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Preface

ODAY, the worldwide DSL market penetration has surpassed all other

forms of broadband access technologies. However, still less than 5% of
the world’s phone lines are connected to DSL networks. At over 173 million
DSL subscribers, as of September 2006, the majority of the world remains thus
“unconnected”. The opportunity of DSL is to reuse the billions of available
twisted pairs of the classical plain old telephone service (POTS) to offer a
triple play of high-speed Internet, voice over IP (VOIP) and multichannel
television to your home.

The Discrete MultiTone (DMT) modulation was developed to provide bit-
rates close to the Shannon limit for the lossy transmission medium. In this
modulation technique, the used bandwidth is divided into several carriers,
spaced at 4.3125 kHz. Each carrier is modulated by a quadrature amplitude
modulation. A large disadvantage of this technique is the high Crest Factor
(CF) of the signals in the time domain, requiring linear amplifiers for a broad
range of input signal amplitudes. This results in line drivers with very low
efficiencies.

It is known that the Self-Oscillating Power Amplifier (SOPA) is a highly
efficient line driver for xDSL applications. However, in the nano-electronic
era, the line driver remains more than ever the major bottleneck for lowering
the cost and power of the xDSL modem. The low supply voltages coming
from nanometer technologies increase the current density in the line driver
for a constant output power. This results in a low efficiency and reliability
problems.

To solve these low voltage issues, high voltage design techniques are dis-
cussed in this book using the principle of stacking standard nanometer devices.
Two realisations are analysed to demonstrate the feasibility of this princi-
ple. A first high voltage driver is implemented in a standard 2.5V 0.25 pm
CMOS technology. Although the supply voltage of the high voltage driver is
set at three times the nominal supply voltage, none of the transistors in the
circuit is stressed by applying too large voltages, resulting in reliable opera-
tion and guaranteed minimum lifetime of operation described by the foundry.
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An output swing of 6.46 V at a frequency of 10 MHz is measured over a 50 €2
load. With the second high voltage driver, the boundaries of the stacking prin-
ciple are even further explored. The chip is implemented in a standard 1.2 V
130 nm CMOS technology. With five stacked transistors and a supply voltage
of 5.5 V an output swing of 4.2 V at a frequency of 40 MHz is measured over
a 4 Q load with an efficiency of 79%.

To prove the usefulness of this stacking principle, a high voltage driver is
integrated in the SOPA architecture, which leads to a fully integrated high
voltage line driver. Again, two test chips were developed in a standard 1.2 V
130 nm CMOS technology to materialize this concept. The first, zeroth order,
SOPA complies with the aDSL-Lite specification with its 1.1 MHz bandwidth
and 42 dB Missing Tone Power Ratio (MTPR). The efficiency is 40%. The
second, first order, SOPA faces the two challenges of line drivers in wireline
communications: increasing the signal’s bandwidth while maintaining a high
efficiency. The circuit complies with the aDSL2+ specifications. A MTPR, of
58 dB is reached for a DMT signal with a CF of 15 dB. The efficiency for
driving a 100 mW aDSL2+ signal is 42%.

Heverlee Bert Serneels
August 2007 Michiel Steyaert
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1

Introduction

N 1874, while Alexander Graham Bell (who considered himself to be a

teacher of the deaf, more than the inventor of the telephone) was working on
the harmonic telegraph, the telephone and hearing aids for the deaf, he built
a device called phonoautograph. The device was made with Frankensteinian
ingenuity out of a dead man’s ear (It is not recorded just where the ear
came from, volunteered or otherwise.). Speaking into the device caused the
ear to operate ...like an ear. The ear’s membrane vibrated according to the
intensity of the voice, more for louder voices or sounds, less for quieter sounds
or whispers. This in turn caused a lever attached to the ear to “write” a
wave pattern on smoked glass; bigger waves for louder sounds and smaller for
quieter sounds. This inspired Bell. He thought that, by using a membrane to
convert sounds of varying intensity into electrical current of varying intensity
(instead of just the working of the lever) and then reversing the process on
the other end with another membrane, he could replicate speech over long
distances. It took him two years to put this idea into practice, but it became
the founding principle of telephony.

Once the variable current is generated, it has to have some way to travel to
the receiving end, where it is converted back to sounds. From the beginning,
copper wire has been the carrier of choice. But, how many wires are needed?
The first phones did just use one wire, carrying both the transmitter’s and
receiver’s current and grounding each end in the earth to complete the circuit.
However, this created a lot of static interference, since everyone was using the
earth to ground their phones. This was fixed when Bell invented a two-wire
circuit in 1881. It meant that a phone conversation would require two wires
creating a complete circuit, where grounding in the earth was not needed. The
two-wire circuit is considered as the start of the billions of twisted pairs for
the Plain Old Telephone Service (POTS) that are laying in the ground at this
moment.

The history of data-transmission began thus with Alexander Graham Bell,
a pioneer who developed the idea that data could be transmitted through
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copper wire. Of course, he had no idea of the scope of his findings or where
they would actually lead to. However, the principles had been established.

In the course of history, many people improved the telephone. The in-
vention of the microphone by David Hughes, with further improvements by
Thomas Edison who introduced the carbon granule transmitter, made the tele-
phone into an instrument that was much more sensitive than Bell’s Aluminium
alloy diaphragm. By the early 1960s, low-cost transistors and associated cir-
cuit components made the introduction of touch-tone into home telephones
possible. Extensive human factors tests determined the position of the buttons
to limit errors and increase dialing speed even further.

Also in the 1960s, the telephone system gradually began converting its
internal connections to a packet-based, digital switching system, whereas the
earlier phone systems were purely analog causing great inefficiency. It was
very prone to breakdown and noise and did not lend itself well to long dis-
tance connections. Today, most voice switching in the world is digital with
the exclusion of the final connection from the local Central Office (CO) to
the Customer Premises Equipment (CPE). This final connection is an analog
POTS line, also called The Last Mile.

From the 1950s on, people started experimenting sending digital data over
the copper wires. However, while the theoretical capacity of copper to trans-
mit data was long known, mathematician Claude Shannon presented in 1948
its theory of channel-information capacity, the practical use of telephone wires
for high-speed data was first demonstrated in the late 1980s. Joseph Lechlei-
der demonstrated, through mathematical analysis, the feasibility of sending
broadband. The first efforts, to make use of this capacity, created Integrated
Service Digital Network (ISDN). The ISDN vision was very ambitious: to
construct a global network for data communications and telephony.

In 1986 the early concept definition of High-speed Digital Subscriber
Line (HDSL) started. Digital Subscriber Line (DSL) technology was origi-
nally implemented as part of the ISDN specifications. Under the impulse of
Joseph Lechleider, asymmetry, between up- and downstream data-rates, was
introduced in the DSL spectrum, representing the a in aDSL. He understood
that many users would benefit from the higher data rates possible in one
direction.

In the early years of DSL, the economic benefit was not present. However,
the .com boom of the mid-1990s created a viable market for DSL. Nowadays,
multiple standards for DSL are emerging, grouped under the term xDSL.
The reason is the ever-increasing demand for more bandwidth. Latest devel-
oped standards, such as aDSL2+ and vDSL2, have the opportunity to offer a
triple play of high-speed Internet, Voice-over IP (VOIP) and High Definition
Television (HDTV). As such, DSL can preserve its market position between
cable and Passive Optical Network (PON) in the field of last mile access
solutions.

Figure 1.1 shows a timeline with some interesting aspects of wireline com-
munications from the invention of the telephone to the latest DSL standards.
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First telephone call around the world Modems used for direct connections via phone
lines
Herbert Hoover became the Implementation of ISDN
first president of the US with

a phone on its desk Introduction of aDSL
1874 1876 1915 2001 2003 2005
[ | [

| I |
1928 1935 1958 1984 1987

Bell’s US patent
for the telephone

is granted First transcontinental Introduction of vDSL

telephone call

Introduction of aDSL2+

Graham Bell discovers
the principle of telephony

Release of vDSL2

Fig. 1.1. Timeline of telephone wireline communications

1.1 Motivation of the Work

Today, the worldwide DSL market penetration has surpassed all other forms of
broadband last mile access technologies combined. The resulting xDSL stan-
dards and the prospects of the vDSL2 system have proven the expectations
for millions of broadband users. The implementations of these techniques had,
however, a big drawback from a power consumption point of view, certainly
at the CO side. Its line drivers, the final building block between the modem
and the telephone line, consume an enormous amount of power.

A typical CO modem architecture for xDSL is shown in Figure 1.2 [Sto06].
Coding and modulation is done in the digital interface by digital signal
processing. The analog part of the Transmit (Tx) channel contains a Digital-
to-Analog Converter (DAC), Low-Pass Filtering (LPF) and a Line Driver
(LD). The function of the hybrid is to separate the strong transmitted signals
from the weak received signals and thus prevent saturation of the Receive (Rx)
path. In the Rx channel High-Pass Filtering (HPF) is used to reduce the out-
of-band signals such as the echo from the transmit signal. A Variable Gain
Amplifier (VGA) is used in order to ensure that the Rx signal optimally fits
into the input of the Analog-to-Digital Converter (ADC). This converter is
preceded by an anti-alias filter. With the advent of the nano-electronic era,
the line driver remains more than ever the bottleneck for lowering cost and
power of the Analog Front-End (AFE).

The presented research activities are aimed at improving this building
block, to design aDSL/aDSL2+ compliant line drivers with a high voltage
output buffer in a low voltage mainstream Complementary Metal-Oxide-
Semiconductor (CMOS) technology and at the same time, maximize its effi-
ciency. In this chapter the importance of this work will be motivated and an
overview of the contents of this book is given to guide the reader through this
work.
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Tx

—> DAC LPF
Line

Hybrid >©Q<:

Rx

-— 4—<ADC < LPF HPF

clock

A |

digital
interface

Fig. 1.2. Simplified block diagram of an AFE CO modem for xDSL applications

1.1.1 xDSL Technologies: The Market Opportunities

DSL’s subscriber base went up to more than 173 million, while global broad-
band subscribers reached more than 263 million in the 12 months to 30 Sep-
tember 2006. Each week, 1.25 million people signed up to broadband according
to the latest statistics prepared for the international DSL Forum by industry
analyst Point Topic. Two-thirds of new subscribers are choosing DSL technol-
ogy, that delivers broadband over telephone lines. [source: www.ds1forum.org)

DSL is by far the most popular broadband access technology in the world
at 65.6% market share, rising to 82% in the European Union, the world’s
largest broadband region. Of the remaining broadband access technologies,
cable and fiber-to-the-home deliver respectively 23% and 10% of the world’s
broadband subscribers. Less than 1% of broadband is delivered by satellite,
accounting for less than one million subscribers. However, there are still large
opportunities for DSL since less than 5% of the phone lines are connected to
DSL networks. The majority of the world remains thus “unconnected”. DSL
reuses the billions of available twisted pairs of the classical POTS. Today
vDSL2 with a bandwidth of 30 MHz can offer 100 Mbit symmetrical data
rate and enables real triple play. In this point of view, DSL is complying to
the need-for-speed on the web for the millions of broadband users.

1.1.2 xDSL Technologies: The Gap

The reuse of the billions of copper wires in the ground for last mile access is a
good choice from a market point of view. However, the implementation of those
xDSL systems has brought engineers and analog designers a lot of worries.
The transmission line characteristics of the twisted pair telephone wires are far
from good at higher frequencies. Therefore, specialized modulation techniques
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Table 1.1. Overview of the most important driver architectures in relation to the
maximum number of lines per 500 cm? board

Lines per 500 cm? |24 48 72 96 120
board

Class AB
740 mW

Class G 400 mW NOT NEBS COMPLIANT

AXY Class D
200 mW

SOPA 100 mW NEBS COMPLIANT

are necessary to reach high bandwidths in Asymmetric Digital Subscriber
Loop (aDSL). aDSL signals have a noise-like look with several voltage peaks.
This large Crest Factor (CF), meaning the ratio between the maximum voltage
and the root mean square (rms) signal voltage, render traditional class AB
power amplifiers to be low efficient line drivers.

The importance of high efficiency can be easily observed by taking a look
at the Network Exploitation Board Specifications (NEBS) norms. The NEBS
prescribe the maximal amount of power that can be dissipated on a 500 cm?
modem board. If the efficiency of the line drivers is taken into account, the
power dissipation will fix the maximum number of lines that can be served
by a single board. The result of these calculations is depicted in Table 1.1
[Sev02]. The cost per served line thus increases with decreasing efficiencies of
the line drivers. The modem-board density is, nowadays, not only limited by
the number and size of the components, but also by thermal limitations.

If a complete modem-board is split in an AFE, Digital Front-End (DFE)
and a line driver, one can say that, when scaling the technology to a next
node, the power dissipation for the DFE and AFE decreases with roughly 50%
and 30% respectively. However, the power savings in the line driver is only a
few percent. Today, the line driver represents about 80% of the total power
dissipation per served line. The goal is to design highly efficient line drivers
such that the cost per line can be lowered. Table 1.1 shows also that traditional
architectures do not suffice. Therefore, the presented research activities are
based on a relatively novel, highly efficient architecture for xDSL line drivers:
the Self-Oscillating Power Amplifier (SOPA) [Pie04].

1.1.3 Power or High Voltage in Nanometer CMOS?

An important research topic of this work is high voltage design in mainstream
nanometer CMOS for designing analog power building blocks. The nanometer
technologies provide an answer to the increasing integration density of Very
Large Scale Integration (VLSI) circuits and the low power requirements of
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complex signaling processing applications. For mass-production, the integra-
tion of the power amplifier within the digital part of the system could lead to
a lower production cost and smaller products [Rey05].

A major issue when integrating power amplifiers in CMOS technologies is
the fact that for nanometer technologies, the supply voltage drops to nearly
1V or even below 1 V. This is done to limit the electric field across the tran-
sistor’s channel, such that the foundry reliability targets are met. However,
the output power is coupled with the square of the maximum voltage swing
by P = V2/Ry, and the output swing is of course limited by the supply
voltage. Another problem is that the load impedance Ry, is fixed by physical
constraints, which are very difficult to change. For instance, the characteristic
impedance of free space, also called the Z; of free space, is an expression of
the relationship between the electric-field and magnetic-field intensities. The
Zy of free space is, like the characteristic impedance in general, expressed in
ohms. It is considered as a physical constant and its exact value is 1207 €.
Therefore, the load impedance needs to be converted or transformed into a
lower value for achieving a constant output power. This is typically done
by an impedance matching network, resulting in extra power losses. On the
one hand, these are losses in the impedance network itself. On the other hand,
these are losses due to the large current densities in the amplifier driving a low
ohmic resistance. After all, when driving high currents, small parasitic resis-
tors can lower the overall efficiency drastically. Moreover, reliability becomes
an issue, since electro-migration effects can occur at these current densities.
For an xDSL system, the impedance transformation is performed by the line
transformer, which is depicted in Figure 1.3.

New power amplifier architectures, such as the SOPA, addresses these
issues up to some point, but when entering in the nano-electronic era more has
to be done. A 1V supply is too low for designing an xDSL CO modem. The
transformer ratio of the impedance matching network becomes too large such
that it becomes impossible to meet the noise specifications of an xDSL system.
Moreover, the received signal in the modem will be attenuated with this ratio,
resulting in Signal-to-Noise Ratio (SNR) specifications for the building blocks
in the Rx path (Figure 1.2) that appeals to one’s imagination. The low voltage
issues can be elevated by going to higher voltages. This can be done in three
ways:

= RL

Fig. 1.3. Schematic of the line transformer as an impedance matching network
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1. By using a separate high voltage output stage comprised of power tran-
sistors. This is a very costly solution, since this requires extra costly
components on the line card.

2. By using a technology that is able to deal with higher voltages, like DMOS
or BiCMOS technologies. These technologies can be integrated in a low
cost CMOS process at, of course, a higher cost. After all, this integration
requires extra process steps and mask sets. When scaling towards nanome-
ter lengths, the price of these mask sets is increasing exponentially.

3. By using drain source engineering and circuit techniques in a standard
CMOS technology. This technique ensures that the devices never encounter
a voltage as high as the breakdown voltage over their gate capacitance,
while the output swing is higher than this value.

These solutions are ordered from an easy implementation to a very difficult
one, but also from a high cost to a low cost implementation. It is only the
third and last solution that results in a fully integrated, low cost modem
for xDSL applications. Therefore, an important part of the research in this
book is dedicated to high voltage circuit design in a mainstream, low voltage
nanometer CMOS technology.

These high voltage techniques can also be used for other (low power) appli-
cations when using (sub) 1 V. CMOS technologies. After all, such low supply
voltages put serious restrictions on the design of analog circuits, such as lim-
ited gain and SNR.

1.2 Organisation of the Book

The presented work aims for a high efficiency, high voltage line driver in
a mainstream nanometer CMOS technology. It is a contribution to a fully
integrated low cost, high efficiency AFE for xDSL CO modems.

Chapter 2 starts with an investigation of the required specifications for
an xDSL line driver. Since these requirements are a direct consequence of the
used channel, a short overview of the channel properties is given. From that,
it will become clear why Discrete MultiTone modulation (DMT) is used as
the modulation technique. The DMT signals pose severe requirements on the
line drivers. A brief overview of the most important reported architectures
is given. The conclusion of this overview is that a self-oscillating switching
structure is necessary for a high efficient xDSL line driver.

The high voltage techniques developed in this work are applied on the
output stage of the SOPA architecture for it is the most efficient line driver
for xDSL applications. Therefore, a summary of the behavioral model of the
SOPA is given in Chapter 3. The SOPA is characterized by the limit cycle
oscillation. Techniques to calculate its amplitude and frequency are discussed.
The limit cycle oscillation will act as a natural dither in the non-linear system.
Formulas are derived to calculate the possible distortion and Missing Tone
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Power Ratio (MTPR) levels. The limitations of the SOPA system, due to the
low supply voltages of nanometer technologies, will be explained by means of
the behavioral model and the improvements of inserting a high voltage output
stage in the self-oscillation structure will be discussed.

Chapter 4 elaborates further on the SOPA architecture in a low voltage
technology. The chapter is divided into two major parts. In the first part, the
effects of CMOS scaling on the SOPA line driver are further investigated. It
will be shown that the efficiency and reliability of the driver will seriously
degrade due to the low supply voltages coming from nanometer CMOS tech-
nologies.

In the second part of Chapter 4, the principle of stacking mainstream
CMOS transistors, as a solution for designing high voltage circuits, is de-
scribed. Through high level calculations of the power losses, a comparison is
made between a high voltage solution in a mainstream low voltage technol-
ogy and a technology from a previous generation with a high nominal supply
voltage. It will be shown that the stacking of standard low voltage transistors
is more advantageous in terms of power dissipation and integration prospects.

Chapter 5 provides a materialization for the principle of stacking devices
for designing high voltage circuits. Two different implementations are pre-
sented. The most important design issues are given and the obtained mea-
surement results are described and compared with the present state of the
art. The first design is a 7.5 V output buffer in a 2.5 V 0.25 pum CMOS tech-
nology. Using three stacked transistors, an output swing of 6.46 V is measured
in a 50 2 load. With the second design, the boundaries of the stacking princi-
ple are further explored. An output stage comprised of five stacked transistors
resulted in a 5.5 V buffer realized in a 1.2 V 130 nm standard CMOS technol-
ogy. An output swing of 4.2 V at a frequency of 40 MHz is measured in a 4
load. The efficiency of this buffer is 79%.

While Chapter 5 gives a materialization of the principle of stacking stan-
dard CMOS devices for designing high voltage circuits, Chapter 6 goes one
step further. In this chapter, two implementations of the SOPA line driver with
a high voltage output buffer in a mainstream 1.2 V 130 nm CMOS technology
are presented. The realized prototypes are compared with the present state of
the art and they serve as a proof that the stacking principle can be used, even
in high-end applications. The first design is a zeroth order SOPA line driver.
Measurements point out its compliance with the aDSL-G.Lite specifications
and this for a measured efficiency of 40%. With the second design, the goal
was set more ambitiously. A first-order SOPA is chosen to comply with the
aDSL2+ specifications. A MTPR of 58 dB is measured for a DMT signal with
a CF of 15 dB. The total power dissipation for an average output power of
100 mW is 237 mW, resulting in an efficiency of 42%. The presented chips
serve as a proof that the superior efficiency of the SOPA line driver can be
maintained in nanometer CMOS, thanks to the inclusion of a high voltage
output buffer based on the stacking principle.
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Chapter 7 concludes with the major contributions and achievements of
this research work.
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Digital Subscriber Line: Signals, Specifications
and Driver Solutions

NLIKE competing technologies, DSL eliminates the need for extensive

and expensive infrastructure upgrades — improvements that are hard to
measure in terms of time or money. Where original telephone company strate-
gies centered on the time consuming and costly task of fiber installation, de-
mand for multimegabit services has forced them to evaluate approaches that
leverage the existing infrastructure and provide a quicker time to market.
That is one of the DSL technology’s chief advantages: the ability to transform
the nearly 700 million phone lines installed worldwide into multimegabit data
pipes capable of speeding digital voice and data to homes and businesses.
[Par00].

The first section of this chapter gives an introduction to the DSL technol-
ogy. Wading through an alphabet soup of acronyms, the history and working
principle of a DSL-system will be discussed. This knowledge is mandatory for
understanding the various inherited constraints to design an AFE for a Digital
Subscriber Loop (xDSL) system.

DSL uses the twisted pair telephone cable to bridge the last mile. This
is, however, a very poor channel for high data-rate communication. In the
second section an overview of the channel properties is given. With a lumped
parameter model of the twisted pair cable, the huge losses of this channel at
high frequencies and large loop lengths will be shown. Moreover, cable impair-
ments like bridged taps, cross talk and radio frequent interference will further
limit the throughput through the channel. Therefore, specialized modulation
techniques will be necessary to allow for the high data-rates of xDSL.

By applying DMT modulation in xDSL-systems, bit-rates close to the
Shannon limit can be achieved. DMT splits the channel into several carriers
and by loading every carrier with a bit-rate that is proportional to the mea-
sured SNR in that frequency bin, the full capacity is usable. Moreover, DMT
is easy to implement in an all-digital domain, especially with the increasing
processing power and modern Digital Signal Processing (DSP) techniques in
nanometer CMOS. In this section, the basics of DMT-modulation and its
specifications for an xDSL-system will be explained.



12 2 Digital Subscriber Line: Signals, Specifications and Driver Solutions

In the last section, traditional solutions for constructing an xDSL line
driver are discussed. The large CF of DMT-signals limits the design of high
efficiency line drivers. The widely used class AB line driver provides a very
linear solution for driving xDSL-signals, but it suffers from an extremely high
power dissipation. An improvement to this class AB line driver results in the
class G and class H line drivers. By using multiple supplies for a class AB
topology, higher efficiencies can be reached. However, for further decreasing
the power consumption, switching type line drivers have to be used. This leads
to the SOPA line driver, which will form the basis of this research work.

2.1 DSL in a Nutshell

2.1.1 History

Running data and voice traffic over copper wires is nothing new, but during
the 1990s new technology has been applied that has made copper into gold.
Within the existing copper wire network, that is used for telephony, lies the
promise of the need for speed.

The start of DSL is given in the early 1980s. Equipment vendors were
working aggressively to develop Basic Rate ISDN, which would provide up
to two 64 kb/s B-channels, plus a 16 kb/s D-channel used for signaling and
packet data. The information payload, plus other overhead associated with
implementation, resulted in 160 kb/s in total transmitted information. A key
requirement of ISDN was that it had to reach customers over the existing
copper wire loops, equating to 18 kft.! However, an Alternate-Mark Inversion
(AMI) encoding implementation of Basic Rate ISDN would require use of the
lower 160 kHz, which resulted in too much signal attenuation and would fall
short of the required 18 kft loop reach.

By 1988, advancements in signal processing and line coding doubled the
effectiveness of legacy AMI code by sending two bits of information with each
cycle of an analog waveform or baud. The line code was called 2 Binary, 1
Quaternary (2B1Q). A 2B1Q implementation of Basic Rate ISDN uses fre-
quencies ranging from 0 to approximately 80 kHZ, which has less attenuation
and results in the desired 18 kft loop reach.

In the early 1990s, some vendors encouraged the use of 2B1Q at higher
speeds as an alternate way to provide T1 and E1 services, without repeaters.
The technique consisted of splitting the 1.544 Mb/s service into two pairs
(four wires), which each ran at 784 kb/s. This technique was referred to as
HDSL. The result was a HDSL-based service, specifying loops of up to 12 kft.
[Par00].

Further improvement of HDSL has resulted in a single pair HDSL, which is
known under the generic name Symmetric HDSL (SHDSL). In a second gen-
eration (HDSL2), more improved modulation schemes were used. The spectra

118 kft corresponds with approximately 5.5 km.
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of HDSL mostly remained symmetric, which is favourable for normal data
traffic, but is unusable for more recreative applications.

A possible entertainment application was video-on-demand, due to the
development of new compression standards for video like MPEG. Video-on-
demand needs a high downstream bit-rate (from CO to CPE), but requires
a very limited upstream (from CPE to CO). This resulted in aDSL, making
use of the power of asymmetry. However, video-on-demand never fulfilled its
prospects. However, through the course of these video-on-demand trials, the
industry has come to recognize that many data applications were actually
asymmetric in nature. The best example of this is Internet access. Typically,
Internet users send a small stream of data to a distant server requesting the
download of a particular data, graphic, audio or video file. In response, the
server begins sending the file at the data-rate that can be supported across
the network to the distant workstation. This transaction is extremely asym-
metric in nature. During this same time, the Internet evolved into a whole
new phenomenon with unheard of growth rates of new Internet service sub-
scribers. The biggest complaints across all users was that it took too long to
download files at dial modem or even ISDN data-rates. Hence, a new service
and a new technology have soon been married, and aDSL was re-focused to
support Internet access. [Par00].

2.1.2 How it Works

The deployment topology of a generic aDSL network is depicted in Figure 2.1.
The aDSL technology was aimed at the non-professional user, so a new sub-
scriber should be able to use aDSL out-of-the-box and without modifications
on its existing communication network, i.e. the POTS system. The local loop
conveys simultaneously the following signals through one pair of wires [Pie04]:

e Downstream bit-rates of up to 8 Mb/s
e Upstream bit-rates of up to 1 Mb/s
POTS, i.e. analog voice signals

PSTN
Data Network

Fig. 2.1. Topology of an aDSL/vDSL network
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This is done by the use of frequency division multiplexing without overlap.
Voice, arriving from the Public Switched Telephone Network (PSTN) and
data, arriving from the data network or Internet Service Provider (ISP) are
brought together in the CO and transfered over the telephone line to the
CPE. The splitting function for separating the POTS with the aDSL-signals
is performed by a splitter consisting of mere low- and high pass filters. For
an aDSL system, the loop length between the CO and the CPE is typically
limited to 18 kft to ensure a minimal downstream rate of 1.5 Mb/s. To reach
the maximum downstream rate of 8 Mb/s the loop must be shorter than 9 kft.

At the high data-rates of a Very high-speed Digital Subscriber Loop
(vDSL) system, the loops must be so short that optical fiber will be used
until the last few thousand feet (or the last mile), which is also shown in
Figure 2.1. vDSL will be primarily used for loops fed from an Optical Net-
work Unit (ONU), which is typically located less than 3 kft from the customer.
Few vDSL loops will be served directly from a CO. Optical fiber connects the
ONU to the CO. The maximum loop length of a vDSL system reaches 4,000 ft
to deliver a data rate of 13 Mb/s. Maximum downstream rates of 55 Mb/s are
possible over lines up to 1,000 ft. At this high data-rates, a combination of fiber
cables, feeding neighborhood ONUs (fiber-to-the-curb), and last-leg-premises
connections by existing copper through a vDSL system provides an attractive
alternative for the costly fiber-to-the-home system solution.

2.1.3 Continuing Developments in DSL

The onslaught of new vendors is sure to bring continued variations in DSL
technology. Even as mass deployments of aDSL and SHDSL reach the market,
new variants are being developed and marketed to fulfill the needs of certain
segments of the DSL market [Par00]. The ultimate goal is to increase data-rate
and reach for offering a triple play of high speed Internet, VOIP and HDTV.

The main improvements over the original aDSL standard, leading to
aDSL2, can be summarized as follows. The speed and reach increases in aDSL2
are largely owed to improved performance on long lines in the presence of in-
terference. aDSL2 can deliver a maximum of 12 Mb/s while extending the
reach of the original aDSL by 900 ft.

The new aDSL2 Recommendation also realigns the voice channels and of-
fers providers the ability to combine multiple aDSL2 lines for faster bandwidth
to certain customers. In addition, aDSL2 systems can enter an “all digital”
mode where voice channels are reassigned to data. This is especially important
for business lines that may not need voice services over the aDSL2 line.

The aDSL2+ standard builds further on the aDSL2 standard, increasing
the bandwidth by extending the usable frequencies on the line. While both
technologies use the same frequencies for telephone calls and uploading data,
the download channel is extended from a maximum of 1.1 MHz for aDSL2
to 2.2 MHz for aDSL2+. This increases the maximum downstream rate to
24 Mb/s.
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vDSL is the latest member of the xDSL family, which was already men-
tioned in the previous section. vDSL offers a maximum downstream rate of
55 Mb/s over very short distances. vDSL was originally named vaDSL, but
the a, for asymmetric, was dropped because vDSL can support both sym-
metric as asymmetric transport. These connections can be very fast because
the physical distances are kept very short, allowing for maximum throughput.
As fiber-optic networks continue to move closer to communities around the
world, vDSL will become increasingly important as a way to bridge the last
mile.

With the aDSL2+ en vDSL standards, the downstream rates are fit to
deliver high-speed Internet and video-on-demand, but multiple HDTV chan-
nels are still not in reach. The newly standardized vDSL2 (second genera-
tion vDSL) enables very high transmission rates up to symmetrical 100 Mb/s
(both up- and downstream) on loops of about 300 ft by using a bandwidth
of 30 MHz. vDSL2 is able to support multi-channel HDTV using the exist-
ing ubiquitous copper telephone line infrastructure. That capability combined
with the capacity for multimode implementations enabling interoperability
with existing aDSL equipment, means that vDSL2 will integrate readily into
legacy and next generation telecommunication networks.

Figure 2.2 shows an overview of the maximum downstream bit-rates ver-
sus the year of ratification for various xDSL standards. One can clearly notice
the increase in bit-rate following the customer needs. The way these bit-rates
are achieved will be more elaborated in the following sections. However, while
reading the techniques involved with xDSL, one should always keep in mind

100 vDSL2 @
@ yDSL
o aDSL2+
— 2 aDSL2
£ 10 a aDSL
=
w0
9
©
= = HDSL
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o ISDN
0.1
1985 1990 1995 2000 2005
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Fig. 2.2. Maximum downstream bit-rate versus year of ratification for various xDSL
standards
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the legacy of POTS. One of the big advantages of xDSL is its compatibil-
ity with POTS, nevertheless it costs flexibility and increased building block
specifications.

2.2 The Channel

2.2.1 Cable Technology

As was already mentioned in the introduction of Chapter 1, early telephone
systems did use only one wire. The loop was closed by ground. Since the
earth acts as a gigantic magnet, the grounded loop picked up various magnetic
signals. In 1881 a solution was found by Graham Bell with its invention of the
two-wire telephone circuit.

By the use of two wires, the lines became more “quiet”, but it only last
for a short time. As business bloomed and more people subscribed to the
telephone system, the lines again produced unexpected noises. This was due
to crosstalk between parallel telephone lines by inductive coupling of the wires.
This problem became more prominent in large cities. Due to the advent of
the skyscraper, more wires were needed to be put into the ground. Crosstalk
seemed to be inevitable. But is was also Bell again who came up with a
solution to this problem in 1881: he invented the twisted pair. By twisting
the wires, the disturbing signal becomes common mode to the wires and is, in
that way, heavily suppressed. Although the twisting schemes evolved, present
telephone wires are still built on the same principle [Pie04].

The twisting improves the egress and ingress properties of the wire: it
reduces the electromagnetic radiation as well as the pick up of unwanted sig-
nals if submerged in an electric field. Wire pairs are combined in cables of
different sizes ranging from a couple to a few hundreds of pairs. The cable
structure can vary considerably. In Europe, the pairs are often combined in
quads that consists of two pairs twisted around each other. These quads con-
stitute binders of some tens of pairs. Finally, several binders are grouped in a
single cable [Cor99].

Another cabling issue is the choice of material. Copper seemed to be the
best choice from an electrical point of view but it was too soft and too weak.
The strength issue was solved by using hard-drawing copper wires. The major
problem however is, as always, cost. Therefore, thin copper wires were pre-
ferred to save copper. But, thin wires have a higher resistance than thick
wires, which in turn means more attenuation. Thus the distance over which
a signal can travel is reduced. Therefore, telephone companies have designed
their cable plant using the thinnest gauge wire that could support the required
services.

In the USA, wire thickness is represented by the denominator composed
of the fraction of an inch in wire size, assuming a numerator of 1. There-
fore, a wire that is 1/24 inch in diameter is referred to as 24 American Wire



2.2 The Channel 17

Gauge (AWG). Wire gauges of 24, and more often 26, are present in most
North American cable plants. The design rules used by nearly all telephone
companies provided for a change in wire gauge with a thinner gauge used near
the entrance of a CO to minimize physical space requirements and changing
to thicker gauges over long loops to maximize loop reach.

In most markets outside of North America, wire gauges are referred to
by their diameter in millimeters. For example, 0.4 mm, which is comparable
to 26 gauge, and 0.5 mm, which is comparable with 24 gauge, are the most
common; although in many developing countries, heavy gauges of 0.6 mm to
0.9 mm can be found in newly urbanized areas. This variation in wire gauge
adds to the challenge of determining a particular DSL system’s performance
over a particular loop. [Par00].

2.2.2 Twisted Pair Cable Modeling

A twisted pair cable is modeled as a transmission line and can be described
using four primary parameters: R, G, L and C [Joh97]. These four parame-
ters are shown in Figure 2.3, where, in terms of “per unit length”, R is the
internal resistance, G is the conductance, L is the inductance and C' is the
capacitance. Due to the skin-effect for ac-signals, the internal resistance is
actually a complex impedance and can be modeled by

R(w) = kr(1+ j)vVw 2/km (2.1)

where kgr is a constant determined by the diameter and the material of the
wires. Note that R(w) is proportional to the square root of the frequency.
Parameters L and C' are relatively constant at higher frequencies (larger than
100 kHz) and G = 0 in modern cables.? Typical values for these parameters
are kr = 0.2, L = 0.6mH/km and C = 0.05puF/km for a 24AWG cable at
frequencies higher than 100 kHz.

Ldx Rdx
o JIU VWA—o

Gdx [ Cdx

(e, O

- dx -

Fig. 2.3. A lumped parameter model for a short section of twisted pair cable

2 The conductance does not equal zero in cables with a poor quality, which leads
to a term proportional to f in the transfer function.
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Characteristic Impedance

The characteristic impedance of a transmission line can be shown to equal

R+ jwL
o= 4] ———— 2.2
*~V G+ e (22)

Substituting G = 0 and using the approximation /1 4+« = 1+1z/2 for z < 1,
equation (2.2) becomes

L  kg(l-j)
Zo |24
0 C 2vVwLC

Thus, for high frequencies Zy = y/L/C. In other words, since L and C are
relatively constant, the characteristic impedance of the line is more or less a
constant at higher frequencies. Using the typical values above, Zy equals 110 €
for frequencies larger than 100 kHz. At lower frequencies, the characteristic
impedance has an extra term, which is inverse proportional to 1/f.

(2.3)

Transfer Function
The transfer function of a twisted pair cable can be modeled by
H(d,w) = e~ (W) = g—da(w)  o—jdf(w) (2.4)

where v(w) = a(w) + jB(w) and is given by

Y(w) = V(R + jwL)(G + jwC) (2.5)

« and 3 are the attenuation and phase constants respectively and d is the cable
length. Setting G = 0 and substituting equation (2.1) into equation (2.5), one
becomes

Y(w) = jwVLCy[1+ W (2.6)

Now using the approximation /1 4+ 2 2 1+ z/2 for < 1 and making use of
v(w) = a(w) + jB(w), the following results are obtained:

a(w) = %U% (2.7)
Bw) = wVIC + 1 [4C (2.8)

Combining equations (2.4) and (2.7), one can see that for a given length d,
the cable’s transfer function gain (in dB) is given by
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Hap(d, f)

20logyq [H (d, f)]

= —4.343d - kg / QWL’CC (2.9)

Thus, the gain in dB is inverse proportional to the square root of f.

In terms of the cable’s transfer function phase, combining equations (2.4)
and (2.8) one can see that most of the phase is linear, which is a result of delay
through the length of the cable, while a nonlinear component is proportional
to the square root of the frequency.

Finally, using the typical primary constants above for the 24AWG cable,
one can find the gain for a typical twisted pair cable to be approximately

Hap(d, f) ~ —0.02d\/f (2.10)

where d is in km and f is in Hz. Note that equation (2.10) is only useful in
estimating the loss in a typical cable as it depends on the primary constants
of the cable, which in turn depend on the physical construction such as wire
gauge, twist lengths, insulation types and thickness.

A graphical representation of equation (2.10) is depicted in Figure 2.4.
The figure shows the line attenuation in the aDSL2+ frequency spectrum for
different loop lengths. It can be seen that, e.g., for a loop length of 3 km
the attenuation of the signal is —60 dB at a frequency of 1.0 MHz. This re-
sults in a division of the received signal by a factor of 1,000 compared to the
transmit signal. From this calculation, the importance of a small transformer
ratio becomes once again clear. After all, the transformer ratio leads to a
further attenuation of the received signal, which requires extremely low noise
specifications of the building blocks in the Rx path.
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Fig. 2.4. Line attenuation in the aDSL2+ frequency spectrum for different loop
lengths
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2.2.3 Cable Impairments

The transmission channel capacity depends highly on the twisted pair charac-
teristics, as described in the previous section, but it also suffers from a number
of impairments [Cor99].

e Load coils have been used in the early days of telephony to boost and
flatten the frequency response of the line at the upper edge of the voice
band. As these coils give an unacceptable attenuation at higher frequencies
they should be removed, if still present, to allow for DSL services.

e The frequency-dependent attenuation and dispersion leads to pulse distor-
tion and inter-symbol interference. In multi-carrier systems, like DSL, also
inter-carrier interference occurs.

e Between different wires in the same cable, there exists capacitive and in-
ductive coupling. The coupling increases as the wires are closer together. It
causes unwanted cross talk between the pairs. The cross talk between wire
pairs in the same binder or adjacent binder groups is a main noise source
contribution. Two types of cross talk can be distinguished, as depicted
in Figure 2.5. Near-End Crosstalk (NEXT) occurs at the receiver that is
collocated with the disturbing source, while Far-End Crosstalk (FEXT)
occurs at a remote receiver. FEXT is attenuated by propagation through
the loop, while NEXT is not. Therefore, NEXT dominates FEXT by far
for echo canceled systems.

e Some subscriber loops have open-circuited wire pairs tapped onto the main
wire pair, called bridge taps. This is mostly due to a subscriber that is
disconnected or still has to be connected to the service. The existence
of bridged taps in the loop differs from country to country and depends
upon the cabling rules in the past. Their presence causes reflections and
affects the frequency response of the cabling leading to pulse distortion
and inter-symbol interference.

e A loop can also be built up of wires with different diameters, leading to
reflections and distortion as well.

e As a result of the cable unbalance, Radio-Frequency (RF) signals can be
picked up during propagation over the wire and interfere with the trans-
mitted data at the receiving side. The balance of the cable decreases

Rx D Tx
> NEXT

Tx L Rx
I =

Tx P Rx

Fig. 2.5. Illustration of NEXT and FEXT
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as the frequency goes up. The aerial drop-wires, the vertical cables in
high-rise buildings and the in-house wires are the most vulnerable for RF
ingress. This ingress can come from a variety of sources such as Amplitude
Modulation (AM), radio amateur communication and public safety and
distress bands.

2.3 Modulation Techniques

2.3.1 The Shannon Limit

In a communication system, achieving a high bit-rate with a very low prob-
ability of bit-error at the same time, is wanted. These parameters can be
improved if the transmission power is increased and/or the bandwidth is in-
creased and/or the system’s complexity is increased. Of course, a minimum
of power, bandwidth and complexity is desirable. But, in fact, the communi-
cation system itself puts a limit on these parameters [Alc].

One of these limits is described by the Shannon—Hartley capacity theorem,
which provides a theoretical limit for the capacity of a channel that is limited
by white Gaussian noise. This limit can be regarded as the maximal achievable
bit-rate through a channel. It is given by

Capacity [b/s] = BW logy(1 + SNR) (2.11)

BW [Hz] stands for the channel’s bandwidth and SN R [dB] is the signal-to-
noise ratio in the channel. For a band-limited and frequency depended transfer
function, the capacity limit becomes

fm(la‘/
Capacity [b/s] = / log, (1 + SNR)df (2.12)

min

For long loops, it is shown that a DMT based aDSL system approaches the
Shannon limit. For short distances, the departure from the Shannon limit
increases. But, by using available techniques, such forward error correction,
the gap with the Shannon limit can be closed. However, the cost will increase
exponentially.

2.3.2 DMT Modulation

DMT is a form of multicarrier modulation. DMT splits the bandwidth into
several discrete channels. In the initialization phase of the modem, the SNR
is measured for every channel. Every channel is then modulated by an
m-bit Quadrature Amplitude Modulation (QAM)-signal. The constellation
size is determined by the measured SNR in accordance with Shannon’s theo-
rem (2.11). The use of DMT modulation for xDSL systems has several bene-
fits [Reu96]:



22 2 Digital Subscriber Line: Signals, Specifications and Driver Solutions

e DMT achieves near optimum use of the line capacity because it can adap-
tively allocate information and transmit power across the available band-
width.

e Bit-rates can be adjusted in small increments of a few tens of kilobits
per second, enabling DMT hardware to be programmed to support a wide
range of data rates in both directions with the possibility of changing these
rates “on the fly”.

e Power spectral density can be adjusted very flexibly. Forbidden bands (e.g.
amateur radio band) can thus be avoided simply by imposing a suitable
frequency mask.

e DMT is good at coping with interference from multiple radio frequency
sources.

e DMT is the more cost-effective option on complex lines with numerous
bridged taps.

e The multi-carrier modulation and demodulation is easy to implement in an
all-digital domain by exploiting Fast Fourier Transform (FFT) methods.

Figure 2.6 shows an illustration of the frequency spectrum used for an
aDSL system. The DMT modulation consists in this case of 20 carriers con-
structing the upstream band and 221 carriers constructing the downstream
band.

The time domain representation of a DMT-modulated aDSL signal is
shown in Figure 2.7(a). Since in the frequency domain the spectrum is flat, the
signal in the time domain will have a noise-like nature. An important property
of a DMT signal can be clearly seen in this figure. For an aDSL system using
a DMT implementation, there is a maximum of 255 discrete subcarriers all
transmitting at the same time. Each subcarrier is at a different frequency and
phase. When the phases of several carriers align in constructive interference,
a voltage spike occurs in the signal. A measure for this voltage spike is the
Crest Factor (CF) of the signal. It is defined as the maximum voltage over

the rms voltage:

Vmaa:
F=_—_— 2.13
C V;“ms ( )

Sometimes, the Peak-to-Average-Ratio (PAR) is used as a measure for the
voltage spike. It is defined as peak power over the rms power of the signal.

g UPSTREAM DOWNSTREAM
o
-’ 9 29 34 255
4 kHz Tone Number

Fig. 2.6. Spectrum of a DMT-modulated aDSL signal
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Fig. 2.7. Time domain representation of a DMT-modulated signal and its associated
probability distribution

The downstream time-domain aDSL signal can be represented by [Pie04]

255 255
z(t) = Z ans(t —nT) cos(2mn f;) + Z bps(t —nT)sin(2rnf;) (2.14)
n=34 n=34

In this equation, a, and b, represent the constellation point of the m-bit
QAM modulation. Note that the constellation size m is on itself function
of the carrier number n. s(t) is an envelope function used to normalize the
average energy per channel. The carrier spacing f; is set to 4.3125 kHz for
the aDSL system. An aDSL symbol has thus a length of 1/f;. During this
time the constellation points stay fixed.

A DMT-modulated aDSL signal is thus the sum of N independent QAM
symbols, each being carried over a distinct carrier frequency. In equation (2.14)
N equals 255 — 34. For large numbers of N (N > 10), the amplitude distribu-
tion f4 of the DMT-signal can be accurately modeled as a Gaussian random

process [Mes93]:
1 A?
= ——¢€ —— 2.15

with o representing the rms-voltage of the signal. This is graphically repre-
sented in 2.7(b). It can be seen from Figure 2.7 and equation (2.15) that large
amplitude spikes arise very rarely because of statistical averaging. Therefore,
it is advantageous to accept some clipping in the DMT signal to make a
trade-off between the resulting SNR loss against a gain in lowering the quan-
tization noise of the used ADC and DAC and their power consumption. How-
ever, allowing too much clipping results in a steep decrease of the Bit-Error
Rate (BER).

To satisfy the system requirement of voltage clipping occurring with a
probability of less than 1-1077, the circuitry must pass the peak voltages
corresponding to this probability. To do this, the system must accommodate a
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CF of 5.6 or 15 dB. The exact value depends on a combination of hardware and
software capabilities. Due to the nature of the DMT-signal, a direct relation
between SNR and MTPR, cannot be calculated without information on the
nature of the non-linearity.

2.3.3 DMT Specifications
Missing Tone Power Ratio

The MTPR is an important feature in the evaluation and design of DMT-
based xDSL systems. Better MTPR performance in both the transmission
and receive paths results in higher data-rates in the xDSL system.

The MTPR is the ratio of the power in one subcarrier to the noise power
in another selected empty subcarrier. There are no data bits assigned to the
selected empty subcarrier in a DMT modulation. The MTPR indicates the
degree to which a subcarrier QAM signal is corrupted by distortion from
all other subcarrier QAM signals. The measurement and evaluation for this
kind of corruption are different from that for traditional single-tone distortion.
Signal-to-Noise and Distortion Ratio (SINAD), Spurious Free Dynamic Range
(SFDR), single-tone harmonic distortion, two-tone harmonic distortion, third-
order Intercept Point (IP3) and Total Harmonic Distortion (THD) are only
used for expressing single- or two-tone signal integrity and spectral properties.

The MTPR on the other hand, indicates how the tested device (such as
line driver, receiver, line transformer, Tx- and Rx-filter or DAC and ADC)
responds to the discrete multitone signal, which is not one or two tones, but
may be up to 256 tones or more. One of the design tasks for an xDSL modem
is to maintain the fidelity of the DMT signal. All the analog components used
on the modem must be designed such that they cause minimal corruption of
the DMT signal.

The MTPR of a tested device can be measured as the dynamic range from
peak power in a subcarrier to the peak distortion in an empty tone. This is
illustrated in Figure 2.8. The MTPR figure is the average of the measurements
with several symbols. Since all non-linearities add up in the empty tones at
higher frequencies, the MTPR figure will be the worse at those tones. Also,
together with an MTPR measurement, the CF of the symbol needs to be
reported. [Wu03].

Spectral Masks

The other specifications of an xDSL system are summarized in the follow-
ing spectral masks. Figure 2.9 shows the downstream spectral mask of an
aDSL system as stated by the International Telecommunications Union —
Telecommunications standardization sector of ITU (ITU-T) Recommendation
G.992.1. To allow POTS compatibility, the generated spurious peaks should
be below —97 dBm/Hz in the POTS-band. Since NEXT is a major issue in



2.3 Modulation Techniques 25

—-40
y
~ —60
<
S
m
B -80
2 MTPR
(]
5
< -100
I
5 )
a |
g -120
9]
2
o
-160 L t t
960 965 970 975 980 985 990

Frequency [kHz]
Fig. 2.8. Illustration of the definition for the MTPR

—36.5 peak

PSD [dBm/Hz]
&
o
—

—90 peak

-100

—97.5 peak

-110

...........

-120

4 80 138 1104 3093 11040
Frequency [kHz]

Fig. 2.9. Downstream aDSL spectral mask according the ITU-T Rec. G.992.1

aDSL systems, the Power Spectral Density (PSD) is limited to —72 dBm/Hz
peak at 80 kHz in the upstream band in order to lower the received NEXT
power. The nominal power PSD in the downstream band is —40 dBm/Hz with
a margin of 3 dB. Above 3 MHz, the peaks should be below —90 dBm/Hz, and
the integrated power in a 1 MHz sliding window should be below —50 dBm.
The latter is shown by the dashed line in Figure 2.9.
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Fig. 2.10. Downstream aDSL2+ spectral mask according the ITU-T Rec. G.992.5

The downstream spectral mask of an aDSL2+ system as stated by the
ITU-T Recommendation G.992.5 is shown in Figure 2.10. For allowing POTS
compatibility and for reduced NEXT, the spectral mask is the same as the one
of the aDSL system up to 138 kHz. The downstream band is now defined as the
band between 138 kHz and 2208 kHz, which is twice as much as the aDSL’s
downstream band. The nominal PSD in that band is —40 dBm/Hz with a
margin of 3 dB. Above 3175 kHz, the peaks should be below —100 dBm/Hz
in a 10 kHz window. The peak PSD in a 1 MHz window should be below
—112 dBm/Hz, which is shown by the dashed line.

2.4 Solutions for xDSL Line Drivers

2.4.1 Line Driver Requirements

In Table 2.1 the most important properties of aDSL (G-Lite) and aDSL2+ sys-
tems for line driver design are summarized. The bandwidth is the downstream
bandwidth of the xDSL system. With these figures, one can calculate the out-
put voltage that the line driver has to deliver to the line by using a 1:1 trans-
former ratio. The peak output line power is rated 20 dBm, while the POTS
line impedance is typically 100 €. Therefore, the rms output voltage is 3.16 V.
Multiplying this rms voltage with the CF, the peak-to-peak differential output
voltage becomes 33.52 V. This results in a peak current of 167.6 mA [Par03].
The line driver has to deliver these peak voltages and currents with a very
high linearity. However, from equation (2.15) it is known that these peaks
arise very rarely. Most of the time, the line driver is thus over-dimensioned
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Table 2.1. Summary of the most important xDSL requirements for line driver
design

MTPR Crest Factor Bandwidth Output power

aDSL G-Lite >34 dB 5.6 418.3 kHz 16.3 dB
aDSL >55 dB 5.6 966 kHz 20 dB
aDSL2+ >55 dB 5.6 2070kHz 20 dB

for driving the xDSL-signals, resulting in very low efficiencies. This causes the
low NEBS number for most amplifiers, as was already discussed in Chapter 1.

For the choice of a process technology, one has to bear in mind that
the twisted pair is also shared with the POTS. On the telephone wires
high voltages occur due to the POTS system. A Subscriber Line Interface
Circuit (SLIC) that is able to handle POTS and xDSL on the same die, has
to take these high voltages into account [Z0j97, Ben01].

A summary of the high performance requirements of an xDSL line driver
is enumerated in the following list. The line driver has to

e Drive a relative large power to the line with a high linearity in a high
bandwidth
Have a minimal power dissipation to increase the NEBS number
Comply with very stringent out-of-band specifications (< —100 dBm/Hz),
which can be derived from the spectral mask
Deal with the high voltages of the POTS signaling
Preferably be integrated in a low cost CMOS technology, allowing for a
fully integrated AFE

2.4.2 Class AB

The majority of deployed aDSL ports utilize class AB power amplifiers as CO
line drivers. Numerous reference designs exists with various voltage supplies,
transformer turn ratios and output impedance synthesis factors, all trying
to minimize power consumption [Pet03]. In this type of amplifier, the active
elements will conduct the output currents while there is an output voltage
over these elements. This results in a very high heat dissipation and thus a
very low efficiency.

The class AB operation of a power amplifier is a combination of class A
and class B operation. Class A is the most linear type of power amplifier.
This is due to the fact that the active element (the driving transistor) is never
turned off. This results, however, in a very low efficiency.

Class A operation is depicted in Figure 2.11(a). Class A power amplifiers
amplify over the whole of the input cycle such that the output signal is an
exact scaled-up replica of the input with no clipping. Class A amplifiers are the
usual means of implementing small-signal amplifiers. A theoretical maximum
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Fig. 2.11. Simplified schematics of class A, B and AB operation

efficiency of 50% is obtainable, but when the CF of the signal is taken into
account, this efficiency becomes <50% Thus for a CF of 5.6, the maximum
efficiency will be lower than 9%, resultmg in a power dissipation of more than
1 W for driving DMT modulated aDSL-signals. Therefore, class A operation
is completely unacceptable for xDSL systems.

Class B amplifiers only amplify one half of the input wave cycle, which
is shown in Figure 2.11(b). As such they create a large amount of distortion,
but their efficiency is greatly improved. With inclusion of the signal’s CF, the
maximum theoretical efficiency becomes < 7. A maximum efficiency of 14%
can thus be reached for an aDSL-system, resulting in a minimum total power
dissipation of 614 mW. A single class B element is rarely found in practice,
though it can be used in RF power amplifiers where distortion is unimportant.

A practical circuit using class B elements is the complementary pair or
“push—pull” arrangement. Here complementary devices are used and each
amplify the opposite halves of the input signal, which is then recombined
at the output. However, this arrangement suffers from crossover distortion.
Due to the threshold voltage (Vr) of a transistor, the two active elements of
the push—pull stage are both turned off around the zero-crossing. A solution to
this is to bias the active elements just on, rather than off altogether when they
are not in use. At the zero-crossing, a small current, the quiescent current,
flows then through both the active elements. This is called class AB push—pull
operation, which is shown in Figure 2.11(d). A single class AB operation is
shown in Figure 2.11(c). By applying feedback the crossover distortion can
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be further reduced. For a DMT-signal the efficiency for a class AB power
amplifier without quiescent current can be calculated as [Pie02al:

T 1
1=\ 5 EF (2.16)
Therefore, the theoretical maximum efficiency becomes 22%.

The quiescent current (I;) has to be accurately controlled. An I, which
is too low, will generate too much distortion, bringing the amplifier close to
class B operation. The higher the I, the closer the amplifier will get to class
A operation, thus the lower the efficiency. For the calculation of the overall

efficiency the power consumption of the quiescent current control circuitry
(Pyec) has to be added as well:

_ Vr%nsﬁ
VDD(‘/Tms\/i + Iqﬁ) + chcﬁ

Assuming a rail-to-rail output and a fixed CF for DMT-modulation, the effi-
ciency for a class AB line driver can be written as

_ VooV
CF Vpp(VppV2 + CF I;\/7) + CF Pyec/7

n (2.17)

n (2.18)

The efficiency for a class AB line driver increases with increasing supply volt-
age. This however requires a more expensive, high frequent, high voltage tech-
nology. By using a high voltage technology and active back termination, the
best class AB drivers now consume roughly 740 mW [Sab02], which is very
close to the theoretical minimal power consumption. However, the power con-
sumption is still too high for xDSL systems, so there is little chance that class
AB line drivers will continue to dominate the market.

2.4.3 Class G/H

The class G power amplifier provides an answer to the efficiency problem
related to class AB power amplifiers. In a class G design, multiple supplies
are connected to a class AB line driver to cover the voltage peaks of a DMT-
signal. For this discussion, the focus is set on the case where two supply
voltages are used [Pie02a]: one scaled for the main signal, V;, = Vi /n and one
higher for the peak amplitudes, V. Figure 2.12 shows a principle schematic
of a class G power amplifier with two supply voltages.

The efficiency for an ideal two-supply class G amplifier can be calculated
as follows [Pie02a]:

_ n Vims /T
= . —
Vav?2 ((1 — exp (7%25?”)) + nexp <72n2“;§m))

1 (2.19)
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Fig. 2.12. Principle schematic of a two-supply class G power amplifier
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Fig. 2.13. Ideal efficiency versus Vi /Vy ratio for a DMT modulated aDSL signal

Figure 2.13 shows the obtained efficiency for different values of n and with
Vg = Vims-CF. For n < 1, VI, becomes too high resulting in extremely
low efficiencies. At n = 1, the class AB efficiency is obtained. The class G
efficiency reaches a maximum around n = 3. This maximum is around 50%
for a two supply class G line driver. For higher values of n, Vi becomes too
low and the major part of the aDSL-signal is amplified using V. Ultimately,
the class AB efficiency is reached.

A drawback of the class G amplifier is the additional pair of supplies, so the
efficiency of the DC-DC converter has to be added in the total power budget.
Furthermore, it is very difficult to achieve the severe linearity specifications
due to hard switching and related crossover points. The generation of the
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switching signal is very critical. The detection of the input signal at the trigger
level for the switches has to be accurate enough to avoid unnecessary supply
switches.

The class H amplifier is similar in power consumption compared to the
class G approach. Instead of hard switching, the supply voltage is progres-
sively following the output signal. It can be seen as a class G power amplifier
with an infinite number of supply rails. This avoids the need for good power
supply rejection but of course requires additional circuitry for generating the
driver supply. The supply generation can be done for instance by a capaci-
tive boosting of the voltage applied. Power consumption compared to class G
remains however equal, but only one pair of supplies is required, so no extra
DC-DC converter is necessary. But, the number of capacitors on board is
not reduced and one should be aware of signals exceeding the applied supply
voltage.

The most common implementation is that of a class AB line driver with a
fixed supply that is capacitive boosted with the input signal [Bic03], resulting
in a total power dissipation of 700 mW. While this technique is very attractive
for high performance, high efficiency audio amplifiers, for xDSL line drivers the
class H does not provide a real improvement on the class AB power amplifiers.

2.4.4 Class D
Basic Class D Configuration

A typical class D amplifier consists of a modulator that converts an analog
signal into a high frequency Pulse Width Modulation (PWM) signal. This
PWM signal is then applied to the output stage, which are often large out-
put switches. These switches deliver the current to the output load. Finally,
a LPF removes the high frequency switching signals. A principle schematic
is shown in Figure 2.14. The distinction is made between synchronized and

PWM E Lo

Fig. 2.14. Principle schematic of a class D power amplifier
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self-oscillating (a-synchronized) class D amplifiers whether the modulator is
clocked or not. In this section the synchronized class D power amplifier is
discussed.

The class D power amplifier can achieve very high efficiencies, since it
makes use of a switching output stage. If the on-resistance of the output
switches is neglected, there is no simultaneous current through and voltage
over the switch or active element. So there is no heat dissipated in the switch,
resulting in a maximum efficiency of 100%. This type of power amplifier is
very popular in the audio application field for its high efficiency and high
linearity when amplifying low frequent signals. After all, audio signals have
a small bandwidth, <20 kHz, compared with a switching frequency between
200 kHz and 500 kHz [Pie04].

For applications with a high bandwidth, like xDSL, the design of a class D
line driver is not so obvious. The high bandwidth (up to 30 MHz for vDSL2)
and the very stringent out-of-band specifications of xDSL requires a very steep
output filter or a high Over Switching Ratio (OSR). The OSR is defined as
the mean switching frequency divided by the signal bandwidth. The output
filter needs to be a passive filter. For xDSL line driver applications, extra
passive components are thus required, lowering the integration density and
increasing the cost. Increasing the switching frequency results on the other
hand in increasing switching losses. Therefore, the switching frequency must
be carefully chosen in order to still gain in efficiency.

Self-Oscillating Class D Configuration

The principle of the self-oscillating class D amplifier originates from the open
loop modulation technique, also called natural sampling, which is shown in
Figure 2.15. The problem is reduced to the generation of a triangular wave-
form. The block schematic of a self-oscillating class D amplifier is shown in

AAY

Fig. 2.15. Principle schematic of natural sampling
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Fig. 2.16. Block schematic of a self-oscillating power amplifier

Figure 2.16. In the same figure, the waveforms on the different nodes are plot-
ted. They can be interpreted as follows: A filtered version of a square wave is a
triangular wave. Due to the feedback, the input signal can be considered as a
shift in bias point, so a triangular approximation of the input signal resides at
the negative input node. Since for in-band signals, the system is in unity feed-
back and the loop filter is assumed to be linear, the in-band frequency content
of the output square wave will thus be the same as that of the triangular wave
and thus as the input signal [Pie04].

The circuit received much credits in the audio field for saving components.
However, its applicability for xDSL is far from trivial due to the high band-
width and linearity constraints. An extensive description of the self-oscillating
class D line driver for xDSL applications can be found in [Pie04]. The pre-
sented line drivers in that work outperformed all existing class AB and class
G line drivers in terms of efficiency.

As already being pointed out, the use of higher output voltages is benefi-
cial for improving the efficiency. Chapter 4 of this book will give a thorough
explanation of the design considerations for increasing the output voltage of
a class D line driver in a mainstream CMOS technology.

2.4.5 Class K and Other Combined Structures

A basic schematic of a class K power amplifier is shown in Figure 2.17. It
consists of a linear amplifier whose output current is monitored. When its
output current and as such also its power consumption exceeds a certain
threshold, an extra current source is switched in. The main current is then
delivered via high efficiency switching. This topology has been successfully
implemented in the audio world [vdZ99], however, its principle still has to be
proven for xDSL applications.
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Fig. 2.17. Principle schematic of a class K power amplifier

The concept of combined structures is based on the idea to combine the
advantages of linear drivers and switched mode drivers. Why not deliver
the main power via switching techniques, while monitoring and correcting the
output via a linear amplifier, similar to the class K structure? This concept
is given the name “Beauty and the Beast”.

The “Beast” or power driver is delivering most of the power with high
efficiency, but moderate linearity. It can be a class B, G or switching amplifier
in which quiescent current or losses are minimized. The “Beauty” or correction
amplifier can then deliver a limited power to linearize the signal before it
reaches the line. It can be a high bandwidth, low noise, low power class AB
amplifier. The “Beauty” corrects in this way the deviations imposed from the
“Beast”, while limiting itself to low power operation. It can even reduce the
filter requirements needed when implementing a switched line driver. It is
expected that power consumption will be below 550 mW [Moo03].

2.5 Conclusions

The big opportunity of DSL for last-mile Internet access is that it makes reuse
of the billions of twisted pair wires in the ground. However, the unshielded
telephone wires are far from ideal for high bit-rate applications. The most
important telephone cable impairment is the large attenuation in function of
frequency and distance. That is why DSL is a “real” last-mile access tech-
nology. However, DSL promises to turn copper into gold. By making use of
DMT modulation techniques, data-rates close to the Shannon limit could be
achieved. DMT modulation, however, turned out to be a nice example of the
difference between theory and implementation. The smart modulation tech-
nique puts severe requirements on the line driver of the AFE. DMT-signals
are characterized by high voltage peaks, or a large CF, in the time domain
representation. The line driver has thus to be able to deal with this large CF.

The majority of the deployed aDSL ports utilize class AB power am-
plifiers as line drivers. By using high voltage technologies and by gradual
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improvements, the best class AB line drivers reach an efficiency of 12%, which
is very close to their theoretical limit. But still, it is unacceptable low.

New circuit techniques lead to class G and class H topologies. Although
they can reach a theoretical efficiency up to 50%, the efficiency of practical
implementations does not really exceed that of a class AB topology. Other
techniques like class K and combined line drivers have been proposed, but
none of them have been realized so far.

A really high efficiency can be achieved with switching line driver topolo-
gies. Traditional synchronous class D and self-oscillating class D power am-
plifiers have proven their effectiveness in low bandwidth applications, such
as audio amplifiers. For xDSL applications, their design is far from straight-
forward. One has to deal with the stringent out-of-band specifications, high
switching frequencies and high linearity requirements. It is proven in [Pie04]
that the self-oscillating power amplifier is a highly efficient line driver for
xDSL applications.

URLs

e http://people.deas.harvard.edu/~jones/csciel29/nu lectures/
lecturel13/DSL/DSL.html

e White Paper: aDSL2/aDSL2+: http://www.dslforum.org/learndsl/
pdf/ADSL2_wp . pdf
http://www.itu.int/osg/spu/ip/chapter_seven.html
http://www.dslforum.org/dslnews/pdfs/2005/0513%20VDSL2%20for%
20website.pdf
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The SOPA xDSL Line Driver

INCE the high voltage line drivers presented in this book are based on the

self-oscillating class D principle, the behavior model of the SOPA [Pie04] is
refurbished in this chapter. This model provides fast architectural explorations
for the designer of highly efficient power amplifiers based on the self-oscillating
principle. For a mass product, like xDSL, in a dynamic market, time-to-market
is a crucial parameter. Therefore, fast architectural exploration is very impor-
tant, especially when technology migrates from one node to another.

The methods described in this chapter to model the frequency response
and distortion of a hard non-linearity are based on the describing function
method. Therefore this chapter starts with the basics of this methodology.
In the next part, the behavioral model of the SOPA is described based on
its reference model. The limitations of this structure, due to the low supply
voltage of nanometer technologies will be discussed. The final section of this
chapter shows the possible improvements of inserting a high voltage output
stage in the self-oscillating structure.

3.1 The Describing Function Analysis Method

3.1.1 Nonlinear Systems

A system whose performance obeys the principle of superposition is defined
as a linear system. This principle states that if the input r1(¢) produces the
response c¢1(t) and the input ro(t) yields the response cy(t), then for all a
and b the response to the input ari(t) + bro(t) will be acy(t) + bea(t); and
this must be true for all inputs. A system is defined as time-invariant if the
input r(¢ + 7) produces the response ¢(t + 7) for all input functions r(t) and
all choices for 7.

The simplest class of systems to deal with analytically is of course the
class of linear time-invariant systems. For such systems the choice of time
origin is of no consequence since any translation in time of the input simply
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translates the output through the same interval of time and the response to
simple input forms can be superimposed to determine the response to more
complex input forms. This permits in principle to generalize from the re-
sponse for any input to the response for all other inputs. The elementary
input function, most commonly used as the basis for this generalization is the
unit-impulse function. The response to this input is often called the system
weighting function. All possible modes of behavior of a linear invariant system
are represented in its weighting function. Once having determined this func-
tion, which is just the response to one in particular, the performance of such
a system can hold no surprises.

Any system for which the superposition principle does not hold, is defined
to be nonlinear. In this case, there is no possibility of generalizing from the
responses for any class of inputs to the response for any other input. This
constitutes a fundamental and important difficulty which necessarily requires
any study of nonlinear systems to be quite specific. One can attempt to calcu-
late the response for a specific case of initial conditions and input, but make
very little inference based on this result regarding response characteristics in
other cases. [Gel68].

3.1.2 The Describing Function Viewpoint

The technique used to describe the behavioral model of the SOPA is the
describing functions method [Gel68]. The goal of this method is to provide a
mathematical description for systems which contain hard non-linear blocks.
With this mathematical description, the designer gains more insight in the
working principle of the system. The method will only work for systems which
have localized non-linearities.

The describing function method is schematically represented in Figure 3.1.
The input signal is split into several input signals x;(t). For each input signal
the non-linear operation is replaced by a linear one which depends on the
amplitude of the input. This is called quasi-linearization. The w;(t) are the
weighting functions or describing functions for the different input signals.
After summation, the obtained approximation y, (t) needs to match the output
y(t) as close as possible. According to the describing function method, the
mean-squared error should be minimized:

e(t)? = ya(t)? — 2y (t)y(t) + y(t)? (3.1)

The weighting functions w;(t) need thus to be chosen so that the mean-squared
error is minimal. If the input signals are uncorrelated, the weighting functions
must fulfill the following condition:

/ w;i(T2)x; (t) 2 (t + 71 — T2)dT2 = y(t)zi(t — 1) 71>0i=1,2,...,n
0
(3.2)
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Fig. 3.1. General linear approximation for a non-linear operator

The weighting functions can thus be calculated by equating the cross correla-
tion between the filtered input (the input multiplied by its weighting function)
and the input itself with the cross correlation between the output of the non-
linearity and the specified input.

In the case of the SOPA system, the non-linearity is the comparator. The

most important describing functions related to this system are the single si-
nusoid describing function and the two sinusoid describing function [Gel68].

The Single Sinusoid Describing Function:
For a sinusoidal signal x;(t) = Asin(wt + 6) with A and w determined and
the phase 6 being a uniformly distributed random variable between 0 and
27, the single sinusoid describing function for an ideal comparator with a
Vbp supply equals

. 2Vpp
A

N(4) (3.3)

The Two Sinusoid Describing Function (TSIDF):

There are now two describing functions, one for each input sine wave. For
an ideal comparator and for two sine waves of which the amplitudes fulfill
B < A, the two sinusoid describing function equals

~ Yoo _ N(4) (3.4)

Np(A,B) ~ A 9



40 3 The SOPA xDSL Line Driver
3.2 Behavior Model of the SOPA

3.2.1 Reference Model

Figure 3.2 shows the reference model of a SOPA. The reference model is a
general structure from which every SOPA structure can be defined. This model
provides a mathematical description of a SOPA. In this way, the results of the
behavior model can be cross checked with the numerical calculations of the
reference model.

A complete SOPA consists of two of these building blocks that are dif-
ferentially driven and coupled at the outputs by the line transformer, giving
galvanic isolation towards the line. A basic SOPA building block consists of
a non-linear element, the comparator, which is in a feedback loop by a loop
filter L (w) of order m and with a cut-off frequency of fy;. This loop filter
will determine the mean switching frequency of the system. The n integrators
with unity-gain frequency f;,; form, together with the feedback coefficients
Bi, the forward filter G (w). This filter is used to increase the SNR by intro-
ducing noise-shaping into the system. From Figure 3.2 every possible SOPA
configuration can be derived by selecting the number of integrators n and the
order of the loop filter m. A ntM_order SOPA is defined as a SOPA with n
integrators in the forward path, giving a forward filter of order n. If no for-
ward filter is present, the SOPA is of zeroth order. The functionality of the
different feedback coefficients (3; can be explained as follows:

e (31, the first feedback branch, sets the output signal level. It is the main
feedback branch and its linearity and noise level will determine the com-
plete system behavior.

e [3,, the feedback branch closest to the comparator, introduces mathemat-
ical zeros at fint/fBy in the transfer function of the complete system. fin¢
is the unity-gain frequency of the integrators. The reason for this is that
for low loop gains the feedback branch (3, short circuits the other integra-
tors. In this way, the last feedback branch (3, will determine the oscillation
frequency for low values of fi,.

o The Bi+1, » terms are introduced to set the signal levels at the outputs of
the different integrators.

The numerical verification of the models described in this chapter has
been done using the dassl-routine [Bre89], which is compiled in the OCTAVE
numerical computation program [Eat97]. Table 3.1 shows the default values for
the numerical simulator. All examples in this chapter use these values, except
otherwise noted. The default value of the nominal supply voltage is set at
1.2 'V, the supply voltage of the technology of the two SOPA implementations
in chapter 6. This will reveal more clearly the limitations of a SOPA xDSL
line driver in a low voltage nanometer technology and the importance of the
research performed in this work towards a high voltage output stage.
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Table 3.1. Default parameters of the numerical simulator

Parameter Value
Simulator

algorithm dassl

start time 0s

step time 1 ns

stop time 10 ms

initial values all state variables = 0

except V1 = 0.1

Signal

waveform sine wave

amplitude 0.1

frequency 1 MHz
SOPA-parameter

order 0

loop filter order 3

loop filter cut-off frequency 10 MHz
integrator unit gain frequency 1 MHz

supply voltage Vpp 1.2V
comparator gain 108
Bi 1
coupling factor o 0.25

3.2.2 Limit Cycle Oscillation

The SOPA is an un-clocked switching power amplifier, which means that it
has to generate the mean switching signal by itself. It is shown in [Pie04] that
the oscillation is a property of the system and does not depends on initial
conditions. Such an oscillation may be viewed as a trajectory in the state
space of the system which closes by itself and thus repeats. This is called a
limit cycle oscillation.

To perform the analysis of the system in the frequency domain, a describ-
ing function analysis is used as mentioned in Section 3.1. In the describing
function method, the non-linear comparator is described as a quasi-linear gain
block which depends on the input amplitude if only one sinusoid is present.
The single sinusoid describing function for an ideal comparator is given by
equation 3.3. The limit cycle frequency fj. and amplitude A can be cal-
culated by solving the Barkhausen criterion: L (s) Ng (A) +1 = 0. Na (A)
is the describing function of the comparator and L (s) is the loop filter of
order m. If the cut-off frequencies of the loop filters are taken the same,
ie. fri—1 = friima = -+ = frit—m = fru, than the loop filter can be modelled
in the frequency domain as

o 2mfra \"
L(s) = (S n 27Tffil) (3.5)
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The equation resulting from the Barkhausen criterion can be split into two
real equations: an amplitude-balance and a phase-balance:

Re (Ly(s)Na(A)) = —1 (3.6)
Tm (Ly(s)Na(A)) = 0 (3.7)

Solving this set of equations leads to the limit cycle frequency and limit cycle
amplitude of the SOPA:

Jic = fratan (%) (3.8)
A = 2‘/% cos™ (%) (3.9)

In the remaining of the text A;. will be denoted as A. Equation (3.9) reveals
the linear dependency of A on the supply voltage Vpp of the comparator.
This will have an effect on the dithering character of the SOPA line driver,
which will be explained in Section 3.2.4.

The results that are obtained with the describing function method are
based on approximations. Therefore the analytical results should always be
checked by numerical simulations to see if the approximations hold.

Figure 3.3 shows the comparison between numerical calculations, indicated
by a square and the results from the describing function analysis (3.8) and
(3.9). The limit cycle amplitude and frequency are calculated for different
values of the loop filter’s cut-off frequency and order. An almost perfect match
can be observed.

3.2.3 The Coupled System

An important aspect of the SOPA system is the coupling of two SOPA build-
ing blocks via the load. Figure 3.4 shows a schematic representation of two
differentially coupled SOPA amplifiers. If the load Ry is assumed to be re-
sistive and the output buffer is non-ideal with an output resistance r,,¢, the
coupling factor « equals

Tout

=9 3.10
“ 2rout + RL ( )

The coupling factor « is, in case of a resistive load, always between 0 and 0.5.
The coupling is modeled by a cross-coupled amplification factor that splits the
signal in a forward coupling factor (1 — @) and a cross-coupling amplification
factor a.. The comparator is modeled by its describing function N(A) and the
loop filter is represented by its transfer function L(w). Via the calculation of
the loop gain of the coupled system, the Barkhausen criterion is given by

a?(N(A)L(w))?
(14 (1 —a)N(A)L(w))?

=1 (3.11)
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Fig. 3.3. Numerical verification (squares) of the results obtained using the describ-

ing function analysis (solid line)

This equation can be further simplified to

(14 N(A)LW)) (1 + (1 - 20)N(A)L(w)) = 0

(3.12)
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Fig. 3.4. Schematical representation of a coupled differential SOPA amplifier

From equation (3.12) it is clear that two oscillation modes exist in the coupled
system.

One is the solution of (1 + N(A)L(w)) = 0 and represents an in-phase
oscillation of the two coupled SOPA amplifiers. This equation is the same
as the Barkhausen criterion of the single SOPA system (3.6) and (3.7).
This means that the in-phase oscillation has the same limit cycle frequency
and amplitude as in the single SOPA case. In this mode the two SOPAs
oscillate as if they were not coupled. This has an important effect that
the oscillation of the system is common mode for the differential load.
Therefore, the power consumption is heavily reduced, which increases the
efficiency. Moreover, the extra filtering in the output power path to remove
the limit cycle becomes obsolete.

The other is the solution of (1 + (1 —2a)N(A)L(w)) = 0 and represents
the case where the two SOPAs oscillate in counterphase. This mode is
unwanted since limit cycle is transferred to the load.

To determine which mode or modes will occur in the coupled system, a sta-
bility analysis has to be performed. In [Pie04] an extensive stability analysis
has been performed for a resistive, inductive and capacitive load, to cover the
complete impedance behavior of a real telephone line. In all cases the in-phase
or common mode oscillation is dominant. This means that two coupled SOPAs
will always oscillate in-phase.
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3.2.4 The Forced System
Dithering Effect of the Limit Cycle Oscillation

In this section the response of a zeroth order SOPA to an external sinusoidal
input is described. To calculate the behavior of the comparator in the SOPA
system when an external signal is applied, the Dual Input Describing Function
(DIDF) is used. For an ideal comparator, the gain of a sinusoidal input signal,
which causes an error amplitude B at the input of the comparator in the
presence of a limit cycle oscillation with amplitude A, the TSIDF (3.4) can
be used and equals [Pie04]

1% B 11 B\?
Np(A,B) = % (A) oF (2, §§2; (A) )

Voo _ N(A)/2 (3.13)
TA
when 0 < B<K A

%

In which oFy (a, b; ¢; z) denotes the 2-1 hyper-geometric function in the variable
z with factors (a,b) and (c). It can be calculated as

oFi(a,b;¢;2) = Z —_— (3.14)
n=0 :
I'(x+n)

with (a), = @)

Equation 3.13 shows the dithering character of the limit cycle oscillation. As
long as the amplitude B is sufficiently smaller than the limit cycle ampli-
tude, the comparator’s gain will be independent of the amplitude B. This
means that the comparator acts as a linear gain block. The limit cycle
oscillation thus linearizes the system for small input signals.

However, from equation (3.9) it is known that the limit cycle oscillation
amplitude A is linear proportional to the supply voltage of the comparator.
A lowering of the supply voltage, due to a technology migration results in a
lower A. As a consequence, the range of input signals for which the lineariza-
tion effect of the limit cycle oscillation still holds, is severely reduced. This
means that it becomes very difficult to reach the distortion specifications of
an xDSL system for the desired output power.

Dynamic Range Calculation

In order to estimate the in-band distortion, the second term of 3.13 is also
taken into account.

2 4
Vop , VopB O<B> (3.15)

Np(4,B) = m A + 8m A3 A4
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Fig. 3.5. Block schematic of the SOPA for the calculation of the third-order dis-
tortion

Since the second gain term is dependent on the input referred error amplitude
B, third-order distortion will be generated by B- Ng(A, B), because

sin®(z) = 3/4sin(x) — 1/4sin(3x) (3.16)

To calculate the third-order distortion of the system, the block schematic of
Figure 3.5 is used. The third-order gain factor (upper branch) is split from
the first-order gain factors of the error-signal B. The different frequency com-
ponents (w and 3w) are separated from each other by bandpass filters. The
describing function for the comparator in the 3w branch is given by N(A4)/4.
Since in that branch three signals are present (the limit cycle, the signal at
frequency w and its third-order distortion signal at 3w), the three sinusoid
describing function needs to be used. The distortion at three times the fre-
quency w can be considered as a distortion signal which is injected behind the
comparator.

The division in different describing functions of the comparator for differ-
ent signals and frequencies allows to calculate the third-order distortion term
in three consecutive steps:

1. First, the limit cycle signal can be calculated. This is the largest signal in
the system, so the other signals, the applied input signal and its third-order
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harmonic, can be neglected. For the calculation, the single sinusoid describ-
ing function (3.3) is used.

2. Second, the error signal B at the input of the comparator caused by the
input signal is calculated. For this the TSIDF must be used, since the limit
cycle oscillation cannot be neglected compared to the input signal. The
third-order distortion signal can still be neglected, since it is the smallest
signal in the system. For the TSIDF the first two terms are taken into
account, because a third-order term will also generate a signal at the input
frequency (3.15). The calculation of the error signal B is represented in the
block scheme by closing the loops with the bandpass filters at frequency w.

3. Finally, the distortion signal is calculated. The value of this signal is given
by the calculated error signal B in step two and the second term of the
TSIDF approximation. This distortion signal is assumed to be injected at
the output of the comparator and is suppressed by the loop gain of the
system which is represented by closing the loop through the bandpass filter
at frequency 3w. The describing function of the comparator is now given
by the three sinusoid describing function.

In the following paragraph, a formula for the third-order distortion term will
be derived, using these three consecutive steps and Figure 3.5.

First, the limit cycle amplitude is given by equation (3.9). In the next
step, the error signal B is calculated at the input frequency w. This is done
by closing the loop through the bandpass filters at w.

3 Vbp
321 A3

Vbp

B? L(w) + B = Vi, (3.17)

Solving this equation for B leads to

. Am _ 3
B = WopLtw) +aay m T OWin) (3.18)

Finally, calculating the loop transfer function for the distortion signal at 3w
gives

Vbb B

S-HDq = 3.19
37 321 43 (1 + 225 L(3w)) (3.19)
with S the signal power at the output
N(A)/2
S (4)/ Vin (3.20)

T 1+ N(A)/2L(w)

Figure 3.6 shows a comparison of the third-order distortion term calcu-
lated by the behavioral model with numerical simulations for a supply voltage
of 1.2V and 3.3 V. A good match can be observed between the model and
the simulation. The ratio of the third-order distortion for a 3.3 Vona 1.2V
implementation equals to the square of the ratio of the two supply voltages



3.2 Behavior Model of the SOPA 49

-20
40 ,gE"nn
-60 /z/"")?
o val H'"Bd
) Vo2V
» —80 ~ -
- // (/z’
00 i A7 V33V
B el
pel /
/
120 -7
'
//
Po
140
0.01 0.1 1

Input amplitude [V]

Fig. 3.6. Evaluation of the third-order distortion term (solid line) compared with
numerical simulations (squares) for a supply voltage of 1.2 V and 3.3 V

(3.3/1.2)%. This results in a difference of 17.6 dB between the two implemen-
tations, which can clearly be seen in Figure 3.6. The limit cycle amplitude is
linearly dependent on the supply voltage (3.9). Thus, a lower supply voltage
results in a lower limit cycle amplitude. For a 3.3 V implementation A equals
0.26 V and for a 1.2 V implementation A equals 0.10 V. Since the third-order
distortion component generated by the non-linear gain of (3.15) decreases with
the third power of A, the third-order distortion term is inversely proportional
to V3.

A possible solution to circumvent the low limit cycle amplitude caused
by the low supply voltage is to increase the order m of the loop filter (3.9).
However, the loop gain will drop with increasing m. This is due to a lower
linear gain with increasing limit cycle amplitude since the linear gain in (3.15)
is inversely proportional to A. Also, the loop gain at the third-order distortion
decreases for higher filter orders, because of the higher roll-off of the loop filter
at 3w in (3.19). The combination of these effects results in a weak dependence
of the filter order m on the distortion. The results of the stability analysis
about the oscillator pulling and the coupling for different filter orders and line
conditions described in [Pie04] lead to an optimum filter order of three.

The linearity performance of an aDSL system is expressed in the MTPR.
To calculate the MTPR, of the SOPA line driver one has to keep in mind
that a signal with a power of 20 dBm has to be delivered on a 100 Q2 line.
This is equivalent with a rms-voltage of 3.17 V. This rms-voltage needs to
be multiplied with the CF to determine the full signal swing. To be able to
reach these high voltage levels a signal transformer with a transformer ratio
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of y is used. Increasing the transformer ratio results in a lower third-order
distortion term, since the input signal amplitude can be kept low for the same
output power. According to Figure 3.6 the transformer ratio thus needs to
be larger for the 1.2 V SOPA system than for the 3.3 V SOPA system to
achieve the same distortion levels. However, this results in an increased up-
transformed noise. The noise level at the output of the SOPA line driver is
multiplied with the transformer ratio. The total noise level at the output,
after the transformer, has to be below —100 dBm/Hz (or 3.2 uV/v/Hz) for an
aDSL system. An even more important effect of a large transformer ratio is the
attenuation of the Rx signals superimposed on the already huge attenuation
caused by the line characteristics. As a result, very low signals have to be
detected in the Rx-path, leading to extremely difficult noise specifications to
meet for the building blocks constructing the Rx-side.

Since a DMT symbol can be assumed to be a signal with an ideal Gaussian
distribution of the amplitude, the distortion induced MTPR degradation as
function of the rms-voltage o can be calculated as

2

S5 9y (HD3(x))? (=)

2ro

MTPR ;4 = 2N /0 dx (3.21)

N and CF respectively stands for the number of tones and the crest factor
of the DMT signal. HDg(x) is the distortion function calculated in (3.19).
From equation (3.21) and Figure 3.6 it can be concluded that a high MTPR
value can be reached when the transformer ratio is increased, since the input
signal level can be relaxed for high transformer ratios. It was clear that for
the 1.2 V SOPA system the y value should be higher than for the 3.3 V SOPA
system to achieve the same MTPR. The maximum achievable MTPR however,
is a combination of the distortion and the noise energy o2 at the output of
the SOPA amplifier. Therefore, an approximation of the upper limit of the
achievable MTPR of a SOPA system with the noise energy taken into account
can be calculated as

20 dB
MTPR = 1010g< 0 dBm >

3.22
MTPR yist0(¥) + y202 (8:22)

The result of this equation is shown in Figure 3.7 for an output noise level of
the line driver of —130 dBm/Hz (or 0.1 uV/v/Hz) and for two different nomi-
nal supply voltages, 3.3 V and 1.2 V, of the SOPA system. The horizontal line
shows the —100 dBm/Hz output noise specification of an aDSL system. In-
creasing the transformer ratio, to improve the distortion induced MTPR value,
results in an increased up-transformed noise level which causes the MTPR
value to drop. From this figure it is clear that the linearity specifications for
an aDSL system with a zeroth order SOPA architecture cannot be achieved,
unless one is able to reach superior noise specifications of the line driver. The
results get even worse if the supply voltage of the line driver is lowered as
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can be seen in Figure 3.7(b) for a 1.2 V system. For a low supply voltage the
transformer ratio needs to be increased to reduce the distortion. This comes
at the cost of an increased up-transformed noise. The combination of these
two effects results in a lower upper limit of the MTPR. Moreover, the output
currents will increase inverse proportional with the square of the transformer
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Fig. 3.7. Evaluation of the upper limit of the achievable MTPR, taken the distortion
and noise influences into account
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ratio. As a consequence the supply and substrate noise will increase since this
is a switching power amplifier. The large currents will also infect the reliability
and the efficiency of the line driver. The raised current density will increase
the hot carrier generation and the electro-migration in the output stage. The
efficiency will be reduced due to increased conduction and switching losses
of the driver. The influence of the transformer ratio on the reliability and
efficiency of the line driver will be further elaborated in Chapter 4. Another
problem is the return signal attenuation, as was already mentioned in the
previous paragraph. The larger the transformer ratio, the more the received
signal is attenuated. This requires extremely low noise levels of the receiver
circuit, limiting the practical use of the line driver. Therefore, the SOPA line
driver does not benefit from the continuous technology scaling.

In Section 3.2.5 an improved architecture will be discussed that introduces
noise shaping into the system which relaxes the noise specifications. However,
the problem of the large transformer ratio due to the low supply voltage
still exists. A high voltage output buffer, integrated in the SOPA system will
alleviate this problem. The inclusion of the high voltage buffer will be the
topic of Section 3.3.

Signal Bandwidth

The signal bandwidth of the SOPA line driver can be described in two differ-
ent manners [Pie04]. The first concerns the maximum frequency of the input
signal. What is the maximum frequency for which the approximation of the
SOPA dithering no longer holds? The result is the solution of the following
inequality:

~ 3Tlc (323)

Or: the maximum bandwidth for a zeroth-order SOPA is a third of the limit
cycle frequency. This low OSR is a major advantage compared to other over-
sampling techniques like discrete time AX-modulation.

The second manner concerns the modulation terms around the limit cy-
cle frequency. Since the input signal modulates the square output wave,
inter-modulation tones arise around the limit cycle frequency. The maximum
bandwidth can then be seen as the maximum frequency for which the inter-
modulation tones within the bandwidth become too large with respect to the
noise floor. The 74, harmonic band, this is the i;;, harmonic of the limit cycle
frequency with the inter-modulation tones caused by the input signal, can be
described by the following equation [Pie04]:

o0 4 Nl
sit) = Vir D (21) " B0, 1) cos(wi, Dt + 6(3) (3.24)
l=—0o0
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Where
w(i,l) = iw. + lwgig (3.25)
Z g, [i—eB B\, (iB” ) (3.26)
L twgigVap ) P\ "2V '
. LT
@(1) = iz (3.27)
BZ

B and wg;, are respectively the amplitude and the frequency of the input
signal. Figure 3.8 shows the comparison between the power in the inter-
modulation tones calculated by the model (depicted as dirac impulses) and by

simulation of the output spectrum. Because of the (1 - (—1)”[) /2 factor it

can be concluded that around the odd harmonics of the limit cycle oscillation
only even harmonic inter-modulation products occur. This is one of the most
important properties of a SOPA architecture. For the coupled SOPA system
it is shown that the oscillation frequencies become a common mode signal for
the output. Since the input signal, applied to the coupled system, is differ-
ential, the even harmonics become also common mode at the output. As a
result, the odd harmonic bands are not transferred towards the load. This
relaxes the output filter specifications, since the energy in the even harmonic
bands is much lower than in the odd bands.
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Fig. 3.8. Comparison between the calculated power in the inter-modulation terms
(arrows) and the simulated output spectrum (solid line)
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3.2.5 Higher Order SOPA Amplifiers

In Section 3.2.4 it was shown that for the zeroth-order SOPA very small input
signals are needed to obtain very low distortion ratios. As a consequence, a
large transformer ratio is necessary to deliver the desired output power to the
load. However, a large transformer ratio severely increases the noise specifi-
cations of the line driver. The situation even deteriorates when the supply
voltage drops as a result of the technology scaling. In order to relax these
specifications, a noise shaping technique like the one used in AX' converters is
integrated in the SOPA architecture. The main difference between the SOPA
architecture and continuous time AX converter is the topology of the com-
parator. The SOPA architecture uses a non-clocked comparator. The output
waveform is thus a square wave with a duty cycle modulation whereas in a
continuous time AX' converter the output signal is sampled [Pie04].

Figure 3.9 shows a simplified model, with a linearized comparator, to ex-

plain the noise shaping technique. H(w), the filter in the forward path, repre-

sents the transfer function of an nth

input and output equals

order integrator. The relationship between

H(w)N(Aie)
2

Vout
= 3.29
Vin | HGILENGL) ) (3.29)

It is assumed that the TSIDF holds for this analysis. Since the limit cycle
oscillation fulfills the Barkhausen criterion and H(w) has a higher gain for
lower frequencies, the term H(w)L(w)N (A;.)/2 will always be larger than 1/2
for frequencies lower than the limit cycle frequency. The input output relation
thus can be approximated by a unity-gain function. The transfer function of
the distortion term, d (Vj;,) to the output results in

ou ]-
Vour _ (3.30)

(Vi) ~ HGILLNGL) |

Fig. 3.9. Simplified model of a SOPA with a linearized model for the comparator
(dashed rectangle)



3.3 High Voltage SOPA Amplifiers 55

The result of this transfer function will tend to go to zero for a high gain of
the forward filter H(w) and frequencies below the limit cycle frequency. Since
a DMT signal contains a large number of tones which are uncorrelated, the
distortion distribution to the DMT signal can be approximated as a white
noise source o,. The output can thus be calculated as

1
H@ LN A | 0"
fl + 1
2 H(wie)L(wie)
H(w)L(w) + 2 H(wie)L(wie)
(3.31)

H(w)N(Aie)
2

Vout = Vzn +

H(w)L(w)N(Ai)
fl +1

_ H(w) :
= @) h(@) + 2 Ho L VT

On

Since L(w) is a low pass filter, its gain can be approximated to be 1 for low fre-
quencies. Taking into account that H (w)L(w) > 2H (w;.)L(wi.), equation 3.31
can be simplified to

H(wlc)
H(w)

Vout = Vi + On (332)
The output distortion is thus shaped by the inverse of the forward filters. As
a result, an integrator is an ideal forward filter for its high in-band gain. In
the following, an nth-order SOPA is defined as a SOPA with n integrators
in the forward path. In [Pie04], the calculations of the zeroth order SOPA
concerning the limit cycle oscillation, the coupling and the forced system are
repeated for the higher order SOPA system.

The inclusion of integrators in the forward path of the SOPA architecture
relaxes the noise specifications of the line driver. However, the problem of the
large transformer ratio still exists. The reduced supply voltage of nanometer
technologies results in an increased current density in the driver infecting
the reliability and efficiency. Moreover, the large transformer ratio attenuates
the return signal which results in extremely hard noise specifications for the
receiver circuit.

The next section will describe the influence of the integration of a high
voltage output buffer in the SOPA architecture on the behavior model.

3.3 High Voltage SOPA Amplifiers

In this section, the effects of including a high voltage output buffer into the
SOPA architecture is described. This section serves also as an introduction
to the following two chapters where the design, implementation and measure-
ments of high voltage output buffers in a standard CMOS technology are
explained. Figure 3.10 shows the model of a zeroth order SOPA with a high
voltage output buffer. The function of the high voltage buffer is to convert
the binary output of the comparator to high voltage levels with a voltage gain
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Fig. 3.10. Model of a zeroth-order SOPA amplifier with a high voltage output
buffer

factor n. The output of this buffer is fed back to the input of the comparator
through the loop filter. The comparator operates at the nominal supply volt-
age of the technology used. Therefore, the voltage levels of the high voltage
output buffer need to be downscaled with at least the same factor n as it
upscales the output of the comparator. The division factor is usually taken
the same as the multiplication factor. If the voltage division in the loop filter
is too large, the loop gain drops which results in an increased distortion.

In the following paragraphs the influence of including a high voltage output
buffer into the SOPA architecture on the behavior model is described. It will
be shown that the models do not change since the voltage multiplication in
the forward path and the voltage division in the feed back path cancel each
other out.

Transfer Function

The transfer function of the zeroth-order SOPA becomes now

N'(A)
TF = — 2 3.33
1+ XA () (33%)
With
2
N'(A) = 2VYDD L na (3.34)
TA

the single sinusoid describing function of an ideal comparator with an n times
Vpp supply and

L'(w) = ~L(w) (3.35)

1
n
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This results then in the following transfer function:

nN(A)

TF = W =n-TF (3.36)
2 n

Therefore, the inclusion of a high voltage output buffer and as a consequence,
the reduction of the loop gain, results in a gain of the input signal with a
factor n compared to a basic zeroth-order SOPA. This is a very important
aspect since the input signal can now be reduced with this factor n in order
to obtain the same output power. The reduction of the input signal amplitude
results in better distortion specification as can be seen from Figure 3.6.

Limit Cycle Oscillation

As described in Section 3.2.2 the limit cycle frequency f;. and amplitude A
can be found by solving the Barkhausen criterion

L'(w)N'(A)+1=0 (3.37)
With the equations (3.34) and (3.35) this results in
L(w)N(A) +1=0 (3.38)

which is the same equation as if there was no high voltage buffer included.
Therefore, the equations (3.8) and (3.9) for the limit cycle frequency and
amplitude remain valid and are, as such, not influenced by the voltage multi-
plication factor n.

Coupling

The high voltage output buffer has also no effect on the coupling of two
SOPA systems. The voltage multiplication factor n in the forward path and
the voltage division 1/n in the loop filter cancel each other out. The 74, in
equation (3.10) is now the output resistance of the high voltage buffer. It is
important that this resistance is low enough to minimize the conduction losses
of the driver.

Dynamic Range

The same cancellation effect of the voltage multiplier in the forward path and
the voltage division in the feedback path can be seen in the dynamic range
calculation of Section 3.2.4. The results in Figure 3.6 do not depend on the
voltage multiplication factor n. The main advantage of the high voltage buffer
however, is the gain that is introduced in the SOPA architecture. This allows
lower input voltage levels for the same output power which results in a lower
third-order distortion term. Taking a closer look at the distortion induced
MTPR degradation of equation (3.21), the transformer ratio can then be
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Fig. 3.11. Evaluation of the upper limit of the MTPR for a 1.2V SOPA system
with a voltage multiplication of 5

lowered to obtain the same MTPR results. In Figure 3.7(b) this corresponds
to a shift to the left of the distortion limit curve. The problem of the 3.3V and
especially the 1.2V SOPA system was a low upper limit of the MTPR due to
the up-transformed noise. This resulted in the fact that the aDSL linearity
specifications could not be met with a basic zeroth-order SOPA architecture.

Figure 3.11 shows the evaluation of the upper limit of the achievable
MTPR according to equation (3.22) for a 1.2V SOPA system with a high
voltage output buffer resulting in a voltage multiplication factor of 5. The
upper limit of the MTPR is increased compared to the 3.3 V and 1.2 V sys-
tem of Figure 3.7. And, more important, this upper limit is now obtained
with a lower transformer ratio. One can see from this graph that the nec-
essary MTPR specification of 55 dB is just met for an output noise level of
—130dBm/Hz of the line driver. This figure illustrates that the linearity and
noise specifications of an aDSL system can be met with a zeroth-order SOPA
if a high voltage buffer is integrated into the architecture. However, to obtain
a safe noise and distortion margin a combination of a higher order SOPA with
a high voltage buffer has to be used.

The low transformer ratio results in a reduced output current improving
the efficiency and reliability. The effect on efficiency and reliability will be
further elaborated in Chapter 4. Since the SOPA is a switching amplifier, this
will reduce also the supply and substrate noise. Moreover, the noise specifica-
tions of the receiver circuit can be relaxed since the return signal attenuation
is reduced.
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Signal Bandwidth

The calculation of the modulation terms around the limit cycle frequency
according to equation (3.24) can still be used under the condition that the
input signal levels are reduced with the voltage multiplication factor n. This
can intuitively be seen since the high voltage buffer introduces a gain with a
factor n.

3.4 Conclusions

A concise overview of the Self-Oscillating Power Amplifier is given in this
chapter. The basics of the describing function methodology are mentioned for
it gives a good mathematical approximation of the hard non-linear SOPA.
Models for the frequency response, distortion and signal bandwidth are de-
rived from a reference model from which every SOPA architecture can be con-
structed. The models are verified with numerical simulations to prove their
usefulness. To visualize the performance degradation of the SOPA architec-
ture in low voltage nanometer technologies, all simulations are performed with
a supply voltage of 1.2 V. This will also be the nominal supply voltage for the
two SOPA line driver implementations in Chapter 6. It is shown that the lin-
earity specifications of an xDSL system can not be met with the basic SOPA
architecture due to the large transformer ratio. Since the output current is
inversely proportional to the square of the transformer ratio, the supply and
substrate noise will increase. The high current density will also affect the effi-
ciency and the reliability of the line driver. Moreover, the xDSL modem will
suffer from large return signal attenuation caused by the transformer ratio.
This results in noise specifications for the building blocks in the Rx-path that
are impossible to implement. Higher order architectures can relax the noise
specifications of the line drivers, but, the problem of a large transformer ratio
still exists.

It is demonstrated that the inclusion of a high voltage output buffer into
the SOPA architecture improves the distortion and noise specifications be-
cause of a lower transformer ratio. Chapters 4 and 5 will discuss the design,
implementation and verification of high voltage buffers in a standard CMOS
technology compatible with the SOPA architecture. It will be shown that the
SOPA xDSL line driver, implemented in a low voltage nanometer CMOS tech-
nology, will benefit with a high voltage output stage improving all parameters:
linearity, efficiency and reliability.
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High Voltage Design Considerations

N Chapter 3 it is demonstrated, by high-level modeling, that the SOPA

amplifier does not benefit in terms of distortion and noise from the low
supply voltages originating from nanometer CMOS technologies. It was also
proved that these low voltage issues can be circumvented by operating the
critical path of the SOPA line driver, the power delivering output stage, at
higher voltages. In this chapter, the influence of low supply voltages on the
SOPA line driver design will be further elaborated in terms of efficiency and
reliability and possible solutions will be discussed.

The chapter is divided into two major parts. The first part starts with an
introduction on Moore’s Law, which predicts already for more than 40 years
the CMOS scaling trend. A pertinent question is how this continued reduction
in feature size influences the operating characteristics and properties of the
MOS transistor, and indirectly, the critical design metrics, such as switching
frequency and power dissipation. Different CMOS scaling laws are explained
and the influence of scaling on switching amplifiers in general, and the SOPA
design in particular, is discussed. It will be shown that the efficiency and
reliability of the SOPA line driver will seriously degrade due to the low supply
voltage. Therefore, a high voltage output stage becomes necessary to improve
the performance of the SOPA line driver. One way to deal with high voltages
is to use customized CMOS technologies. However, these technologies can
only be integrated in a digital CMOS technology at a higher cost, since extra
process steps and mask sets are necessary. Moreover, in nanometer CMOS
technologies, the prices of mask sets are increasing exponentially with every
technology migration. In this book a solution in a standard CMOS technology
is chosen, since it leads to a full integration of the high voltage line driver
within the AFE resulting in a compact and low cost single chip solution.

The second part describes this principle of a high voltage solution in
a standard low voltage CMOS technology. Through the calculation of the
power dissipation of the output stage, a comparison is made between a high
voltage solution in a mainstream low voltage technology and a solution in a
technology from a previous generation with a higher nominal supply voltage.
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It will be shown that the stacking of standard low voltage transistors is more
advantageous in terms of power dissipation and integration prospects.

4.1 CMOS Scaling

4.1.1 Introduction: Moore’s Law

In a section about technology scaling, it is almost unthinkable not to mention
the famous paper in the microelectronic field: “Cramming more components
onto integrated circuits” by Gordon E. Moore [Moo65]. The complezity for
minimum component costs has increased at a rate of roughly a factor of two per
year. ... Certainly over the short term this rate can be expected to continue,
if not to increase. Over the longer term, the rate of increase is a bit more
uncertain, although there is no reason to believe it will not remain nearly
constant for at least 10 years. That means by 1975, the number of components
per integrated circuit for minimum cost will be 65,000. I believe that such
a large circuit can be built on a single wafer. Under the assumption that
complexity is proportional to the number of transistors, regardless of what
they do, this statement, better known as Moore’s Law is already valid for
more than 40 years for the CMOS technology. Nowadays, several millions of
CMOS transistors can be integrated on a single chip and, as such, it becomes
the cheapest technology available today.

The evolution in CMOS technology is motivated by decreasing price-
per-performance for digital circuitry. Its pace is determined by Moore’s
Law [Nau05]. The reason that Moore’s Law is still valid today, is probably
due to the reaction of the technology industry on this law to make it come
true. This can also be seen in the International Technology Roadmap for
Semiconductors (ITRS). ITRS conferences are held twice each year. The ob-
jective of the ITRS is to ensure cost-effective advancements in the performance
of the integrated circuit and the products that employ such devices, thereby
continuing the health and success of this industry. Anyhow, the continuous
scaling is a blessing for the increasing integration density of the VLSI circuits
and the low power requirements of complex signal processing applications.

4.1.2 CMOS Scaling Laws

According to Moore’s Law, the technology migrates from one node to another
every two years. Scaling of the devices has an influence on the performance of
every component in the system. The design of analog circuits will speed up if
the right choice of technology is made from the start. Scaling rules give the
circuit designer insight in the evolution of the technology parameters. This
provides him a guideline for the right technology choice.

In order to design a new device suitable for smaller values of L, the device is
scaled by a transformation in three variables: dimension, voltage and doping.
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Table 4.1. CMOS scaling laws

Parameter Relation Full General Fixed voltage
scaling scaling scaling

W, L, tox 1/8 1/8 1/8
Vb, 1/8 1/U 1
Nsup S S? /U 52
Cox 1/tox S S S

B uCozW/L S S S
Cyate Cos WL 1/8 1/8 1/S
Ron 1/(BVbp) 1 u/s 1/8
fT gm/Cgate 52 SQ S2
Cyate Q fized W CorL 1 1 1
Ron @ fized W L/ (uCorVpp) 1/S  U/S? 1/52

Table 4.1 gives an overview of three different CMOS scaling rules [Rab96]:
Full scaling, General scaling and Fixed voltage scaling.

The fixed voltage scaling was the dominant scaling law for gate lengths
longer than 0.7 yum. When going to smaller dimensions, the supply voltage
needs to scale with the gate length and the oxide thickness to avoid reliability
issues like hot carriers and oxide breakdown.

For deep-submicron CMOS technologies, the full scaling has to be used.
In full scaling, all of the horizontal and vertical dimensions are scaled with
the power supply to maintain constant electric fields throughout the device.

As scaling continues towards nanometer dimensions, the nominal supply
voltage cannot scale with the technology dimensions. This departure from the
full scaling model is motivated by the following points [Rab96]:

e Some of the intrinsic device voltages, such as the silicon bandgap and the
built-in junction potential, are material parameters and thus cannot be
scaled.

e The scaling potential of the transistor threshold voltage is limited. Making
the threshold too low makes it difficult to turn off the device completely.

Therefore, a more general scaling model is needed with dimensions and volt-
ages scaled independently. In this general scaling model device dimensions
are scaled by a factor S, while voltages are reduced by a factor U. When the
voltage is held constant, U = 1, the scaling model reduces to the fixed voltage
model.

For the three different scaling laws described in Table 4.1, the device di-
mensions are scaled by a factor S. By comparing different CMOS technology
nodes (..., 0.25 ym, 0.18 ym, 0.13 pm, ...) the factor S equals roughly v/2.
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4.1.3 Influence of CMOS Scaling on Switching Amplifiers

Important parameters for switching type power amplifiers like the SOPA am-
plifier are the gate capacitance Cyqse and the on-resistance Ry, since they re-
spectively determine the switching and conduction losses. Figure 4.1(a) shows
transfer characteristic of an nMOS switch. When the transistor is in the cut-
off region, no current flows through the device and the switch is off. When the
transistor is in the linear region, the switch is on. A transistor in the linear
region acts as a linear resistor as can be seen in Figure 4.1(b). This figure
shows the Ipg — Vpg characteristic of an nMOS transistor for different values
of Vgs. One can clearly see the linear behavior of these curves near the origin.
Using a first order CMOS transistor model, the on-resistance is given by

1
Ron = 4.1
,MCOIW/L (VGS - VT - VDS) ( )
The input- or gate capacitance of a CMOS transistor equals
Chate = Cox WL (4.2)

Looking at the constant field scaling law, Cyqse @ fixed W remains unchanged
and R,, @ fixed W is reduced with a factor v/2 for scaling the technology to
the next node. This is verified by simulating these parameters for CMOS tran-
sistors in the linear region with a fixed width of 1000 gm and minimum length
in four consecutive technology nodes (0.35-0.13 um). Figure 4.2(a) shows the
evolution of the on-resistance in function of the gate length. A scaling factor
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Q
_ = A
) Linear -
Saturation
“— N 5
S % < L
<@\ AP 8
O :é Linear | =
S L
i ~ Vas > Vbs
VTn

(a) (b)

Fig. 4.1. Transfer characteristic of an nMOS switch (a) and the Ips — Vps curve
of an nMOS transistor (b)
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Fig. 4.2. Simulation of the on-resistance and total gate capacitance of submicron
CMOS technologies for a 1000 pm wide transistor in the linear region

of 1/4/2 can be observed. Figure 4.2(b) shows the total gate capacitance in
function of the gate length. The gate capacitance remains more or less con-
stant at 1.55 pF for a minimum length CMOS transistor with a fixed width
of 1,000 pm. The fact that the value of Cyqse is not changed, still results
in a reduction of the switching losses since the dynamic power dissipation
Payn = fVApC is quadratic dependent on the supply voltage which does
scale with the technology. The lowering of R,, results in a reduction of the
conduction losses, since the static power dissipation equals Pgiqr = IfmSRon
with I, the rms current drawn from the supply voltage Vpp.

From the previous paragraph, one can conclude that scaling is bene-
ficial for switching power amplifiers, since the on-resistance and the volt-
age is scaled. However, while the reduced voltage supply of constant field
scaling is an advantage for the power dissipation of digital circuits, this is
not the case for power delivering analog circuits. The output levels of a
power amplifier depend on the maximum applicable supply voltage. Since
Poutmaz = Voplrms = V[%D/R = I, R, a migration of the technology to
the next node results in a decrease of the load resistance with a factor 2 and an
increase of the output current with a factor v/2. The increased current density
in the power amplifier affects its efficiency and reliability. For most applica-
tions, the load resistance has a fixed value. Therefore an impedance matching
network has to be used to convert the reduced load resistance to the required
value, which introduces extra losses into the system. For an xDSL system
the line driver has to deliver 20 dBm to a 100 Q2 twisted pair telephone line.
In this system, the line transformer performs the function of the impedance
matching network.

CMOS power amplifiers suffer the most from the low supply voltage
of nanometer technologies. In [Nau05], however, two technology issues are
described concerning CMOS scaling, which are also of major importance in
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analog CMOS design. The first is the lower output conductance with newer
CMOS technologies and as a result a lower voltage gain. Therefore, to achieve
sufficient gain, circuit techniques such as current bleeding [Yao04] or gain
boosting [Bul90, Fla96] are necessary. A disadvantage of these techniques
is that they affect the stability of the circuit. A second technology issue is
the gate-leakage. In nowadays ultradeep-submicron and nanometer CMOS
technologies gate-leakage may be a serious problem for analog circuit design
because [Nau05]

e It poses a lower limit to the usable frequency range for integrator circuits,
e.g. for filters and sample & hold-circuits.

e It introduces a strong relation between DC-current gain and transistor
length, which effectively limits accuracy.
Its mismatch introduces a new limit to achievable accuracy.
It results in shot-noise which is equivalent to the noise from the base-
current in bipolar transistors.

While CMOS scaling is mainly driven by the low power requirements of
complex digital signal processing applications and the increasing integration
density of VLSI circuits, analog circuits do not benefit from this (voltage)
scaling. However, there is a ray of hope. According to the prediction of the
ITRS [ITRO5], the supply voltage remains more or less constant at 1 V from
the 90 nm technology on. Figure 4.3 shows the evolution of the nominal supply
voltage in function of the minimum gate length. Nevertheless, this is more than
unsatisfactory to design highly efficient and reliable power amplifiers. This
statement is emphasized in the next section where the influence of technology
scaling on the SOPA performance is discussed.
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Fig. 4.3. Nominal supply voltage in function of the minimum gate length of the
technology plotted on a logarithmic x-scale
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4.1.4 Influence of CMOS Scaling on SOPA Design

In this section the influence of CMOS technology scaling on the SOPA design is
discussed. As the SOPA is a power amplifier, the scaling of the supply voltage
has the largest impact on its design parameters and more in particular, the
parameters of the power delivering output stage. The voltage requirements
of the output stage are derived for a basic aDSL system. From these voltage
requirements the dependency of the transformer ratio, the load resistance and
rms output current on the nominal supply voltage of the technology can be
calculated. Abstraction of noise and distortion considerations in function of
the supply voltage is made since it was discussed in Section 3.3.

Requirements of a SOPA Line Driver

An aDSL system requires 20 dBm or 100 mW being delivered to a 100 §2
twisted pair telephone line. The rms voltage needed to deliver this 100 mW
is thus 3.16 V. The necessary CF of an aDSL system is typically set at 15 dB
which equals a factor of 5.6. The peak voltage is thus 17.7 V. In Section 3.2.4
it was described that the limit cycle amplitude should be higher than this peak
voltage. For a practical implementation, a factor of 3 has been chosen for the
maximal voltage range. Since two SOPAs are differentially coupled through
the line transformer, the total required voltage has to be divided by 2. A single
SOPA has to be able to cope with a maximum voltage of 26.6 V. With these
numbers, the output driver of the SOPA can be designed following the rules
of a regular class D amplifier.

According to equation (3.23) the limit cycle frequency has to be at least
three times larger than the bandwidth of the aDSL system in order to ben-
efit from the dithering effect. It is assumed that the process technology will
limit the maximum switching frequency. From this point of view, the SOPA
benefits from the technology scaling, since the cut-off frequency f; of a single
transistor is scaled with a factor S2.

Relationship Between Vpp and the Output Stage Parameters

Figure 4.4 shows a schematic representation of a single-ended SOPA. Ry, y
and R respectively represent the load resistance, the transformer ratio and the
resistance seen by the SOPA amplifier after transformation by the impedance
matching network, which is, in this case, the line transformer. I,.,s is the rms
current that the line driver has to deliver in order to provide an average
output power of 100 mW. R,, equals the on-resistance of the output buffer
and nVpp is the supply voltage with Vpp the nominal supply voltage of the
used technology. n is the voltage multiplication factor, which was introduced
in Section 3.3. The implementation of a device or a series of devices together
that can withstand a voltage of nVpp is the topic of Sections 4.1.6 and 4.2.
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R

Fig. 4.4. Schematic of a single-ended SOPA architecture. R,, is the on-resistance
of the output buffer

The following set of equations determine the transformer ratio, the load
resistance after transformation and the rms current.

~ Vmaz

~ 4.
U T (4.3)
Ry, 10082
P \/ 100mW
TIms = = 4.
\/ R R (4.5)

With Ve = 26.6V, the maximum voltage that the SOPA has to deal with.
For the calculation of the transformer ratio, the voltage drop over R,, is
ignored. These equations result in the following relationship:

n/ = y\N= R/ = L\ (4.6)

Increasing the supply voltage results thus in an increased load resistance,
seen by the SOPA amplifier and hence a decreased rms current. Figure 4.5
shows a graphical representation of the relationships stated by equation (4.6).
The nominal supply voltage is set at 1.2 V for a 0.13 pm CMOS technology.
The x-scale is divided into multiples of Vpp to show the dependency on the
voltage multiplication factor n. Figure 4.5(d) depicts the static efficiency 7stas
of the class D type output buffer in function of its supply voltage. The static
efficiency is defined as

Pout _ Pout
Ptotal Pcond + Pout

(4.7)

Nstat =

Only the conduction losses (P.onq), which are caused by the voltage drop over
Ry, are taken into account for the static efficiency.
With:

Pyt = I%,.R (4.8)

Pcond = IfmsRon (49)
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Fig. 4.5. Relationship of Vpp or n on the transformer ratio, R, rms current and
the static efficiency

This results in a simple resistive division between the on-resistance of the
output buffer and the transformed load resistance:

_ R
R+ Ron

Equations (4.6), (4.10) and (4.7) show that an increased supply voltage results
in a higher static efficiency and thus lower conduction losses for the same
on-resistance of the output buffer. One could also lower the on-resistance
to reduce the conduction losses. However, lowering the on-resistance will re-
sult in increased switching losses which will degrade the overall efficiency.
Section 4.2 will clarify the relationship between the conduction and switching
losses. For Figure 4.5(d), Ro, was set at 1 Q. According to Figure 4.2(a), this
is a reasonable choice to restrict the width of transistors.

From Figure 4.5 one can conclude that SOPA architectures with a sup-
ply voltage lower than 3.6 V (or a voltage multiplication factor lower than
three) become impractical and highly inefficient. This is further argued by
the following statements:

(4.10)

Nstat =

e Supply voltages lower than 3.6 V require a transformer ratio larger than
7.4. The output signal of the line driver is up-transformed with a factor
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7.4, but the return signal is attenuated with the same factor. This puts
severe noise requirements on the receiver circuit. From Figure 3.7 it is also
known that a large transformer ratio results in high output noise levels
and so lowers the MTPR of the SOPA line driver.

e For supply voltages lower than 3.6 V, a resistance lower than 1.8 2 has to
be driven by the line driver. This results in an rms current of more than
236 mA to obtain the average output power of 100 mW. High current
densities lead to long term reliability issues like hot carrier degradation
an electro-migration, which are explained in the next section. The only
solution to prevent this is to increase the transistor’s dimensions. But,
this will result in an intolerable increase in dynamic power losses, as will
be seen later on.

e Due to the low resistance that the amplifier has to drive, the static
efficiency and as a consequence the total efficiency will be lower than 64%
for an on-resistance of 1 2 of the output buffer.

It is clear that the SOPA line driver benefits from a high voltage output
stage. However one has to take in mind that with the arrival of nanometer
technologies, the supply voltage has dropped to nearly 1 V. Therefore, the
complexity of the output buffer will increase dramatically if a supply voltage
higher than 3.6 V is wanted.

4.1.5 Reliability Issues

CMOS foundries are strongly motivated to mitigate any physical mechanism
that may cause Integrated Circuits (IC) to fail due to some know physical
failure mechanism within a specific reliability target. That target is typi-
cally in the neighborhood of 20-40 years. This large target time to fail is
chosen because the physical wear out mechanisms are governed by a stochas-
tic process with a random distribution of failure times. The choice of fail
time target is selected such that a consumer product nominal service lifetime
(typically less than 10 years) will fall somewhere far out in the tails of the
failure mechanism probability distribution function.

In order to achieve this goal, a foundry must understand the physics of
each failure mechanism and identify any wafer processing step that may detri-
mentally influence each mechanism. Once the wafer processing is optimized
for maximum lifetime set by each physical mechanism, the foundry develops
design rules intended to prevent IC designers from over-stressing the devices
and cause the expected lifetime to fall below foundry targets. These design
rules will be embodied in the form of maximum operating voltage, transistor
channel length constraints for service under certain bias conditions, maxi-
mum current per unit line width in metal interconnects, maximum current
per contact or via and certain constraints upon interconnect layout of very
wide metal lines. Failure to comply with the reliability design rules may lead
to unpredictably shorter IC lifetime.
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There are a number of physical failure mechanisms that can affect the re-
liability of a CMOS IC. The next paragraphs will outline the most common
physical failure mechanisms. They can be divided into two groups: long-term
failure mechanisms and breakdown mechanisms. Long-term failure mecha-
nisms, such as Time Dependent Dielectric Breakdown (TDDB), Hot Carrier
Degradation (HCD) and electro-migration, slowly degrade the device para-
meters until failure of the IC. The device degradation can be: a shift in the
threshold voltage Vi, a shift in the transconductance g,, and a shift in the
subthreshold slope AS. On the other hand, most of the breakdown mecha-
nisms are destructive and result in an immediate and permanent failure of
the IC.

A common general misconception is that the physics of failure is thor-
oughly understood and that mathematical models exist that permit designers
to tune IC reliability to their specific product lifetime. Most mathematical
models for physical failure mechanisms are based upon observations of accel-
erated reliability tests performed at elevated temperature and at higher than
normal voltage or current density. These accelerated tests can produce some
unrealistic stresses upon the materials resulting in failure statistics that do not
represent stresses experienced at nominal operating conditions. There is great
temptation to extrapolate accelerated test results, using these mathematical
models developed from accelerated test data, back to “at-use” conditions to
predict IC reliability in typical applications. [MOS].

TDDB: Time Dependent Dielectric Breakdown

TDDB is wear-out of the insulating properties of silicon dioxide in the CMOS
gate, leading to the formation of a conducting path through the oxide to the
substrate. With a conducting path between the gate and the substrate, it is no
longer possible to control current flow between the drain and source by means
of the gate electric field. TDDB lifetime is strongly affected by the number of
defects in the gate oxide produced during wafer fabrication.

TDDB occurs at all gate voltage bias conditions. The goal of the foundry
is to trade off gate oxide thickness with operating voltage specifications to
achieve both speed and lifetime targets for the technology. The lifetime of a
particular gate oxide thickness is determined by the total amount of charge
that flows through the gate oxide by tunneling current. [MOS].

HCD: Hot Carrier Degradation

Carriers in a channel traveling from source to drain experience an electric
field magnitude that varies depending upon the transistor bias conditions.
As the transistor channel is formed at low drain-source voltage the electric
field is uniformly divided over the length of the channel by the presence of
the inverted channel. When the drain-source voltage is increased the channel
begins to pinch off. This principle is shown in Figure 4.6. In Figure 4.6(a) the
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Fig. 4.6. Cross section of an n-MOS transistor. (a) shows the inversion layer of
a transistor in saturation. (b) shows a pinched off inversion layer due to a large
drain-source voltage

transistor is in saturation and the inversion layer ends at the drain side. In
Figure 4.6(b) the drain voltage is increased and the inversion layer is pinched
off. A point is reached when the electric field is largely confined to the region
between the pinched-off channel edge and the drain diffusion. This causes the
magnitude of the electric field to reach high values and causes the channel
carriers to accelerate through the pinched off region reaching a high velocity
that is greater than thermally limited diffusion drift velocity, hence the term
“hot carrier”. If a channel hot carrier collides with a crystal atom near the
drain region, it may produce an electron-hole pair in an impact ionization
event.

Carriers generated by impact ionization are subjected to the same large
electric field that had lead to their formation. In an n-channel transistor,
for example, the electrons are accelerated to the drain while the holes are
driven into the substrate by the gate electric field. Energy imparted to the
carriers formed in an impact ionization event can cause electrons (and holes)
to be scattered toward the gate oxide interface and the substrate result-
ing in gate and substrate currents respectively. This substrate current is a
measurable quantity that serves as an indicator of the amount of impact ion-
ization that is occurring at a specific set of bias conditions. As with TDDB,
these scattered carriers can generate interface states that will degrade channel
carrier mobility and reduce the transconductance of the transistor. Scat-
tered electrons with the highest energy may be injected into the gate oxide
producing a trapped charge that will also degrade the transistor performance
[MOS].

Hot carrier damage rate is highest in a transistor with channel length
at minimum design rule length and when drain-source voltage is maximum
permitted voltage while the gate-source voltage is around of half of the drain-
source voltage [Sak86, Leb96].
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Electro-migration

Electro-migration refers to the gradual displacement of the metal atoms of
a conductor as a result of the current flowing through that conductor. The
process of electro-migration is analogous to the movement of small pebbles in
a stream from one point to another as a result of the water gushing through
the pebbles.

Because of the mass transport of metal atoms from one point to another
during electro-migration, this mechanism leads to the formation of voids at
some points in the metal line and hillocks or extrusions at other points. It can
therefore result in either: an open circuit if the void formed in the metal line
becomes big enough to sever it; or a short circuit if the extrusions become
long enough to serve as a bridge between the affected metal and another
one adjacent to it. [Sil].

As a rule of thumb to prevent the electro-migration process, a width of
1 um per 1 mA DC current for the metal lines is used.

Breakdown Mechanisms

The previous sections described physical mechanisms that cause long-term
reliability problems, resulting in a slow degradation of the devices. When
the bias voltages are pushed beyond the voltage limits or when the devices
are scaled down without reducing the supply voltage, destructive breakdown
mechanisms can occur [Bal99).

Junction Breakdown:

The electric field in a reverse biased p-n junction increases with increasing
reverse bias. At large electric fields, mechanisms become operative that break
down the junction and a large reverse current flows through the junction.
The most important physical mechanism leading to junction breakdown is
avalanche breakdown.

As described in the hot carrier degradation section, if a channel hot carrier
collides with a crystal atom, it can generate an electron-hole pair by impact
ionization. In turn, the generated electron-hole pair can maintain the impact
ionization if it acquires enough energy from the electric field across the chan-
nel. Avalanche breakdown is then defined as the condition under which the
impact ionization rate becomes infinite. As a result of such avalanche mul-
tiplication, the reverse diode current increases dramatically with increasing
reverse bias over the junction. This is shown in Figure 4.7. At a certain volt-
age Vpp the current reaches infinity. This condition is called breakdown. For
a mainstream 130 nm CMOS technology the breakdown voltages for different
types of junctions are shown in Table 4.2.
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Fig. 4.7. p-n junction current-voltage characteristic showing avalanche multiplica-
tion and breakdown

Table 4.2. Junction breakdown voltage

n+/p-well p+/n-well n-well/p-substrate
VebD 10V 10V 145V

Gate Ozide Breakdown:

Avalanche breakdown is a breakdown mechanism in the silicon part of the
MOS Field Effect Transistor (MOSFET). Gate oxide breakdown is also possi-
ble if the voltage across the oxide (drain-gate or gate-source) is pushed beyond
the supply voltage limit. Such a bias condition would first lead to channel hot
carrier effects. If the stress condition is further increased, the oxide integrity
degradation may cause catastrophic failure.

In modern standard CMOS technologies, the gate oxide can withstand elec-
tric fields as high as 1.2 V/nm before breaking down instantaneously [Bal99].
Such dielectric strength is only possible in SiOs films that are defect-free,
which is unfortunately not always the case. To calculate the absolute maxi-
mum rating, which corresponds to the maximum voltage value that can be
applied to a minimum gate length device without leading to instantaneous
or very short-term unrecoverable hard failure (destructive breakdown), an
electric field strength of 1.0 V/nm is taken. For a 130 nm CMOS technology
with an oxide thickness of 2.3 nm this voltage value becomes 2.3 V. However,
one has to keep in mind that this voltage will definitively degrade the MOS
parameters and will affect the reliability of the device.

One of the goals in this work is to design high voltage circuits in main-
stream CMOS such that the voltage over the gate oxide never crosses the
nominal supply voltage of the used technology. In this way, the single device
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as well as the whole circuit meet the reliability performances. For the 130 nm
CMOS technology the nominal supply voltage equals 1.2 V.

4.1.6 Customized Silicon Technologies

One way to achieve higher breakdown voltages is to modify the technology or
to use device techniques. In this section, only “customized” technologies based
on the CMOS technology are discussed, since the increasing analog and digi-
tal complexity of the applications has pushed the technology to more CMOS
compatibility and to lower dimensions. Three commonly used CMOS-based
high voltage devices are described in this section: Thick Oxide, Laterally Dif-
fused MOS (LDMOS) and Vertical integrated Diffused MOS (VDMOS). The
roadmap of these customized technologies also follows Moore’s Law but due
to the limited market size and the very high safety requirements, the roadmap
is roughly two generations behind the mainstream CMOS roadmap [Cas04].
And as the doping levels increase by scaling to the next technology node,
integration of high voltage devices in deep-submicron or nanometer CMOS
technologies becomes less straightforward.

An alternative solution is the stacking of mainstream CMOS devices to
tolerate the high supply voltage. No extra process steps or mask sets are
necessary, which makes this solution very attractive in terms of cost and in-
tegration prospects. The stacking of standard CMOS transistors is further
elaborated in Section 4.2.

At this moment, there is a large architectural, structural and material
diversity in high voltage MOS devices. Only a concise explanation of basic
versions of these devices is given, since one of the goals in this work is a design
in a mainstream CMOS technology without the use of specialized technologies.

Thick Oxide

Increasing the oxide thickness of a transistor is by far the most simple method
to increase its breakdown voltage and to remain compatible with standard
CMOS. The thick oxide device can be seen as a device from a previous gen-
eration implemented in an advanced technology. These devices are primarily
used in I/O buffers of digitals circuits where low power consumption is com-
bined with high voltage interface circuits.

LDMOS: Laterally Diffused MOS

The LDMOS is an asymmetric power MOSFET designed for low on-resistance
and high blocking voltages. These features are obtained by creating a diffused
p-type channel region in a low-doped n-type drain region. The low doping
on the drain side results in a large depletion region with a high breakdown
voltage [Zeg04]. The channel and the source of this transistor are made in
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two successive diffusion steps. This is the reason these devices are also called
Laterally Double Diffused MOS (LDDMOS). These two diffusion steps can
be defined with the same mask, which results in a short channel with high
current handling capabilities. A typical cross section of an LDMOS is shown
in Figure 4.8.

VDMOS: Vertical Integrated Diffused MOS

The vertical double diffused MOS structure fuses together the concept of
vertical power structures and the one of lateral double diffusion. Figure 4.9
shows a simplified cross section of the VDMOS. The channel length does
not depend on the resolution of the photolithography, but on the control
of the lateral spreads of successive phosphorus and boron diffusions through
the same oxide window [Ang04]. The drain current is vertically supported
by the n-epilayer. The current flows laterally from the source through the
channel, parallel to the silicon surface, and then turns to a right angle to
flow vertically down through the drain epilayer to the substrate and the drain
contact. The channel length can be controlled to submicrometer dimensions.
Because of the relative doping concentrations in the diffused p-channel region
and the n-epilayer, the depletion layer extends down in the epilayer rather
than laterally into the channel, resulting in a large breakdown voltage.

As the maximum impact ionization is located in the bulk of the silicon,
away from the Si/SiOy interface, it is believed that VDMOS transistors
are more robust against power transients and Electrostatic Discharge (ESD)
pulses than LDMOS devices [Cas04]. However, the VDMOS does not match
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low voltage MOSFETSs as the LDMOS where the drift extension is made lat-
eral, the drain is placed at the surface and the current flows in the lateral
direction. Therefore the LDMOS is the better candidate for building hybrid
high/low voltage circuits from the integration point of view.

4.2 Stacking Devices: The High Voltage CMOS Solution

4.2.1 Introduction

The devices discussed in the previous section all use modifications of a stan-
dard technology to handle high supply voltages. They can be integrated in a
mainstream CMOS technology, but, at a higher cost, since extra mask sets
and process steps are required. However, there exists an alternative low-cost
solution by using only standard CMOS devices. The principle is shown in
Figure 4.10. The maximum voltage across the terminals of a transistor is
limited by its nominal supply voltage such that the expected lifetime of the
device falls within the foundry targets. If two or more transistors are stacked,
which means that the source of one transistor is connected with the drain of
the next one, the drain-source voltages add up to a multiple of the nominal
supply voltage. In Figure 4.10(b) an example of two stacked devices is given.
The drain-source voltage of a single device is limited by Vpp, but the resulting
drain-source voltage for two stacked devices, from the drain of the uppermost
device to the source of the lowermost device can rise up to two times the
nominal supply voltage without affecting the transistors reliability. Needless
to say that the gate biasing of these devices becomes extremely important.
After all, during operation, each transistor has to be biased in such a way that
the voltage across its terminals remains within the nominal supply voltage.
To limit the gate-bulk voltage of stacked transistors, their source and bulk
terminals are shorted. Since the sources and thus also the bulks of these
transistors can raise to multiples of the nominal supply voltage, the use of
a triple well technology is advisable. However, Chapter 5 will reveal that a
design in a twin well technology is also possible if the substrate currents can
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Fig. 4.10. Principle of stacking standard CMOS devices
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be accurately modeled. A consequence of this source bulk short is that the
number of transistors that can be stacked is now limited by the breakdown
voltage of the n-well/p-substrate junction.

Since the SOPA is a switching type amplifier, another point that has to
be carefully investigated is the presence of transient voltage peaks, which can
easily go beyond the nominal supply voltage during the switching of these
devices. The implementation of a dedicated bias circuit and techniques to
limit the voltage transients will be discussed in Chapter 5.

There are several advantages for using a high voltage output stage com-
prised of standard CMOS stacked devices instead of customized silicon tech-
niques. They are enumerated in the following list:

e The most decisive argument is the cost. A high voltage implementation in
a pure digital CMOS technology results in a compact, low-cost single chip
solution. An implementation in a specialized technology on the other hand
requires extra process steps and mask sets which increases the cost. In a
worst-case scenario, the high voltage technology is not compatible with
the CMOS technology so that two separate chips are necessary. A two
chip solution increases the system size which results again in extra cost.

e For the design of specialized high voltage devices a thorough knowledge of
the different process steps, doping profiles, etc., of the technology is neces-
sary. Technology foundries are not always very keen on giving this kind of
information, since they want to maintain their competitive position in the
world. By using only standard CMOS devices, no additional information
is required from the foundry.

e For a switching power amplifier, the on-resistance of the output stage
determines the conduction losses. The lower this resistance, the lower the
conduction losses are. The DMOS transistors described in the previous
section, make use of a lowly doped region to increase their breakdown
voltage. This, however, increases the on-resistance significantly.

e The behavior and parasitics of standard CMOS devices are very well mod-
eled resulting in a good resemblance between simulation and measure-
ments. This is not the case for specialized high voltage devices.

The principle of stacking is traced back to [Pet82] where this technique
is used to allow high voltage outputs, in the range of 60 V, to be integrated
with low voltage control logic (15 V) in common CMOS processes without
special processing steps. Typical applications were then ICs that interface to
displays, thermal print heads, relays and incandescent lamps. Recently, the
principle of stacking devices has regained interest, because of the low nominal
supply voltages originating from the continuous technology scaling. The low
supply voltage poses several problems for the direct interface between chips.
The required I/O supply voltage scales more slowly due to peripherals, which
are build in mature technologies with a higher supply. Therefore, high voltage
I/0 buffers integrated on-chip become necessary. Examples of high voltage
I/0 buffers in a standard CMOS technology can be found in [Pel95], [Sin99],
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[San99a], [Ann01] and more recently in [Ker05]. Most of these buffers are
designed to be able to receive two or three times the nominal supply voltage,
but are not able to drive this high voltage.

In this work, the principle of stacking devices will be applied on the SOPA
output stage. Figure 4.11 shows a principle schematic of the SOPA amplifier.
The PWM output signal of the SOPA is applied to large switches which de-
liver the current to the load.! These switches can either be implemented as n
stacked transistors comprised of a modern CMOS technology with a nominal
supply voltage of Vpp, as single CMOS transistors from a previous generation
or as single specialized high voltage devices. The different implementations are
schematically shown in Figure 4.11. The high supply voltage is defined as n
times Vpp, the nominal supply voltage of the modern CMOS technology. The
upper switch, which pulls the output to the high supply voltage, is imple-
mented with pMOS devices. The lower switch on the other hand, which pulls
the output to the ground, is implemented with nMOS devices. If the transis-
tor or stacked transistors are in the linear region, thus representing a small
resistance, the switch is on. If they are in the cut-off region, the switch is off.

By using a switching amplifier, the functionality of the CMOS transistors
thus returns to their original digital nature. When the technology is scaled to
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Fig. 4.11. Principle schematic of the SOPA amplifier (left figure) with a high volt-
age (nVpp) output stage. Implementation of the high voltage output stage with a
specialized high voltage technology or a CMOS technology from a previous gener-
ation (middle figure). Implementation of the output stage with n stacked standard
CMOS transistors with a nominal supply voltage of Vpp (right figure)

! In a practical SOPA implementation the output stage is included in the loop that
generates the PWM signal.
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Table 4.3. Technology Parameters

0.13 pm 0.13 pm thick oxide

1%5%5) 1.2V 25V
Lmin 0.13 um 0.28 um
tox 2.3 nm 5.0 nm
Cox 1.5e2 F/m2 6.8¢73 F/m2
CozQLymin 197 F/m 1.9n F/m

nanometer dimensions, this kind of switching amplifier architectures becomes
even more advantageous compared to classical amplifier implementations. Af-
ter all, the strong inversion region where the gain of a transistor in saturation
is the highest becomes smaller and smaller by scaling the technology [San06].
Therefore, analog design, as we know it, will become more and more difficult
in the nanometer era.

In the next section the power dissipation of a high voltage switching output
stage comprised of standard stacked CMOS devices will be calculated. The
technology used for this calculation is a mainstream 1.2 V 0.13 pum CMOS
technology. A comparison is made with an implementation in a 2.5 V 0.13 wm
thick oxide CMOS technology. The parameters of these two technologies are
shown in Table 4.3. The thick oxide transistor resembles a 0.25 pm technology,
two generations behind the 0.13 um technology. The next section will point
out if stacking is beneficial for the output stage concerning the power dissi-
pation. In the remaining of this chapter, the 0.13 pm thick oxide technology
will be shortly called the thick oxide technology to avoid confusion with the
mainstream 0.13 pm technology.

4.2.2 Power Dissipation

The Power dissipation can be split into two terms: the static power dissipation
and the dynamic power dissipation. The static power dissipation covers the
losses due to biasing currents, voltage drops over parasitic resistances, etc. The
dynamic power dissipation covers the losses due to charging and discharging
capacitors.

The power dissipated in the dedicated bias circuit for the stacked tran-
sistors is not taken into account for this calculation. No general expression
can be given for the power dissipation given in the bias circuit since it is
implementation-dependent. However, this does not degrade the results of the
following sections. In Chapter 5, where different implementations of the bias
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circuit are explained, it will be shown that the power dissipation of the bias
circuit can be neglected compared to the power dissipated in the stacked
transistors.

Static Power Dissipation

The static power dissipation of a switching output stage is equal to the power
dissipated in the on-resistance of the switch. The static power dissipation of
a switching amplifier is also called the conduction losses and the expression
was given in equation (4.9):

Peona = I%,,.R (4.11)

rms*von

Following Table 4.1 and Figure 4.2(a), it is known that the on-resistance
scales with a factor 2 between a 0.25 pm and a 0.13 pm CMOS technology
for minimum length transistors with the same width. Figure 4.12 shows a
simulation of the on-resistance for a 0.13 wm and a thick oxide n- and pMOS
minimum length transistor in the linear region in function of the width. The
factor 2 can be clearly observed. This is a very important result, since it
means that two stacked minimum length 0.13 pm transistors in the linear
region have the same total on-resistance as one minimum length thick oxide
transistor in the linear region with the same width. From Figure 4.10 it is
known that the supply voltage of two stacked transistors can be doubled.
This means that two stacked 0.13 pm transistors can handle the same supply
voltage as one thick oxide transistor. According to equations (4.3), (4.4) and
(4.5), the two structures thus have to deliver the same rms current to the load.
As a consequence, two stacked minimum length 0.13 um transistors have equal
conductions losses as one minimum length thick oxide transistor with the same
width. Or more general, n stacked 0.13 pm minimum length transistors with
a width W have equal conduction losses as n/2 minimum length stacked thick
oxide transistors with the same width W. This statement is schematically
represented in Figure 4.13.
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Fig. 4.12. Simulation of the on-resistance for the 0.13 pm and the thick oxide
technology in function of the transistors’ widths
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Fig. 4.13. Schematic representation of the fact that n stacked 0.13 pm transistors in the linear region have the same on-resistance
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Fig. 4.14. Simulation of the conduction losses for the 0.13 um and the thick oxide
technology in function of the transistors’ widths

From equation (4.1) and Figure 4.12 it is clear that the on-resistance drops
with increasing width. As a consequence, the conduction losses could be made
very low just by increasing the transistors’ widths. This is also shown in
Figure 4.14, where the conduction losses are simulated for n = 1..5 stacked
nMOS 0.13 pm and thick oxide transistors. One can notice the good resem-
blance between the curves n = 2 and n = 4 of the 0.13 pm technology con-
duction losses and the curves n = 1 and n = 2 of the thick oxide technology
conduction losses respectively. However, increasing the transistors’ dimensions
for lowering the on-resistance, will increase the dynamic power dissipation as
will be seen in the next section.

Figure 4.14 also shows that stacking more devices, thus increasing the
supply voltage will lower the conduction losses. This means an improvement
in static efficiency as was already demonstrated in Figure 4.5(d).

Dynamic Power Dissipation

The calculation of the dynamic power dissipation of a high voltage output
stage comprised of stacked transistors covers the charging and discharging of
parasitic capacitors of the transistors and the power dissipated in the tapered
buffers driving the output stage. The global expression for the dynamic power
dissipation equals: CVppVswingf, with C the capacitor’s value, Viuing the
voltage range over which the capacitor is (dis)charged and f the switching fre-
quency. For this implementation Viying equals Vpp. The switching frequency
in the SOPA system equals the limit cycle frequency fi.. For the simulation
of the switching losses, a limit cycle frequency of 40 MHz has been chosen.

Since this kind of power dissipation is caused by switching transistors, it
is also called by the term switching losses. Figure 4.15 shows n stacked nMOS
transistors and their parasitic capacitances that are taken into account for the
calculation of the switching losses. The expression for the switching losses is
split into three terms:
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Fig. 4.15. Schematic of n stacked nMOS transistors with the elements that lead to
the calculation of the switching losses

1.

The first term is the power dissipated in the tapered buffer which drives
transistor M;. For a tapered buffer, optimized for speed, this term equals

2

Pougger = Cim VoDt (4.12)
e—1

The second term covers the losses due to the charging and discharging of

the input capacitors of the stacked transistors. Since the voltage across

the terminals of the stacked transistor does not exceed Vpp due to the

dedicated bias circuit, the maximum power loss by switching the inputs of

the stacked transistors equals

n
Pcin = VDZDflc Z Cini, (413)

=2

The power loss by switching transistor M; is already taken into account
in the expression for the power dissipation in the tapered buffer.

The third term covers the losses due to the charging and discharging of the
well-capacitors of the stacked transistors. These capacitors originate from
the fact that each stacked nMOS transistor has its own separate p-well.
This p-well is lying in an n-well, to isolate the device from the substrate.
As such, a large junction capacitor is present between the bulk of the
transistor and the substrate. This capacitor is called the well-capacitor
Cwelr- Without this triple well structure a DC-path would exist from the
bulk-source connection of every stacked transistor to the ground resulting
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in substrate currents which can lead to latch-up. The power loss due to
the charging and discharging of the well-capacitors equals

Py = fie ¥ Cwen, [(i — 1) Vpp)? (4.14)

=1

Since the drain-source connections of the stacked transistors can be
charged-up to a multiple of Vpp, this term will have a large contribution
in the total power loss and will eventually be the limiting factor for stack-
ing more transistors in terms of power dissipation. The well-capacitance
of a transistor is defined as

Cwell = OACJ'WL (415)

With ¢; the junction capacitance between the bulk of the nMOS transistor
and the n-well. « is a layout-dependent correction factor such that the
value of the well-capacitor can be calculated from the width and the length
of a transistor.

The total switching losses thus equals
Pswitching - Pbuffer + PCI'" + Pwell (416)

For simplicity reasons, the widths and the lengths of the transistors are taken
the same. This results in equal input- and well-capacitances for all stacked
transistors Cip, = ... = Cip, = Cin and Cyerr, = ... = Cyeir,, = Cueli-

A comparison of the switching losses between n stacked minimum length
0.13 um nMOS and n/2 stacked minimum length thick oxide nMOS transis-
tors with the same width is made for each term. It is known from Section 4.2.2
that such a configuration has the same total on-resistance and can handle the
same supply voltage, resulting in the same conduction losses.

Table 4.3 shows that the total input capacitance of an 0.13 pm and a thick
oxide minimum length transistor are equal if they have the same width. If
Vbp is the nominal supply voltage of the 0.13 um technology, equation (4.12)
becomes

Cinv2 le
Pbuffer 0.13 pm — efD]if (417)
4CznV2 c
Pbuffer thick oxide — efDlDfl (418)

The nominal supply voltage of the thick oxide technology is two times larger
than Vpp. Therefore, the power dissipated in the tapered buffer is lowered
with a factor of 4 by scaling the technology from 0.25 um to 0.13 pm:

1

Pbuffer 0.13 pm — Z buf fer thick oxide (419)
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The losses due to charging and discharging of the input capacitances of
the stacked transistors can be written as

Pe,, 013 um = (n— 1) Cin VA fie (4.20)
PCm thick oxide — (n/2 — 1) Cin4V5Dflc (421)
=2(n—2)CinVip frc (4.22)

If n > 3, then
Pcm 0.13 pm S PCM thick oxide (423)

One has to bear in mind that n must be an even number if one wants to com-
pare n stacked 0.13 pm transistors with n/2 thick oxide transistors. Thus it
becomes more advantageous to stack four or more 0.13 pm devices to increase
the supply voltage of the output stage in terms of Pr,, than to stack half as
many thick oxide devices for achieving the same supply voltage.

The expression for the losses due to charging and discharging of the well
capacitances of the stacked transistors for the two technologies becomes

Poyo 018 ym = Cwentfie Y, [(i—1)Vppl® (4.24)
i =1, ieven

PCweu thick oxide — Cwellflc Z [(2/2 - ]-) 2 VDD]2 (425)
i =1, i even

= wellflc Z [(1 - 2) VvDD}2 (426)

i=1,1ieven

Under the assumption that the well capacitances of minimum length transis-
tors with the same width are equal for the two technologies and with

n

2+1 1
) (i—a? = 2+ D (0t )—2aﬁ<ﬁ+1>+a2ﬁ (4.27)
, , 3 2 \2 2
i =1, ¢ even
one can calculate that for every value of n,
Pcwell 0.13 pm > PCwe” thick oxide (428)

Or the power loss by charging and discharging the well capacitances will al-
ways be larger for n stacked 0.13 pm than for n/2 stacked thick oxide tran-
sistors.

Figure 4.16 shows the total switching losses in function of the width of
the transistors for the 0.13 um and the thick oxide technology for different
numbers of n nMOS stacked transistors. From this figure some conclusions
can be drawn. Increasing the width of the transistors results in larger parasitic
capacitances according to equations (4.2) and (4.15). Following the equations
(4.12), (4.13) and (4.14) this leads to increased switching losses. Secondly,



4.2 Stacking Devices: The High Voltage CMOS Solution 87

60 60
s -
50 E 50
3 40 & 40
8 _ 17}
S 30 n=e 8 5 n=3
(o)) (o2}
£ =
£ 20 < 20
S — S
z n=4 _— = n=2 ]
& 10 = & 10 —
o 77— n=2 . 7 n=1
0 1 2 3 4 5 6 7 8 01 2 3 4 5 6 7 8
Width [mm] Width [mm]
(a) 0.13 pm (b) thick oxide

Fig. 4.16. Calculation of the switching losses for the 0.13 um and the thick oxide
technology in function of the transistors’ widths

stacking more devices results in more parasitic capacitive elements, leading
again to higher switching losses. Moreover, the well-capacitances at the drain-
source connections of the stacked transistors will be charged to higher voltages,
resulting in a strong rise of the switching losses. These two conclusions are
exactly the opposite as those of the static power dissipation. Therefore, an
optimum in the total power dissipation can be found as will be seen in the
next section.

Figure 4.16 also shows that a configuration of n stacked minimum length
nMOS 0.13 um transistors has comparable switching losses as n/2 stacked
minimum length nMOS thick oxide transistors. The switching losses are
slightly higher for the configuration with 0.13 pm devices. This is due to the
large junction capacitance c¢; between the bulk of the nMOS devices and
the n-well which isolates the nMOS devices from the p-substrate. Therefore,
the Pc,., losses have the largest contribution in the total switching losses
and as such they cancel out the results of equations (4.19) and (4.23).

Total Power Dissipation

Figure 4.17 shows the combination of the conduction and the switching losses,
leading to the total power losses for different numbers of n stacked nMOS
transistors in the 0.13 pwm and the thick oxide technology. Careful observation
of these figures leads to the following remarks:

e As the conduction losses drop and the switching losses rise with increasing
transistor widths, a minimum in the total power losses can be found, which
is clearly visible.

e There is a good resemblance between the losses of n stacked 0.13 pm nMOS
transistors and n/2 stacked thick oxide transistors, as was already men-
tioned in the previous sections.
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Fig. 4.17. Simulation of the total power losses for the 0.13 pum and the thick oxide
technology in function of the transistors’ widths for different values of n

The minimum of the total power losses increases for increasing the number
of stacked transistors. This is due to the strong increase in switching losses
for higher numbers of n in spite of the lower conduction losses.

The minimum of the total power losses is reached for lower values of the
width of the stacked transistors for higher numbers of n. Stacking more
transistors results in more parasitic capacitances which leads to a higher
and steeper curve of the switching losses. As a consequence the point where
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the switching losses becomes higher than the conduction losses is reached
for lower transistor widths. On the other hand, this is a good result in
terms of area, since it means that the area will not increase exponentially
by stacking more transistors.

Until now the power losses were discussed for nMOS stacked transistors.
The same results are obtained for pMOS stacked transistors. The output stage
of the SOPA amplifier is comprised of nMOS and pMOS stacked transistors to
implement the switches, which was shown in Figure 4.11. Figure 4.18 shows
the minimum total power losses in function of the number of nMOS and
pMOS stacked transistors for an implementation in a 0.13 pm technology.
In fact, the figure shows the total power loss of the SOPA output stage,
without inclusion of the dedicated gate-bias circuit of the stacked transistors.
To make a comparison with an implementation in the thick oxide technology,
the total power losses of the output stage comprised of n/2 stacked thick oxide
transistors is plotted (squares) on the n scale instead of n/2 in the same figure.
For example: an implementation of eight stacked 0.13 pm devices has a total
power loss of 60 mW, whereas an implementation of four stacked thick oxide
devices has a total power loss of 61 mW.

Figure 4.18 shows that an implementation of the output stage with n
stacked 0.13 pm devices is slightly more efficient than an implementation with
n/2 stacked thick oxide transistors. The real advantage lies in the fact that
the low voltage issues due to scaling the technology to ultradeep-submicron
or nanometer technologies can efficiently be circumvented by stacking de-
vices. It is thus possible to design a high voltage output stage in a low volt-
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Fig. 4.18. Minimum total power losses of the SOPA output stage in function of the
number of stacked transistors
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age technology, resulting in a compact low-cost single chip solution, without
degradation compared to an implementation in a technology from a previous
generation which has a higher nominal supply voltage.

A final remark that can be made with this figure, which was already clear
from Figure 4.17, is that the minimum total power loss increases when more
transistors are stacked. One can conclude that using only two stacked 0.13 pm
devices for this structure has the lowest power losses. However, one must bear
in mind that only two stacked devices results in a rather low supply voltage.
As a consequence, previously discussed problems like large transformer ratios,
high distortion, high rms currents, reliability, etc. will arise. For the design of
the SOPA line driver one must thus carefully choose the number of stacked
transistors to alleviate these problems while not over-designing the output
stage.

4.3 Conclusions

Under the impulse of the low power requirements of digital circuits, the end
of CMOS scaling is not yet in sight. Therefore, the influence of scaling the
devices to nanometer dimensions on the SOPA design was investigated in this
chapter. First, an overview of the different scaling laws and their applicability
on the current CMOS scaling trend was given. The influence of this scaling
on switching type amplifiers in general and the SOPA amplifier in particular
was discussed. It is shown that the efficiency and reliability of the line driver
will seriously degrade due to the low supply voltages coming from nanome-
ter technologies. A high voltage output stage thus becomes mandatory for
the SOPA. Several customized CMOS based high voltage technologies were
described for increasing the output stage supply voltage.

An alternative solution, however, is proposed in this chapter. By stacking
standard CMOS devices, a fully integrated AFE with a high voltage line
driver becomes reality, resulting in a compact and low-cost single chip solution.
Through the calculation of the total power dissipation of the high voltage
output stage, a comparison is made between an implementation in a standard
low voltage technology and a technology from a previous generation with a
higher nominal supply voltage. It is proved that a high voltage output stage
design in a low voltage CMOS technology is feasible, without any performance
degradation.
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High Voltage Implementations in Standard
CMOS

HE stacking of devices is a very promising technique for designing high

voltage circuits in a low voltage standard CMOS technology. However,
to prove its credibility, the technique needs to be verified by practical imple-
mentations. For this, two test chips were designed in respectively a 0.25 um
and 130 nm mainstream CMOS technology.

The first test chip is a 7.5 V output driver in a 2.5 V 0.25 um CMOS tech-
nology, which proved the feasibility of high voltage design, with the stacked
devices principle, in standard CMOS. It is the first output driver able to
operate at three times the nominal supply voltage with only three stacked
mainstream transistors.

With the second test chip, the boundaries of the stacking principle are
even further explored. With five stacked transistors, a supply voltage of 5.5 V
is reached in a 1.2 V 130 nm standard CMOS technology. Moreover, this high
voltage driver is used as the output stage in the SOPA architecture, leading
to a highly efficient aDSL24 CO line driver. The design, layout and measure-
ments of this line driver are discussed in Chapter 6.

For every chip, the implementation of all building blocks will be thor-
oughly discussed. Since higher voltages than the nominal supply voltage of
the technology are applied to the chips, special attention is also given to the
layout in order to preserve reliable operation.

The presented prototypes will validate the principle of stacking transistors.
Therefore, a low-cost solution is provided to circumvent the low voltage issues
of recent nanometer CMOS technologies.

5.1 A 7.5 V Output Driver in a 2.5 V 0.25 pm CMOS
Technology

5.1.1 Introduction

The goal of this first test chip was to prove the concept of a high voltage
switching type output driver in a low voltage standard CMOS technology by
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stacked transistors
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Fig. 5.1. Block schematic of the first test chip

using the stacked devices principle. Therefore, it was not the intention from
the start on to design a high voltage output stage to be used for the SOPA
line driver, fully compatible with the aDSL specifications. The prototype was
implemented in a 0.25 um 1P5M twin well CMOS technology with a nominal
supply voltage of 2.5 V.

The block schematic of the realized high voltage driver is given in
Figure 5.1. The driver consists of four building blocks: the stacked transis-
tors, the bias circuit, the tapered buffers and a level-shifter. The output of
the driver is controlled by the outer stacked transistors, which are driven by
the tapered buffers. The gates of the other stacked transistors are controlled
by a dedicated bias circuit to keep the voltage across their terminals within
the technology limits. The level-shifter provides the correct offset voltage for
the tapered buffer driving the upper pMOS stacked transistor.

Every block is integrated on the same die and is comprised of standard
CMOS devices. In the next section, the design of each building block is
explained.

5.1.2 Building Block Design
The Stacked Transistors

The stacked transistors form the switches which charge or discharge the load.
When the transistors are in the linear region, the switch is on and is char-
acterized by its switch-resistance, which equals the total on-resistance of the
stacked transistors in the linear region. When the transistors are in the cut-off



5.1 A 7.5 V Output Driver in a 2.5 V 0.25 um CMOS Technology 93

Fig. 5.2. Schematic representation of the stacked transistors as a switch

region, the switch is off and is characterized by an infinitely large resistance.
There are three stacked transistors used for each switch. This means that the
voltage multiplication factor n can raise up to three and that the maximum
supply voltage thus equals 7.5 V. Figure 5.2 shows a schematic representa-
tion of the stacked transistors as a switch with a switch-resistance Rg. The
load is represented by a resistor Ry. The upper switch, responsible for charg-
ing the load, is comprised of pMOS stacked transistors. The lower switch on
the other hand, responsible for discharging the load, is comprised of nMOS
stacked devices.

As discussed in Section 4.2.2, the static efficiency depends on the total on-
resistance of the stacked transistors. The lower the on-resistance, the larger the
static efficiency, but also the lower the dynamic efficiency. However, since there
is no benchmarking yet for estimating the transistor’s well-capacitances,!
a first design choice is made to design for a static efficiency of 90%. For
the next high voltage output drivers the well-capacitances can be estimated
from the layout of this first test chip. The static efficiency was defined in
equation (4.10):

Rr
Ry + Rs

Nstat =

= 90% (5.1)

! The well-capacitance is calculated from the width and the length of the transistors
multiplied by a layout dependent factor «. Since this is a first test chip, a can
only be calculated after layout.
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The second design choice, is the total output power that the high voltage
driver has to deliver. Since the SOPA is a power amplifier, its output stage
has to be able to deliver a considerable amount of power. For this an output
power of 200 mW is chosen which corresponds to the necessary output power
of a basic aDSL system (100 mW) with a passive resistive termination. To
provide a certain margin an extra 10% of power is taken as the start point
for the calculations. The total power delivered to the load Ry by a switching
amplifier with a supply voltage of nVpp equals

RL nVDD
Rrp+Rgs 2

Ry,

( )
Pt = = 220mW (5.2)
Equations (5.1) and (5.2) lead to: Ry, = 52 (2 and Rg = 5.8 2. Since each
switch is implemented by three stacked transistors the switch-resistance has
to be divided by three to obtain the on-resistance of the transistors. This
results in an on-resistance of 1.9 Q. By rearranging equation (4.1) the W/L
value can be calculated:

W 1
L /JCo:rRon (VGS' - VT - VDS)

(5.3)

With the technology parameters of an UMC 0.25 um technology, this leads to
a W/L ratio of 7,824 for the pMOS and a W/L ratio of 1908 for the nMOS
transistor. These values are rounded to 8,000 and 2,000 respectively.

According to Section 4.1.5 the effect of hot carriers is lowered by reducing
the electric field across the channel of the transistor. This can be done by
increasing the channel length. Therefore, the length of the stacked transistors
is arbitrarily chosen at 0.8 pm. However, one has to bear in mind that this is
merely an extra precaution step. After all, the voltage across the terminals of
the active elements is limited to one Vpp, so minimum length devices are also
possible. The resulting W and L values of the stacked transistors are given in
Table 5.1 together with their input capacitance.

Now the values of the input capacitances of the stacked transistors are
known, the power losses in these capacitances and the tapered buffers can be
calculated. The switching frequency, that is aimed for in this design, is set at
10 MHz. It is important to calculate the dynamic losses in order check if the
design choice for a static efficiency of 90% was not too optimistic, resulting in
a large dynamic power dissipation. As already mentioned the power losses due

Table 5.1. Stacked transistor sizing

pMOS nMOS

6.400 mm 1.600 mm
0.80 um 0.80 um
Cin 348 pF 9.1 pF

.
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to the well-capacitances can not be taken into account in this stadium of the
design. If the dynamic losses turn out to be higher than the static losses, the
design choice for the static efficiency has to be re-evaluated. In a worst-case
scenario this iteration process has to be redone for this first test chip after
layout when the value of the well-capacitances is known.

The Tapered Buffer

The W/L ratio of the pMOS over the nMOS transistor for a unit inverter was
set to 4.2, leading to the following dimensions of W = 2.00 um, L = 0.24 um
for the pMOS transistor and W = 0.48 um, L = 0.24 wm for the nMOS
transistor. The input capacitance of a unit inverter for these values equals
Cio = 5.23 fF, which leads to an intrinsic delay t49 of about 50 ps. The
optimal tapered buffer would thus respectively have the following number of
stages for the pMOS and nMOS input capacitance:

S Y ”

10

CL,n
= i () 4] =1 -

This leads to the scaling factors x, = 2.66 and x,, = 2.45, resulting in an
optimized delay of 0.7 ns for the tapered buffer driving the nMOS gate and
1.0 ns for the tapered buffer driving the pMOS gate. Since this delay is more
than low enough for a 10 MHz switching frequency, larger scaling factors are
chosen to reduce the number of inverter stages, in order to save area, and to
lower the short circuit power dissipation as described in [Vee84].

The last stages of the inverter chain become quite large, resulting in large
current spikes during switching. Therefore, the gate lengths of the transistors
in the tapered buffers are arbitrarily set at 0.4 um to reduce the effects of hot
carrier degradation. The sizing of a basic inverter becomes now W = 3.36 um,
L = 0.4 wm for the pMOS transistor and W = 0.80 wm, L = 0.4 wm for the
nMOS transistor. This results in an input capacitance Cjy of 12.6 fF.

For the tapered buffer driving the nMOS transistor a scaling factor of 4 is
chosen. A scaling factor of 5 is taken for the tapered buffer driving the pMOS
transistor. Both buffers are then comprised of 5 inverter stages. The resulting
dimensions are shown in Tables 5.2 and 5.3. The delays for the tapered buffers
driving the nMOS and the pMOS gate are now 0.95 ns and 1.2 ns respectively,
which is only a minor rise compared to the delay by using the optimum scaling
factors for speed.

The total power consumption of the inverter chain is proportional with
the total capacitance in the chain:

N
P=V3pfY a'Ci (5.6)

i=1
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Table 5.2. Transistor dimensions of the inverter chain driving the nMOS gate

inv 1 inv 2 inv 3 inv 4 inv 5

pMOS W 3.36 um 13.44 pm 53.76 pum 215.04 pm 860.16 pm
L 040pm 040 pm 040 pm  0.40 pm  0.40 pm

nMOS W 0.80 pm  3.20 pm 12.80 pm  51.20 pum  204.80 pm
L 040 pm 040 pm 040pum 040 pum  0.40 um

Table 5.3. Transistor dimensions of the inverter chain driving the pMOS gate

inv 1 inv 2 inv 3 inv 4 inv 5

pMOS W 3.36 um 16.80 pm 84.00 um 420.00 pm 2100.00 pm
L 040pm 040pm 040 pm  0.40 pm 0.40 pm

nMOS W 0.80 pm  4.00 pm 20.00 pm  100.00 pm  500.00 pm
L 040 pm 040 pm 0.40 pm 0.40 pm 0.40 pm

With x the scaling factor and N the number of inverter stages. For a sup-
ply voltage of 2.5V and a switching frequency of 10 MHz this leads to a
total power dissipation of about 4.2 mW for the two inverter chains. Together
with the power losses, due to the switching of the gate capacitances of the
stacked transistors, the total switching losses (without inclusion of the well-
capacitances) equals 9.7 mW, which is less than 5% of the total output power.
Therefore, the design choice of a static efficiency of 90% still holds. So there
is no iteration step necessary in this stadium of the design.

The Bias Circuit: Analytical Description

The bias circuit sets the correct bias voltages for the stacked transistors such
that their gate-source, gate-drain and drain-source voltages are within the
technology limits during operation. Figure 5.3 shows the node voltages of
the switch implemented by three nMOS stacked transistors. Two regions of
operation have to be considered: steady state (high and low) and transient
operation (high-to-low and low-to-high). For each mode the bias voltages have
to follow the voltages on the internal nodes in order to preserve reliable oper-
ation. Figures 5.3(a) and 5.3(b) show the voltages for the steady state region.
Figure 5.3(c) shows an approximation of the node voltages for the onset of a
transient high-to-low transition of the output.

Figure 5.4 depicts an implementation of the bias circuit for the three nMOS
stacked transistors. In the next two paragraphs the operation of this circuit is
analyzed for the two operation regimes, steady state and transient operation.
The implementation and analysis of the bias circuit for the pMOS stacked
transistors is the same, since the nMOS switch and the pMOS switch are each
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Fig. 5.3. Node voltages of a high voltage nMOS switch with three stacked transistors
in three different modes
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Fig. 5.4. Circuit schematic of the bias circuit for the nMOS stacked transistors

others complement. All voltages on the internal nodes of the bias circuit and
stacked transistors are written in function of multiples of Vpp from 0 to 3Vpp.
For reasons of simplicity, the resistive division between the on-resistance of
the stacked transistors and the output resistance is not taken into account for
the analytical description of the steady state operation.
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Steady State Operation

First consider the case in which the output voltage switches from low (0) to
high (3 Vpp). In the previous state, when the output was low, the transistors
My, My and M3 were in the linear region and the internal nodes n; and no
were discharged. The signal arriving from the tapered buffer switches M; off.
As a consequence, node n; is charged to Vg, — Vry, and then slowly rises to Vg,
due to the subthreshold current. To prevent breakdown mechanisms in My,
Vg, is set at a fixed voltage of Vpp. Transistor M, is now in the cut-off region.
Consequently, node ny is charged to V,, —Vry,. Again, the subthreshold current
results in a further charging of this node up to Vg,. To prevent breakdown
mechanisms, now in M, the maximum voltage on g3 is 2 Vpp. Transistor Ms
is now in the cut-off region. Since M; and M> both have a voltage drop of
Vpp from drain to source, the theoretical maximum output voltage will thus
be 3 Vpp as mentioned before. However, during operation the drain-source
voltage of M3 will be lower than Vpp in the high-output state. Since in this
state the output voltage level is defined by a resistive division between the on-
resistance of the pMOS stacked transistors, which are in the linear region, and
the load resistance Ry . As discussed in the previous sections, it is this resistive
division that determines the static efficiency of the high voltage output driver.
This voltage headroom will become useful to set off transient voltage peaks
as will be seen in the next section.

The bias voltage of transistor Mj is, in this case, set by a resistive division
between the output at 3 Vpp and the fixed bias voltage of transistor M, at
Vpp. This resistive division, comprised of the resistors R; and Rs, is triggered
on by M5, which is in the linear region. The resistive division comprised of the
resistors R3 and R4 between the output and the ground sets transistor My in
the cut-off region such that there is no low-ohmic path between the nodes g
and g3.

Secondly, consider the case in which the output switches from high (3 Vpp)
to low (0). In the previous state, M7, My and M3 were in the cut-off region
and the output was high. First, transistor M; is set in the triode region. As
a consequence, node n; is discharged. Since the bias voltage of transistor My
was set at a fixed value of Vpp, My enters the linear region. Node no is now
discharged through M; and M,. When the gate-source voltage of transistor
M3 is larger than its Vp,, the output is discharged. To reduce the oxide stress
in M3 its bias voltage has to be lowered from 2 Vpp to Vpp. The bias voltage
of M3 is now directly given by the fixed bias voltage of Ms, which passes
through M,. Transistor M5 is now in the cut-off region and consequently
breaks the resistive division comprised of Ry and Rs.

Figure 5.5 shows a transient simulation of the voltages on the terminals
of the stacked transistors. A square wave with a frequency of 10 MHz defined
between 0 and Vpp is applied to the high voltage driver. The load is 52 €.
It is clear that for the steady state case the bias circuit provides the correct
gate voltage for the stacked transistors.
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Fig. 5.5. Transient simulation of the voltages on the terminals of the stacked
transistors

Transient Operation

This section describes the problems and solutions during transient switching of
the high voltage output driver. The most critical transition for a nMOS switch
implementation, with respect to reliability, is the high-to-low transition of the
output. A transition from 0 to Vpp of node g1, switches M; from cut-off to
the linear region. The faster the transition of g; occurs, the faster M7 enters
the linear region and the faster node n, is discharged. Since the gate voltage
of M is set at a fixed value of Vpp, its gate-source and, as a consequence,
its state of operation is completely determined by the voltage on node n;.
To avoid hot carrier degradation and breakdown mechanisms to occur in Ms,
resulting from a too large drain-source voltage, node ny must be discharged
with the same speed as node n1. This is possible for a relatively slow transition
of ny. But, for a fast transition, the delay of transistor My for entering from
cut-off to the linear region results in an overshoot on its drain-source voltage.
Therefore, a low-pass filter comprised of R5 and C5 is added to soften the
transitions at node g¢;.

The same problem also occurs with transistor M3. The transient voltage
peaks on the terminals of M3 are prevented in two ways. First, the voltage
headroom, originating from the resistive division of the on-resistance of the
stacked transistors with the output load, covers partially the delay of M3 for
the transition from the cut-off region into the linear region. Second, an extra
capacitor C is added on top of the already quite large gate-drain capacitance
of Mj3. During a high-to-low transition of the output, the voltage on node
g3 switches from 2 Vpp down to Vpp. Therefore, the switching of node g3
helps to discharge the output node due to the strong capacitive coupling.
However, during a low-to-high transition of the output, the increased gate-
drain capacitance of M3 acts together with the resistors R, and R, as a
high-pass filter. This results in an overshoot on the steady-state voltage of
node g3. Therefore, capacitance Cs is added, which acts as a low pass filter
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Fig. 5.6. Model of the bias circuit of transistor M3 for the low-to-high transition

for the transient voltage overshoot on gs. The necessary capacitance value of
Cs can be calculated in two ways: the time-domain approach and frequency
domain approach.

Time Domain For the time-domain approach consider Figure 5.6, which
shows a model of the bias circuit of transistor M3 for the low-to-high transition
of the output. The assumption is made that the pMOS stacked transistors are
already in the linear region and, as a consequence, they can be represented
by their accumulative on-resistance. The same assumption is made for the
nMOS stacked output transistors which are in the cut-off region. Vg, (¢) is
the voltage across C and Vi, (t) is the voltage across Cy. These two voltages
define the gate voltage of M3 (node g3). For reasons of simplicity, the non-
linear gate-capacitors of the transistors Ms and M3 on the nodes g» and g3
are incorporated in the values of C; and C5. The electrical network can then
be described by the following system of differential equations:

, Gon +G Gon Gon
Ve () = == Ve, () - o Ve +2Vopg 6 (57)
Gon Gon + G Gon
Ve, (1) = = Vo, (1) = =75 = Ve, () + 2Vpp 6(1)  (5.8)
2 2 2

With G, = R;L, Gy = Rfl and Gy = R;l and with the following starting

on

conditions: Vg, (0) = Ve, (0) = Vpp. In matrix form

Gon+Gy Gon Gon
[Vél (t)] _[re e | [Ve®] | [2Ven ] (5.9)
’ = .
VCz (t) _ %;n _ Gm,CZGz VC2 (t) 2Vpp %;n
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Or
V'(t)=AV(t)+B (5.10)
The steady-state solution of this system of differential equations is the solution

of (5.11).
AV(t)=-B (5.11)

Therefore the steady-state solution is

|:VCl, Steady—stateil _ (5 12)

_ _Ga
2Vbpgiie;
VCQ, Steady—state

_ _G
2Vpp G1+G2

Assume that A; and Ay are the eigenvalues of matrix A with eigenvectors E;
and E,. The global solution of (5.10) can then be described by the following
equation:

V(t) = VSteadyfstate + oy eXp(/\lt) El + s exp(AZt) E2 (513)
With, after some simplification, (Gop, > G1, G2):
G110y + G2 Gy

A = 50,0 (5.14)
o GonC2 + Goncl
Ay = Gy (5.15)
and
E, = {_11} (5.16)
Eo— |} (5.17)
eyle '

From (5.12), (5.13), (5.16) and the initial conditions the constants a; and aq
can be found:

ar|

ol

The voltage on node g3 corresponds with Vg, () in this model. For a positive
step function, the exponential terms in the solution of (5.13) can lead to an
overshoot if the signs of the products a3 Eq5 and asEqs are positive. One can
see that the exponential term corresponding with Ao always has a negative
sign. This means that the contribution of this term in the solution of Va(¢) in
(5.13) never leads to an overshoot on the steady-state solution. The exponen-
tial term of V5(t) corresponding with A; has a negative sign if the following
condition for «; holds:

(5.18)

C2G1=C1G>
Vpp (01+C2)(G1+G2)‘|

_ _Cy
2Vpp C14+C>

oGy — C1Gly
1% >0 5.19
PPC +C) (G + Ga) — (5.19)
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Which results in
C2Gy > C1Ge (5.20)
One can see from equation (5.18) that the exponential term of Vi, (t) corre-

sponding with A; can even be completely cancelled out if CoGy = C1Gs is
chosen.

Frequency Domain For the frequency domain approach consider the transfer
function from out to gs in Figure 5.6:

Ry (1 + sRlC’l)

TF = 5.21
Ry + Ry + s (R1R2Ch + R1R2C5) (5.21)
For DC-operation this becomes
Ry
TF = —————— 5.22
R+ Ry ( )

Therefore, V,, = TF - V,,,; gives the same result as the steady-state solution
obtained from the time domain approach. For the frequency behavior one
must consider the following pole and zero:

1
— 2
I RO (5.23)
R+ Ry

= .24
fp 2 (R1R201 + RlRQCQ) (5 )

A small C5 results in f, > f. which leads to the bode plot of Figure 5.7(a).
In this graph one can see that the gain for high frequencies is larger than
the DC-gain which can lead to voltage overshoots during transients. On the
other hand if Cy is large enough the situation as shown in Figure 5.7(b) is
applicable. The high frequency gain is now lower than the DC-gain which
results in a suppression of high frequency transients. The requirement for a
stable voltage on g3 can be rewritten as: f, < f,. After some calculation
this results in

RQCQ > R101 (525)

Which is the same condition as the one obtained from the time domain ap-
proach in equation (5.20).

Figure 5.8 demonstrates the importance of the analysis results of the equa-
tions (5.20) and (5.25). It shows a transient simulation of the gate voltage
of transistor Mjz for three different cases: R1Cy << RoCs, R1C; = RyCy
and R1C7 >> Ry(C5. One can see that the cases Ri1C; << RyCy and
R1C7 >> RyCs results in a wrong operation point voltage, which stresses
transistor M3 and finally will result in a breakdown of its gate oxide. There-
fore, the case R1C; = RyC5 is chosen.
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Fig. 5.7. Bode plot of the transfer function from out to gs
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Fig. 5.8. Transient simulation of the gate voltage of transistor M3 for the cases:
R1C1 = R2027 R101 << RzCz and RlCl >> R202

Figure 5.9 shows a transient simulation of the drain-source to gate-source
voltage transfer characteristic of the transistors M7, Ms and M3 as they were
defined in Figure 5.4. Since the nominal supply voltage of 2.5 V is only slightly
crossed by the drain-source voltage of transistor Mz in transient operation,
the risk of hot carrier degradation and breakdown mechanisms in the stacked
transistors is minimized.
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Fig. 5.9. Simulation of the drain-source to gate-source voltage transfer character-
istic of the stacked nMOS transistors

The more the curves lean towards the bottom-left corner of the figures, the
lower the risk of hot carriers and vice versa. This can intuitively be explained
by the transistor biasing conditions. A large drain-source voltage creates a
large electric field across the channel resulting in hot carriers. For low gate-
source voltages, the transistor is “off” resulting in no current and hence no
hot carriers. One can see that transistor M3 thus will suffer the most from hot
carrier effects compared to My and Ms,. However, since its drain-source voltage
overshoot during the high-to-low transition of the output is less than 10% of
Vpp and since its channel is not minimal length, the hot carrier generation
in transistor M3 is kept low. This low voltage overshoot is due to the voltage
headroom, originating from the resistive division of the on-resistance with the
output load.

Figure 5.9 also shows that the high-to-low transition of the output for
the nMOS switch implementation is more critical than the low-to-high tran-
sition, since the high-to-low path leans more to the upper-right corner than
the low-to-high path. Moreover, the voltage overshoot is larger with high-to-
low transitions than with low-to-high transitions. This can clearly be seen in
Figure 5.9(c).
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Fig. 5.10. Transient simulation of the gate-drain voltage of the nMOS stacked
transistors

Finally, Figure 5.10 shows a transient simulation of the gate-drain voltages
of the nMOS stacked transistors M7, Ms and Mjs. Together with Figure 5.9
one can see that the voltages across the terminals of the stacked nMOS tran-
sistors remain within the limits of a standard 0.25 pum CMOS technology.
The same results are obtained for the pMOS stacked transistors. One can
conclude then that the bias circuit provides the correct gate voltages for the
stacked transistors such that design rules of the used technology are fulfilled
and reliable operation of the high voltage driver is guaranteed.

The Bias Circuit: Sizing

The complete bias circuit together with the stacked transistors is shown in
Figure 5.11. The explanation for the sizing of the bias circuit is, like the
analytical description, split into two parts: the steady state operation and
the transient operation. Again, the calculations are solely given for that part
of the bias circuit that drives nMOS stacked transistors. The results for the
pMOS stacked transistors can be obtained in the same manner.

Steady State Operation

For the steady state, the resistors R,p1..4 and transistors My, 45 are involved.
The absolute resistor values are chosen high-ohmic in order to reduce the
power dissipation.

First, consider the case when the output is high. The gate voltage 2Vpp
of transistor M3 is then given by the resistive division comprised of R,; and
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Fig. 5.11. Circuit schematic of the complete bias circuit with the nMOS and pMOS
stacked transistors

R,2, which is triggered on by transistor Mps. The resistive division is defined
between the high output voltage and the fixed gate voltage of transistor Mo,
Vbp. This leads to the ratio of the two resistors from which their values can be
calculated. Transistor My, has to be in the cut-off region in this state. Since
the gate of M3, which is also the source of M,4, is at 2Vpp and the drain of
M4 is at Vpp, the gate of M4 is set at 2Vpp. This is done by the resistive
division comprised of R,3 and R,4 between the high output voltage and the
ground node. In this way, M, is set in the cut-off region and the voltage across
its terminals remains within the technology limits. For the calculation of the
resistive divisions the static efficiency of 90% is taken into account, which
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Table 5.4. Resistor values of the bias circuit
Rnpl Rnp2 Rnp3 Rnp4
85 k2 100 k2 42.5 k2 100 k2

Table 5.5. Transistor dimensions of the bias circuit

Mp4 Mp5 Mn4 Mn5

W% 24 um 3.84 pm 144 pum 0.96 pm
L 024 um 0.24 pm  0.24 pm 0.24 pm

means that the output is not completely charged or discharged to 3Vpp or
gnd respectively. The ratio of Ry, on Ry,po and Ry,p3 on Ryp4 equals 0.850 and
0.425 respectively. The resulting resistor values are summarized in Table 5.4.

The dimensions of the transistors M,,s are determined by their maxi-
mum drain-source voltage drop in the linear region. This voltage drop is set
low enough at 50 mV to minimize their influence on the resistive division
Ryp1 — Ryp2. The current through these transistors in the linear region can be
approximated by 7.5/ (Rnp1 + Rnp2). Now the current through and the volt-
age over the transistors M,ps is known, one can calculate their on-resistance
in the linear region. Using equation (4.1) one can calculate then the transistors
widths.

Secondly, consider the case when the output is low. The gate voltage
of Vpp for transistor M,,3 is now directly given by the fixed gate voltage
of transistor My, through transistor Mp,. In this state, transistor M,s is in
the cut-off region and as such, the resistive division R, — R,2 is broken. Since
the current for charging and discharging the gate of M,,3 is mainly originating
from the capacitors C,; and C),2, transistor M,4 only has to provide a fixed
voltage to a high impedance node. Therefore, the on-resistance of My, does
not have to be very low. A comparative assessment has been made between
the on-resistance of M,4 and the RC-delay at its gate due to the resistors
Ry,3, Rp4 and the input capacitance of Mps. The resulting dimensions of the
transistors M,,,45 of the bias circuit are given in Table 5.5.

Transient Operation

For the transient operation, the capacitors Cyp12 and the low-pass filters
Ryps — Cnps provide a solution to the transient voltage peaks on the ter-
minals of the stacked transistors. The equations (5.20) and (5.25) derived in
the previous section can be used as a guideline to determine the capacitor
values of Cy,p12. The problem lies in the fact that the capacitors Cy,;1 are con-
nected in parallel with the gate-drain capacitances of the transistors M3,
which are not constant during operation. The resulting capacitor values can
be found in Table 5.6.
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Table 5.6. Capacitor values of the bias circuit

Cnl CnQ Cpl Cp2
3.5pF 8.0pF 6.0pF 30.0pF

Table 5.7. Parameter values of the low-pass filters

Rn5 Cn5 RpS Cp5
150 Q 30pF 100Q 10 pF

The parameters of the low-pass filters R,,;5 — Cy,p5 are arbitrarily chosen
since the relationship between a step function at the input of a transistor’s gate
and the transient drain-source voltage peak of the transistor above it is not
straightforward. If no low-pass filter is placed before the gates of the transistors
My,p1, the transient voltage overshoot can be approximated by a triangular
wave in the time domain. When the cut-off frequency of the low-pass filter
is one decade lower than the fundamental frequency of this triangular wave,
the transient voltage overshoot is sufficiently suppressed. The fundamental
frequency is determined by simulation. The resulting parameter values of the
low-pass filters are shown in Table 5.7.

The Bias Circuit: Power Dissipation

In Section 4.2.2 it was assumed that the power dissipation of the dedicated
bias circuit can be neglected compared to the power dissipation of the stacked
transistors. For a switching frequency of 10 MHz, the power dissipated in
the bias circuit equals 5.5 mW. This is only 2.5% of the total output power
of 220 mW, whereas the power dissipated in the stacked transistors reaches
almost 30 mW, which is more than 13.4% of the total output power. The
dynamic power losses due to the switching of the well-capacitors are still not
included. However, this does not affect the calculation of the power dissipa-
tion for the bias circuit since the dimensions of the transistors in the bias
circuit are small resulting in small well-capacitances. Therefore, this practical
implementation proves this assumption.

The Level Shifter

Two control signals iny and iny are necessary for respectively switching the
stacked transistors M,,; on or off as can be seen in Figure 5.11. For tran-
sistor M, the signal in; is defined between gnd and Vpp. For transistor
M, the signal iny is defined between 2Vpp and 3Vpp. The signal in; is
externally applied to the circuit, so ins has to be derived by the level-shifter
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level shifter
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buffer nMOS input

Fig. 5.12. Schematic of the level-shifter with the driving circuit and signals of the
stacked transistors

from the signal in; on-chip. Since both transistors are driven by a tapered
buffer, the requirements of the level-shifter translate into an output signal s
that switches between the threshold voltage of the tapered buffer driving the
pMOS transistor Mp;. This can be achieved with a resistive division between
the high supply voltage at 3 Vpp and the input signal V;;,. A schematic of the
level-shifter with the tapered buffers driving the transistors M,,;,; is shown in
Figure 5.12.

The threshold voltage of the tapered buffer was chosen at half the sup-
ply voltage to maximize its noise margin. For the buffer driving the pMOS
transistors the threshold voltage Vi equals thus 3Vpp — Vpp/2 =5/2Vpp.
Therefore, the level-shifter must comply with the following inequalities:

Ry
3Vpp———=3Vpp — Viow < Vi 5.26
DD R1 n R2 DD 1 T ( )
R
Vin + (3VDD - Vm) 7R1 +2R2 =3Vpp — Vhigh > Vr (5.27)

with Vipw and Viign the voltage drop over R; when the input voltage Vi, is

at gnd or Vpp respectively. Elimination of the factor RlﬁZRz results in

Vhigh
3Vpp—"9 = Viw 5.28
pb 3‘/DD - Vvin : ( )
which leads to
VO’UJ
3Vbp = Vip o2 (5.29)

‘/low - Vhigh
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Assume now:

‘/ZOU)

n= _——— 5.30
‘/low - Vhigh ( )
3Vbp

= 5.31
v (5.31)

with n a real number and n > 1. As V, is defined at Vpp, n is the same
as the voltage multiplication factor of the high voltage driver. In the case of
the first test chip n equals 3. Equation (5.30) leads to the following relation

between Vi and Viign:
mn

Viow = n_1 Vhigh (532)

According to the equations (5.26) and (5.27) the following inequalities must
be satisfied for a correct operation of the level-shifter:

3 VDD - ‘/low < VDD (533)

| Ot | Ot

3 Voo — Viigh > = Vbbp (5.34)

Filling in equation (5.32) in (5.33) results in the following relationship:

VDDTL—l VDD
5 < Vhign < N

(5.35)

This relationship determines the value of V445, and with equation (5.30) Viow
is also known. From equation (5.26) one can calculate now the ratio of the
resistors R; and Rs from the level-shift circuit.

Rl VEOM

—_ = 5.36
Ry 3Vop — View ( )

One chooses now for R; (or R3) a high-ohmic value, to minimize the power
dissipation of the level-shift circuit. According to equation (5.36) one can
calculate Ry or (R1). Viow, Vhigh, R1 and Ry are now determined for a specific
high supply voltage.

The design plan for the level-shift circuit can be summarized in three
consecutive steps:

Determine the voltage multiplication factor n.
Calculate Vjo and Viigp from the voltage multiplication factor n using
the equations (5.32) and (5.35).

e Calculate Ry and Ry from equation (5.36).

The voltage multiplication factor of the first test chip was set at 3, leading
to a high supply voltage of 7.5 V. Following the design plan of the level-shift
circuit, the ratio of Ry on R is about 0.23. This resulted in resistor values of
23 k2 and 100 k€2 for Ry and R, respectively.
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5.1.3 Layout Aspects

The chip photograph of the high voltage driver is depicted in Figure 5.13.
All the described building blocks are clearly visible. The remaining area is
filled with decoupling capacitors. For this switching high voltage driver, it
was aimed towards a decoupling of every (sub-) building block separately
and as close to the building block as possible to maximize the decoupling
effect. The stacked transistors occupy one half of the chip area. This area is
determined by the on-resistance of the driver and the electro-migration rules
of the technology for the metal layers. The chip area is 2.4 x 2.4 mm?. The
technology used was a 1P5M 2.5V 0.25 pum twin well CMOS technology.

R Eninie mninnn l;;

» |
‘
=

| F
= |

Legend:
1: Stacked Transistors, 2: Bias Circuit, 3ab: Tapered Buffers
4: Level Shifter, C: Decoupling Capacitances

Fig. 5.13. Chip photograph of the high voltage driver in a 2.5 V 0.25 pm CMOS
technology
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Fig. 5.14. Cross section of the layout of a typical n- and pMOS transistor

To limit the gate-bulk voltages, the bulk and source of every transistor is
shorted. A disadvantage of this principle in a twin well technology is that it re-
sults in substrate currents near each nMOS transistor and a well-capacitance
near each pMOS transistor. Since the substrate is high-ohmic (20 Qcm), spe-
cial attention went to the prevention of latch-up. First, every transistor is
surrounded by a full guard ring to make a good well contact. Second, all
nMOS transistors are encircled by an n-well biased at the highest supply volt-
age and all pMOS transistors are encircled by a p-well biased at the lowest
supply voltage. In this way, substrate currents are drained by the wells and
the interaction between the transistors is minimized. A cross section of the
layout of a typical nMOS and pMOS transistor is shown in Figure 5.14 with
their parasitic substrate resistor or well-capacitor pointed out.

Layout of the Stacked Transistors

The layout of the stacked transistors is not straightforward. A first issue that
has to be solved is how to layout these large transistors. According to Table 5.1
the widths of the p- and nMOS stacked transistor equals 6.4 mm and 1.6 mm
respectively. Therefore, the output stage is divided into 16 parallel output
stages. One such output stage is laid out in a subcell in a way that all conduc-
tors have a sufficient width to cope with 1/16 of the total current. Figure 5.15
shows the mirror and copy operation of the subcell to form the complete
output stage. The subcell is mirrored and copied four times to form an array
of four by four subcells, which form together the 16 parallel output stages.
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Fig. 5.15. Mirror and copy operation of the subcell

By using this technique, a symmetrical layout is obtained, despite the large
difference in widths between a nMOS and pMOS stacked transistor.

A second issue that has to be taken into account is the presence of sub-
strate currents. The intermediate nodes of the nMOS stacked transistors can
be charged up to a multiple of Vpp due to the bulk-source connection. There-
fore, the nMOS transistor with the highest bulk voltage in the subcell is placed
as far as possible from the nearest ground contact to maximize the substrate
resistance of that path. In this way, the losses due to the substrate resis-
tance can be minimized. A cross section of the layout of a subcell is shown in
Figure 5.16. The naming conventions of the stacked transistor are taken from
Figure 5.11. However, their order in the circuit schematic does not match the
order in layout. Since the bulk voltage of transistor M3 can raise up to 2 Vpp,
it is thus placed as far as possible from the nearest ground contact, which is in
this case the bulk of transistor M,. The order of the nMOS stacked transis-
tors is then copied to the pMOS stacked transistors to preserve a symmetrical
layout.

Since the bulks of the stacked transistors are not on the same potential
during operation, they have to be separated from each other by wells, as
mentioned earlier in this paragraph. A p-well is used to separate the pMOS
transistors and an n-well is used to separate the nMOS transistors. The highest
voltage across a pn-junction is 3 Vpp as can be seen in Figure 5.16. A rule of
thumb to determine the width d of the wells is that the width of the space
charge region in the n- or p-well must be lower than this width. The width
of the space charge region is proportional to the root of the reverse bias volt-
age across the junction. Therefore, a safe margin is obtained if the widths of
the wells are taken one order of magnitude larger than the minimum width
described by the technology. Eventually, the limitation of stacking more tran-
sistors to increase the supply voltage will be limited by the breakdown voltage
of a pn-junction of the used technology.



distance to be maximized

p-substrate

Fig. 5.16. Cross section of the layout of a subcell

VIl

SOIND prepuelg ur suorpejuawerdwy a8e)oA YSIH G



5.1 A 7.5 V Output Driver in a 2.5 V 0.25 pum CMOS Technology 115

Fig. 5.17. Layout of a subcell

Figure 5.17 shows a screen-shot of the layout of the subcell with the order
of the stacked transistors indicated. The area of the subcell measures 390 pm x
178 um. The ground conductor of the subcell uses metal 1 to provide substrate
shielding, while the 3 Vpp supply voltage is laid out on top of the ground
conductor using metal 2. This provides a parasitic decoupling capacitance
distributed over the complete output stage. The output signal, is by means of
a maximum number of vias, directed to metal 4 and 5. Both metals will form
the output conductor. In this way its width can be limited. The widths of all
the metal conductor lines are determined in such way to minimize the electro-
migration process. As a rule of thumb, a width of 1 um per 1 mA DC-current
is taken.

Other Aspects

For the layout of the tapered buffers, the same principle is used as for the
stacked transistors. The tapered buffers are split into several parallel tapered
buffers to lower the current densities per subcell and to ease the layout of the
large transistors in the final stages of these buffers. The bias circuit is placed
central between the two tapered buffers to provide matched delay paths for
the gates of the stacked transistors.

Now the layout of the stacked transistors is finished, the well-capacitances
can be calculated. The area of the junction between the n-well and the
p-substrate of a pMOS stacked transistor in the subcell measures
2.34-107? m?2. 16 of these subcells in parallel results thus in a total junction
area of 3.75-107% m?. With a junction capacitance ¢; of 3.13-107% F/m?
this leads to a well-capacitance of 11.7 pF. Following equation (4.15) the
a-factor equals 7.3. With this factor, one can estimate the well-capacitances
for the next designs. By using equation (4.14) one can calculate a power loss
of 3.6 mW due to the charging and discharging of the well-capacitances.
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5.1.4 Power Dissipation

The total power dissipation of the high voltage driver depends on the di-
mensions of the stacked transistors. The static efficiency of the driver was
set at 90% leading to the dimensions of these transistors. From Section 4.2.2
it is known that there exists an optimum between the static and dynamic
power dissipation in function of the width of the stacked transistors. Too
large dimensions results in a high dynamic power dissipation. Too small di-
mensions results in a high static power dissipation. Since most terms of the
dynamic power dissipation are only known after design, or in the case of the
well-capacitances, after layout, a continuous iteration process is necessary to
determine the dimensions for the stacked transistors.

Now the design and layout of the first test chip is completed, a final com-
parison between the static and dynamic power dissipation can be made. The
total dynamic power losses, including the contributions of the tapered buffers,
the gate capacitances of the stacked transistors, the bias circuit and the well-
capacitances, equals 18.8 mW, which is lower than, but in the same order of
magnitude, as the static power losses of 22 mW. Therefore, the design choice
for a static efficiency of 90% was not too optimistic and as such there is no
iteration step necessary. The overall efficiency, including static and dynamic
power losses, equals now 84%.

5.1.5 Measurements
Measurement Setup

The chip is wire bonded on a ceramic thick film substrate. The substrate was
mounted in a copper beryllium box for better shielding. An example is shown
in Figure 5.18. All the supply lines were decoupled on the substrate.

g ey

Fig. 5.18. Photograph of the chip, wire bonded on a ceramic substrate
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The test signals were generated using a Sony Tektronix arbitrary wave-
form generator. Time domain measurements were performed with the Tek-
tronix 7854 oscilloscope. For the spectral measurements, a Hewlett Packard
3585B spectrum analyzer was used. The three supply voltages, Vpp, 2Vpp
and 3 Vpp are decoupled by a parallel connection of several off chip capacitors,
all mounted on a Printed Circuit Board (PCB).

Unmodulated Square Wave Input

First the response to an unmodulated square wave has been measured.
A square wave, defined between gnd and Vpp, with a frequency of 10 MHz
and a duty cycle of 50%, is applied to the high voltage driver. The result is
shown in Figure 5.19. An output swing of 6.46 V is measured over a 50 2 load
in parallel with a capacitance of 20 pF. This corresponds to an output power
of 208 mW. The measured on-resistance is 5.9 2. Using equation (5.1) this
results in a static efficiency of 89%, which is very close to the presupposed
design choice of 90%. The total power dissipation is 520 mW. This results
in an overall efficiency of 40%. The deviation of this result compared to the
calculated efficiency is due to the substrate losses. This topic is discussed in
Section 5.1.6. The delay of the high voltage driver is 16 ns.
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Fig. 5.19. Time domain measurement with an input square wave of 10 MHz
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Fig. 5.20. Distortion measurement with a dual-tone sinusoid at 70 kHz and 250 kHz

Pulse Width Modulated Square Wave Input

Figure 5.20 depicts the intermodulation distortion performance of the high
voltage driver by applying a PWM signal at the input of the chip. The PWM
test-signal was generated by a fourth-order AX single-bit ADC with a sample
rate of 20 MS/s. The input of this converter is a dual-tone sine wave at 70 kHz
and 250 kHz. This intermodulation distortion measurement is a true distortion
measurement and is preferred above a harmonic distortion measurement with
a single sine wave input. After all, the intermodulation products of a dual-tone
sine wave generates in-band distortion terms which cannot be filtered out. The
second-order Intermodulation Distortion Product (IMs) is defined as the ratio
of the signal amplitude and the distortion peak, generated at f; + f5 and the
IMj is defined as the same ratio, but with distortion peaks generated at 2 f1+ fo
and f; £2f5. An IM3 of —65 dB and an IMs of —67 dB is obtained for the
high voltage driver. The other spurious, marked in Figure 5.20, are the second-
order Harmonic Distortion Term (HD2) and the HDj3 of the 70 kHz sine wave.
It can be clearly seen that these spurious are lower than the intermodulation
products, which underlines the importance of an intermodulation distortion
measurement. The measured spurious are also in accordance with the results

derived in [San99b] which state that My = 2H Dy and IMs = 3H Ds.

Overview

Table 5.8 gives a summary of the measurement results.
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Table 5.8. Measured performance and process specifications

Parameter Measured
Technology 0.25 pm CMOS
Nominal supply voltage 25V

Supply voltage 75V

Load resistance 50 Q2

Output swing 6.46 V

Delay 16 ns
on-resistance 5.9 Q

Square wave performance

Frequency 10 MHz
Pout 208 mW
Efficiency 40%

PWM performance

IM3 —65dB
IMa2 —67 dB

5.1.6 Discussion of the Results
Strong Points

The most remarkable results of this test chip included:

e The feasibility of a high voltage driver processed in a standard 2.5V
0.25 um CMOS technology without the use of extra mask sets or process
steps. This opens the possibility to integrate high voltage power amplifiers
in mainstream deep-submicrometer CMOS technologies.

e A supply voltage of 7.5 V is reached with an absolute minimum of 3 stacked
transistors per switch. Using less stacked transistors would result in relia-
bility issues as described in Section 4.1.5.

e The chips have proven to be reliable and no electro-migration and hot
carrier degradation effects were noted during measurements.

Efficiency Issues

The measured efficiency of 40% deviates seriously from the calculated ef-
ficiency of 84%. This is due to an incorrect calculation of the resistances
through the substrate between the bulks of the nMOS transistors and their
nearest ground contacts. This resistance can be calculated as follows:

o Rsubst’r‘L
R = = (5.37)
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With Rsup = 2002¢m, A the area of the junction between the p-well of the
nMOS transistor and the substrate and L the distance of the center of this
junction area to the nearest ground contact.

The most important resistances are located at the sources of the stacked
transistors M,,» and M,3 and at the sources of the nMOS transistors in the
tapered buffer driving the pMOS input. This results in the resistors Rg1, Rg2
and Rg3 as shown in Figure 5.21. For the resistors Rg; and Rgs equation (5.37)
is used to calculate the resistance through the substrate for one subcell. One
has to divide this resistor value through 16, since the stacked transistors are
laid out in 16 parallel subcells. The same principle can be followed to calculate
Rgs. Table 5.9 shows the resulting resistor values extracted from the layout
of the test chip.

If the resistances through the substrate are calibrated out, an efficiency
of 73% is obtained, which is much closer to the calculated efficiency of 84%.
One can conclude then if one wants to use the principle of stacked devices
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bias circuit
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gnd gnd gnd

Fig. 5.21. Schematic of the high voltage buffer with the different resistances through
the substrate pointed out

Table 5.9. Substrate resistances
Rs1 Rso Rss
81 4700 2240
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in a twin-well technology for going towards high voltage operation, one must
organize the layout as such that the resistances through the substrate are at
least larger than 1 k€. If this results in a too large area waste in layout, one
should consider the use of a triple-well technology.

Needed Improvements

As stated in the beginning of this chapter, the goal of the first test chip was to
prove the concept of stacked devices to design a high voltage switching type
output driver in a standard low voltage CMOS technology. So it was not the
ambition to design a high voltage output stage for the SOPA architecture,
which is fully compatible with the aDSL system. The feasibility of the tech-
nique is demonstrated with this first test chip. However, several improvements
can be made:

e The bias circuit is largely comprised of passive elements for which the sizing
is not straightforward. A simplified architecture, where the resistors are
replaced by active elements in the linear region, should ease the extension
of the bias circuit to 4 Vpp or 5 Vpp buffers.

e The relative large delay is mainly due to the low-pass filtering in the bias
circuit. These filters are placed before the nMOS and pMOS inputs. If
the high voltage buffer is integrated into the SOPA structure, a reduction
of the delay becomes necessary. After all, to make sure that the SOPA’s
oscillation frequency is determined by the cut-off frequency of the loop
filter, the delay in the forward path of the SOPA has to be about one
order of magnitude smaller than switching period.

e If the delay of the high voltage buffer can be sufficiently reduced, the short
circuit currents through the stacked transistors should be minimized. By
integrating a non-overlapping switching circuit, the power dissipation can
be further reduced.

e The level-shifter does not generate a full-swing square wave signal. Instead,
it switches between two levels just above and just below the threshold
voltage of the tapered buffer that drives the pMOS input. Therefore, the
buffer has to convert the output of the level-shifter to a full-scale square
wave signal with 2Vpp and 3Vpp as low and high levels respectively.
This results in unmatched delay paths between the nMOS and pMOS
input causing distortion at the output.

e The use of a twin-well technology results in large losses through the sub-
strate. In order to minimize these losses and still preserve a relative com-
pact layout, it is better to use a triple-well technology.
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5.2 A 5.5 V Output Driver in a 1.2 V 130 nm CMOS
Technology

5.2.1 Introduction

While the first test chip proved the feasibility of high voltage design in a stan-
dard low voltage deep-submicron CMOS technology, the goals of the second
test chip were set more ambitiously. With five stacked transistors a solution is
provided to circumvent the low supply voltages of modern nanometer CMOS
technologies. Moreover, the high voltage output buffer should fit into the
SOPA architecture such that the line driver complies with the newest xDSL
specifications. The prototype was implemented in a standard 1.2 V 130 nm
triple-well CMOS technology. This high voltage buffer is used as the output
stage of the aDSL2+ CO SOPA line driver, which is described in Chapter 6.
A test structure of the output buffer was placed on the same die as the line
driver such that it could be characterized separately.

Figure 5.22 depicts the block schematic of the high voltage buffer. The
output stage is composed of five stacked transistors for the pull-up switch and
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Fig. 5.22. Block schematic of the high voltage output buffer
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the pull-down switch respectively. The theoretical maximum supply voltage of
the buffer is thus five times Vpp. A novel dedicated bias circuit was designed
to keep the voltage across the terminals of the stacked transistors within the
technology limit, the nominal supply voltage Vpp. The output of the buffer
is controlled by the outer stacked transistors, which are driven by a tapered
buffer. Distortion of the output waveform is minimized by providing matched
delay paths from the input of the driver to the outer stacked transistors. This
approach uses a symmetrical supply with two level-shift circuits for setting
the offset voltages of the pMOS- and nMOS buffer. The level-shifters are
preceded by a Non-Overlapping Switching (NOS) circuit, to minimize the
power dissipation due to short circuit currents. The combination of the NOS,
the tapered buffers and the level-shifters form the pre-driver circuit of the
outer stacked transistors. In the next section, the design of each building
block will be discussed.

5.2.2 Building Block Design
The Stacked Transistors

Since the high voltage driver is tailored to suit as the output stage of a SOPA
xDSL line driver, it has to be able to transmit the full aDSL output power.
As such, the equations (4.3) and (4.4) have to be used to determine the trans-
former ratio and the equivalent load resistance. The nominal supply voltage of
the used technology equals 1.2 V and the voltage multiplication factor n was
set at 5. This results in a transformer ratio rounded to 5 and a load resistance
of 4 Q.

Now the well-capacitances of the stacked transistors can be estimated,
using the layout of the first test chip, the total power losses of the output
buffer can be calculated for driving a 4 € load with a switching frequency of
40 MHz. The result is shown in Figure 5.23. Since only an estimation of the
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Fig. 5.23. Estimation of the total power losses in function of the width of the
stacked transistors
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Table 5.10. Stacked transistor sizing

pMOS nMOS
W 15.156 mm 3.407 mm
L 130 nm 130 nm
Cin 29.1pF 6.5 pF

dynamic power losses can be made, these results cannot be taken for granted,
but they can serve as a guideline to determine the dimensions of the stacked
transistors.

Using Figure 5.23, the total static power losses are set at 25 mW, since this
roughly corresponds with the minimum of the total power losses. As a result,
the static efficiency equals 80%. Using equation (4.10), this leads to a switch
resistance of 1.0 Q or an on-resistance of 0.2 Q per transistor. Such a large
on-resistance results in large transistor dimensions, which are summarized in
Table 5.10 together with their input capacitances. The transistors are sized
at minimal gate length in order to limit the transistor’s widths and, as such,
to limit the dynamic power dissipation. The widths of the stacked transistors
correspond well with the minimum of the total power losses that can be read
from Figure 5.23.

The Bias Circuit: Architecture Development

The design and analysis of the bias circuit of the first test chip was not
straightforward, due to its large number of passive elements. Moreover, the
architecture does not lend itself for voltage multiplication factors higher than
three, since this will result in a huge increase in passive elements. Therefore,
a new architecture for the bias circuit is developed. The number of passive
elements should be minimized to lower the complexity and the power losses
of the bias circuit. On top of that, the architecture should be easy to adapt
for higher voltage multiplication factors.

For starting the development of the novel bias circuit, the node voltages
of the stacked transistors are compared for different values of the voltage
multiplication factor to search for some regularities. The node voltages for
a 3Vpp, 4Vpp and 5 Vpp output stage in steady state operation are shown
in Figure 5.24. For reasons of simplicity, the voltages are defined between
0 and nVpp without taking the on-resistance and the threshold voltage of
the transistors into account. The node voltages are shown between brack-
ets. The first value gives the corresponding voltage for when the output is
high. The second value gives the corresponding voltage for when the output
is low. These voltages are chosen such that the voltage across the terminals of
the stacked transistors does not cross the nominal supply voltage Vpp. The
following remarks can be made:

e 1 supply voltages are necessary for biasing n stacked transistors.
e The voltage between two consecutive gates never exceeds Vpp.
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Fig. 5.24. Node voltages of the stacked transistors for a 3Vpp, 4Vpp and 5Vpp
output stage



126 5 High Voltage Implementations in Standard CMOS

o The transistors M, and My can be biased at a fixed voltage of Vpp and
(n — 1)Vpp respectively.
The gates of the transistors M, and M), have the same bias voltages.
The output voltage is controlled by switching the outer stacked transistors
M1 and My, on and off. The bias voltages of the other stacked transistors
have to follow this switching scheme in order to limit the voltage across
their terminals.

With these remarks taken into account, one can construct the bias circuit
for every value of the voltage multiplication factor. As an example the 5 Vpp
output stage is taken. First, the focus is set on the biasing of the nMOS
stacked transistors. The gate of transistor M, is set at a fixed voltage of
Vbp. When the output is low, the gates of the transistors M,,3, M4 and M5
have to be set at a voltage Vpp. Since the voltage between two consecutive
gates never exceeds the nominal supply voltage Vpp, these bias voltages can
be set by pMOS transistors in the linear region. They pass the fixed bias
voltage, Vpp, of transistor M, to the gates of the other stacked transistors.
Off course, when the output is high this path has to be broken. This leads
to the circuit schematic of Figure 5.25(a), where the transistors Myp1, Mipo
and My,s provide the Vpp bias voltage in the low output state. The switching
sequence for these bias transistors can be found on the drain-source contacts of
the stacked transistors. This results in the circuit schematic of Figure 5.25(b).

(SVDD/VDD)

(2Voo/Vop)

Fig. 5.25. Implementation of the bias circuit for when the output is low
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Fig. 5.26. Implementation of the bias circuit for when the output is high

When the output is high, the gate voltages of the transistors M3, M4
and M,5 have to be set at 2Vpp, 3Vpp and 4 Vpp respectively. These bias
voltages are externally applied. Via nMOS stacked transistors in the linear re-
gion, the voltages are passed to the gates of M, 3, M4 and M,,5. This is shown
in Figure 5.26. Since the lowest bias voltage of these gates equals Vpp, there
are respectively 1, 2 and 3 stacked nMOS transistors necessary to reliably pass
the three supply voltages. Now, when the output is low, these bias transistors
should be in the off-state. Figure 5.26 also shows the switching sequence of
the bias transistors Mp,1 to Mp,e. One can see that the bias voltages of the
transistors My,5 and Mp,¢ correspond with the bias voltages of the transistors
M,5 and M,4. The bias voltages of the remaining transistors My, to Mpyuq
can be found on the internal nodes of the pMOS stacked transistors, as can
be seen in Figure 5.24(c). Therefore, in steady state operation the biasing of
the nMOS stacked transistors is completely covered by switching active ele-
ments. Moreover, the signals necessary for switching these active devices can
be found on the internal nodes of the stacked transistors.

For the biasing of the pMOS stacked transistors, the same strategy can
be used. The gate of transistor My can be set at a fixed voltage of 4 Vpp.
The gates of the transistors M,,5 and M,5 can be connected, since they have
the same switching scheme. Therefore, the biasing of M, is already covered.
Moreover, the bias transistors Mpy,1, Mpne and My,3 which pass the 4 Vpp
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voltage to the gates of M,,5 and Mps when the output is high, can also be used
to pass this voltage to the gates of the transistors Mp3 and M4 for the high
output state. On the other hand, when the output is low, the transistors M3
and My, respectively have to be biased at 3 Vpp and 2 Vpp. These voltages are
set using pMOS stacked transistors Myps to My, following the same principle
as with the nMOS stacked transistor biasing circuit. The complete bias circuit
implementation is depicted in Figure 5.27.
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Fig. 5.27. Bias circuit implementation for the 5 Vpp output stage
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For the transient operation, a distinction has to be made between a low-to-
high and a high-to-low transition of the output. The focus is again set on the
nMOS stacked transistor biasing circuit. The same reasoning applies for the
complementary pMOS stacked transistors biasing circuit. For a low-to-high
transition, it is known from the first test chip that the gates of the stacked
transistors need to be decoupled due to the large gate-drain capacitances.
These decoupling capacitors are also shown in Figure 5.27. The problem of
the transient voltage peaks that occur during the high-to-low transition of the
output is now solved without placing extra gate-drain capacitance, which was
the case for the first test chip. The problem lies in the fact that the sources of
the transistors M,,o to M5 are faster discharged that their drains. This is now
solved by the feedback provided through the transistors M1, Mpp2 and Mpps.
When, for example, the source of transistor M,3 gets discharged, transistor
Mpp1 switches on. As a consequence, the terminals of M,,3 are discharged with
the same speed. The same principle applies for the transistors M,,4 and M,,5.

That the architecture is easy to adjust for higher voltage multiplication
factors is shown in Figure 5.28. This figure depicts the bias circuit for n nMOS
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Fig. 5.28. Bias circuit implementation for the nMOS stacked transistors for an
output stage with a voltage multiplication factor of n
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stacked transistors. The complementary bias circuit for the pMOS stacked
transistors is left out for simplicity. When the output is low, the nMOS stacked
transistors are biased with a voltage Vpp which is passed through a chain of
pMOS transistors to their gates. When the output is high, the nMOS stacked
transistors are biased by external applied voltages that are passed through
chains of nMOS transistors. To minimize transient voltage peaks, each gate
of the nMOS stacked transistors is decoupled to the Vpp supply. In theory,
the voltage multiplication factor n can increase infinitely until the breakdown
voltage of a n-well /p-substrate junction in the used technology is reached. In a
1.2 V 130 nm CMOS technology this breakdown voltage equals 14.5 V, which
thus results in a maximum voltage multiplication factor of 12.

The Bias Circuit: Analysis and Sizing

The output stage of the second test chip has a voltage multiplication factor
of 5. Therefore, the naming conventions of Figure 5.27 can be taken. For the
analysis of the bias circuit, only the transition of the output from high (5 Vpp)
to low (gnd) is considered. The transition from low to high can be found in
an analog way. The signals arriving from the tapered buffers switch transis-
tor M,; on and transistor My, off. Node n,; is discharged and transistor
M5 is switched on, which in turn discharges node n,s. Now, transistors M, 3
and My, are switched on. Nodes n,3 and g3 are thus discharged. The same
reasoning accounts for the transistor pairs M4 — Mypo and M,5 — Myps dis-
charging the nodes 1,4 — gn4 and out — g5. Also, with the discharging of node
gna, transistor My, is switched off and transistor Mpps is switched on. The
discharging of node g5 has three effects. First, transistor Mp,,5 is switched off.
Secondly, transistor My, is switched off when node n,,4 is discharged till Vpp,
which in turn switch transistor Mp,3 off. Finally, Transistor Mp,s is switched
on. My,s discharges together with transistor My,s node gp4. This switches
transistors Mp,s on and transistor Mp,a off. Transistor Mp, is switched off
when node ny3 is discharged till 2 Vpp. Transistor My, discharges node gps,
which switches transistor M3 off when node n,y is discharged till 3 Vpp.
Figure 5.29 shows a transient simulation of the voltages on the terminals of
the stacked transistors. The output was loaded with a resistance of 4 2 and
the input frequency was set at 40 MHz. This figure clearly shows the correct
operation of the bias circuit.

Since this switching does not occur for all transistors at the exact same
time, it is decided to use only 90% of the nominal supply voltage as Vpp.
This will result in a voltage headroom for the transistors. Together with the
decoupling transistors on the gates of the stacked transistors, this results
in a reliable operation. Figure 5.30 shows a simulation of the drain-source
to gate-source voltage transfer characteristic of the nMOS stacked transis-
tors Mp1 to M,s of the high voltage output buffer with a 4 Q) load at a
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Fig. 5.29. Transient simulation of the voltages on the terminals of the nMOS stacked
transistors

frequency of 40 MHz. The nominal supply voltage of 1.2V is only crossed
by the drain-source voltage of transistor M,3. Since this peak is lower than
Vpp +10%, the risk of hot carrier degradation and breakdown mechanisms in
the stacked transistors is minimized. The same results are also obtained for
the pMOS stacked transistors and the transistors of the gate bias circuit.

Due to the large number of stacked transistors, a mathematical description
to determine the dimensions of the devices in the bias circuit becomes too
complex and would provide no insight in the bias circuit as was the case for
the first test chip in Section 5.1.2. Therefore, an intuitive description is given
that explains the dimensions of the devices in the bias circuit. The transistors
in this circuit only have to pass a fixed voltage to a high impedance node, the
gate of a stacked transistor, in the steady state operation regime. Therefore,
the on-resistance of these transistors does not need to be very low. Moreover,
the dimensions of the bias transistors have to be limited, since their input
capacitance add up to the already large well-capacitances on the internal
nodes of the stacked transistors, nyp1. 5. Furthermore, the transistor sizes are
chosen such that the resistance of two paths, which pass the bias voltages to
two corresponding nMOS and pMOS stacked transistors, for example M, 4
and Mp4, are the same. This leads to the transistor sizes, summarized in
Table 5.11.

The capacitors provide a decoupling effect on the gates of the stacked
transistors. After all, as stated before, during a low-to-high transition of the
output, transient voltage peaks could occur on the gates of the stacked transis-
tors due to their large gate-drain capacitance. Table 5.12 lists the capacitor’s
values. Actually, the decoupling exists in a capacitor in parallel with a resis-
tor: the bias transistors in the linear region. To provide a matched decoupling
effect, the RC-product must be the same within the bias circuit for the nMOS
and pMOS stacked transistors. The difference in resistance of the different
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Fig. 5.30. Simulation of the drain-source to gate-source voltage transfer character-
istic of the stacked nMOS transistors

paths to the gates explains then the difference in capacitance between C,.3,
Cna and Ci,p5 or between Cp3, Crypa and Chyps. The difference in capaci-
tance between two complementary capacitors, for example Cy,pa and Ciyypa is
due to the difference in gate-drain capacitance between an nMOS and pMOS
stacked transistor.
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Table 5.11. Transistor sizing of the bias circuit

Mpypi23  Mypase Mpni23 Mpnase

W 140 ym 43 pm 35 pm 10 pm
L 130nm 130 nm 130 nm 130 nm

Table 5.12. Capacitor values of the bias circuit

C’mp3 C’mnd Cmp4 C’mn4 CmpS C’mnS
21 pF 5.4 pF 8.0pF 2.2pF 4.5pF 0.3 pF

For the calculation of the power dissipation, the contribution of the well

capacitors of the bias transistors can be neglected due to their small dimen-
sions. Therefore, only the decoupling capacitors are taken into account. This
results in a power dissipation of 6.4 mW at a switching frequency of 40 MHz.

The Pre-Driver Circuit

As stated before, the output level of the high voltage driver is controlled by
switching the outer stacked transistors M,; and Mp; on or off. Therefore,
two control signals are necessary. The pre-driver circuit generates these two
control signals. The following functions must be fulfilled by the pre-driver
circuit:

Since the input capacitance of the stacked transistors is very large, the
two control signals must be buffered before driving these transistors.

The pre-driver circuit must contain a level-shifting function. This becomes
clear if one takes a look at Figure 5.31, which shows a schematic of the
stacked output transistors with the necessary control signals. To switch
the transistors M,; and M,; on or off, the following control signals are
necessary: gnd and Vpp for the nMOS and (n — 1)Vpp and nVpp for the
pMOS if the supply voltage is defined between gnd and nVpp. A voltage
offset of (n — 1)Vpp between the two control signals is thus necessary for
driving a nVpp voltage circuit.

To minimize the distortion of the output of the high voltage driver,
matched delay paths are necessary from the input of the pre-driver cir-
cuit to the gates of the outer stacked transistors.

Since the high voltage driver is used as the output stage of a SOPA
line driver, its delay must be low enough for handling limit cycles up
to 40 MHz. A NOS circuit should be added in the pre-driver structure
if timing permits, since short circuit currents can lead to a considerable
amount of power dissipation in high voltage circuits.
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Fig. 5.31. Schematic of a high voltage buffer with its control signals

Figure 5.32 shows a schematic representation of the pre-driver circuit,
which fulfills the previous stated functions. It is comprised of three main parts:
a NOS circuit, two level-shift circuits and two tapered buffers. Matched delay
paths are obtained by using symmetrical voltage supplies, defined between
—nVpp/2 and nVpp/2, combined with two level-shift circuits, one with an
upwards voltage offset of 2Vpp and one with a downwards voltage offset of
2 Vpp. The resulting total voltage offset is thus 4 Vpp, which is necessary for a
5 Vpp voltage circuit. The pre-driver circuit converts thus two complementary
square waves, defined between —Vpp/2 and Vpp/2 to two control signals, one
defined between —5 Vpp/2 and —3 Vpp/2 for the nMOS input and one defined
between 3Vpp/2 and 5Vpp/2 for the pMOS input. The level-shifters are
placed in between the NOS and the tapered buffers. The NOS uses feedback.
Therefore, two extra level-shift circuits should be necessary if the level-shifting
is done before the NOS. To keep the dimensions of the level-shift circuits
small, their driving capacitances should be small. Therefore, the level-shifters
are placed before the tapered buffers. In the next paragraphs, each of these
building blocks are discussed.

Non-Overlapping Switching Circuit

As was seen in the design of the tapered buffer of the first test chip, starting
from a minimal sized inverter resulted in a large number of inverter stages and,
as a consequence, a large area consumption. Moreover, since this high voltage
driver will be used as the output stage of a SOPA line driver, a comparator
will precede the pre-driver circuit. A start from a minimal sized inverter is
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thus a start from a too small amplifier, since the sizes of the comparator
will will already be larger. Therefore, the minimal inverter is resized to W =
28.80 wm and L = 130 nm for the pMOS and W = 6.75 um and L = 130nm
for the nMOS. The input capacitance of a unit inverter for these values is
Cio = 68.3fF.

The non-overlapping switching scheme is implemented by using feed-
back over two nor-gates. The switching signals are shifted with the delay
of the inverters in the loop. The scaling factors of the inverters are shown
in Figure 5.32. The total power dissipation of the NOS circuit for a 40 MHz
switching frequency is less than 0.1 mW, which is negligible.

Tapered Buffer

For the implementation of the tapered buffers, the same unit inverter is used
as in the NOS. Again, the scaling factors chosen are larger than the scaling
factors optimized for speed to reduce area and power dissipation. The scaling
factors of the tapered buffers are also shown in Figure 5.32 leading to a delay
of 170 ps. This buffer delay is more than low enough for a limit cycle frequency
of 40 MHz, which justifies the use of a NOS. Using equation (5.6) the power
dissipation of the two tapered buffers together equals 2.37 mW.

Lewvel-Shifter

Thanks to the implementation strategy of using two level-shift circuits instead
of one, the voltage offset per level-shifter is reduced to 2 Vpp, whereas an
implementation with one level-shifter requires an offset of 4 Vpp for the level-
shift circuit. This reduces the complexity of the level-shift circuit dramatically.

The level-shifter implementation of the first test chip cannot be used any-
more. The high-ohmic resistive division results, together with the input ca-
pacitance of the following inverter chain, in a high RC-time constant and, as
a consequence, in a too large delay of the pre-driver circuit. Two examples
of level-shifter implementations in a standard CMOS technology are found
in [Pan03] and [Kha98]. Both implementations are comprised of two main
parts: a current sense circuit and two complementary switched transistor lad-
der networks. A block schematic of such a conventional level-shifter is shown
in Figure 5.33(a). The current sense circuit enables faster switching of the
output. The transistor ladder networks have to divide the high supply voltage
such that the voltages across the terminals of each transistor in the circuit is
limited.

In [Pan03], this ladder network is implemented with stacked inverters bi-
ased at a fixed voltage. Therefore, this topology is easy to extend to higher
offset voltages, since no extra bias circuitry is necessary to bias the transis-
tors in the ladder network. Moreover, all internal nodes in the circuit are
charged or discharged with a maximum amount of 2Vpp for a (n — 1)Vpp
offset level-shift circuit, which improves the speed. After all, the speed of a
conventional level-shift circuit is limited by the time needed to charge and
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discharge the internal nodes of the transistor ladder circuit. In [Kha98] the
ladder network is implemented with stacked transistors, just like the stacked
transistors principle in the output stage of the high voltage driver. This im-
plementation requires an additional bias circuit for the stacked transistors, as
described in Section 5.2.2, if one wants to extend the voltage offset beyond
one Vpp. The internal nodes of the transistor ladder network can now be
charged or discharged with a maximum amount of nVpp for a (n — 1)Vpp
offset level-shift circuit, which negatively affects the speed of the circuit.

There exists two main problems in using the conventional level-shift circuit
regardless the implementation of the transistor ladder network. The first one is
the speed. Although the implementation with stacked inverters is faster than
an implementation with stacked transistors, their speed is barely sufficient for
a 10 MHz operation frequency. The second problem is the driving capability.
The output can only be discharged by a pMOS transistor according to the two
transistor ladder network implementations. This means that the discharging
of the output is sublinear [Rab96] and that the output cannot be completely
discharged due to the threshold loss of the pMOS transistor.

The speed of a level-shift circuit can be improved by increasing the switch-
ing speed of the transistors in the current sense circuit. This is done by adding
coupling capacitors between the nMOS inputs and the pMOS transistors of
the current sense circuit as in [Kha98]. Figure 5.33(b) shows a block schematic
of the improved version of the conventional level-shift circuit. The voltage on
the gates of the pMOS transistors couple up or down with AV:

AV = — Vi (5.38)
Cup

With Cy,, the coupling capacitor and Cp,, the total parasitic capacitance on
the node corresponding with C\,. However, the problem is now shifted to
the input capacitance, which affects the rise and fall times of the level-shift
circuit. Moreover, when the output load is increased, the total Cpq, on that
node is increased, which results in a larger C,, for achieving the same AV
and hence a larger input capacitance.

The level-shift circuit developed for the pre-driver circuit solves the prob-
lems of speed, input capacitance and driving capability of an improved level-
shift implementation. The coupling capacitor at the input of the circuit is left
out and its function is replaced by an inverter between the two pMOS gates of
the current sense circuit, resulting in a low input capacitance. Figure 5.34(a)
depicts the circuit schematic of the developed level-shifter for an upwards off-
set of 2Vpp. The complementary level-shift circuit for a downwards offset of
2Vpp is shown in Figure 5.34(b). The supply voltages of these circuits cor-
respond with the symmetrical supplies stated in Figure 5.32. Thanks to this
extra inverter, the pMOS transistors of the current sense circuit switch nearly
immediately when the input signal arrives. The speed of the level-shift circuit
is thus made almost completely independent of the time needed to charge and
discharge the internal nodes of the transistor ladder network. The delay of
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the circuit depends now on the delay through the extra inverter. Moreover,
this extra inverter can now be sized for charging and discharging the output
load, which solves the driving capability problem. The transistor ladder net-
work is implemented with stacked transistors. Since the voltage offset is only
2Vpp and with the experience of biasing stacked transistors that was gained
in Section 5.2.2, the use of stacked transistors is a logical choice. Two extra
diode-configured transistors Mp are added per transistor ladder network to
set off voltage transients that could occur during switching. Table 5.13 shows
the transistor sizes of the level-shift circuit. The dimensions of the transistors
in the ladder network are chosen small, since only a capacitive load has to
be driven and hence, the on-resistance of the network is of no importance.
Thanks to these small dimensions, the power dissipation due to charging and
discharging of input- and well-capacitances of the transistors in the ladder net-
works is negligible compared to the power dissipation of the tapered buffers.
The coupling capacitance C,), is 4 pF to provide sufficient coupling between
the nMOS and pMOS gates.

Figure 5.35 shows a transient simulation of the level-shift circuit. A 1 GHz
square wave, with —Vpp /2 and Vpp/2 as low and high levels, is applied at the
input. The output is loaded with a capacitance of 342 fF, which corresponds
to the input capacitance of the inverter following the level-shifter in the pre-
driver circuit.

Table 5.14 gives the delays and the rise and fall times of the two level-
shifters used in the pre-driver circuit. The time from a half Vpp point of the
input to a Vpp/2 + Vi point of the output is defined as a delay, Ty, in the
charging case. In the discharging case, the delay Typ; is defined in the same

Table 5.13. Transistor sizes of the level-shift circuit
Mn1237 MDn Mp1237 MDp MBn MBp

W 10 um 42 pm 8.0 um 32 um
L 130 nm 130 nm 130 nm 130 nm
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Fig. 5.35. Transient simulation of the output of the level-shift circuit
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Table 5.14. Delays of the level-shift circuit

Tan [ps] Tant [ps] 7 [ps] 7y [ps]

Offset 2 Vpp up 60 47 70 60
Offset 2 Vpp down 47 57 57 60

way. Vogr stands for the offset voltage of £2Vpp depending on level-shifting
upwards or downwards. The rise and fall times, 7. and 7; are defined to be the
time between the 10% Vpp + Vo and 90% Vpp + Vo points of the output.
The results are quite similar for both level-shift circuits, which improves the
delay-matching of the two control signals.

5.2.3 Layout Aspects

The chip photograph of the second high voltage driver is depicted in
Figure 5.36. All described building blocks are clearly visible. The chip area
is 1.924 x 2.146 mm?. The technology used was a mainstream 1.2 V 130 nm
triple well 1IP6M CMOS technology. The layout aspects are similar to the ones
of the first test chip and were described in Section 5.1.3. However, some extra
remarks can be made:

e Due to the large dimensions of the stacked transistors, the output stage
is now divided in 24 parallel output stages. One such output stage is laid
out in a subcell in a way that all conductors have a sufficient width to
cope with 1/24 of the total current. The complete output stage is then
constructed by mirror and copy operations of the subcell to form an array
of four by six subcells.

e The order of the stacked transistors within a subcell is kept the same as
in the layout of the first test chip. This is, however, not necessary since
the design is made in a triple-well technology. The bulk of the nMOS
transistors is thus shielded from the substrate by an extra well, which
cancels the resistive losses through the substrate. The reason for preserving
this order is the complexity of the routing between the parallel connected
stacked transistors. With the experience gained in the layout of the first
test chip, the layout of the second test chip is speeded up when this routing
strategy could be copied.

e The pre-driver circuit is laid out as symmetrical as possible to minimize
the delay between the two control signals that drive the outer stacked
transistors. The bias circuit is placed central, in between the two tapered
buffers, such that matched delay paths are provided to the gates of the
stacked transistors.

e As the gate length scales down with modern nanometer technologies, ESD
protection for the circuit becomes more and more important. However,
ESD protection is not straightforward in high voltage design. For the in-
put pins, a commonly used protection circuit is used comprised of two
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Fig. 5.36. Chip photograph of the high voltage driver in a 1.2 V 130 nm CMOS
technology

reverse biased diodes placed between a one Vpp supply. An example is
depicted in Figure 5.37. For the output of the high voltage driver, no ESD
protection circuit is necessary, since the large drain capacitances of the
stacked transistors set off possible ESD events. Between the different sup-
ply voltages power supply clamps are placed, which provide an explicit
discharge path between the power rails as shown in Figure 5.37. Each
power supply clamp is comprised of five series connected forward biased
diodes.

After the layout step, one can extract the well-capacitances of the stacked
transistors. The area of the junction between the n-well of a pMOS stacked
transistors and the p-substrate measures 3.33 - 10~® m?. Accordingly, the area
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Fig. 5.37. Schematic of the high voltage driver indicating the I/O protection and
the supply clamps between the different supply voltages

between the p-well of an nMOS stacked transistor and the n-doped triple well
measures 1.10- 1078 m?2. This results in a well-capacitance of 3.4 pF for the
pMOS and 7.7 pF for the nMOS transistor. The high value for the nMOS
transistor is due to the high doping levels of the triple well resulting in a high
junction capacitance. This leads to a-factors of 16.9 and 24.8 for the pMOS
and nMOS transistor respectively. By using equation (4.14) one can calculate
a power loss of 19.2 mW at a switching frequency of 40 MHz.

5.2.4 Power Dissipation

Now the design and layout of the high voltage driver is completed, a compari-
son between the estimated power dissipation from Figure 5.23 and calculated
power dissipation can be made. In Section 5.2.2, the total static power losses
were set at 25 mW, leading to a total estimated dynamic power loss of roughly
20 mW. The calculated contributions to the total dynamic power dissipation
were 19.2 mW for the well-capacitances, 8.2 mW for the input capacitances of
the stacked transistors and 2.4 mW for the pre-driver circuit. This results in
a total calculated dynamic power dissipation of 29.8 mW. The difference with
the estimated value is due to an underestimation of the well-capacitances by
using the a-factor of the first test chip. The total power dissipation is 60.2 mW
leading to an efficiency of 63%. One has to bear in mind that this is the calcu-
lated efficiency of the high voltage driver when it is used as the output stage
of a SOPA amplifier driving a 100 mW aDSL signal.
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5.2.5 Measurements
Measurement Setup

The chip is wire bonded on a ceramic thick film substrate and then mounted
in a copper beryllium box. The output path and supply lines were made as
wide as possible to minimize the parasitic resistance. All supply lines (positive
and negative) were directly decoupled to the ground as close as possible to the
chip bondings. An example of the mounted chip can be seen in Figure 5.38.

Test signals were generated using a Hewlett Packard 8131A pulse genera-
tor. Time domain measurements were performed with with the Agilent 54622A
Oscilloscope. To generate all supply voltages, three Delta Dual Supply sources
were used.

Unmodulated Square Wave Input

Two complementary square waves, defined between —0.6 V and 0.6 V, with a
frequency of 40 MHz and a duty cycle of 50% were applied to the high voltage
driver. The result is shown in Figure 5.39. A peak-to-peak output swing of
4.2V was measured over a 4 €2 load. This corresponds to an output power
of 980 mW. The total power dissipation is 1.24 W, resulting in an efficiency
of 79%. The efficiency corresponds well with the static efficiency of 80% that
was presupposed in Section 5.2.2. After all, at such a high output power, the
dynamic power dissipation can be neglected.

The low-to-high and high-to-low delay of the high voltage driver is 2.8 ns.
This is right on the limit of the maximum allowable delay for integration in a
SOPA system with a limit cycle frequency of 40 MHz.

Fig. 5.38. Photograph of the chip, wire bonded on a ceramic substrate
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Fig. 5.39. Time domain measurement with an input square wave of 40 MHz

Table 5.15. Measured performance and process specifications

Parameter Measured
Technology 130 nm CMOS
Nominal supply voltage 1.2V

Supply voltage 55V

Load resistance 40

Output voltage swing 4.2V
Frequency 40 MHz

Puiss 1.24 W
Efficiency 79%

Delay 2.8 ns

Overview
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Table 5.15 gives a summary of the measurement results. The measurement of
this second test structure is restricted to a time domain measurement to prove
its correct operation. As was mentioned in the beginning of this section, this
high voltage driver is used as the output stage of a SOPA line driver, which is
described in Chapter 6. It will be shown that the line driver meets the aDSL2+
specifications, which further validates the operation of the high voltage test

structure.
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5.2.6 Discussion of the Results
Comparison with the Present State of the Art

Table 5.16 summarizes the state-of-the-art published high voltage drivers in
CMOS up to now. The two presented drivers have the largest voltage multi-
plication factor n. The second test chip even more than doubles this factor
compared to the other published drivers. [Ann01] and [Sin98] operate at a
higher frequency, but they only drive a low capacitive load. This explains
also their small chip area. [Kil04] uses 5 V devices in a 0.35 um CMOS tech-
nology. Moreover, the pull-down network is implemented with a gate-shifted
LDDMOS, which increases the integration cost. Also, this circuit drives only
a small capacitive load.

Efficiency could not be compared, since it was not mentioned for the pub-
lished high voltage drivers. According to this table, the presented drivers
outperform the state-of-the-art high voltage drivers.

Strong Points

The high voltage drivers excels because of the following reasons:

e The concept of stacking standard nanometer CMOS devices to design high
voltage circuits works and is usable even for high-end applications like
aDSL2+ (see Section 6.2).

e A novel bias circuit is developed which is easy to extend for circuits with
high voltage multiplication factors. The number of passive elements is
strongly reduced compared to the implementation of the first test chip,
resulting in a low dynamic power dissipation. This can be seen if one com-
pares the dynamic power dissipation of the bias circuit implementations of
the two test chips at a frequency of 40 MHz. The dynamic power dissipa-
tion of the bias circuit for tree stacked transistors of the first test chip then
equals 22 mW, whereas the novel bias circuit for five stacked transistors
results in a dynamic power dissipation of only 6.4 mW.

e The distortion of the output waveform is minimized by providing matched
delay paths from the input of the high voltage driver to the outer stacked
transistors. This matching is done with circuit solutions as well as with
layout solutions.

e For this second test chip, reliability is also proved, despite a 5 Vpp supply.
No performance degradation was noted after more than 24 hours, while
continuously delivering full output power to the load.

Possible Improvements

Although all suggested improvements of the first test chip were applied in this
second test chip, a next high voltage driver could gain by taking the following
into account:



Table 5.16. Comparison with published high voltage drivers

Reference Technology Vbp high fs n= VD#}E{& Note

First test chip 2.5V 0.25 um CMOS 7.5V 10 MHz 3

Second test chip 1.2V 130 nm CMOS 5.5V 40 MHz 4.6

[Ann01] 2.5V 0.25 um CMOS 5.5V 50 MHz 2.2

[Sin98] 2.1V 0.21 um CMOS 3.3V 400 MHz 1.6 Complex biasing scheme
Asymmetric pre-driver circuit

[Kil04] 3.3V/5V 0.35 pm CMOS 14V 5 MHz 2.8 Pull-down function performed

by gate shifted LDDMOS
5V pMOS in pull-up network
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e Charging and discharging the well-capacitances of the stacked transis-
tors leads to the largest contribution of the dynamic power dissipation.
Moreover, a significant part of this contribution is due to the large well-
capacitance related to the nMOS stacked transistors. This high value orig-
inates from the large doping levels of the triple well. A CMOS technology
with low doping levels for the triple well will thus improve the efficiency
of the high voltage driver.

e The transistor ladder networks of the level-shifters were implemented with
stacked transistors. In retrospect, an implementation with stacked invert-
ers [Pan03] would be a more elegant solution for it uses less transistors and
all internal nodes in the ladder network would have a maximum swing of
2Vpp, regardless the offset voltage.

e There is no mathematical expression available to determine the dimensions
of the devices in the bias circuit. Although the power dissipation of the
bias circuit is very low and its correct operation is shown by simulation
and measurements, the power dissipation could be further optimized by
making use of Computer Aided Design (CAD) tools.

5.3 Conclusions

To prove the technique of stacking devices, for designing high voltage circuits
in low voltage standard CMOS, a real implementation is mandatory. Two test
chips are developed: one in a mainstream 0.25 um technology and one in a
130 nm CMOS technology.

The first test chip, implemented in a 2.5V 0.25 um CMOS technology
is designed to validate the concept of stacking standard CMOS devices. Al-
though the supply voltage of the high voltage driver is set at 3 Vpp, none of
the transistors in the circuit is stressed by applying too large voltages resulting
in reliable operation and guaranteed minimum lifetime of operation described
by the foundry. An output swing of 6.46 V at a frequency of 10 MHz is mea-
sured over a 50 €2 load. A PWM signal with a dual-tone sinusoid at 70 kHz
and 250 kHz results in an IM3 of —65 dB and an IMs of —67 dB.

Since the first test chip proved the feasibility of the stacking principle, the
second test chip is designed to serve as the output stage of a SOPA xDSL
line driver. The chip is implemented in a 1.2 V 130 nm mainstream CMOS
technology. In this low voltage nanometer technology, the boundaries of the
stacking principle are further explored. With five stacked transistors and a
supply voltage of 5.5 V an output swing of 4.2 V at a frequency of 40 MHz is
measured over a 4 € load with an efficiency of 79%.

The two presented prototypes have paved the way to the design of a high
efficiency fully integrated high voltage SOPA xDSL line driver in a standard
low voltage CMOS technology.
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High Voltage Line Driver Realisations

HE previous chapter has proved the principle of stacking devices for

designing high voltage circuits in mainstream nanometer CMOS tech-
nologies by practical implementations. Until now, only stand-alone high volt-
age buffers were designed, implemented and measured. To prove the usefulness
of this technique, such a high voltage buffer has to be integrated in circuits
for high-end applications, like xDSL. Therefore, two test chips were designed
in a mainstream 130 nm CMOS technology.

The first test chip is the implementation of a high voltage zeroth-
order SOPA. The test chip resulted in a materialization for the concept of
integrating a high voltage output buffer, using the stacked devices principle,
into the SOPA architecture in standard nanometer CMOS. It complies to the
G-Lite specifications.

The second test chip aims at aDSL2+4 compliance. This chip can be
considered as the closing piece to prove the feasibility of stacking standard
nanometer devices for designing high voltage circuits. With the high voltage
output buffer, the test chip faces the two challenges of line drivers in telephone
wireline communications: increasing the signal bandwidth while maintaining a
high efficiency. Moreover, thanks to the implementation in a standard nanome-
ter technology, fully integrated high voltage line drivers for xDSL applications
becomes a reality.

The presented chips will prove that the stacking principle can be used for
high-end applications like xDSL. Moreover, it will be shown that SOPA line
drivers with a high voltage output stage can maintain their superior efficiency
in nanometer CMOS technologies. The chips are compared with the present
state of the art.

6.1 A Zeroth-Order SOPA in 130 nm CMOS

6.1.1 Introduction

The goal of the first test chip was to prove the feasibility of integrating a high
voltage output stage using the principle of stacking devices into the SOPA
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Fig. 6.1. Block schematic of the implemented zeroth-order high voltage SOPA

architecture in a standard nanometer CMOS technology. Therefore, it was
not the primary goal to fully comply with one of the flavours of the xDSL
family from the start on. For that, a zeroth-order SOPA architecture is chosen.
The resulting prototype was implemented in a 1.2 V 130 nm 1P6M triple well
CMOS technology.

The block schematic of the high voltage zeroth-order SOPA line driver is
depicted in Figure 6.1. The major difference with a standard SOPA archi-
tecture is that the digital output buffer is replaced by a high voltage output
buffer. The two single SOPAs are placed on the same die to provide better
coupling. Every building block will be integrated except for the line trans-
former. The used transformer was a Midcom 50702R transformer [Mid]. The
limit cycle frequency was set at 50 MHz. The OSR was set high enough to
provide a linear amplifier, since it was not the goal to design at the highest
possible efficiency for a certain xDSL flavour from the start on. In the next
sections the building blocks of a single SOPA will be discussed.
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6.1.2 Building Block Design
The High Voltage Output Buffer

The architecture and design of the high voltage output buffer was already
discussed in Section 5.2. The design parameters are restated in this section.
An aDSL system requires 20 dBm on a 100 2 load. The rms voltage needed to
deliver this 100 mW is 3.16 V. If the CF is set to 15 dB or a factor 5.6, the peak
voltage becomes 17.7 V. Since the limit cycle amplitude should be higher than
this peak voltage a factor 3 has been chosen for the maximal voltage range.
The SOPA system is a bridge type line driver, so the total required voltage
has to be divided by 2. The maximum voltage (V;,4.) one building block has
to deal with is thus 26.55 V. Using equations (4.3) and (4.4) the transformer
ratio and the equivalent load resistance can be calculated. With a nominal
supply voltage of 1.2 V and a voltage multiplication factor of 5, this results
in a transformer ratio rounded to 5 and a load resistance of 4 €.

The circuit is exactly the same as the one described in Section 5.2, the
dimensions however, are different. This is due to the fact that the operation
frequency of this buffer is higher for this application. The minimal total power
dissipation is thus located at lower values for the widths of the stacked tran-
sistors. Moreover, due to timing constraints, the modeling and sizing of the
transistors in the linear region was not optimal. This resulted in unequal sizes
of the stacked transistors, since the bias circuit was not fast enough to avoid
voltage transients across the nodes of the stacked transistors. A comparative
assessment has been made between the dimensions of the stacked transistors
and the transient voltage peaks across their terminals to determine the final
widths of the stacked transistors. The dimensions of the stacked transistors
are shown in Tables 6.1 and 6.2. The transistor names refer to the circuit of
Figure 5.27.

Table 6.1. Dimensions of the stacked nMOS transistors
Mnl Mn2 Mn3 Mn4 Mn5

W [um] 3,786 3,532 3,297 3,062 2,355
L [um] 013 013 013 013 0.13

Table 6.2. Dimensions of the stacked pMOS transistors

Mpl MpQ MP3 MP4 MP5

W [um] 16,320 15,360 14,400 13,440 12,480
L [um] 013 013 013 013 0.13
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The Comparator

As the SOPA is an asynchronous system, the comparator needs to be contin-
uous time. Since the focus of this design is set at the integration of the high
voltage buffer into the SOPA architecture, a basic comparator circuit is used.
Figure 6.2 shows the circuit schematic of the comparator. The circuit consists
of three stages:

1. A pre-amplifier circuit that converts an input voltage to an output current.
The pre-amplifier increases the comparators sensitivity and insulates its
inputs from switching noises coming from the positive feedback circuit.

2. A decision circuit incorporating positive feedback for faster comparison.

3. A nand set-reset latch which gives extra positive feedback for enabling
faster comparison.

The bias current was set at 600 wA. The large bias current lowers the
mismatch of the input pair Mi.p. This is necessary, since there are no offset
cancellation techniques possible for continuous time comparators. Moreover,
the large current enables faster comparison. After all, in order that the dither-
ing effect of the limit cycle oscillation holds, the delay in the forward path
of the SOPA has to be about one order of magnitude lower than 7;.. As the
limit cycle frequency is set at 50 MHz, the delay should be lower than 2 ns.
Table 6.3 summarizes the dimensions of the pre-driver and decision circuit
and Table 6.4 summarizes the dimensions of the nand set-reset latch.

The Loop Filter

Beside setting the limit cycle frequency, the loop filter has to perform an-
other important function. The high voltage levels of the output buffer are
fed back through the loop filter to the comparator operating at the nominal
supply voltage. Therefore, the loop filter has to lower the signal swing at the
comparator’s input.

The loop filter is a simple RC-chain configuration and is of order three,
which is considered as the optimal filter order as described in [Pic04]. The
schematic of the loop filter is depicted in Figure 6.3. The first-order filter,
comprised of Ry, Ry and C1, provides a voltage division with the same factor as
the voltage multiplication factor, namely, 5. The second-order filter, comprised
of R34 and Cj3/y4, leads to a further lowering of the signal swing. The filter is
made up by unsilicided P+ poly resistors and Metal-Insulator-Metal (MIM)
capacitors. The filter’s resistances and capacitances are shown in Table 6.5.

6.1.3 Layout Aspects

Figure 6.4 shows the chip photograph of the zeroth-order SOPA. Almost one
half of the area is taken by the stacked output transistors to keep the on-
resistance of the driver low enough. The total area is 2.6 x 4.3 mm?. The
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Table 6.3. Sizing of the pre-driver and decision circuit

M Mo M3 My Ms

W [um] 7.35 28.00 24.90 6.30 4.65
L [um] 026 013 0.13 040 0.26

Table 6.4. Sizing of the nand set-reset latch

Mln Mlp M2n M2p Mnandn Mnandp

W [um] 0.30 1.00 0.63 2.80  0.90 0.52
L [um] 013 013 013 013 0.13 0.13

from high
to comparator Rq Rs Ry voltage buffer
< VWA VWA YW—J

Cs T G T T % Ro

<

Fig. 6.3. Schematic of the loop filter

Table 6.5. Resistor and capacitor values of the loop filter

R1 Ro R3/4 Ch 02/3
4kQ 1kQ 1kQ 25pF 52pF

majority of the layout effort is situated in the layout of the high voltage output
buffer, which is already discussed in Section 5.2.3. Some additional aspects
that contribute to the final SOPA layout are enumerated in the following list:

Every building block in the SOPA architecture is separately decoupled by
MIM capacitors. As the SOPA is a switching amplifier, it is important
to decouple the supply voltage of the analog building blocks as much as
possible.

The chip photograph of Figure 6.4 clearly reveals that the two single
SOPAs are placed directly opposed to each other. This results in sepa-
rate bonding pads for the two high voltage output buffers. Since the chip
was designed for classical wire bonding, the inductance of the bonding
could then be reduced by placing more wires in parallel for ground and
supply. Moreover, the width of the metal supply and ground conductor lay-
ers could be lowered compared to the case where the outputs are placed
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on the same side of the die. In the latter case, the supply lines must be
shared between the two high voltage buffers.

e The chip is laid out as symmetrical as possible to match the delay from
input to output of the two SOPA amplifiers.

6.1.4 Measurements
Measurement Setup

The same measurement setup principle as for the high voltage prototypes were
used for the measurement of the line drivers. The chips were wire bonded on
a ceramic thick film substrate, which was mounted in a copper beryllium box.
An example is shown in Figure 6.5.

The test signals were generated using a Sony Tektronix Arbitrary Wave-
form Generator (AWG430). Time domain measurements were performed with
the Tektronix 7845 oscilloscope. For the spectral measurements, a Hewlett
Packard 3585B spectrum analyzer was used.

No Input

The response of a single-ended SOPA has been measured when no input signal
was applied. The result is an output square wave with a fundamental frequency
that is equal to the limit cycle frequency. Figure 6.6 shows the resulting square
wave with an amplitude of 4.6 V peak-to-peak in a 7.5 Q) load resistance. The
oscillation frequency of the SOPA equals 35 MHz. This value differs from

Fig. 6.5. Photograph of the chip, wire bonded on a ceramic substrate
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Fig. 6.6. Time domain measurement

the 50 MHz that was set by design. The difference is caused by the delay
through the comparator and the high voltage buffer that turns out to be too
large in practice.

Sine Wave Input

Figure 6.7 depicts the response to a sinusoidal input signal. The figure shows
the output spectrum up to 10 MHz of the amplifier for a sinusoidal input
signal of 1 MHz. A SFDR of 51 dB is measured without any extra filtering.

xDSL Performance

The SFDR does not characterize the capabilities for the line driver to be
usable for xDSL. A better performance measure for xDSL performance is
the MTPR. This figure is measured by applying a DMT modulated signal to
the line driver with several tones missing. Therefore, a DMT signal consisting
of 256 tones with a tone spacing of 4.3125 kHz is applied to the line driver.
Tones 1-32 are left blank to form the upstream band. Tones 50, 100, 150,
200 and 226 are left out as antenna tones. Figure 6.8 shows a 20 kHz zoomed
spectrum around antenna tone 226. A MTPR of 42 dB is measured for driving
a DMT signal with a CF of 14 dB and an average output power of 100 mW.
The total power dissipation is 249 mW, resulting in an efficiency of 40%. The
equivalent load resistance is 4 €.
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Fig. 6.8. A MTPR measurement around tone 226

Overview

Table 6.6 gives a summary of the measurement results and compares them
with the aDSL G-Lite specifications. From this table, it is clear that the
prototype of the zeroth-order SOPA with high voltage output buffer complies
with the G-Lite standard.
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Table 6.6. Measured performance and process specifications

Parameter Measured aDSL G-Lite
Technology 130 nm CMOS

Nominal supply voltage 1.2V

Supply voltage 55V

Output voltage swing @ 7.5 Q 4.2V

Bandwidth 1.1 MHz 500 kHz
Output power 20 dBm 16.3 dBm
CF 5 >5

Total power consumption 249 mW

Efficiency 40%

SFDR Qf.;4=1 MHz 51 dB

MTPR 42 dB 34 dB

6.1.5 Discussion of the Results

Strong Points

The results obtained from this test chip lead to the following conclusions:

The feasibility of integrating a high voltage output buffer, using the stacked
devices principle, into the SOPA architecture is proven. The specifications
for the aDSL G-Lite standard are met.

Due to the inclusion of the high voltage output buffer, the superior effi-
ciency of the SOPA line driver is maintained in nanometer CMOS.

The chips have proven to be reliable and no electro-migration effects
were noted during measurements. The chips were continuously stressed for
14 days at room temperature while delivering an output power of 20 dBm.
No performance degradation was seen after this time period.

Needed Improvements

After evaluation of this first prototype, several improvements can be made:

The limit cycle frequency was about 15 MHz too low. This is probably
due to the delay through the comparator and high voltage output buffer,
which was too large.

The linearity is too low to comply with the aDSL standard. This could
be expected from Figure 3.11 which showed the evaluation of the upper
limit of the MTPR for a zeroth-order SOPA system in a 1.2 V technology
with a high voltage buffer with a voltage multiplication factor of 5. There-
fore, a higher order SOPA is necessary to reach more demanding xDSL
specifications.

Due to timing constraints the sizing of the stacked output transistors was
far from ideal. Better modeling of the transistors in the linear region should
reduce the distortion of the output square waveform of the output buffer.
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e The area of the prototype is quite large due to an over-dimensioning of
the widths of the metal layers for conducting the large currents and the
widths of the wells isolating the stacked transistors.

6.2 A First-Order SOPA in 130 nm CMOS

6.2.1 Introduction

As the first high voltage SOPA test chip was a hard proof for the feasibility
concept of integrating a high voltage output buffer into the SOPA architecture,
the goal of the second test chip was to fully comply with one of the more
demanding xDSL specifications. After all, the primary goal of this research
project was the design of a high voltage line driver in nanometer CMOS for
aDSL/aDSL2+. For that, the linearity of the zeroth-order design has to be
improved. By adding one or more integrators in the forward path of the SOPA
architecture, thus introducing noise shaping, the MTPR can be improved,
which was discussed in Section 3.2.5.

The order of the SOPA is a trade-off between the extra power consump-
tion of an extra integrator and the dynamic power consumption of a higher
switching frequency. Since Figure 3.11 revealed that a zeroth-order SOPA ar-
chitecture in a 1.2 V CMOS technology with a high voltage output buffer
barely meets the MTPR specification for aDSL, the choice is made to use
only one integrator and to design for a limit cycle frequency of 40 MHz. The
complete architecture is depicted in Figure 6.9.

The third-order loop filter is split-up in a first-order loop filter and a
second-order filter in the forward path between the integrator and the com-
parator. As such, kickback noise from the switching decision-making circuitry
of the comparator is filtered out by the decoupling of the integrators output
and the comparators input.

Since the design target is the aDSL2+ standard, the bandwidth of the
Midcom transformer is not sufficient. Therefore, the Pulse BX2639L [Pul] is
chosen for this design.

6.2.2 Building Block Design
The High Voltage Output Buffer

The high voltage output buffer is exactly the same as the one described in
Section 5.2. A stand-alone version of the buffer could be placed on the same
die so that it could be characterized separately. A better modeling of the tran-
sistors in the linear region has led to a complete resizing of the high voltage
output buffer compared to the output buffer of the first test chip. This re-
sulted in a better matching of the on-resistance between the nMOS and pMOS
transistor, leading to a lower distortion of the output waveform. The widths of
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Fig. 6.9. Block schematic of the implemented first-order high voltage SOPA

the stacked transistors are also increased to lower the conduction losses of the
buffer. However, this upscaling has no effect on the parasitic well-capacitances
due to a more efficient splitting-up and a more compact layout of these transis-
tors. The architecture, design and layout aspects of this buffer were discussed
in Section 5.2. Important parameters of this high voltage output buffer in
relation to the aDSL/aDSL2+ specifications were a supply voltage of 5.5 V
leading to a transformer ratio of 5 and an equivalent load resistance of 4 (2.
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Table 6.7. Sizing of the comparator

My My Myas Mip Min Moy Moy,

W [um] 6.24 1.17 17.05 2.32 0.60 6.96 1.80
L [um] 0.13 040 026 0.3 0.13 0.13 0.13

The Comparator

The schematic of the comparator for the first-order architecture is shown in
Figure 6.10. From the measurements of the first test chip, one can conclude
that the delay of the comparator needs to be improved such that a limit
cycle frequency of 40 MHz could be met. As a result, the pre-amplifier and
the decision circuit are merged into each other. This is made possible by
inserting the second-order loop filter in front of the comparator, which filters
out possible kickback noise from the switching decision-making circuitry.

By merging the pre-amplifier and the decision-making circuitry, the bias
current could be reduced to 200 pA compared to the comparator used in the
zeroth-order SOPA. All dimensions are given in Table 6.7.

The nand set-reset latch is left out of the architecture as its functionality
is already covered by the non-overlapping switching circuit. This circuit is lo-
cated at the input of the high voltage output buffer, following the comparator
and transforms its output into two differential non-overlapping square wave
signals.

The Integrator

It is known from AXY implementations that the first integrator will set the
overall performance and will thus be the most demanding building block.
Therefore, the choice is made to use an RC-integrator architecture over a gp,-
C architecture. After all, an RC-integrator provides a high linearity for large
input signals in a low voltage technology. A schematic of the integrator was
shown in Figure 6.9. The current of the feedback signal, set by resistor Ro, is
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subtracted from the current of the input signal, set by resistor R;. The result
of this subtraction is then integrated over capacitor C}.

A single-ended RC-integrator is taken for that a fully differential SOPA
architecture would suppress the common mode signal. As such, the self-
oscillation would be damped.

The value of the resistor Ry determines the following parameters:

e The thermal noise at the output. The noise of the integrator will be fully
present at the output. Since this noise is dominated by the thermal noise
(4kTR) of resistor Ry, its value can be 20 kQ for generating 18 nv/v/Hz or
—138 dBm/Hz noise at the output.

e The Gain Bandwidth (GBW). The unity gain of the integrator is given
by:

1
h 27TR1 Cl

Optimal system performance has been found when the GBW is set at
2 MHz. This leads to a capacitance of 4 pF for Cf.

e The linearity of the integrator. A large value of R; results in a low sig-
nal swing at the input of the opamp, leading to a high linearity of the
integrator.

GBW (6.1)

Figure 6.11 shows a circuit schematic of the single ended opamp of the RC-
integrator. The gain is increased by means of the current bleeding transistors
M, and My, [Yao04]. It was found that a bias current of 400 pA together
with a Ry of 20 k€2 provides a sufficient MTPR value for the SOPA line driver.
This leads to the transistor dimensions summarized in Table 6.8.

Fig. 6.11. Circuit schematic of the opamp
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Table 6.8. Transistor dimensions for the integrator

My Mz M3z  Mpias My Ms Ms M7

W [um] 11.46 1.42 0.49 15.98 12.05 8.03 1247 7.81
L [pm] 0.13 0.13 0.13 0.13 026 026 026 0.26

The Loop Filter

A schematic of the loop filter can also be found in Figure 6.9. The filter is
split-up into two parts: a second-order one in the forward path to reduce
kickback noise and a first-order one in the loop to lower the signal swing
at the integrator’s input. The total filter order thus remains three. All filter
components are made up by unsilicided P+ poly resistors and MIM capacitors.

For the filter in the forward path, the structure is the same R-C stage as
in the zeroth-order case. The values for R5 and Rg are respectively 2 k) and
10 k2. C5 and C} are set at 0.4 pF.

The filter in the loop has to lower the signal swing coming from the high
voltage buffer with at least the same factor as the voltage multiplication factor,
namely 5. This is done in two stages. The first is a voltage division set by the
resistive division R3 and R4. The second is a current division set by the
resistors Ry and Ry. R also converts the output voltage of the loop filter
to an output current, necessary for the RC-integrator. R3 and R4 are set at
10 k2 and C5 is set at 0.4 pF. Resistor Ry equals 40 kS2.

6.2.3 Layout Aspects

Figure 6.12 shows the chip photograph of the first-order SOPA. A first look
immediately reveals that almost one half of the area is taken by the output
stacked transistors, as was also the case for the zeroth-order SOPA. The total
area is 2.0 x 4.1 mm?. Again, the majority of the layout effort is situated in the
layout of the high voltage output buffer, which is discussed in Section 5.2.3.
However, some additional aspects need to be mentioned that contribute to
the final layout:

e The outputs of the two single SOPAs are placed at the same side of the die.
In this way, the supply pins are shared between the two high voltage output
buffers, leading to a more compact layout. Moreover, this new orientation
results in a reduction in parasitic resistance of the thick film substrate
used for measurements.

e A careful study of the currents running through the circuit was performed
to optimize the widths of the metal conductor layers.

e As was already the case in the layout of the zeroth-order SOPA, every
building block has its own local decoupling. Every free square micrometer
is filled with MIM decoupling capacitors to lower the contributions of the
supply noise in the output signal.
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6.2.4 Measurements
Measurement Setup

The measurement setup for the realized test chip is the same as the one for
the previous test chips. The supply lines are extensively decoupled on the
ceramic substrate as close to the chip as possible. Bias currents are set by
potentiometers on a PCB. All supply lines and bias currents are sufficiently
decoupled on the PCB as can be seen in Figure 6.13.

The test signals were generated using a Sony Tektronix Arbitrary Wave-
form Generator (AWG430). Time domain measurements were performed with
the Tektronix 7845 oscilloscope. For the spectral measurements, a Hewlett
Packard 3585B spectrum analyzer was used.

No Input

First the response of a single-ended SOPA is measured when no input signal is
applied. The resulting output square wave is shown in Figure 6.14. The limit
cycle frequency of the SOPA is 25 MHz. Again, this limit cycle frequency
is about 15 MHz too low compared to the design specification of 40 MHz.
A peak-to-peak voltage swing of 4.7 V is measured in a 12.5 2 load. This load
is deliberately taken higher than the load of 4 2, necessary for the 100 mW
output power of an aDSL system. The reason is that a single-ended SOPA

2
delivers an output power to the load equal to VmT?/Q, whereas two SOPAs in
a bridge configuration only have to deliver the 100 mW to the load. Since the
output buffer is not dimensioned for such a high output power, the choice
is made to use a higher load resistance for the single-ended measurement to
lower the current densities in the chip.

Fig. 6.13. Photograph of the PCB with the chip, wire bonded on a ceramic substrate
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Fig. 6.14. Time domain measurement of the output square wave of the single-ended
first-order SOPA

xDSL Performance

A MTPR measurement is performed to derive the aDSL2+ specifications. For
these measurements, two SOPAs are connected in a bridge configuration and
a DMT signal, conform the ITU-T Recommendation G.992.5 is applied to
the line driver. The DMT signal consists of 512 tones with a tone spacing of
4.3125 kHz and has a CF of 15 dB. The first 64 tones are left out to form the
upstream signal. An additional 5 tones, 102, 183, 286, 381 and 462 are left
out as antenna tones. The output spectrum is shown in Figure 6.15.

Figure 6.16 is a zoom on the last antenna tone with the highest and most
critical frequency. A MTPR of 58 dB is measured for an average output power
of 100 mW. The total power consumption of the line driver is 237 mW. This
gives an efficiency of 42% for driving a 100 mW aDSL2+ signal with a CF of
5.6 or 15 dB.

To compare the measured efficiency, with the calculated efficiency,
Figure 4.18 has to be recalculated for a switching frequency of 25 MHz. The
result is shown in Figure 6.17. The graph shows a total power loss of about
33 mW for one SOPA with a high voltage output buffer comprised of five
stacked transistors. This results in a total power dissipation of 166 mW, which
represents an efficiency of 60%. One has to keep in mind that this is the max-
imum efficiency of the line driver, delivering 100 mW to the load, with ideal
building blocks, except for the stacked transistors in the high voltage output
stage. The measured efficiency of the complete line driver of 42% is thus a
fairly good result.
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Overview

Table 6.9 summarizes the measurement results and compares them with the
aDSL2+ specifications.
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Table 6.9. Performance summary

Parameter Measured aDSL2+
Technology 130 nm CMOS

Nominal supply voltage 1.2V

Supply voltage 5.5V

Output voltage swing @ 12.5 Q 4.7V

Bandwidth >2.2 MHz 2.2 MHz
Output power 20 dBm 20 dBm
CF 5.6 >5
MTPR 58 dB 55 dB
Total power consumption 237 mW

Efficiency 42%

6.2.5 Discussion of the Results
Comparison with the Present State of the Art

Table 6.10 gives a comparison of the presented high voltage line drivers with
recently published state of the art solutions. The presented line drivers ad-
vance the state of the art for the following reasons:

e The presented line driver [Ser07] is the first driver to meet the aDSL2+
standard designed in low voltage 130 nm CMOS technology. A high voltage
buffer is integrated into the line driver architecture to lower the current
density and to relax the transformer ratio. No extra mask-sets or process



Table 6.10. Comparison with state-of-the-art published solutions

Reference Technology xDSL-Spec. BW MTPR Protal Eff.
This work:
Oth order [Ser05] 1.2V 130 nm CMOS G-Lite 1.1 MHz 42 dB 249 mW  40%
1st order [Ser07] 1.2V 130 nm CMOS aDSL2+  >2.2 MHz 58 dB 23T mW  42%
[Z0j00] 170 V BiCMOS/DMOS ~ G-Lite 500 kHz 63 dB 24W  1.8%
[Laa01] 5V 0.5 pm CMOS G.SHDSL 384 kHz THD=-82dB 307mW 7.2%
[Ben01] 170 V Bipolar G-Lite 1L90W  22%
aDSL 16 MHz 64 dB 265W  3.8%
[Cre01] 15 V Bipolar SOI aDSL 1.1 MHz 68 dB 1.1W 9%
[Pie01] 3.3V 0.35 pum CMOS G-Lite 800 kHz 40 dB 187 mW 23%
[Pie02a] 26 V Bipolar SOI aDSL 1.1 MHz 71 dB 744 mW  13.4%
[Sab02] 26 V Bipolar aDSL 1.1 MHz 75 dB 740 mW  13.5%
[Pie02b] 3.3V 0.35 um CMOS aDSL 56 dB 211 mW 47%
vDSL 8.6 MHz 141 mW 20%
[Mac03] 16 V 0.7 pm BiCMOS aDSL 1.1 MHz 69 dB 610 mW  16.4%
SOI
[Bic03] DNW 2.5/5V 0.25 pm aDSL 1.1 MHz 72 dB 700 mW  14.3%
CMOS
[Moy03] 2.5/5V 0.25/0.5 pm vDSL 12MHz THD=-72dB 900 mW 3%

CMOS
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steps are used to create high voltage devices. This allows for a fully inte-
grated AFE saving cost and area.

None of the recently published line drivers meet the aDSL2+ standard.
[Z0j00, Ben01, Cre01, Pie02a, Sab02, Mac03] use high voltage, non-CMOS
technologies which increases the price of the line driver. [Bic03] is imple-
mented in a deep N-well CMOS technology with a high voltage extension.
[Moy03] uses a combined 0.25/0.5 pm CMOS technology to increase the
supply voltage of the line driver. All these solutions inhibit a low cost,
fully integrated xDSL AFE.

The presented line drivers are more as twice as efficient as the published
solutions up to now. Only [Pie02b] has a comparable efficiency. [Pie02b]
was the first aDSL line driver based on the SOPA principle, which ex-
plains the good efficiency. However, compared to the presented aDSL2+
line driver, the bandwidth is halved and the chip was designed in an older
3.3V 0.35 pum CMOS technology. Whereas the presented line driver has a
supply voltage of 5.5 V in a 1.2 V CMOS technology, [Pie02b] had to use
a larger transformer ratio, which increases the return signal attenuation.
[Laa01] is implemented in a 5 V submicrometer CMOS technology. It only
meets the G.SHDSL standard, which has an about six times lower band-
width. The design profits also from the fact that G.SHDSL uses a CF of
only 3.2 (aDSL and aDSL2+ have a CF of more than five), which explains
the good distortion specifications.

Strong Points

The following enumeration summarizes an interpretation of the most remark-
able measurement results:

The concept of stacking standard CMOS devices to design a high voltage
output buffer works and is usable, even for high-end applications.

If the year of publication is regarded in Table 6.10, one can conclude that
the first published SOPA line driver for aDSL, [Pie02b], was more than
three years ahead of all competition. With the use of a high voltage output
buffer, it is proved that this lead in efficiency is maintained in standard
nanometer CMOS even for more demanding xDSL flavours.

The presented techniques for designing a high voltage tolerant circuit can
also be used for other analog designs in nanometer CMOS that require a
high output voltage.

The different orientation of the two SOPAs on the die, now with the output
buffers facing the same direction, and the optimization of the metal widths
lead to a more compact layout. The chip area of the second test chip is
reduced with 3 mm? compared to the first test chip.
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Possible Improvements

The following aspects could further improve the line driver design:

e A line driver design in a low voltage nanometer CMOS technology is
interesting from a research point of view, to search for the limits of the
technology, but it is not usable for developing a commercial product.
A transformer ratio of 5 results in a too large attenuation of the receive
signal. Therefore, a higher supply voltage is necessary to achieve a trans-
former ratio of 1 or 2. For a transformer ratio of 2, a minimum supply
voltage of 12 V is necessary. With the high voltage techniques developed
in this work, this can be achieved if the presented high voltage output
buffer is designed in a 0.25 pm CMOS technology.

e In the two presented line driver implementations, the limit cycle frequency
was determined by the delay of the comparator and the high voltage output
buffer. A faster comparator should improve the bandwidth of the line
driver, such that it should be possible to comply with the future vDSL2
standard with a bandwidth up to 30 MHz, leading to a fully integrated
multistandard CO line driver in standard CMOS.

6.3 Conclusions

The previous chapter discussed the design and measurements of high voltage
buffers in standard CMOS technologies. As stand-alone versions, the results
are very promising. However, to prove the usefulness of the stacking technique,
such a high voltage buffer needs to be integrated in a circuit for high-end
applications. For that, the high voltage buffer, described in Section 5.2 is
integrated into the SOPA architecture. The SOPA is a highly efficient line
driver for xDSL applications [Pie04], but its linearity and efficiency suffers
from the low supply voltages coming from nanometer technologies as described
in Chapter 4. Two SOPA line drivers were implemented in a 1.2 V 130 nm
standard CMOS technology with a 5.5 V output stage.

A first test chip is designed to serve as a materialization for integrating
a high voltage buffer, using the stacked devices principle, into the SOPA ar-
chitecture. The prototype has a bandwidth up to 1.1 MHz and a MTPR of
42 dB is measured for a DMT signal with a CF of 14 dB. An efficiency of
40% is measured for an average output power of 100 mW. The first test chip
complies with the aDSL G-Lite specifications.

As the first test chip proved the concept of integrating a high voltage
buffer into the SOPA architecture by compliance with the aDSL G-Lite spec-
ifications, the second test chip aimed at full aDSL/aDSL2+ compliance. The
resulting line driver thus has to meet the linearity specifications of the aDSL
standard, which is the most stringent in the xDSL family, at the 2.2 MHz
bandwidth of the aDSL2+ standard. By inserting a continuous time RC-
integrator and by optimizing the dimensions of the high voltage output
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buffer, the measurements of the test chip showed aDSL/aDSL2+ compliance.
A MTPR of 58 dB is reached for a DMT signal with a CF of 15 dB. The total
power dissipation for an average output power of 100 mW is 237 mW. The
efficiency is 42%.

The test chips thus prove that the superior efficiency of the SOPA line
driver can be maintained in a low voltage nanometer mainstream CMOS
technology, thanks to the principle of stacking devices to create a high voltage
output buffer.



7

Conclusions

ODAY, DSL is by far the most popular “Last Mile” broadband access

technology at 65.6% market share. However, with more than 700 million
phone lines installed worldwide, only 5% of those lines are connected to DSL
networks. Therefore, there are still large opportunities for DSL, since the
majority of the world is still “unconnected”. These large opportunities justify
the investments for the quest to increase data-rate and reach of the DSL
network.

7.1 Main Contributions and Achievements

The reuse of the billions of copper wires in the ground for last mile access is a
good choice from a market point of view. Moreover, the advent of the nano-
electronic era resulted in increasing integration densities of VLSI circuits and
low power complex DSP-units. Smart modulation schemes, that can cope with
the lossy telephone wire channel, are now easy to implement in an all-digital
domain. The resulting DMT-modulation has turned the copper wires into gold
by achieving bit-rates close to the Shannon limit.

However, DMT-signals are characterized by a large CF. A typical value
for an aDSL system is 15 dB. This large CF poses serious problems on tra-
ditional power amplifier architectures for xDSL applications in terms of heat
dissipation. The number of lines that can be driven from one line-card in the
CO is, besides the number of components, also limited by the thermal dissi-
pation. Since the line drivers take almost 80% of the total power budget, a
lot of progress can be made by optimizing this building block.

In [Pie04] the Self-Oscillating Power Amplifier (SOPA) is presented as
a highly efficient line driver for xDSL applications. However, in the nano-
electronic era, supply voltages have dropped to nearly 1 V or below. This has
the following consequences on the SOPA line driver design:

e An aDSL system requires an output power of 20 dBm to be put on a 100 €2

line. As the output power is defined as Pyt = V.2, ,/ I, the resistance has
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to be lowered to achieve the same output power. Therefore, a transformer
with a large transformer ratio has to be used as impedance transformation
network to transform the 100 €2 line impedance to a resistor R.

e A large transformer ratio results in a huge attenuation of the received sig-
nal. Therefore, applying very stringent noise specifications on the building
blocks in the receive circuit.

o A large transformer ratio also results in an up-transformation of the noise,
generated in the transmit path of the modem. The linearity, or maximum
achievable MTPR, on the line, will thus be limited by the noise of the
building blocks in the transmit circuit.

e A consequence of driving a small resistance is the high current density
in the chip. Switching large currents will reduce the efficiency of the line
driver. Voltage drops over small parasitic resistors, like the on-resistance of
a switch, become more important as they lower the output voltage swing.
Moreover, these large currents will also affect the reliability of the line
driver. One has to take hot carrier and electro-migration effects into ac-
count.

These issues can be circumvented by integrating a high voltage output
buffer into the SOPA architecture. One way to design a high voltage buffer is
to make use of specialized high voltage technologies. However, the integration
of these customized technologies comes at an extra cost. Extra mask sets and
process steps are needed in a standard CMOS technology for creating high
voltage devices. In a nanometer CMOS technology, the cost of the mask set
increases exponentially when migrating the technology to the next node.

In this work, the choice is made for designing a high voltage output stage
in a mainstream CMOS technology. It is the only solution for a fully integrated
low cost xDSL modem AFE. By stacking standard CMOS transistors, higher
voltages than the nominal supply voltage of the technology can be tolerated.
In Chapter 4 a comparison is made between the design of a high voltage
output stage in a low voltage CMOS technology and an implementation in a
CMOS technology from a previous generation with a higher nominal supply
voltage. It is demonstrated that a high voltage output buffer, implemented in
a standard low voltage CMOS technology shows no performance degradation
compared to an implementation in a technology with a higher nominal supply
voltage. It is shown that an implementation with low voltage devices is even
more efficient.

In Chapter 5, the theory of the stacking principle is proven with two real-
ized high voltage output buffers. The first test chip is designed in a standard
2.5V 0.25 pm CMOS technology. With only three stacked transistors a supply
voltage of 7.5 V could be tolerated without reliability degradation. An out-
put swing of 6.46 V at a frequency of 10 MHz is measured over a 50 €2 load.
With the second test chip, designed in a 1.2 V 130 nm CMOS technolgy, the
boundaries of the stacking principle are further explored. With five stacked
transistors, a supply voltage of 5.5V can be reliably tolerated. An output
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Table 7.1. Performance summary of the two implemented SOPA line drivers

Parameter 0th order SOPA 1st order SOPA xDSL specification
Technology 130 nm CMOS 130 nm CMOS

Supply voltage 1.2V 1.2V

High supply voltage 5.5V 55V

Area 11.2 mm? 8.2 mm?

Bandwidth 1.1 MHz 2.2 MHz 500 kHz (G-Lite)

1.1 MHz (aDSL)
2.2 MHz (aDSL2+)

Mean switch. freq. 35 MHz 25 MHz
MTPR 42 dB 58 dB 34 dB (G-Lite)
55 dB (aDSL2+)
Output power 20 dBm 20 dBm 16.3 dBm(G-Lite)
20 dBm (aDSL2+)
Efficiency 40% 42%
Crest factor 5.0 5.6 >5

swing of 4.2 V at a frequency of 40 MHz is measured over a 4 2 load with an
efficiency of 79%.

In a next step, the 5.5V output buffer, based on the stacking principle,
is integrated into the SOPA architecture. Two test chips are realized in a
mainstream 1.2 V 130 nm CMOS technology. Table 7.1 summarizes the most
important design parameters of the implemented line drivers, together with
the related xDSL specifications. The zeroth-order SOPA complies with the
aDSL G-Lite standard. The first-order implementation complies with the very
demanding specifications of an aDSL2+ system. Both prototypes have power
efficiencies around 40% for driving DMT-modulated aDSL-signals with a CF
of 15 dB. The test chips prove that the superior efficiency of the SOPA line
driver can be maintained in a low voltage mainstream nanometer CMOS tech-
nology, without any performance degradation. It is thus demonstrated that
the principle of stacking devices, for designing high voltage circuits, works and
is usable even for high-end applications.

The presented research can be seen as a major breakthrough in the design
of xDSL line drivers in mainstream CMOS. The combination of the highly
efficient SOPA line driver together with the research performed in this work
towards high voltage circuits in standard CMOS leads to a high voltage, highly
efficient aDSL2+ CO line driver in nanometer CMOS. The resulting pro-
totypes proved the feasibility of fully integrated xDSL modems in low cost
CMOS technologies.
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