient response.

5 Multi-Output Switched-Capacitor Converter

For multicore application processors in the smartphone and the smart watch, power-
saving techniques such as dynamic voltage and frequency scaling (DVES) that
extend the battery charging cycle are highly favorable. Yet, each core may need a
different supply voltage [52, 53]. High-efficiency fully integrated SC power con-
verters with no external component are promising candidates. Figure 14 shows the
strategy of dynamic power cell allocation proposed in [18]. Typically, SC converters
with different specifications have independent designs, leading to a large area
overhead as each converter has to handle its peak output power. Recently, multi-
output SC converters emerged to tackle this issue. Reference [19] uses the
on-demand strategy to control the two outputs, each with a different loading range,
with the outputs not interchangeable. Reference [20] fixes the two output voltages
with voltage conversion ratios (VCRs) of 2% and 3x only. Reference [54] integrates
the controller, but the three output voltages are still from three individual SC
converters. Without reallocating the capacitors in the power stages, capacitor utili-
zation is low as it is necessary to reserve margins to cater for each peak output power.
Finally, [55] proposed a dual-output SC converter with one flying capacitor crossing
technique to improve the power efficiency.
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In this subsection, we introduce a fully integrated dual-output SC converter with
dynamic power cell allocation for application into processors. We can dynamically
allocate the shared power cells according to load demands. A dual-path VCO that
works independently of power cell allocation achieves a fast and stable regulation
loop. The converter can deliver a maximum current of 100 mA: we can adjust one
output to deliver 100 mA, while the other handles a very light load, or adjust both
outputs to deliver 50 mA each with over 80% efficiency.

The converter consists of two channels (CH; and CH,) with output voltages V;
and V(,, respectively, with each output regulated through frequency modulation by
dual VCOs. The switching frequencies of the two channels are f; and f>. The strategy
of dynamic load allocations adjusts the switching frequencies to be equal in order
that both channels have the same power density, and the whole converter obtains the
best overall efficiency.

The SC converters that consist of multiple power cells can operate in a multiphase
interleaving mode, with each power cell as the unit cell allocated between two
channels. From Fig. 14, we assume that the two channels start with the same number
of power cells, but the load of CH; is larger than that of CH,. To regulate the outputs
properly, we should initially have f; > f>, with more power cells eventually assigned
to CH;. This means that the physical boundary should move to the right, until f; and
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/> are approximately equal. By balancing the power densities of the two channels
with an optimal switching frequency, we balanced both switching and parasitic
losses leading to their final reduction. By dynamically adjusting both the numbers
of power cells and the optimal switching frequencies, we ensure that the channels
provide sufficient power to the loads and maximize the utilization of capacitors.

The channel selection switches connect the power cells to either CH; or CH,. The
boundary of the two channels are controlled by the outputs of the bidirectional shift
register (SR) sel;;., + »; control the boundary of the two channels. We determine the
direction of boundary shifting with the frequency comparator. After each compari-
son, the boundary will only shift along adjacent power cells as self;., + , Will only
shift by one bit. As such, we minimize the potential glitches due to reconnecting the
power cell. There are a total of 82 power cells, and they work with interleaved phases
to reduce the output ripple voltage. The ratio selector that senses Vrgp/Vin deter-
mines the VCRs of the two outputs (R; and R»).

Figure 15 presents a dual-path voltage-controlled oscillator (VCO) to enable the
allocation while minimizing cross regulation. The VCO consists of 82 delay cells,
generating the clock phases for each power cell. One delay cell in CH; (DC, ;) has a
complementary delay cell in CH, (DC;j,,)). We choose the phases @,y,,; and @z,
through the MUX (multiplexer), subsequently distributed to the power cell. If
sel;,,; = 1, it enables DC,,) of VCO (CH1). Simultaneously, the MUX will short
DC,p,,; with the clock phase redirected to the next cell. In this way, the number of
delay cells in each VCO is equal to the number of its power cells, and multiphase
interleaving takes effect to reduce the output ripple voltage. The error amplifier
controls the frequency of the VCO, with the two outputs regulated separately,
regardless of the power cell arrangement. As the speed of the regulation loop is
much faster than that of the power cell allocation, we ensure stability. Each power
cell consists of two flying capacitors and eight power transistors with the VCR as
2/3% or 1/2x. We optimize the configuration of each power cell to minimize the
parasitic loss. The channel selection switches, controlled by sel;,,;, connect the local
output Vg to Vo or Vpo,.

Figure 16 illustrates the control logic composed by the frequency comparator and
the power cell shift register. First, the one-shot signals (ck;,s and ck,,s) control P;
and P; to charge C; and Cc; for one clock period only. The activation of the ready
signals (readyl and ready2) happens after charging finishes, triggering the compar-
ison between Vg, and Vg,. After a short delay, there is the reset of Cc; and Cc,. For
the comparison, if Vg < Vg, it means that f; > f>, setting the direction signal of the
shift register as direct = 0, and the selection signals will shift left by one bit. This
frequency adjustment repeats until fi and f, are very close to each other. The
frequency comparator will then issue stop = 1, and the shift register stops shifting.
To ensure accurate charging, we need to well match the current sources and
capacitors (Cc; and Cc;). For robust control, we added offsets to the comparators
to form the hysteresis window. The clocks ckl and ck2 drive the whole process,
without an additional system clock.

Figure 17 presents the chip micrograph of the symmetrical dual-output SC
converter, fabricated in 28 nm CMOS, with and active area of 1.2 x 0.5 mm?>.
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Figure 18 plots the measured waveforms of the steady-state outputs, reference
tracking, and load transient. The measured results verified the independent regula-
tion of the two output voltages with the adjustment of the two switching frequencies
to be very close. The measured reference up- and down-tracking speeds were
500 mV/ps and 334 mV/ps, respectively. We did not observe any obvious cross
regulation at V5, while V; was undergoing reference tracking. With the load at V,
switched from 4 mA to 40 mA, the settling time was within 500 ns. The cross
regulation at V, was less than 10 mV at the rising edge and negligible at the falling
edge, confirming that the dual-path VCO control can realize minimized cross
regulation.

Figure 19 displays the measured efficiencies versus the load currents I, and Ip,.
The peak efficiency was 83.3% and the split load currents were 50 mA for both
channels. Due to dynamic power cell allocation, the converter reached over 80%
efficiency, and it was quite constant when I, and I, were larger than 15 mA. The
efficiency with allocation improves by 4.8% when compared with the circuit with-
out. Table 3 addresses the performance comparison. We can conclude that by using
dynamic power cell allocation, the proposed dual-output SC converter exhibited
high efficiency over a broad load range for the two outputs with minimized cross
regulation.

As a conclusion of this subsection, we presented a fully integrated dual-output SC
converter with dynamic power cell allocation for application processors. We dynam-
ically allocate the power cells according to load demands, improving the efficiency
by 4.8% when compared with the structure without allocation. The circuit contains a
dual-path voltage-controlled oscillator (VCO) that works independently of the
power cell allocation to implement a fast and stable regulation loop. The converter
achieved 83.3% peak efficiency and a maximum 100 mA while maintaining mini-
mized cross regulation.
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Table 3 Performance comparison with the state of the art

J. Jiang et al.

[19] [20] This work
Work ISSCC'16 JSSC'15 [54] ISSCC'16 ISSCC17
Technology 65 nm 0.35 pm 180 nm 28 nm
Topology Step-up/ Step-up Step-down Step-down
down
Number of outputs 2 2 3 2
Passive type On-chip Off-chip On-chip On-chip
Off-chip (MIM + MOS) (MOM + MOS)
Vin 0.85-3.6V |1.1-1.8V [094V 1.3-1.6'V
Vour 0.1-19V 2V and 0.6V, 1.2V, and 0.4-09V
3V 33V
Io, Max 10 mA 24 mA 100 uA* 100 mA
Total Crry 1 pF 9.4 pF 3 nF 8.1 nF
Npeak 95.8% 89.5% 81% 83.3%
Power density N/A N/A 250 pW/mm? 150 mW/mm?
Maximum load per Voi: ImA | Vgr: Voi1: 33 pA Voi: 0-100 mA
output Voa: 10 mA | 12 mA Voa: 33 pA Voz: 100-0 mA
Voa: Vos: 33 pA®
12 mA
Symmetrical outputs | No No No Yes

“Extracted from the measurement results

6 Conclusions

In this chapter, we discussed state-of-the-art circuit design techniques addressing the
challenges of fully integrated switched-capacitor power converters, which is one of
the important ingredients of power management circuits in recent SoC designs. We
discussed the design considerations including topology generation, loss analysis,
ripple reduction, and closed-loop feedback control. We also presented two design
examples in nanometer CMOS to demonstrate the SC converter performances. Last
but not least, we exposed practical design guidelines and suggestions for future

works.
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1 Introduction

For higher system power efficiency of a system-on-a-chip (SoC) or multicore
microprocessors, fine-grained supply voltage management with multiple divided
and adaptive voltage domains appeared in state-of-the-art computing systems,
which allows the optimization of each supply voltage domain dynamically and
independently. In general, advanced nanoscale CMOS devices cannot directly
withstand the high voltage levels provided by a lithium-ion battery or by a board-
level power supply bus, mandating off-chip and/or on-chip integrated voltage
regulator(s). While off-chip switching regulators can offer one-step conversion
from the sources with ~90% efficiencies, they require bulky power inductors and a
large number of filtering capacitors. In addition, when delivering power with a
stepped-down low voltage from the board onto the chip, the high current stress
demands many package bumps. Furthermore, since the package bump pitches scale
at a much slower rate than that of the CMOS devices, therefore, there are restrictions
for the total number of the voltage domains provided by off-chip regulators [1]. To
fulfill the fine-grained power supply management, a hierarchical power delivery
network with two-step conversion/regulation is favorable (Fig. 1), with the battery
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Fig. 1 Hierarchical power delivery network solution of a digital system
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Fig. 2 Per-core DVFS with integrated LDOs and a shared power supply Vin

voltage converted into an intermediate voltage using a high-efficiency DC-DC
converter and then multiple fully integrated low-dropout regulators (LDOs)
employed to power the function units (FUs).

Taking the multicore processor application as an example, an LDO can provide a
compact and cost-effective way to realize per-core fast dynamic voltage and fre-
quency scaling (DVES), as presented in Fig. 2.

To analyze how much power the DVFS can save, we can calculate the power
consumption P, of the digital system with a fixed Vi as its supply:

Py = Cayna X Vi ¥ F + ILpak_vin X VN (1)
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Then, we calculate the system power consumption Pg with LDOs that make each
core operate at their corresponding optimum supply voltage Voyr:

Cayna * Vour X F + ILeak_vout % Vour
Pp= (2)
Lpo

where B po = Vour/Vin. The saved power consumption is

Psave =Py — Pp = Cayna X Vin X (Vin — Vour) X F + Vin
* (ILeak_vin — ILEAK_vour) 3)

According to Eq. (3), we can deduce that although the LDO power efficiency can
be very low in a large dropout voltage condition (e.g., Vin =1V, Vour = 0.5 V), it
can still save a lot of power from a system perspective.

On the other hand, an analog LDO (A-LDO) is suitable for noise-sensitive analog
and RF circuits, as it has fast transient response with low quiescent current and good
power supply rejection [2-5]. However, it faces several challenges when powering
the digital circuit in advanced nanoscale CMOS. One of the major design challenges
of an A-LDO is the relatively small load capability. To deliver a large load current
with low-dropout voltage (<100 mV), the size of the power transistor becomes quite
large; thus, the associated gate pole, the load-dependent transconductance g, and
the output pole poyr may cause instability. Most of the prior fully integrated
A-LDOs are only capable of delivering a load current of <250 mA, which is
insufficient to supply a high-performance processor. In [6] a dual function LDO/
power-gating design with 4A output capability requires a 4pF capacitor in package
and a 50 nF on-die compensation capacitor that increases the size and cost.

Another challenge is the performance degradation at a low input voltage. The
downscaling of the fabrication process favors low Viy to reduce the dynamic and
leakage currents of the load circuits. The Internet of Things (IoT) and the wearable
devices advanced significantly benefiting from low-power circuit technologies such
as near-threshold voltage computing [7, 8]. In an advanced process, microprocessors
can work in the near-threshold voltage (NTV) and even the sub-threshold voltage
regions to save power [9]. When the input supply voltage goes down to the NTV or
sub-threshold level, LDOs are still necessary for fine-grained voltage domain and
individual performance power optimization. Nevertheless, we may not have suffi-
cient voltage headroom for the analog error amplifier (EA) to drive the power
transistor in an A-LDO. Thus, a large power transistor is necessary; besides, it
would be hard to obtain a high loop gain with a low supply voltage.

Recently, the digital LDO (D-LDO), the switching LDO (S-LDO), and the hybrid
architecture received significant attention, as they are more suitable for such appli-
cations. The organization of this chapter is the following: Section 2 introduces the
classic LDO control methods and power stage selection. Section 3 details examples
of analog-assisted and hybrid control digital LDOs. Section 4 presents the
ampere-level switching LDO for high-performance multicore processors. Finally,
Sect. 5 draws the conclusions.
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2 Control Method and Power Stage Selection

2.1 Power Stage Comparison

According to the different regulation methods of the power stage, we can categorize
the LDO into three types, as presented in Fig. 3.

An A-LDO regulates the output voltage Vour by controlling the gate voltage Vs
of the power transistor, while a D-LDO regulates Voyr by controlling the number n
of on/off power switches. Besides, the S-LDO regulates its Voyr by modulating the
duty cycle D of the power transistor. We can easily get the expressions for the output
current IoyT and the regulating factors: Vg, n, and D.

For the A-LDO,

Tour=Vs*gy (4)
For the D-LDO,

Iout = n < Iynir (5)
For the S-LDO,

Iour =D x Isy (6)

where g, is the transconductance of the analog power transistors related to its load
current, Iy 1S the unit current conducted through a single digital power switch cell
in a D-LDO, and Isy is the current conducted through the whole switching power
transistor in an S-LDO.

In terms of output regulation continuity, analog control and switching control are
continuous, while the digital control is of course discrete. In order to ensure the
charge balance in the output, the control code of the D-LDO usually varies between

Vin Vﬁ Vin
Vo ¥ 1| OFF
AL gm — ON ~| Isw
Regulate Regulate | Regulate
“Vgs” Vour “number” B —7"Vour “Dutycycle” Vour
C. Ru CL-- R|_ cL RL
lour=VeXgm lour=nxlunir lour=DxIsw
Analog Control Digital Control Switching Control

Fig. 3 LDO power stages with analog, digital, and switching control schemes
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one and more adjacent codes. This is the limit cycle oscillation (LCO) in the D-LDO
[10]. For a smaller LCO ripple, the simplest method uses a lower-resolution quan-
tizer or dead-zone control but sacrificing the output accuracy. Unlike the digital
control, the analog control and switching control can continuously regulate the
output current, making it much easier to achieve high output accuracy. Besides, it
is also easier to obtain a wide load range for the analog and switching control.

As discussed before, in the low Vi condition, for the analog power stage, the gate
voltage V; needs to maintain a certain voltage (>100 mV) in order that the output of
the error amplifier can be in a normal operation range for a sufficient loop gain.
Nevertheless, the gate voltage of the digital power transistor or the switching power
transistor can be 0 V. The switch-like power transistor can conduct more current than
the analog power transistor, thus saving silicon area. Additionally, the digital power
and the switching power stages are friendly to process scaling.

The frequency compensation is the key part of an LDO design. It is necessary to
ensure that the LDO can remain stable over a wide load range. We can derive the
transfer function of the three power stages; in the case of the analog power stage, it is

_ ngO
Ava =1 + sRoCy (7)

where C; is the output capacitor. Considering the output impedance Rp of the power
transistors, we can obtain the output impedance Rp. Generally, Ry and R; have a
roughly linear relationship, simply as

ROZRP//RL:KXRL. (8)

Assuming that the power transistors are in the saturation region, then

w w |V
&n= \/2ﬂpcox b= \/2/4,;COXZ x |13—ST| )

where 1, is the mobility of the charge carriers and Cox is the gate-oxide capacitance
per unit area. |Voytl represents the DC value of the output voltage. W and L are the
width and length of the power transistor, respectively. Combining Egs. (7)—(9), we
have

w
AVA :KX\/zﬂpCOXfX|VOUT|XRL/(1 +SROCL). (10)

assuming that the output pole is always within the bandwidth. With two orders of
reduction of R, the output pole also moves to two orders of higher frequency, but
the gain of the output stage reduces only ten times, resulting in a significant increase
in the bandwidth of the analog LDO under a heavy load condition. Then, the
parasitic gate pole pg of the power transistors may be within the bandwidth, resulting
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in a sharp deterioration of the phase margin. The variations of bandwidth and poyr
greatly affect the loop stability.

Therefore, the gate pole pg, the load-dependent g,,,, and the output pole poyr are
the main factors leading to LDO compensation difficulties. Besides, it is necessary to
consider the process, voltage, and temperature (PVT) variations, which complicate
the compensation. Prior analog LDOs usually require a complicated compensation
using pole-zero tracking to achieve good stability over the full load range [11, 12].

In the steady state, the input and output voltages are constant; thus, the digital
power stage and the switching power stage can be equivalent to a constant current
source. For the digital power stage, the transfer function is

_ IynitRo
AVD_ 1+SROCL (11)

For the switching power stage, the transfer function is

_ IswRo
Avs = 1+ sRoCy, (12)

where Iynyr is the unit current conducted through a single power switch cell and Isw
is the current conducted through the whole switching power transistor. Since they are
all fixed values when Viy and Voyur are constant, the digital output stage has a
constant gain bandwidth product. With the output pole placed within the loop
bandwidth, we can easily get a constant bandwidth that does not change with the
load current, which is very useful for improving the stability and simplifying the
compensation. Therefore, the digital power stage and the switching power stage are
more suitable for high-current applications.

In addition, for the high-current large area applications, we should pay attention
to the integration scheme of the LDO. This has great influence on the choice of the
LDQ’s control methods. With the LDO placed on the side of the load with a
centralized power stage, due to the small area of the LDO, the contact surface
between the power transistor and the digital load is quite small. Then, the limited
metal width would have difficulties in allowing a large load current to pass, which
may result in electromigration (EM) issues and a large IR drop (Fig. 4).

The distributed power stage can increase the top metal resource and reduce the IR
drop. For the long-distance signal transmission, digital signals have certain advan-
tages over the analog signals, and we can add digital buffers on the signal path.
Therefore, this is another important reason why we chose the digital/switching
power stages for high current applications.

In addition to the advantages described above, the digital/switching power stages
also have some disadvantages. The first is the output ripple, especially for the
switching power stage. In order to reduce the output ripple, the switching LDO
usually needs a large output capacitor and high switching frequency. The large
output capacitor restricts its on-die applications and the high switching frequency
leads a large quiescent current.
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Fig. 5 Reliability issue comparison for the analog, digital, and switching LDOs

For the digital power stage, we should pay attention to reliability issues. As we
know, for the analog/switching power stages, the load current and heat spread across
all the power transistors. However, for the digital power stage, the load current and
heat concentrate at the “on” power transistors (Fig. 5). In a large dropout voltage
condition, the unit current through each power transistor significantly increases,
making the load current and heat even more concentrated, which may cause serious
EM and self-heating problems. We cannot solve easily these reliability issues with
the layout. Reference [13] used a code roaming algorithm, and Refs. [14, 15]
mitigated the EM and self-heating issues by limiting the current through the power
transistor. According to the above analyses, Table 1 summarizes the specifications of
the three power stage types.

We can choose the appropriate power stage according to the application require-
ments. It is also possible to combine two different power stages or control methods
for better performance. For example, Ref. [16] adopts a digital/analog power stage
for power supply rejection (PSR) improvement and LCO reduction; Ref. [17]
obtains 5.6 mV/mA load regulation and a 20,000 dynamic load range by adding
a sub-LSB switching power transistor to the original digital power stage; the power
stage in Ref. [18] combines digital control and switching control, achieving 1 mA—
6.4 A wide load range, when comparing it with a pure switching control, and then
leading to a driving current significant reduction.
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Table 1 Power stage comparison

LDO
Topology Analog Digital Switching

Continuous Discrete Continuous (duty
Regulation fineness (voltage) (number) cycle)
Output accuracy y X -
Large load capability X y ‘/
Wide load range v X N
Low input power stage X v v
Distributed power x v v
transistors
Self-heating and EM v x v
Output ripple X X XX

Vin Vin Vin
Vrer Vrer|
Quantizer f—| Ctrl.

A-LDO I < D-LDO

Fig. 6 Three controller types for LDOs

2.2 LDO Controller

Figure 6 shows the simple schematics of the three LDOs: A-LDO, D-LDO, and
S-LDO. The A-LDO contains an error amplifier and RC compensation network, the
D-LDO controller consists of a quantizer and control logic, while the switching LDO
requires a high-speed comparator. Table 2 summarizes the characteristics of the three
controller types. We will discuss the three controllers in terms of output voltage
accuracy, transient response, and design complexity.

The output voltage accuracy is a very important indicator for the LDO, usually
affected by two aspects: one is the load/line regulation; the other is the manufactur-
ing offset error. Due to the high-gain error amplifier (EA), the A-LDO can usually
obtain a good load/line regulation, and the amplifier can easily achieve small offset
through common centroid-matched transistors. However, in a low Viy condition, the
limited voltage headroom increases the difficulty of designing a high-gain EA. To
solve this problem, we can use a heterogeneous power supply: the power supplies of
the LDO controller and the power stage are different. For example, in many SoCs,
there is a 1.8 V supply commonly used for I/O blocks and analog circuits, such as the
bandgap reference, temperature sensors, and oscillators. We can use the 1.8 V supply
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Table 2 Controller comparison

LDO
Topology Analog Digital Switching
High output y X v
accuracy
Ultra-low quies- Y v X
cent current
Transient ' ~gww + Tsr ~gw + Ts R
response time
Design Compensation and energy- | Control logic, reliability | Driver loss and
challenges efficient driver consideration output ripple

as the controller supply and the 1 V supply as the power stage supply. Of course, we
could use a charge pump to generate a higher voltage for the controller.

The D-LDO quantifies the error between the output voltage Voyr and the
reference voltage Vrgr and then transmits the digital error information to the control
logic [19]. The output accuracy depends on the quantization error. A shift register-
based D-LDO [20] consists of a clocked comparator acting as a one-bit analog-to-
digital converter (ADC), and a bidirectional shift register (SR) serving as an inte-
grator, which can obtain high output accuracy but slow transient response. A multi-
bit ADC-based D-LDO can obtain a much faster transient response. However, the
quantizer resolution limits the output accuracy. Both [14, 21] adopt a six-bit ADC, of
which the quantization resolution is approximately 5—7 mV. Further increasing the
ADC resolution will exponentially complicate the digital proportional-integral-
derivative (PID) controller design, which may require higher power consumption
and area. So far, there is no D-LDO achieving a load regulation of <5 mV/A.

Figure 7 shows commonly used quantizers that we can divide into voltage
domain [22, 23] and time domain [24]. The voltage domain quantizer utilizes
multiple comparators and voltage references to detect Vour changes ([13, 22] have
6 comparators, [23] has 13 comparators). Still, the input offset voltage of the
comparators may reduce the detection window or even cause sub-window
overlapping. In order to obtain high output accuracy and maintain robust operation,
the comparator offsets require calibration to guarantee a monotonic detection. An
event-driven D-LDO [18] obtained fine regulation by using an analog amplifier and a
two-bit only current mirror-based flash analog-to-digital converter (ADC), but it
requires a 1pF output capacitor to filter the output ripple to less than the minimum
detection window of the ADC, limiting its fully integrated application.

The time-domain quantizers using time-to-digital converters (TDCs) and voltage-
controlled oscillators (VCOs) are friendly to process scaling and can work well at
low Vin voltages, but they are sensitive to PVT variations. References [14, 24]
utilized a pair of VCOs to resist PVT variations, which generate additional one cycle
latency to the loop and still have local mismatches between the two VCOs. For high
output accuracy, a piecewise multipoint calibration is usually necessary. Reference
[21] only uses one six-bit TDC, but it requires a complex active calibration for the
target code. Calibration is necessary for digital LDOs to obtain high output accuracy



290 X. Mao et al.

Voltage-Domain Quantizer Time-Domain Quantizer
v Voso \ N
REFO—G D—+ N n Vour Sl
Vour | SMP>—4{ controller [ — ToC >| Controller [—>
Vour | /
V. TCLK PVT & Frequency Sensitive
081
Vrert —G)—+ == =1
CMP IVCO(J |
Vour | _ Vrer (: ) CKeer
. i N
o | I Qu.l;xl::iezer 23 controller |—>
Vosw Multiple sources of error Vour | CKour,
VRerN —GD—+ | |
Vour _CMP vcotr _| Local Mismatch

Fig. 7 Voltage domain quantizer and time-domain quantizer in DLDOs

and robust operation but increases the cost and design complexity. In contrast, by
using an error amplifier, the analog LDOs can easily achieve high output accuracy
for its continuous regulation and high gain, without any calibration.

For the switching LDO, with the duty cycle continuously regulated, it can obtain
high output accuracy by using a high-speed and high-accuracy comparator or
combining it with the analog error amplifier. The S-LDO in Ref. [25] achieved
1.5 mV/A load regulation, and Ref. [26] also obtained an excellent load regulation of
1 mV/A.

The transient response is also another important indicator of the LDO. We
evaluate the transient speed of an LDO by the response time Ty, defined as in [27]:

AV I

Tr= Cour x — 22T x £, (13)
I I

where AVgyr is the resultant output voltage spike, I is the maximum load current,

and I, is the quiescent current. We can approximate Tg as

TR ~ ﬁ + TSR + Ts, (14)
where BW is the loop bandwidth of the LDO, Tsy is the delay from a limited slew
rate, and Ty is the delay from the voltage error sampling.

Frequency compensation is also a key part of an analog LDO design, especially
for high current wide bandwidth applications. The A-LDO can detect the Voyr
variation in real time and almost 75 = 0. The loop bandwidth and the gate-drive slew
rate limit the transient response of an A-LDO. Then, flipped voltage follower
(FVF)-based LDO is the most common in fast transient applications. For example,
Ref. [4] obtained a sub-ns transient response due to >400 MHz loop bandwidth and
an enhanced super source follower. In general, for a fast transient response, a high
slew rate requires a large current. Designing an energy-efficient driver is another
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challenge. The common methods include adaptive biasing [28], class-AB driver
[29], and supper source follower [4].

To implement feedback control, D-LDOs adopted a range of control schemes,
including integral feedback [20], dead-zone control [30], linear PID control [21],
feedforward control [31], and nonlinear control [13, 32]. I-control can achieve
relatively high output accuracy but with slow transient response. Dead-zone control
sets a dead-zone around Vigr and can remove the output voltage ripple, but the size
of the dead-zone requires a cautious setting to avoid window overlapping. The PID
control is a comprehensive feedback control scheme. The P-control can improve the
transient response by providing an output current proportional to the Vour variation.
The D-control helps to reduce the sharp Voyr spikes. Similar to D-control, the
feedforward scheme measures the Voyr slope at the beginning of a droop event
and then estimates the necessary amount of charge, which can further improve the
load transient performance. For nonlinear control, when Voyt drops to a certain
threshold, it will suddenly turn on parts of the power transistors. Nevertheless, it can
constitute an alternative way to minimize voltage droop during large load transients.
Yet, this nonlinear trend may easily produce overshoot spikes on Voyr. In addition,
according to the analysis from Sect. 2.1, for wide input/output voltage range
applications, D-LDOs need to add some control methods to solve the reliability
issues of the power transistors in large dropout conditions.

The D-LDO has no slew rate limitation, but it requires several clock cycles to
sample the output error and process the error information. For the shift register-based
D-LDO in [20], the response time of the linear search control is N. The successive
approximation D-LDO [17] achieves a faster response time of N/2~. By using a flash
ADC [13] or an inverter-chain TDC [21], we can reduce the response time to 1—
2 cycles. The higher operation frequency can improve the transient performance, but
increasing power consumption, and also we have to consider the impact on stability.

A simple switching LDO operates in a hysteretic mode. It uses a high-speed
comparator to amplify the error between Vygr and Voyr into binary levels, with the
comparator output signal applied to the switching power transistor. The propagation
delay of the comparator and gate driver determines the transient response time,
which is usually in sub-nanosecond or even in tens of picoseconds. In principle,
since an error of a few mV is sufficient to drive the comparator output into a binary
level, the DC load regulation error can be very small but related to the loop delay.
The main drawback of an S-LDO is its coherent output ripple. It usually needs a
large load capacitor and high switching frequency to reduce the output ripple. Since
all the power transistors are in a switching state, there will be a large driving current.
Therefore, we can only find the S-LDO in high-current application scenarios.
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3 Analog-Digital Hybrid LDO

Recently, hybrid LDOs (H-LDOs) gained much research and development interest
for combining the advantages of both analog and digital architectures [33]. According
to the hybrid methods, we can divide the analog/digital hybrid LDOs into three
categories.

The first is the D-LDO with an analog-assisted loop in the digital feedback control
[34, 35]. From Fig. 8, the Rc and C¢ form a high-pass filter to improve the load
transient response. A favorable feature of this structure is that the baseline digital
loop can work normally with a slow clock frequency, even if there is no analog loop.
Also, since the analog and digital loops have largely different bandwidth, basically,
they will not affect each other, maintaining low design complexity.

The second is the H-LDO with individual digital and analog loops in Fig. 9. The
power stage consists of a digital power stage in parallel with an analog power stage
[16], or it can have a power transistor with two different operation states [36]. This
structure can support the two loops working simultaneously or utilizes a finite-state

Fig. 8 A D-LDO with the Vin
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Fig. 11 Overall architecture of the analog-assisted tri-loop DLDO proposed in [34]

machine (FSM) to control the operation of the two loops to obtain the best steady-
state or dynamic performance. An obvious feature of this structure is that either loop
can work independently [37, 38].

The third refers to the hybrid signal processing in a single loop, where the analog
control and the digital control belong to the same feedback loop. Figure 10 presents a
hybrid control architecture [39]. This structure combines an analog error amplifier, a
digital voltage sensor (TDC), and a digital power stage, mainly to meet the high-
current application requirements with high output accuracy. Next, we will introduce
hybrid LDO design examples for each of the three categories.

3.1 Analog-Assisted Digital LDOs

Figure 11 presents an analog-assisted (AA) tri-loop D-LDO [34]. Different from a
conventional D-LDO, the Vssg node of the gate driver of the power transistors does
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Fig. 12 Equivalent circuits of the (a) baseline D-LDO, (b) AA-loop D-LDO, and (c) simulated unit
current comparison [34]

not connect to GND but is DC-biased to GND with a relatively large resistor R¢ and
AC coupled with Vgt through a coupling capacitor Cc.

When a load transient occurs, the Vout droop coupled with the gate of the “on”
power transistors can generate a larger instantaneous Vg change and result in larger
unit current Iynyr. A factor K investigated in [34] evaluates the maximum unit
current variations at the transient instant in the AA and the baseline schemes.
Figure 12 shows the equivalent power stage circuit of the baseline and the AA
schemes. When Voyt changes from Vour norwm t0 Vour temp, Only the Vg of the
power transistors changes in the baseline, while both the Vg and Vg change in the
AA-Loop. Figure 12c displays the simulated results, demonstrating the effectiveness
of the AA scheme. With Voyt swept from 0.5 V to 0.4 V, we can observe 5 X Iynir
in the AA scheme and only obtained 1.4 X [ynyr in the conventional structure.
Obviously, a larger instantaneous unit current can significantly reduce the Voyr
droop. A similar phenomenon can happen during the load current down transient.

Figure 13 exhibits the working principle of the tri-loop controlled D-LDO. Once
the load transient occurs and the Voyr exceeds the dead zone, coarse tuning
activates, with a “C_EN” signal generated. When C_EN = 1, the power transistors
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Fig. 13 Working principle of the trip-loop LDO

shift by L counts in each cycle, rapidly increasing the output current and decreasing
the recovery time. When Vyr is within the dead zone, the coarse control terminates,
and the fine-tuning shifts by one count per cycle. At this moment, C_EN = 0 and
F_EN = 1. After several cycles of fine-tuning, the LDO will enter a freeze mode and
stop all the SRs for saving steady-state quiescent current, and then we can eliminate
the LCO.

For the above PMOS power stage, there are only a small number of power
transistors turned-on in light load; thus, the AA-loop only works on these very few
power transistors which is insufficient to compensate a large load transient. Refer-
ence [35] utilizes a NMOS power stage with an AA scheme to improve the load
transient performance. Figure 14 shows the NMOS power stage with a NAND-based
AA loop (NAP). When Vgyt drops, the NMOS source follower naturally provides
more current than the PMOS power stage. Vcp is one of the input signals of the
NAND, DC biased to 2 x Vpp by a resistor R; and AC coupled with the output
voltage. When Vot has an undershoot voltage, the PMOS M, with relatively large
size can amplify the coupled AC signal to the gate of the NMOS power transistor.
With a 20 mA load step with 3 ns edge time, the undershoot of the PMOS AA
D-LDO is close to 426 mV, while the NMOS AA D-LDO has a smaller undershoot
of 244 mV due to the NMOS intrinsic response. The NMOS D-LDO with a NAP
loop obtains a superior transient response of only 96 mV undershoot.

3.2 An Analog-Proportional Digital Integral Multiloop
Digital LDO

The AA-loop is a passive scheme to improve the transient response by increasing
instantaneous current. Another scheme has directly in parallel a fast analog
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Fig. 15 The D-LDO with analog-proportional and digital integral control [16]

proportional loop with the digital integral loop. Figure 15 reveals a digital LDO with
analog-proportional (AP) and digital integral (DI) control [16].

The traditional SR-based D-LDO is essentially an integral control, which can
offer a high DC accuracy with low power consumption but also with slow response.
The proportional control can respond fast but has a large DC error in the steady state.
By combining these two controls, we can simultaneously obtain a fast transient
response and high DC accuracy. We can implement the proportional control in an
analog way.

The FVF-based LDO is a good choice for energy-efficient proportional control
[2]. The analog power transistor Mpa and the common-gate PMOS M, compose the
fast Loop-1, to handle the fast transient. The FVF circuit can still operate normally in
alow Vpy voltage. However, the AP part may take over all the current at a very light
load condition; thus, we add Loop-2 for the load current-sharing regulation. Loop-2
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Fig. 16 The timing diagram of the AP-DI LDO proposed in [16]

consists of Mpa, M,, and a two-stage error amplifier. We set the gate voltage of M,
based on the difference between Voyt and Viygg. Although the gain of Loop-2 may
not be high, it can help to improve the PSR and output accuracy under light load
conditions.

The digital integral part consists of three shift register-controlled power transistor
arrays. Loop-4 is a coarse tuning, composed of M and H subsections. When Voyr
exceeds the preset boundaries (Vrgr_ to Vrgg,), the outputs of CMP, and CMP;
trigger a fast regulation, in which the active number of power switches changes by
16 units every cycle. When Vgyr is within the (Vggg. to Vrgg,) boundary, Loop-5
starts work, which is a fine-tuning with a high DC gain. The active number changes
according to the output of CMP,. Figure 16 presents the timing diagram of the
AP-DI LDO proposed in [16].

Figure 17 shows the simulated load transient waveforms for load steps of
0-10 mA within a 5 ns edge time, where Viy = 0.6 V, Vggr = 0.55 V, and
CLK = 5 MHz. With an AP-only LDO, the undershoot is 70 mV but with a large
DC error. The DI-only LDO obtains good DC accuracy but a large undershoot of
550 mV, as well as a large LCO. The proposed AP-DI LDO not only delivers a fast
transient response and good output accuracy but also eliminates the LCO in light
load.

Figure 18 presents the PSR improvement of the AP-DI LDO work in [16], where
Vin =0.75V, Vour = 0.7 V, and I; oap = 10 mA. It is clear that the AP loop can
significantly improve the PSR and Loop-2 is very effective.
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3.3 A 1.2A Calibration-Free Hybrid LDO with in-Loop
Quantization

The hybrid LDOs in Sects. 3.1 and 3.2 are all for low-current applications.
According to the discussions in Sect. 2.1, the digital power stage is appropriate for
high-current and wide bandwidth applications. However, for high output accuracy
and robust operation, calibration is necessary but increases the cost and design
complexity. In contrast, analog LDOs utilize an analog amplifier that can easily
achieve high output accuracy for its continuous regulation and high gain, without
any calibration. Thus, we can try to combine an analog error amplifier and digital
power stages to achieve large load capability and high output accuracy.

Figure 19 presents the overall architecture of the hybrid LDO with in-loop
quantization proposed in [26]. Its composition includes an analog EA with RC
compensation, a five-bit TDC, digital power stage, and an auxiliary constant current
(ACC) circuit. Unlike the conventional DLDO which directly quantizes the output
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voltage, the proposed LDO utilizes an analog EA to pre-amplify the error between
Vour and Vggg. Then, a five-bit TDC quantizes the buffered EA signal Vgap and
outputs a thermometer code directly to control the digital power transistors.

Figure 20 illustrates the LDO structure comparison. When compared with the
traditional analog LDO, this hybrid LDO replaces the analog driver with a digital
TDC and replaces the power stage with a digital power stage. The inverter chain-
based TDC is in the middle of the control loop; although it is sensitive to PVT
variations, it will not affect the output accuracy benefitting from the closed-loop
control because the error amplifier output can automatically track the PVT
variations.

Since the current Iynrr through a unit power transistor varies a lot in a large
dropout condition, it may cause reliability and stability issues [13, 14]. We
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implement an auxiliary constant current (ACC) circuit to keep Iynyr constant. The
ACC circuit consists of two loops, and its output voltage V; has sink capability using
the adaptive “GND” from the pre-driver. The control signals of the power transistors
are actually in the [Viy — V] domain. The V; voltage tracks PVT variations to
ensure that the unit current through the power transistor is equal to the defined value.
The traditional D-LDOs generally utilize the PID controller for loop stability. In
the proposed hybrid LDO, we used an RC compensation to replace the digital PID
controller and simplify the design by eliminating the analog-to-digital converter.
Figure 21 displays the small-signal model of the hybrid LDO proposed in [26]. The
RC compensation consists of the resistors R and R, and capacitors C; and C,. Since
the TDC’s frequency far exceeds the loop bandwidth, we can simplify the five-bit
TDC to a continuous voltage-to-digital model. Then, the transfer function of the loop
is
H(s)= Aot AoRo (1 + sR2C) (1 + sR1C) ¥ 1o (15)
[1+ (40 + DRICo) (14 525 ) (14 522) (1 + 5RoCy)

mn

There are three effective poles and two zeros in the whole loop.

4 Multiphase Switching LDO

4.1 Ripple Analysis

The switching LDO can drive power transistors fast and accurately. However, it
usually needs high switching frequency and a large capacitor to mitigate its output
ripple, which restricts their application in low-power and low-cost scenarios. A
traditional switching LDO with hysteretic control utilizes a high-speed comparator



Hybrid Architectures and Controllers for Low-Dropout Regulators 301

Vi

I

Vour

OFF

VRer onLIL

=

C. I VOUT__ v/ \/ ~Vrer

Fig. 22 The charge-discharge model of a traditional hysteretic switching LDO

to amplify the errors between Vxgr and Voyrt into binary levels. The comparator
output controls the power transistor for turning it on and off, regulating the output
current. Figure 22 shows the charge-discharge model of a hysteretic switching LDO.

Isw is the current through the power transistor when turned on, and I; is the load
current. In steady state, according to the charge-balance principle,

IswxTon=1.%T (16)
The duty cycle D is
_Ton _ I
D="pF = (17)

The output ripple consists of two parts: the capacitor charging-discharging
component AV and the contribution of its ESR that is AVggg:

AV =AVcr + AVEsg = (1 7D)D Xlsw/(CL X F) + Isw X Rgsr (18)
where F' = 1/T is the switching frequency. In Eq. (18), the amplitude of the output

ripple is related to the transistor current strength Isw, switching frequency F, load
capacitor Cy, and load current I;. Assuming that D = 50%, Isw = 1A, F = 1GHz,



302 X. Mao et al.

Table 3 The K ratio [40] [25] [41]

comparson Output capacitor C;, (nF) 750 481 27
Load capability I; (A) 11.9 12 0.17
K = C/Iyax (nF/A) 63.02 40.08 15.88

Vranp ONO H
/\/\} s
Vo VOUT

‘P I

Fig. 23 The PWM control switching LDO with a triangle input signal

and Rgsr = SmQ, the output capacitor C; needs to be larger than 25 nF for a 15 mV
output ripple. Considering the PVT variations of Isw, the output capacitor should be
even larger. Higher switching frequency can reduce the output ripple, but it increases
the driver loss.

Table 3 presents the load capability and the output capacitor comparison of the
prior hysteretic switching LDOs. References [25, 40] have large load capability and
correspondingly need large output capacitors (481 nF in [25] and 750 nF in [40]),
which require a special SOI process or a deep-trench process. Reference [41]
fabricated in 16 nm CMOS with a 2.7 nF load capacitor can only drive a load current
of 170 mA. We consider the ratio of output capacitance over the maximum load
current K = Cy /l\iax as the key performance index of switching LDOs. The K values
in Table 3 are 63.02 nF/A, 40.08 nF/A, and 15.88 nF/A, respectively. Such large
K values restrict the application of hysteretic switching LDOs.

4.2 RAMP-Based PWM Control

A hysteretic switching LDO does not fix the switching frequency, only determined
by the loop propagation delay. In order to fix the switching frequency, we use a
triangle wave to replace the DC reference voltage, as presented in Fig. 23.

When Viamp > Vour, the comparator output will turn on the power switch and
Vour rises. When Vramp < Vour, the comparator output will turn off the power
switch and Voyt drops. The switching frequency is equal to the triangle wave
frequency. The Vramp amplitude is usually much larger than the output ripple.
Ignoring the impact of the output ripple, we can express the duty cycle D as
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D— (RAMP

1 Vger—V 1
D) + VRer — VOUT>/RAMP: —+M =L (19)

2 RAMP  Isw

Equation (19) reveals the linear relationships between I, Vour, D, and RAMP.

4.3 Four-Phase PWM Control

With the frequency of the PMW (pulse width modulation) control fixed, we can
utilize a four-phase triangle wave and split the total current /gy into four small
currents (Fig. 24), with charging interleaved. When compared with the single-phase
PWM control, the four-phase PWM control can reduce the maximum output ripple
by 16 times.

4.4 Current Balancing

The current-sharing can be a serious issue in multiphase control, which determines
the ripple cancellation effect. For the four-phase switching LDO,

1 1 1 I
= (o)« (o) o (<0« () 0

The unbalanced current is

AI:ISTWXAD (21)

The input offset voltage of the comparator will cause a duty cycle error. Since a
small error in D only causes small unbalanced current, we recommend calibrating
the comparators for a good load sharing.

Vin Vin
0.25lsw | 0.25lsw 0.25lsw | 0.25lsw
Current-Limited —— J]_'"; ﬂ ﬂ
Power Cell 7 )i { T Vour
Vour Interleaving AVes 2 Resg
1 X lewe 47 I
Proposed 4-Phase C :; R AVer == €.
PWM-Based Control L

Fig. 24 The four-phase PWM control charging/discharging mode
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4.5 Dual-Loop Four-Phase PWM Control Switching LDO

Since the reference input of the comparator becomes a triangle wave, the Vgoyr
voltage cannot obtain high DC accuracy. We add a high-gain error amplifier before
the PWM controller to improve the output accuracy. Figure 25 shows the overall
architecture of the dual-loop four-phase PWM switching LDO [26]. The resistor R
and capacitor C, constitute the loop compensation circuit, and we used R to realize
the active voltage positioning (AVP) function. We can adjust Rk to obtain different
AVP effects. In addition to the four-phase PMW control, we introduced two other
ripple reduction techniques: (1) current-limited power cells acting as constant current
source for resisting PVT variations and (2) hybrid fast-slow power transistors, with a
ratio of 4:1.

Distinctive from conventional LDO designs that consider the controller and the
power transistor as a whole, we can design such switching LDO like a Lego set. Each
power cell has a load capability of 220 mA; after we design the controller, the
switching LDO can scale to different load applications by increasing or decreasing
the number of power cells, even without redesigning the main circuits and layouts,
which is very flexible and convenient.

Power Cell Voo Power Cell Voo
_ Phase3
4-Phase Clock _— Phase2
500MHz Each >/ Phase1
Phase0
A, BIAS
AVP Regulator ovf\M &MMP I I
Veee [ v v - _— | — L
R EA EA B’ EAB, VL —_— _— !
A O o
Re, 2 >
W
Cey
r Vour
Vour yd

Hybrid Fast-Slow

220mA 220mA 220mA Power Transistors
Power Power Power Voo Voo
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Controller BIAS
220mA 220mA 220mA
Current Limit Power | | Power Power
Module Cell cell || cel Ji|
) - Output Cap
LDO Controller Scalable Load Capability [oad Capablily 23 33nF/A

Vour

Fig. 25 Overall architecture of the dual-loop four-phase switching LDO in [26]
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5 Conclusions

This chapter discussed the characteristics and design considerations of each of the
three LDO types (analog, digital, switching) in terms of the power stage and the
control methods, for integration in nanoscale processes. The conventional analog,
digital, and switching LDOs all have some inherent shortcomings or limitations.
Many recent research works obtained better performances by using a hybrid archi-
tecture that combined the advantages of different control schemes. Design example-
1 adopts a high-pass analog-assisted loop to improve the transient response of a
digital LDO. Design example-2 utilizes the analog-proportional and digital integral
control for enhancing the PSR and improves the load transient response. In addition,
by combining the analog error amplifier and the distributed digital power stage
(example-3), or switching power stage (example-4), the two LDOs obtained
ampere-level load current capability, as well as high output accuracy and fast
transient response. In brief, there is no perfect architecture for all applications but
only the most suitable architecture for a specific application. We need to choose the
LDO structure based on the application requirements, not limited to specific control
loop and power stage types.
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