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Abstract

The mixed-9gnd and andog desgn on a pre-diffused aray is a chdlenging task,
given that the digitd aray is a liner marix arangement of minimum-length transstors. To
surmount this drawback a specific discipline for designing andog circuits over such aray is
required. An important novel technique proposed is the use of TAT (Trapezoidd Associations
of Trangstors) composite trangstors on the semi-custom Sea- Of-Transstors (SOT) array. The
andyss and advantages of TAT arangement are extensvely andyzed and demondrated, with
samulaion and measurement comparisons to equivdent single tranggors. Basc andog cdls
were dso desgned as wdl in full-cusom and TAT versons in 1.0mm and 0.5mm digitd
CMOS technologies. Mogt of the circuits were prototyped in full-cusom and TAT-based on
pre-diffused SOT arays. An innovative demondration of the TAT technique is shown with
the design and implementation of a mixed-signd andog system, i. e, a fully differentid 2"
order Sigma-Ddta Andog-to-Digitd (A/D) modulator, fabricated in both full-cusom and
SOT aray methodologies in 0.5mm CMOS technology from MOSIS foundry. Three test-chips
were designed and fabricated in 0.5nm. Two of them are IC chips containing the full-custom
and SOT array versions of a 2"%-Order Sigma-Delta A/D modulator. The third IC contains a
transstors-dructure (TAT and single) and andog cels placed sde-by-side, block components
(Comparator and Folded- cascode OTA) of the Sigma- Delta modulator.

Keywords: VLS, CMOS andog design, Physcd implementation, SOT aray, TAT
trangstors, Andog cdls, Sgma- Delta converters.
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1 Introduction

1.1 Motivation

The perspectives of increasng demand for sophigticated eectronic products have
created higher competition in the maket. As the reault, indudtries are permanently
incorporating advanced characterigtics in their products. Since the invention of Integrated
Circuits (IC's) hundreds of thousands of miniaturized equipments and machines were
desgned, which Hill are getting increesingly advanced thanks to the VLS (Very Large-Scale
Integration) and ULSl (Ultra Large-Scde Integration) technologies. Moreover, providing
advantages in cod, reiability and peformance to the sysem, as the degree of integration

increases.

The wirdess communication equipments ae everywhere [ALI94], [COU94],
[YAM9] and became now an important part of our lives. The use of battery-driven mobile
equipment with communication functions has expanded rapidly in recent years as cdlular
telephones, persond digitd assstants (PDA’S), and laptop and pamtop computers are widdy
used. Such devices have heped to edablish an “anytime, anywhere, and with anyone’
communication gyle, and have driven the diffuson of multimedia sarvices throughout

modern society.

From process to high-level design CAD tools and techniques, digitd area is advancing
rapidly at constantly decreasing cost. There is a number of advanced digitd CAD (Computer-
Aided Dedgn) tools avalable for countless applications. Digitd technologies ae largely
avalable on dozens of foundries a very low cost. Larger and more complex systems are
integrated into smdl dglicon aea a higher speed, lower power and higher rdiahility.
Neverthdess, the design time turn-around from specification to the product is critica and
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essential to the indudtries survivad, since consumers and their competitors still are daming
high qudity and advanced products.

Contrarily to the digital counterpart, andog design is dmogt “the art of hand-made”. It
canot use the same digitd desgn tools and methods. Andog CAD tools and specid
technologies are 4ill codly and there is a lack of good and readily available MOSFET
modds. In any communicetion systems, there are embedded andog circuits as front-end of the
whole system, interfacing digitd and andog world. In a competitive market, time is the key to
success. Nonethdless, the bottleneck of modern eectronic products is the analog desgn.
Today, mogt digita systems design time for systems with about 100K gates takes about few
weeks. On the other hand, andog systems with around 100 transstors can take months of

design time to converge to an acceptable performance.

Another mgor and essentia concern for battery-driven mobile equipment is the power
consumption due to battery lifetime, weight and compactness. The heat generated indde an IC
is unwanted and must be controlled and minimized, even for non-portable systems. For digita
sysems, there is a good body of research, many techniques and desgn methodologies to
reduce the power consumption. There ae different abdraction levels for desgn
methodologies thet must be conddered, such as sysem, functiond, architecturd, logic,
eectricd and layout levds The man techniques are the reduction of circuit activity,
operating frequency, switching capacitances and supply voltages. Contrary to digita designs,
for which decreasng the power supply (Vpp) voltage contributes to power consumption
reduction, lowering Vpp is not beneficia to anadog performance. Lower supply voltages for
the andog circuits do not mean less power consumption; on the contrary, it causes severd
problems, such as: Sgnal-to-noise ratio and performance degradations [V1T94a], [ENZ96h).

It is a commonly accepted view that the role of andog in future VLS drcuits and
sysems will be confined to that of an interface. Thet is, the very thin “andog shdl” between
the fully andog outer world and the fully digitd core of the growing sgnd processng in
wirdess communications. The man advantage of dl-digitd computation is its chegp and
potentidly unlimited precison and dynamic range, due to the systematic regeneration of the
binary states at every processing step.

As dready pointed out, other advantages are the cheap and easy design and test of the
circuits. Digital circuits are desgned by computer scientists working with advanced synthesis
tools to implement specific or programmable dgorithms. Therefore, the task of andog
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designers will be essentialy concentrated on developing good performance interfaces. The
god for this inteface is to trandae as ealy as possble dl information into numbers (with
increesing demand on precison and with higher level of exposure to digitd noise in the chip
environment) and to bring the results of the dl-digita computations back to the analog world.

The research work in the author's Master thesis [CHO94] was on this andog-digita
border, where the desgn and a comparative analyss of the A/D (andog-to-digital) converters
were performed, searching for the one with the better performance. In this process, severd
andog circuits have been desgned and vdidated by dectricd level smulaions. A number of
Sgma-Delta A/D modulator architectures have dso been desgned and investigated as well,
dueto ther practical importance.

Furthermore, dectronic industries can use pre-diffused gae arrays a least for the
ASICs (Application-Specific Integrated Circuit) systems with the purpose of decreasng
desgn and fabrication turnaround time, from specification to the product. Advantages of
usng semi-custom design gpproach are that it dlows high level of design abdraction, holding
back the steps of layout design time, offering high qudity and performance a very low cog,
ghort time-to-market and short prototyping time. The codt, peformance and design time are
adso the main concerns for anadog sysems. Using the advantages of semi-custom in the anadog
design seems to be worthy of study. On the other hand, pre-diffused semi-custom arrays are
not appropriate for analog gpplications. A fair amount of research was developed, but none of
them was able to address al the designers needs, and the industry and market requirements.

In this context, a rapid response from industries and universities and new chip design
methodologies are required. The univerdties are not respondble only for human resources
development, but need dso to work in partnership with indudtries to offer innovative products

and nove design techniques and tools.
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1.2 Objective

The objective of this work is to present an innovative principle, which is goplicable to
andog desgns on semi-custom arays in a deeply scded digitad CMOS technologies. A
paticular building block — a Trapezoidd Associaion of Tranggors (TAT) of minimum-
length — is proposed to leverage the benefits of good andog performance by using digitd,
uniformly Szed, unit trangstors on the Sea-of-Trangistors (SOT) array [AIT96b], [CHO994],
[CHO99], [CHO20004]. This work compares two different strategies. fully customized place
& route of trangstors versus a semi-custom layout drategy of regularly placed (linear matrix)
trandgtors. The latter are used to desgn the andog modules using the so-cdled trapezoida
association of trandgstors. The focus is a design case study, which can be handy to a wide
range of analog and mixed-sgna systems.

The problem of desgning andog building blocks — current mirrors, comparators,
commonsource amplifiers and operationd transconductance amplifie's — in a SOT digitd
aray is addressed in this work. Moreover, this work goes as far as exemplifying and
compaing implementations of the OTAs and Sigma-Ddta modulators, which may find many
gpplications in andog/digital interfaces. The gpproach demondrated herein deds with the
issues of poor andog peformance of digita technology, minimum-L trandstors. The layout
step of this gpproach is regular, can be more automated, and more insengtive to the greater
datigtical variations present in any fabrication process. Additiondly, power consumption is a
concern. The difficulties involving low voltage operaion of andog circuits are tackled
indirectly. The ways out and the suitability of SOT aray to ded with low-voltage
applications, aming adaptability to the desp sub-micron technologies are the focus of the
TAT technique.

The idea of the TAT technique can be extended to any desgn or application that
requires an acceptable level of andog performance ingtead of the best performance (in current
sources, voltage references, comparators, amplifiers, etc) in a mixed-9gnd environment, for
which digitd CMOS technology is unavoidably the implementation dternative.

This text begins with a discusson of severd problems aise in with andog semi-
custom designs and power consumption in the modern ASIC sysems. The principle of TAT
trangdor is extensvely invedtigaled and contrased to its equivdent single transdor,
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supported by dectricd smulations and experimental measurements carried out in a number of
test-chip samples.

The same procedure and analyss are aso carried out for commonsource amplifier,
comparator and OTA (Operational Transconductance Amplifier) to show the applicability and
advantages of usng TAT tranadors. As a find point, a mixed-9gnd sysem implemented in
both methodologies, full-cusom and SOT aray, is proposed and investigated. This A/D
sydgem is pat of multi-standard Second-order Sigma-Deta modulator for wirdess

communication systems as described in chapter 6.

The conclusons are supported by both smulations and dlicon data, measured in
glicon for al building blocks addressed. Severa test vehicles, comprised of chips in both
1.0mm and 0.5mm digitd CMOS, were fabricated. Experimentd tests that provide severd
comparisons of SOT aray methodology versus Full-cusom methodology were extensively
done. It is worth to point out that, among others MOSFET models (JCUN96], [GAL96],
[JES95]), TAT modding and andyss herein assessed is based on the EKV modd [ENZ89].
All dectricd amulation results are done in the HSpice dectrica smulator.

1.3 Text Organization

In chapter 2, the topics of this work are presented and put in prospective. The
datement of the problem, regading andog and mixed desgn on semi-custom arrays, is
presented. Moreover, why it should be solved and references to and comments upon relevant
research by other authors on the same or smilar problems are addressed. The proposed idess,
solutions and experiments contributed by this work follow in chapter 2.

In chapter 3 the SOT aray is quickly reviewed. The TAT technique is introduced and,
aming its better understanding, first a trgpezoidd FET is briefly described. Then, in chapter
4, the TAT trandstor aray is extendvely evduated, invedigated and experimentaly
compared in the same chip to the equivdent sngle transstors, supported by dectrica

smuldions and measurements, accomplished in transstor structures designed into test-chips.
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Lage (DC) and smdl (AC) dgnd modeing and noise performance invedigations are adso

carried out.

The chepter 5 is dedicated to basic andog cels and circuits design, as wel as
presenting eectricd smulations and messurements, usng TAT trandstors on SOT aray
compared to their equivaent full-custom implementation.

In chapter 6 the design of a system by means of the previous technique is put forward.
A 2"-order Sgma-Delta andog-to-digita converter on SOT digital array with the purpose of
vdidating TAT technique is implemented and experimentaly tested usng semi-custom array
methodology.
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2 Discussion of Analog Semi-Custom Design | ssues and Solutions

This chapter focuses on discussing the problems involved in the fidd of andog design
and drcuit implementation on pre-diffused digitd gate arays, which motivated this work.
Ideas and solutions are proposed that challenge many andog VLSl designers.

2.1 TheProblems

In the last decades, CMOS technology was extensvely used and spread over the world
by its wel-known advantages in cost, performance and low power operation. The reasons for
its dominance are its robusiness and high densty. Nowadays, portable and wirdess system
equipments are pervasve and are becoming a mgor trend in the market by their importance to
the modern society. Wirdess communication sysems are driving dectronic indudtries to
develop high qudity products. Consequently, extra functions ae required and merging
sarvices is a necessty. For example cdlular phones, GPS, video-conference, internet access,
agenda, and gmilar functions on a dngle device. This trend is pushing research towards
VLS/ULS technologies since cost and power consumption becomes an essentid design
target because of portability and short battery lifetime. Industries must put forward not only
higher quality products but bring them fast into competitive markets.

To facilitae faster VLS/ULS integated circuits design, indudtries are usng pre-
diffused arrays, such as gate arays, SOGs (Sea-Of-Gates), SOTs and FPGAs (Field
Programmable Gate Array), which are good dternative to decrease the design turn-around
time and prototyping time. The semi-custom arrays are a good compromise/trade-off between
design time and peformance. Fidd programmable andog arays are Hill very limited in scope
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and performance, so that mask-programmable SOT s the best option for high degree of digita
integration. The speed and dglicon aea is often smdler and larger, respectively, than its
equivdent full-custom verson. The design proceeds modily a a high level of abdraction and
the remaning steps ae automated (patitioning, placement and routing), usng pre-defined
cdlsand IP (Intellectua Property) blocks from the pre-defined libraries.

High packing density in large VLS ICs is dso a man concern. There is the enormous
power consumption per unit area, where the heat generated may not be a negligible factor. An
efficent way to reduce power consumption in digitd circuits is by decreasing supply voltage
(Vop) [CHA92], [SHI93], [LIU93], [RABY4], [PIG95], [RAB96]. The reason is that the
average power consumption in digitd-only systems is directly proportiona to the square of
Vpp. However, the overdl sysem peformance (gates delay, clocking frequency, etc)
decreases, which can be minimized by introducing more padldisn and/or modifying
technology process and optimizing the operation at lower Vpp [MAC96]. Lowering Vpp is
necessary to keep dectricd fidd condant a the oxide gate in the technology scaling
[TAU97]. Traditiondly, CMOS technology has been known to be rdativdy dow and to
consume very low power. Nowadays, this has changed: degp sub-micron CMOS is no longer
a dow technology. Unfortunately, the power consumption in complex systems like
miCroprocessors is goproaching highest unacceptable levels.

The advantages of digitd sgnd processing are dso wel known, however the world is
andog and front-end communication interfaces, between the red world and digitd
environment, ae dill greatly required. These intefaces frequently require basic building
blocks known as andog cdls or systems, which are the main component blocks for the
Andog-to-Digitdl and Digita-to-Analog converters (ADC and DAC). However, available
digital technologies are not wel appropriate for analog agpplications, and specidized andog
technologies are il codtly dternative and mixing andog-digitd circuits can be prohibitive.

A number of peformance issues arise when implementing an andog circuit in the
technology and environment thet is traditionaly dedicated to digitd applications. The noise,
DC and AC peformances of MOSFETs are poor compared to bipolar devices. Mixed-sgnd
or analog-digitd systems placed Sde-by-sde on the same slicon suffer from crosstalks and
increased switching noise levels. In addition, MOSFET models from the digitd CMOS
foundries do not reflect red behavior of these devices. Even in dedicated andlog process,
andog desgn is not draghtforward. The desgn difficulty increases in the digitd technology
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environment. Andog IC design demands careful physicd design, better device modding and
new design techniques. It demands improvements on CAD tools that reflect more accurately
the linear and non-linear behavior of the devices, accounting aso for RF effects. Hence, the
same digita rules can not be gpplied to andog circuits.

In andog circuits, power peformance is manly dictated by the expected signa-to-
noise ratio (SNR) and operating frequency [VIT94al, [MAT94]. Consequently, for mixed-
sgnd sysems, as supply voltages (Vpp) of the digita part are required to be reduced, the
andog pat must dso operate a lower Vpp for device rdiability due to technology scding.
This is a severe congraint for power consumption, AC and noise performance. As IC process
geometries continue to scde down, supply voltages must often follow to ensure reliaddle
device operation. Unfortunatedly, as the supply voltage is reduced, the threshold voltage does
not necessxrily scde proportiondly. In fact, some sub-micron processes have threshold
voltages as high as 0.8V. With such high threshold voltages, it is difficult to desgn high
performance analog circuits, such as cascaded amplifiers usng this sandard high-V+ CMOS
technology.

While digitd drcuits can teke full advantage of shorter device lengths in modern
CMOS technologies, low noise andog circuits are usudly condrained by short channel effects
and Uf noise effects [MIK82], [REI84], [TSI88]. These effects often impose the design of
MOSFETs with gate lengths much longer than the minimum desgn dimenson dlowed by the
specific technology. Digitd circuits, by nature, do not suffer sgnificantly under low voltage
conditions and can peform ther functions with dight modifications, while low voltage anaog
techniques are much different from design techniques of andog cdls tha operate with a
relatively high supply voltage (those in which Vpp is 5 to 20 times larger than the trangstor
threshold voltages).

In a digitd desgn, lowering the supply voltage will aways imply low power
consumption whereas in andog design it not aways represent a power reduction, for the same
SNR specified for the andog block. This is because lowering the supply may or may not
reduce power depending on whether certain design changes are made to maintain or restore
the andog peformance a acceptable levels. In many of the exising low voltage design
drategies, such design changes are often made to the DC part of the circuit and this may lead
to larger power consumption than it is origindly anticipated.
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In the technology scding, the supply voltage is scaed by the scding factor k (k>1), the
transconductance and capacitances are multiple of k? [VIT94b]. The signd-to-noise ratio
(SNR) and the gain-bandwidth product (GBW) do not change because SNR is directly
proportiona to the square of supply voltage and to the capacitance, and GBW is directly
proportional to the transconductance and inversely proportiona to the capacitance. The result
is tha the SNR and GBW ae to fird order, unchanged in the technology scding.
Nonetheless, power consumption is increased k times because the totad current is increased k®
timesin order to maintain the SNR and GBW.

Another issue is the robustness of the andog circuits. Depending on the applicaion
and necessty, hundreds of thousand or millions of IC's are fabricated and ill are very
difficult to guarantee nonfalure or to predict percentage of falures. In digital systems, there
are severd ways and techniques to test the IC's that can be performed a a pre-design (Design
For Tedtability — DFT) and at pos-febrication (ex. ATE — Automatic Test Equipment, etc...)
[ABR90]. These tet-sysems are well suited for digitd sysems and currently there is a
concern and severd techniques for analog systems. The testing procedure concept for anaog
is the same from digitd sysems, regardless tha in andog circuits there is a diginction
between teding functiondity and testing for characterization. As dl these testing techniques
require additional block-testing and/or test procedures after fabrication, the find cogt is dill
high and performance degradation can take place in andlog systems.

In order to guarantee high functiond yidd in the production and high rdiability of
andog integrated circuits, the design of such circuits must be robust with respect to random
process and device parameter variaions. This is particularly true when andog and mixed
andog-digital VLSl circuits operate from a low supply voltage (3V and bdow) [HUI8Y],
[SAK96], . Since random variations do not scae down with feature size or supply voltage, the
need for robust analog desgn is higher as scding proceeds. Therefore, such variations could
ultimately be a limiting factor on how low with the supply voltage can be operated in andog

design and how reliable sub-micron designs could be.

The reasons stated above bring more rigorous design requiremerts to the designers and
force andog desgners to recondder and redesgn existing andog circuits. This should result
in the development of innovative low voltage and/or low power and/or new anaog design

methodology.
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2.2 The Semi-Custom M ethodology

The fabrication of ICs is a long and costly process. It typicdly involves over 1,000
eementary steps, of which between 10 and 20 are associated with a photolithographic mask.
To produce and sl circuits a an acceptable price, IC producers have long relied on a high
level of gtandardization. Indeed, by making circuits that meet the needs of large markets (such
as microprocessors, memories, pre-fabricated arrays like FPGAs, standard 1/0 interfaces, etc),

industries have been able to produce mass quantities and hence lower prices.

However, the demand for ASICs has been growing for many years. Since these circuits
are to be produced in smdl or medium quantity, their prices are potentidly higher than that of
sandard circuits. The concept of semi-custom fabrication has been developed to overcome
this problem. The man advantages of a semi-custom design methodology are the cost-
effectiveness and the shorter fabrication time (turn-around time). IC production cost can be
divided in two pats. First, the cost of the masks is shared among dl customers and
applications. Second, the gate array (wafer processed up to post-polisilicon oxide depostion)
is produced in large quantities and the per-unit cost is lowered.

Since metalization seps are the same as equivalent seps in a full-custom process, no
cost reduction can be expected during the custom phase. Neverthdess, the cost of a process
can be roughly estimated by the number of masks involved. Under this condition, it is clear
that the cost of a semi-custom process (few metdlization masks) is lower than the cogt of a
ful-custom process (severd masks). Engineering costs are not dependent on the process
nature, but rather on the level of expertise of the designer, the specifications, and the qudity
of avalable CAD tools and designs methodologies. The common desgn methodology used on
semi-cusom arays is a cdl-based design, smilar to standard cells. The cost in both cases is
the same, and much lower than those in full-custom designs.

The turn-around time is dragticaly reduced because the gate arrays are produced in
advance and are stored ready to be fabricated. The time needed for making the metdlization
masks and processing the corresponding fabrication steps. Moreover, metalization step is on
the average faster to process then standard steps because they do not require any diffuson or
anneding. Only oxide or auminum depostion and associated photolithography, etching and
planarization by CMP ae the required fabrication seps. Typicdly, dthough ful-custom
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fabrication requires several weeks, a semi-custom process may take few days. This advantage
can be decisve in goplications where time-to-market is crucid for commercid success or just
for prototyping.

Semi-custom gate arays have ill three other important advantages. Firdt, a cell-based
desgn methodology guarantees a greater degree of independence from the underlying
process. In fact, when a new technology generdation is introduced, most of the maintenance
work is done by the cdl library desgner, usudly the array manufecturer itsdlf, to update the
library (modds and layout). Scading of the cells can be automated and designer’s schematics
do not need to be modified [REA84]. Second, since gate arays are produced in large
quantities, they can be produced in large batch runs, dlowing a better control over process
characteristics and a better regularity in circuit parameters. Lagtly, for foundries that produce
ful-cusom as well as semi-custom circuits, gate array production can fill some @ps between

full-custom processes, thus increasing the productivity of the foundry [DUC91].

Usng cdl libraries instead of desgning a the transgtor level has advantages and
disadvantages. Among the advantages, it is worthy emphasizing that:

eases the desgner from problems associated with working at the lowest level of the
desgn;

eases the designer from dedling with process and technology dependent details, such
asdesign rules, eectrica behavior, ec...;

provides some technology and process independence, since technology-dependent
parameters are kept in the library (layout, models) and are not directly visble to the
library user. If a customer wishes to move to a new process generation, he smply
needs to select a new library and to re-smulate the design. In most cases, no changes
are needed in the schematics.

Nonethdess, there are limitations in this type of methodology, which are the limitation
in dedgn flexibility, aea increese and limitation in desgn complexity, reduction in
performance and limitation in the volume of production. Moreover, the designer has no access
to the individud trandgor, functiond possbilities are redricted to the functions offered by
the cdl libray and findly, cdl libray devedopment and maintenance represent important
costs to the foundry.
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The gate array contains devices whose place, size and shape are pre-determined and
cannot be changed. This strongly limits the degree of freedom of the designer, who can only
choose how those devices are interconnected. This limitation is obvioudy implied by the
smi-cusom naure of the drcuit. The second limitation comes from the cell-based
methodology. When constrained to work with a cell library, the desgner has no access to the
individuad device, but only to an upper levd. The man consequence is that some functions
can amply not be redized (such as andog drcuits), or must be redized with exising cell
libraries, not necessarily suited to the designer’s needs (which may include memories, pardle
multipliers, etc).

Due to some reasons, a given function normadly requires more devices in a semi-
cugtom desgn then in full-cusom. Additiondly, in dasscd semi-cusom methodologies,
channds (area without any functiona transstor use) are used for routing the comections.
Circuit area is thus larger. This contributes to an increase of production costs, and lowers the
yidd. For tha reason, the complexity that semi-cusom methodologies can handle is
gonificatly smdler then for full-cusom. The lack of device szing ds0 has a ggnificant

impact on circuit performance (power consumption, speed).

Usudly, dl tranggors have the same Sze in the semi-cusom aray. As the result,
optimizetion — such as increasng the gze of trandgors that drive high currents and reducing
others — is not possble or is limited to the assemblage of severd trandstors in pardld in order
to increese their sze. Neverthdess, even this is not posshble if cdl libraies ae used.
Furthermore, the higher area implies that connection wires are, on the average, longer than in
ful-custom. Obvioudy, associated parastic capecitances are higher as wdl, and this agan

contributes to reducing performance.

Due to these limitations, the faorication of very large quantities of semi-custom
areuits is economicaly unjudified. Thus, semi-custom arays are restricted to low- or
mediumvolume production of moderate high performance and complexity digitd circuits.
However, the latest advancement in process technology and the dramatic progress made in
aray architectures and CAD tools are moving the limit of technica and economica choices to

the advantage of semi-custom arrays.

The usud desgn flow of a digitd semi-custom circuit initiates with schematic capture
and gmuldion, the cusomer sends the netlis to the factory. It is usudly the role of the
manufacturer to run the placement and routing tools and generate the complete layout of the
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metalization seps. Optiondly, he can feed back a netlig annotated with paragtic eements
due to the physcad redization of interconnections (capacitance and resstance). The customer
may then re-smulate the annotaied netlist to check if drcuit specifications are Hill met. The
schematics can be changed if necessary. If the design is accepted, the factory then produces
the masks and metdlization of the array. Testing may be at the factory or by the customer.

2.3 Analog Design on Semi-Custom Array

Anaog circuits must be consdered gpart, for the reason that they have fundamentdly
different requirements than digitd drcuits nonminimum dze trangdors, resstances and
cgpacitances may need paticular desgn, etc. Consequently, digital semi-custom arrays
usudly do not support andog circuits. However, the demands exis. Physica phenomena are
andog in nature, and snce ASICs are frequently used in peripherds and in interface circuits,
system designers are faced with analog signals.

A number of previous works [HASS8], [DUC89], [DUC93], [DONY], [HAA9G]
demonstrated severd techniques to overcome andog semi-custom design. In order to dlow
implementation of anadlog drcuits in digita pre-diffused arays a number of solutions have
been proposed such as. pure andog aray; digita aray with embedded andog circuits, digita
array with embedded anaog core; and andog circuits redized on a digital gate array.

Ful andog arays ae usudly implemented in bipolar technology. They contan
bipolar devices, diodes, resstors and capacitances. Unfortunatedly, the complexity is limited
and mixed andog-digital processing is not achievable A second solution is to include
sandard analog circuits on a digitd aray, for example OTA, comparator, oscillator, A/D or
D/A converter. This is the trandation to the andog world of the embedded arrays found on
digtd gae arays. It suffers from the same previous advantages and limitations. The main
drawback can be the peformance unsuitability of pre-diffused circuits to the needs of a
paticular gpplication. For example, if the circuit goplication requires a low-noise, low-offset
operationd amplifier, while the avalable embedded amplifier is a fag but noisy one the
goplicability of analog circuits on the semi-custom array may not be acceptable.
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Some companies have proposed a more genera solution, where the gate array contains
two cores. One dedicated to analog applications, while the other is a conventiond digitd gate
aray. The andog core contains devices suited to analog requirements — norn-minimum length
MOS trangstors, bipolar transstors, resstances, and capacitors — and the layout desgn
finished by the usud metdlization step. Of course, this is more suitable to BICMOS (Bipolar
CMOS) technologies.

While dl these gate arrays may provide adequate performance for anadlog applications,
due to ther high cost and mixing andog-digitd in the same piece of dlicon, they are not the
most cost effective. A conventiond digitd semi-cusom can be used for andog
implementation advantageoudy in comparison to the previous solutions, and to investigate

this dternative this Ph.D. work was carried out.

2.4 Theldeas and Solutions

For convenience, repedting and emphaszing the characteristics of semi-custom design
gpproach, the advantages of the pre-diffused gate array methodologies are wdl known. It
dlows fagt sysem prototyping, as the front-end process steps are fabricated well ahead of the
prototyping phase. Currently, the sysem peformance in gate arays is following the
performance envelope of full-custom methodology. Its lowest cost combined with fast design
turn-around time made gate arrays a viable implementation choice since the early 1980's.

In many IC dedgns specidly for digita drcuits, problems such as trandstor Szing
and layout design (postioning and routing) are abstracted, leaving the IC design performed at
sysem leve. It leads to the design automation and to the pre-defined and characterized cels
and gates, accessible in libraries. Additionaly, as the technology scales down to deep sub-
micron features, below 0.1mm, the down scdability and reusability (reusable IP's) of the cdls,
gates and systems are indispensable feature and strongly required for design cost trimming.

The array itsdf and cellggates library can be fast and easly upgraded (or downscaled)
to the new technology, thet is, the technology is aso abdracted from a system level design or
leaving it to the precharacterization phase. Such tasks adso can be accomplished
automatically with the technology mepping. Moreover, layout is not peformed manudly, i.
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e, it is dso automated and only the metdlization steps are needed. The problems involved in
the low levd (speed, delay, Szing, etc) ae left to the dl pre-characterization. This task is
done prior to the design itsdf. Any cels and gates are dready designed and characterized.
Hence, a priori, dl cdldgates are available and known to be rdiable. Furthermore, fast and
easy technology migration is another foremost advantage, dlowing that dl library and arays
are ready to be reused in the new technology.

Now visudize, for indance, andog and mixed-g9gnd circuits workability and
achievability in the pre-diffused gate aray ae true, with dl the previous features and
advantages. The implementation of an andog crcuit on semi-cutom gate arays is
enormoudy facilitated. Andog desgn time is quite shortened and a large amount of layout
desgn sep is automated, pre-fabricated and dored. Additiondly, technology is essly
upgradeable, IC's rapidly prototyped, andog cdlg/subcircuits are fredy accessed in libraries
dready exigent and largely avallable digitd CAD tools can be used for analog design.

Moreover, the matching is reasonably improved since sea-of-gates aray is physcaly
aranged by unitary trangstors over linear matrix, naturdly leading to the possbility of
employment of the gpecific layout maiching technique that is largdy egpplied in andog
layouts. The interdigitizing technique can be mostly employed [ALE97], [ISM94], [TS96],
which is dso a common-centroid geometry technique — large pars of trandstors are
partitioned into severa fingers and interdigitized, which improves the matching. As wel as it
minimizes paradtic capacitances, resstances and lateral reverse diode effect [GRO67] by
reducing source and drain area/perimeter and sharing drain-source terminas.

In the previous section the importance of robustness of andog circuit desgns was
pointed out, in view of random process and device parameter variations. In fact, currently this
feature is dso an important design concern and due to the higher ratio performance/cost of the
testability techniques, robust design becomes a quite good dternative. As semi-custom gate
aray has wel known problems due to the minimum geometry of trandstor and, since
naurdly the trangstors are partitioned, the robustness is relatively improved and better than
in a full-cusom methodology. All poor parameters can be extracted and characterized prior to
the design itsalf and can be avoided and/or minimized before fabrication.

Evidently, al these features are, in theory, idedly perfect. Some characterigtics are not
feasble. For example, trangstor Szing is gill required by the designer and IP reusability and
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technology downscaing are not draightforward, in contrast to the digital counterpart, and a
more difficult technology migration isrequired.

There is a need for research work to improve and to develop new techniques to be
employed and included into exiding technologies One of them is the pre-diffused semi-
cusom SOT methodology, which is very appropriate for digitd ASIC sysems. The SOT
aray is an arangement of unitary digitd trandgstors over an active region in a linear matrix
style (described in chapter 3).

This dyle of semi-custom desgn methodology is cheap and dlows fast IC fabrication
since dl of trandgtors are pre-defined, -characterized and set regularly on a linear array. Just a
metalization process is later required to terminate the IC fabrication. As the SOT aray is
composed by tranggtors with minimum channe length, it can not be gpplied directly in anaog
gpplications, unless a specid technique is exploited. Whether an andog system is feasble to
be implemented in a semi-custom aray, dl advantages described previoudy will be helpful
and vduable for the andog-digita gpplications. It is a good dternative of combining andog
and digitd sysems Sde-by-sde on a same piece of dlicon, that leads to mixed-sgnd sysem
integration in asame chip.

Once possible, there are numerous returns. For example: rapid prototyping, low cost,
scalability and easy technology migration. The main return of andog SOT arays are the fast
design time turn-around, that is the time from specification to the IC prototype is consderably
reduced. Andog semi-custom SOT gpproach dlows the utilization of ordinay digitd
technologies, snce it is largdy avaldble in any foundry a& vey low cost. The man
disadvantage is that digital technology is not wel suited for andog circuits and it gets worse
in an environmet traditiondly for digitd applicstions The maching of the transgtor
modding and the red behavior is insufficdent when udng digitd modds The dectricd
models from the foundries are appropriate for digital applications and do not reproduce the
rel MOS device behavior for andog circuits. The MOSFET behavior characterigic is
clarified in the chapter 4, where comparison anadyss ae put together for comparison
purposes, with the results from HSpice dectrica smulator and experimentd tests.

The use of pre-diffused arays for andog applications has been reported in the
literature [HASS8], [DUC89], [DUC93], [DON9], [HAA96]. The solutions proposed by
them are not reasonable to provide the requirements for andog circuits on digital semi-custom
arrays. The man idea of those approaches is emulating a sngle trangstor with an equivaent
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associdtion of fixed-gze trangdors, i. €, a compodte trandgtor (Smilar to the technique

proposed here).

A composite tranggtor is an arrangement of a “rectangular” shgpe of an in-series and
inpardle associaion of digital trandstors with no redriction in the number of trandgtors in-
series, which can be reduced or increased when required for a smdler or larger channe
length, respectively. This gpproach does not present adequate performance for a wide range of
modern analog gpplications. Low voltage operation is not feasble and voltage swing is poor
due to the severd tranadors in-series, that hinders proper AC dgnd excursion required for
norma operdion. The emulation of a long channd length by series arangement is a
chadlenging task [DUC89]. The body effect is another characteristic that can affect the overdl
performance of the series association of trangstors. Moreover, this technique has no
improvement aggregated to it. The overdl device matching is kept (dependent on ared),
however the effect on output conductance is not as good as expected.

To surmount the described drawbacks and to meke possble the implementation of
andog circuits on he pre-diffused digital SOT array, a specid technique has to be developed.
The innovative principle of Trapezoidd Association of Trandgtors (TAT) has been put
forward and developed in severa works [GAL94], [AIT96b], [CHO99b], [CHO20004]. It is
one of he nove ideas and can be extended to any digita-based transstors, pre-diffused digita
arays and even to full-cussom methodology. TAT approach is not tied only to the SOT array
or any digitd arrays because of its natural independency to the specific ype of transstors or
aray. It can be extended even to full-cusom layouts, as this methodology makes use of
interdigitizing technique for maching, transgors ae patitioned for essy matching, to

minimize paragitic effects and to reduce Slicon area

The TAT technique herein proposed is supported by two past research works. Firs, it
is based on the trapezoidal-FET transstor demonstrated in [RIC84]. It has shown subgtantia
improvement on the output conductance by shaping the FET channd width, that is enlarging
the channd width & the drain-end of the channd (smal source width, large drain width). It
suggests that non-rectangular geometry channds subgtantidly  broadening toward the drain
can be used to reduce the transstor output conductance in saturdion. This in turn can be
beneficid in desgning andog drcuits as wdl as in controlling short channd effects and

furthermore, narrowing channd geometries lead to increased output conductance.
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Second, origindly the TAT technique was firg introduced in the work by [GAL94]. It
has proved that a trapezoidal association of FET transstors can be exploited for the generation
of dectricdly eguivdent to a sngle FET device The vaiable channd-geometry lengths
widths and WIL ratios that are required for any andog sysems design can be emulated with
sies-padld asociation of fixed-sze tranggors. In the composte trangstors used in this
thess, the series association of tranggors is limited to two. Later, as shown in this theds,
besdes other advantages, “shaping” the association in a trapezoidd dructure is helpful to
improve the output conductance, just like the trapezoidd-FET.

Here, TAT approach is extended to the exploration in the fiedd of VLS-ULSI CMOS
technology. Moreover, this extenson is further conddered to the semi-custom SOT array
design drategy for analog applications. Indeed, the principle of the TAT is put forward here as
an dternative, among the others, for the andog implementation in a digita environment and
to provide faster andog systems prototyping. Although TAT devices present moderately by
larger noise in comparison to the equivdent dngle tranggor, it has shown overdl good
performance. This work demondrates theoreticaly and expeimentaly that the TAT

technigque can be agood choice for the andog semi-custom ASIC designers.

The TAT technique will be extensvely described and sysemdicdly andyzed. To
better underganding and invedtigation, severa transstors dructures were included in both
SOT and full-cussom methodologies. A presentation of the results for 1.0nm digitd CMOS
technology is done fird. Severa dectricd smulations ae presented with comparisons
between TAT and conventiond trangstor. The same procedure is accomplished with
experimentad measurements from the faboricated test-chips, incuding dso compaison
evduaion from measures and sSmulation results Basc andog dircuits have been aso
desgned and implemented, such as current mirrors, comparators and amplifiers. Additiondly,
eech block is validated employing CMOS technologies a both 1.0mm and 0.5mm of

minimum-length.

The OTAs (in full-cusom and SOT aray methodology) are for 1.0mm CMOS
technology since these OTA designs are origindly from research work developed in a Master
dissertation [CHO 94]. These OTAs are the subject of SOT array methodology exploration,
but they are not directly employed in the Sigma-Dedta modulator design, given that a fully
differentid OTA was required. The A/D converter design is based on the design done by the
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author in the Andog VLS Laboratory a Ohio State Universty (OSU), where a multi-

gandard Sgma-Delta A/D converter for wireless communication was designed.

The current mirrors were included in order to check the maching in the transistor
pars, which demondrated interesting results. The comparator is dso from the design in
[CHO94], but now it was updated and re-designed for a 0.5mm CMOS technology. This latter
component block is used in the Sigma-Deta design, since it was the comparator implemented
in the Sgma- Delta project done at OSU.
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3 Trapezoidal Association of Transistors

This chapter introduces the innovative TAT technique that basis in the VLS CMOS
technology, with its description and andyss. The invedigaion and vaidation are supported
by smulaions with HSpice smulator (Level 3, 6 and 49) and experimental comparisons in
test IC's that implement trangstors structures in 1.0mm digitdl CMOS technology in chapter 4.
In the following section, before presenting TAT approach, the digita gate array that was taken
here to implement TAT trandgtors is presented. That is, next section is set adde to an
overview of Sea-Of-Trandgtors aray with its origin, bads and dectricd characterigtics. In
this chapter and the following, al voltages are referred to the bulk termind of dl devices.

3.1 SOT Array Quick Overview

The SeaOf-Trandstors array is a PROCIMS project supported by PROTEM CC,
phase I, and it has been developed since March, 1995 by South Brazilian Universties with in
the partnership of PROCIMS group a LINSE/UFSC, UFPR and FEJ. This SOT array was
previoudy introduced by [AIT96a], [CHO98a], [CHO98b]. Here, the SOT array is taken as
the pre-diffused gate aray for desgn examples and gpplications. Consequently, the previous
work with detalled TAT performance anayss is continued, and andog sub-circuits design
usng TAT and comparisons with full-custom methodology is devel oped.

The architecture of SOT aray, shown in Fig. 3.1, is divided in macro-architecture and
micro-architecture. The first one is associated to the generd organization of the array, thet is,
to the condruction of the array using unit cells. Therefore, the second one is the architecture
of unit cdls
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FIGURE 3.1 - Projected SOT Array with fixed Sze of unit trangstors.

The macro-architecture has the same dructure of traditiond gate arays. orthogond
dructure and composed by horizonta diffuson lines and verticd polydlicon lines. This
configuration presents several advantages, which shows convenient characteristics for andog
design as wdl: It is important to pay atention to the possbility of mixed circuits over SOT

aray:

higher trangstors densty;

logic design flexibility due to isolation gete technique;

routing flexibility (no routing channels);

cdls trangparency principle for interconnections,

regular structure, suitable for series-pardle association of trandgstors;

symmetry and regularity alowing better matching.

The gzing process of unit trandgtors available on SOT aray was defined in
partnership with PROCIMS and Microdectronics group members. Firdly, the group has
chosen the 1.0mm digitd CMOS technology from ES2 foundry for semi-custom array
implementation, mainly because the avalability of the desgn rules and multi-user prototyping
accesses a the beginning of the joint project between UFRGS and UFSC universities (1995).
For future implementation in a higher dendty technology, such as 0.5mm digitd CMOS
technology from MOSIS, the unit trangstors were designed accordingly to the congraints and

principles below described.
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There is a compromise by means of unit trangstors dimenson for different types of
desgn. To let andog and digitd desgns in the same chip, minimum and non-minmum
trangstor geometries are required. Hence, unit transstors were sized in such a way to
facilitate technology downscding migration. It has been taken into account soldy the digitd
circuits demand for speed (minimum L transstors only) and adequate average load drive at

the digital gate outputs consdering local routing (W/L of unit N-FET around 10).

TABLE 3.1 - Unit tranggtors available on SOT array for a given technology.

1.0mm CM OSTechnology 0.5mm CMOSTechnology

Unit transistorson SOT W /L (mm) W /L (mm)
NMOSmim & PMOShin 25/1.0 1.2/06
NMOS 105/1.0 54/06
PMOS 225/1.0 11.7/0.6

For the smdlest trandstors on the aray, the channd length and width were et to the
minimum vaues tha the technology dlows (Lmin and Wpin for contact to a minimum
diffuson area), which are referred as NMOSy,in for N type and PMOS,,i, for P type FET
tranggtors in Fig. 3.1. For non-minimum trangstors, channd length was st to minimum Liyin
and channd width approximady 10 times larger than Lyin (W@OLnin). The sSze rdio
between N and P type tranastors was edtablished according to different carriers mobility in
each trangstor. Thus, drawn szes of nonr-minimum geomery for NMOS transgtors are
W/L=10.5m/1.0mm (5.4m/0.6mm) and for PMOS transstors are W/L=22.5mm/1.0mm
(11.7nmm/0.6mm). Table 3.1 shows these pre-diffused trandstors drawn sizes condrained by
design rules forced by 1.0mm and 0.5nm digitd CMOS technology from ES2 commercid
foundry and from AMI foundry through MOSI'S, respectively.

Routing condraints for the large digitd drcuits enforce furthermore the overdl
tranggtor topology for SOT aray exploited in this work. The andog desgn cleverness is
subsequently left with the task of emulating eectrical behavior of abitrarily Szed transstors,
which are normdly lager than Lmin and require various W/L ratios for adequate analog
performance [AIT96d], [AITI7].
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3.2 Trapezoidal MOSFET Transistor

Drain —
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FIGURE 3.2 - A custom trgpezoidal MOSFET: drain larger than source termind.

Before garting the TAT technique andyss, it worth to present first the earlier work
demondgtrated by Riccd [RIC84], in order to better support and understand the trapezoida
FET, on which the TAT trangstor is strongly based. By shaping the channd geometry of any
MOSFET trandgtor (NMOS in this example), that is, making the dran end termind larger
than source end termind — illugtrated in Fig. 3.2 - leads to the following expresson (from

expressons4.1.1 and 4.1.6) for the current in saturation:

I :éxg"(vp)z 321
where the factor E isgiven by:
logee
E= WS ¥ tanas ? 322

where Wp, Ws, L and a ae dran and source channd width, channd length and channd
argument, respectively indicated inthe Fig. 3.2.
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From the previous expresson for the drain-to-source current can be demonstrated
[RIC84] that the output conductance is given by:

- p 1 dL
9 W, E dv, 323

where the last term represents the (unknown) channd-length modulation parameter, which for
instance is consdered independent of the geometry.

It has been proved from the above expression that it is possible to decrease the output
conductance by usng reasonable values of the involved parameters making Wp very larger
than Ws or increesing a. That is, a trapezoida trangstor has one additional design freedom.
Thisisthe main difference of the TAT gpproach to others (section 2.3).

The parameter a, that characterizes a trapezoida shape of the gate channd, for a TAT
trandstor can be seen as a parameter of discrete channd trandstor. For instance, consider a
compodite trangstor that in-series trangstors are not limited by two. Associating nl series-
trangstors with each one having a drain channd width increesng md times-step of the unit
dran width Wp, from the previous one, the channd gate area can be agpproximated as a

discrete trapezoidal geometry. Then, the parameter a can be roughly estimated as follows:

aand 0
a @arc tg@ﬂj 3.2.4
8n| >(meu) P

where Lminu represents the drawn length or the minimum channd-length of a particular
technology. The above expresson (3.2.4), shows that even for a TAT transdtor, the factor E
(equation 3.2.2) is dependent on a and Wp. That is, varying conveniently the number of unit
trandgstors ND (MD in Fig. 3.3), an equivaent trapezoidd (association) shape of a trandstor is
achieved, aswill be demondtrated later.
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3.3 TAT Transistor Assembling

From the layout point of view, anadog circuit design requires specific features that
digitd-oriented semi-custom environment may not well supported. Thus, severd aspects must
be discussed before presenting the construction of a TAT.

Cirain Cirain

_? + log ot

. D MDD = MO s (L)

Sate GEI'[E
o— I m

NS MS = MS (/L)

unit

unit

Source Source
@ (b)

FIGURE 3.3 - (@) MD and M S serid-pardld association of unit tranggtors. (b) TAT asasdf-
cascode [ENZ96b)].

Digtd drcuits only use tranggors with minimum channd length. Moreover, even if
trangsor Szing may affect circuit performance, precise dimensons are usudly not required.
In andog design, a precise control of the trangstor channe width and length § mandatory. In
particular, non-minimum channel lengths are frequent. Manly by two reasons, in anaog

desgn it isavoided:

device matching is proportiona to gate surface (at firs order) [MEY85]. At
fixed and increesng Imultaneoudy W and L, matching isimproved;

the output conductance is gsrongly affected by short-channd effects. Longer
channels yield lower output conductance (demondrated later by experimenta

measurements).

Snce in the SOT aray is avaladble only digita-based pre-diffused transistors,
minimum channd length and pre-defined width only, a number of channd geometries (larger
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L and W) is redized by serid-pardld association of these transstors. The series connection
results physcdly in a presence of intermediate diffuson aea that is associated non-ided
properties. Later these properties will be re-cdled to darify TAT andyss.

The zero™-order approximation for the implementation of a single transistor into an
dectricdly equivdent TAT tranggor is redized with the following expressons, which give
the gpproximate equivaent ratio (W/L)eq [GALA4]:

Vo 0
Wo o 1

Mo _Elap élae o , 1 _aVo . m

C =—— . P X =0T X—— 339

Sla, Mo  aNo Elap mHl Elas ml

elLan el aus
and misgiven by:
m="0 332
NS o
where gé/_Vg : 86’_"9 , ND and NS are the gy—vg ratios, and the number of unit transistors of
elan el aus élL g

the top and bottom parallel association MD and M S transistors, respectively.

Teaking into account the limit of the function in (3.3.1), from m=1 to M® ¥, the TAT
trangstor equivalent aspect ratio will vary between a hdf of the MS aspect raio and its
physca individud vdue ( (W/L)us ). Therefore, we must impose an aspect ratio to the MS
trangstor greater than the required aspect ratio and smdler or equa than twice this vadue in

order to get atrgpezoidal association transstor.

Actudly, equation 3.3.1 is originated for the case when MD and MS transgtors are in
triode region. The equivaent W/L ratio is settled on by the equivdent resgtance of the TAT
structured by MD and M S, which is the same as two-sheet resgtor in parald.

Agan from [GAL94], al composte trangstors with same technologica parameters are
DC equivdent if they hold the following characteridtics:
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(8 smilar aspect ratio (WIL);
(b) smilar channd width at drain end termind; and
(¢) same short-channd effectsin triode (conduction) region (MS and MD).

According to the statement (@) and (b), dectricdly DC equivdent channd width (W)
and length (L) of a composite transistor can be proved thet:

W, =W, =mW, 333

W, isthewidth of unitary fixed transstors. Above expression can be rewritten as follows:

awo 1
W, =Gos o x—
eq gl_ 5 eq m+1 3.34

where from the expresson 3.3.1 derives the equivalent channd length:

Leq = I—MD +m ><LMS = (1+ m) ><I—min 335

where Lyp and Lus ae free choice desgn parameters for the channd lengths and/or
congrained by the technology. For this particular TAT case, Lvp and Lys are equa and have
minmum-L alowed by the technology.

Consequently, with the am to achieve a TAT transistor equivdent to a long channd,
trangstor with m > 1 (trapezoidd) have to be sdected. Furthermore, even if the condition (c)
is not fulfilled, the TAT tranagor with larger dran end termind has lower output
conductance in saturation caused by the lower current densty at the drain region or in MD
trangstor. That is, MD wider than MS and the total current congtant in both transstors, the
current dengty ishigher in MS transgtor.

The agpproximation of optima WI/L ratios by discrete vaues is not a limiting factor for
the peformance of andog circuits Moreover, the implementation of wide channds by
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pardld arangement is used frequently and pardle compostions are extensvely used even in
ful-custom dedgns. In the SOT aray, one has the limitaion of usng only minimum-L for
MD and MS transstors.

Additiondly, a naturd consequence of meking very sSmple associgtion of minimum
trangstors to build a sngle one is tha multiples of the dementary width and length can be
obtained, in pardld-only and serid-only. In this work, as adready described, it is consdered
that TAT association may have a maximum of two series-connected transstors of Lyin, tO
0

obtain an arbitrary ?’—V
el a,

associations. Therefore, an optimal W/L ratio imposed by circuit

design may not be exactly achieved. Thus, the TAT assembling process must be developed as

follows

1. desgn Szing determines optima W/L of dl devices that are converted into
ther equivadent TAT versons,

2. dl conveted WI/L rdtios, L's and W's must be checked with their originad
desgned dngle transstors by making approximations as close as possble to
the origind WI/L set by the designer, by multiple unit transstors;

3. check the previous procedure with hand caculations and/or by eectrical
smulaions,

4. if the gpecifications are not met, trandstors converson must be modified
iteratively.

The above converson process is not tedious or time-consuming, because it is redized
by the desgner interactivey with a TAT generation tool program [AIT2000] to help in this
task. This CAD tool has a Spice file format as input and output, gives severd aternatives of
TATs for the same sngle trandstor and designer experience comes in to select one among

severa optionsto lead a better choice.
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4 TAT Trandgstor Analysis

This chapter is devoted to DC, AC and noise andysis of a TAT trandstor, reveding
that a TAT is equivdent to a single trangstor with added improvement, that is, reduction on
the output conductance. However, short-channd effects reman because of minimum-L of unit
tranggtors. All andlyss is followed by dectricd smulations and experimenta comparisons of
the data.

4.1 Large Signal Modeling

The drain currents of the series transstors MD and MS are exactly the drain current of

the TAT (I, =1, =1, )andit isgiven by [ENZ89], [ENZ96H]:

o =1.(Vo,Ve)- 1,(V,,V,) 411

Drar

where Vp, Vp and Vs are the pinch-off, drain and source voltages, respectively, I and I are
the forward and reverse currents, respectively. The drain currents of the top MD and bottom
MS trangistors are given, respectively, by [ENZ89], [ENZ96b], [HAA9G]:

| Dwvp = élv owo f (VG ’VCH )XdVCH 4.1.2
L ﬂu oH “Vsyup
IDMS = mxgé/V % \VCH_VSDMS f(VG Ven )XdVCH 4.1.3
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FIGURE 4.1 - Graphicd representation of TAT current in saturation.

and Vcy is the channe potentid defined as the difference between the Fermi quas-potentid of
the carriers forming the channel and the Fermi quas-potentia of the bulk [ENZ89]; and VDMD :

V.. Vo, ad Vg ae the drain and source voltage of the MD and MS transistor,

respectively.

While the f(Vs,Ven) [TSI88], [ENZ89] is given by:

d df
Qe -Q.—= 0 4.1.4
dx dX g

f (Vo Vo) = 8%

where, Qc represents the local channel charge, Ut is the thermodynamic potentiad, f g is the

surface potentid and X a point dong the channd. The firgd term represents the diffuson

current and the second the drift current.

From equation 4.1.4 an important concluson outcomes about the TAT transstor. The
bottom MS trangsor aways opeaes in the linear region (conduction) sSnce
Vo, EVs,, <Veu,, - shaded areain Fig. 4.1 represents the current |, . TAT operatesin the
linear region if both V, <V, __and V, <V, _, ad in saurdion if V, >V, . The
V.,  Is the pinch-off voltage Vp, thet is, it is the channd potentiad corresponding to the limit

SAT

of wesk inverson for a given gate voltage Ve (defined in [ENZ89], [ENZ964)]).
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Once more, underlining the modes of operation of the TAT trangstor, both transstors
operate in the week inverdson a lower gate-voltage levd (bdlow the equivdent TAT
threshold voltage V7), while & higher gate-voltage level both transstors are strong inverted.
Then, increesing drain voltage of the TAT Vp (> Vp), the trandstor MD is pinched-off
(saturated) but the trangstor MS remains in conduction (linear region). Under this condition,
MD works as a current source and its drain current is invariable (except for channd
modulation effects) even increesng Vp further then Vp. Additiondly, the contribution of the
tranastor MS with incressing on Vp is unchanging snce the drain voltage of MS is fixed by
the saturated drain-source voltage of the MD transstor.

From the equation 4.1.1 and integrating the MD and MS currents (equations 4.1.2 and
4.13), lead to the I,  in wesk inverson, vdid in both conduction and saturation region
[ENZ96b]:

VP&_VSX _VDxO
— —_ — U U U, =+
IDx_IDTAT_IFx-IRx_ISXeTge T-¢€ T+ 415
e

%/P_VS 62 aé/P'VD 62@
=lgx :(é; ~xz u 4.1.6a
and for MD and MSin conduction (S1):
V +VD ...
I D, — n >(bxg;?/P - %g\/m - st) 4.1.6b
(%]
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where each parameter is defined asfollows:

b = nt W b is transconductance factor, mis carrier mobility
L and Co is OXide capacitance;
n @+ g n is dope factor, gis body effect factor as defined
2/Y, in[ENZ89], [LAKH], Y ¢ isbulk Fermi potentid;
U o kT Ut isthermodynamic potentid,
T oq k is absolute temperature;
0=1.602x10"1°C electron charge
|, © 2nbU? Is isthe specific current. 417

Emphagzing over again, the TAT drain current is either MD or MS drain current and

for sauration region | =0. Remind that, the source termind of the MD transistor is shared
with dran termind of MS tranggor (the middie node m shown in Fig. 3.3). Then, the MD
source voltage Vg is the same of the MS drain voltage V,, . It leads to that, both the top

MD and bottom MS trandstors shown in Fig. 3.3, have the same gate voltage (V).

consequently they dso have the same pinch-off voltage Vp. Hence, independently of the gate
voltage, conddering that MD is saturated (TAT in sauration) and tha MS (in conduction)
source termind is & the same bulk-voltage level, the drain currents of the MD and MS

transstors (eg. 4.1.6) are:

b nXbMD (VP ) Vm)2 _ nXbMS

loe = o > 5 [Vp2 - (V- Vm)z] 418

where Vi, represents the voltage of the middle node. Then, solving 4.1.8 leads to following
voltage Vi, in strong inverson [ENZ96b):
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€ u ¢ u
6. 1 4, -5 1Y
V,=Vs =V, =3- —>V, =€l- uv,
Swo Dwus ? SMD l:l P & ND U P 419
é 1+—=10 & 1+ —
6 | Ssa & V Nsd

and for the case when TAT is in weak inverson and equating 4.1.5a and 4.1.5b, the Vy, is
smply given by:

So 2 =U;, ”naiJf D¢ 4110
NSg

Sﬂ

Vin =Vs,, =Vo,. U+ ><In§+

where Syp and Sus ae the WIL ratios of the MD and MS transstors, respectively. For the
case TAT is in conduction (both MD and MS in conduction), Vn, is given smply by voltage
divider (large resstances of MD and MS).

Previous results are the most dgnificant equations that express the TAT trandstor
behavior and its intrindc performance. This effect not smply ads to improve the output

conductance but reduces the body effect (0 Vg —@const.) and parasitic capacitances
(CGSMS and CGDMS +CGSMD ). At this point, the expresson 3.3.1 can be derived from the
expresson 4.1.8. In the right side of equation 4.1.8 (MS in conduction), the varidble Vg _ is

kept, resulting in the following expression:

2 (V - V )2
6/;) - Vm) W 4111
SNIS %]

and substituting (V. - V,,)* with the expresson 4.1.11 in dther MD (sat) or MS (cond.)

equations leads to equivaent b,,, :%

TAT in conduction (MD and MSin conduction).

The same procedure can be done to the

Since the TAT trangdtor is trapezoida by definition, specificdly MD made larger then
MS Supo > Sus or ND > NS), the V, voltage can be approximated to Vp (dightly smdler).
Hence, while in wesk inverson Vp, is dependent on only Syp and Sys ratios, in strong
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inverson Vp, is clamped on Vp, as demondrated by eectricd smulaions plotted in Fig 4.2.
The plot in Fig. 4.2a is the Vi, curve of an arbitrary example for a TAT tranastor in 1.0nm
CMOS technology, while the plot in Fig. 4.2b is for a TAT trandggtor in 0.5mm CMOS

technology.
25 T : T T 12
i | i | YGRSy
WiE=3Y
o S BT SRR USRS ST | T 4
W4y E 3 3 1 E =25V
08F- b e -
LT S T A e SRR -
= = : : : ; ooz
= ostv ] R/ TN SRR S = =
= =
Y . , | |
L/ Rl Tt s S — Wie=1 5Y
' WiG=2Y
05f----- 47 N g : ! !
= 1 = = D2peee oo
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0 0 i
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FIGURE 4.2 - Smulated Vi X Vp curve characteristic of TAT: (a) ND=16, NS=4,
(W/L)=(10.5nm /1.0mm), Lmin=1.0mm, 1.0mm CMOS technology. (b) ND=20, NS=9,
(WI/L)=(5.4rmm/0.6nmm), Limin=0.6mm, 0.5nm CMOS technol ogy.

The smulaions show that, fixing TAT gate voltage and vaying drain voltage, any
additiona voltage ahead of the voltage that is required for saturating MS transistor is dropped
over MD tranggor. In that case, the trandstor MS is congantly in triode mode (linear region),
that is in onset to saturaion. Note that, the flat regions of the Vi, curves (saturated region) are
the draight vaues of pinch-off voltage (if ND >> NS), i. e, a fraction of Vp (4.1.9) since its
vaue depends on the MD and MS geometry ratios.

Another important conclusion is that, a TAT trangstor can be gpplied in severa low-
voltage applications, snce it works as a sdlf-cascode circuit, i. e, as an intrinsc poor cascode
stage. Normally, a second gate bias for MD is required for a traditional cascode operation. It
does not need higher saturation voltage levels, snce the MS device never saturate and its

drain voltage (Vi) islow.
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4.2 Short-Channel EffectsInvestigation

The short-channd effects that take part in saturated region, channd length modulation
and datic feedback (DIBL — Drain Induced Barier Lowering) [TSI88], only have effect on
the top pardld associated MD transstor. For that reason, these effects are not associated with
the intermediate diffuson (merged MS drain and MD source - Fig. 4.3) and need not be

consdered in this case.

diffusion implantz Series depletion redion
resistance

Bulk:

FIGURE 4.3 - Cross-section of the TAT trangstor showing associated diffuson areas effects:
laterd diffusion, series resstance and depletion regions.

There are well known nonrided properties rdated to the diffuson areas in any
MOSFET trangdor, as illusrated in Fig. 4.3. Fird, there is the latera diffuson effect (LD)
caused by diffuson areas that get larger than defined by the layout and widen undernesth the
gaes. This effect decreases the effective channd length defined by layout design. Second, to
any diffuson implant a paragtic series resstance is associated, which appears as a reduction
of the dectricdly effective mobility. Ladtly, another effect associated to the diffuson implants
is the pn junctions that are reverse biased under norma operation of the TAT (MD in
sauration and MS in conduction), which results in depletion regions and junction

capacitances.

The depletion regions of the pn junctions patly widen into channe region, as
consequence associated charges act partialy as oppose part for the charge on the gate and
automdicdly reduces to a cetan extend bulk charge. This is known as chage shaing
[TSI88], which effect is seen as reduction of the body effect and the threshold voltage. In a
sngle trandgtor, the short-channd effects decrease with increasing gate length. While for a
TAT, an increese in an equivalent channd length, the short-channd effects remain congtant
sncethe MD and MS channd lengths remain physicaly congtant a the minimum-L.
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While in any dngle tranddor, the laterd diffuson LD effect is negigible when the
chand length L is vay lage (L>>LD) in compaison to LD, in the minimum-L unit
tranggtors of the MD and MS transstors suffer from this LD effect. Taking into account the
LD effect and depletion region introduced by drain voltage, the effective channd length of the
MD Ly andMS L  transstorsthen can be given by:

LeffMD =L, - 2D - DL ; MD in saturation 4.2.1a

Lyt, = Loin - 24D ; MD or MSin conduction 4.2.1b

where Lpin IS the channd length of the unit minimum-L trangstors that compose in-pardld
association MD and MS transgtors, LD is the latera diffusion introduced by the process, and
DL isthe diminution caused by depletion region (in saturation case).

When Vp becomes equa to Vp, the channd is pinched-off just a drain diffuson limit.
When Vp becomes higher then Vp (Vb > Wp), the pinchroff point moves towards the source,
reducing the effective channd length by DL (DIBL), besdes the channd length reduction
introduced by LD. The inverson charge between this point and the drain is nearly zero and
therefore this region can be conddered as a depletion region as illusrated in Fig. 4.3. The
channd length reduction DL can be then approximated by [TSI88], [ENZ89]:

Vo, - Ve
DL » Lx——"—— 4.2.2

Emp Dwp

is the Early voltage of the MD trangdtor. It is proportiond to the effective channd

Emp

length L, and is given by:

Ve, =1 Xy 4.2.3

wherel is the channd modulation factor. In practice Vv and | ae dependent on the

EMD

drain voltage [ TSI88]. However, they can be assumed to be congtant in afirst order anayss.
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Findly, the trandgtor effective transconductance factor be can be edtimated from
equation 4.2.2. Moreover, from the ided transconductance factor listed in 4.1.7, the

transconductance ratio I'b can be approximated by [ENZ89]:

+V 4.2.4

where bOMD istheided transconductance factor for the MD transstor.

The paraditic resstances associated with the diffusons must be accounted, particularly
for the TAT device snce it is an associdion of savera minimum-L transstors. Thus, the short
channd devices suffer from these paradtic resistances. There are three different categories of
resstance [TSI88]: (&) the resstance of the meta contact to the n™ implants region; (b) the

resistance of the diffusion body; and (c) the resistance associated to the carriers channd itsdlf.

The influence of the previous ressances can be roughly modded by smply
asociaing to the drain and source voltage, a voltage drop caused by the total parastic series

res stances, asfollows

VDeﬁ :VD - Vres :VD B Rtotal ><ITAT 425

where Ve is the tota voltage drop due to tota series resstance Ryoa. Subgtituting above
expresson in the either MD and MS drain current in conduction (equation 4.1.6b) leadsto:

V. 4V &

n><b(§/,3- 82 DQ(VD'VS)
I, =—2 g 426
-V T Y

1- nxb)Rotal (?/D S VP9

e 2 o

Typicdly, the product factor NX xR, is negligible in a large L and for correctly

desgned contact holes, which are close to the edge of the active channd, typicdly given by
desdgn rules of minimum poly-to-contact spacing. For short channd  devices, this effect
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manifests itsdf as an effective transconductance degradation, and can be added to the factor
modeling the reduction on the effective mobility with V.

Separating the contribution of each paraditic resstance of the TAT device, the tota

resstance is expressed without difficulty asfollows:

Rota = Ros T R + Ryt 4.2.7a

where R, represents TAT drain-to-source resistance, R, represents tota resistance of the
metal-to-diffuson contacts that accounts aso the intermediate contects (connection of the MD
source termind and MS drain temind), and Ry is the totd intermediate diffusion

resistance. Each term can be straightforward expanded and are given by:

= Ros,, + Ros.e (RNDE) ( |\D|SS)U = 42.7b
ND xNS
= ND T NS X(RDS) = Drar >(RDS)U

(Ran)y , (Rn), _ clxc2 (

o o qrc2 Rcon)u 4.2.7¢

Rcon = RconMD RconMS

Rit = R, 4.2.7d

where cl and c2 are the total number of contact heads (metd-to-diffuson) employed on the
asociation and interconnection of the unit minmum-L trangstors to assemble MD and MS

devices and (R,s), and (R,,), represent the unit transistor drain-to-source resitance and a
single contact resistance, respectively.

From expressions 4.2.7, it is obvious and clear that the improvement (reduction) on the
total TAT channd resstance can be achieved enlarging MS trangstor (increesng NS) and/or
not saving on the number of contacts.
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4.3 Small Signal Modeling: Low and Medium Frequency

The gate, source and drain transconductances of the MD and MS (conduction)

tranggtorsin wesk inversion are Smply given by [ENZ89], [ENZ96h]:

Oy =~ 431
I F
Omsc =77 43.1
m$ UT 3 b
I R,
Omo, =77 431
mDx UT C
and in grong inverson are given by:
One, =0 AV, - Vg, ) 4.3.2a

2X -
= = /2nxo X _ = -
ngx nxgme n Fx (Vp _ VSX j 4.3.2b
Omp, =N xb ><(VP - Vb, ) = VZI’] xb X R — - \F;X 4.3.2c
(;P Dx)

F 2b x| 24
ooy, v )= 220w o Mo
I "(Vp sM) N v, - v, ) 433a
i sla\t/IDat' | J2nx0 ¥ (V—)ZXIF
in sturation Oms,s = NXng,, = 4/2N o = - 4.3.3b
SM o " P~ Vsw
i ngMD =0 4.3.3c

Consder once more Fig. 3.3b. It can be demondrated that the output conductance of

the TAT transstor g, , @ combination of association of the unit trandstors that generate MD

and MStrandstors with an Early voltage V, - and Ve, respectively, isgiven by [ENZ96D]:
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0 )
:L_l_@dsMs : 1+r &gdq\ﬂs :
g - g ngMS a_ ggmﬁm ﬂ
Opar — Jdsyp .~ Jdsyp + 431
1+@m$\m g 1 r
ng,\,IS g
I DTAT I DTAT
where g, = v and Jus,. = v are the output conductances of the MD and MS
Emp Ems

transstor, respectively, .5, (eq. 4.3.3b) is the MD (in saturation) drain transconductance

and Jns,. (e0. 43.20) is the MS (in conduction) source transconductance, and the factor r is

I
the ratio between MD forward-current and M S reverse-current r = gmﬂ =_Fuo

ngMS |RMS
&/p 0 &p 0
Weskinv. =S s - ND o furs 4.32a
2 .2
Strong inv.: I’:SMD ﬂialp_vsmg :NDX(E‘%/P_VSV'D 4.3.2b

If both transstors have the same threshold voltages V,, =V,  (neither short- nor

narrow-channel effects), the factor r reducesto S, /S,,s, in both week and strong inversion.

It is patidly true snce MD and MS transgtors are equivaent transstors obtained by way of
sverd unit tranggors, physicdly lad out in pardld association. Therefore, the equivaent
threshold voltage is, in fact, an averaging over many unitary transstor threshold volteges, i. e,
the higher spread of V1 for minimum lengthsisin fact compensated by this averaging.

In view of the fact that, S,,,/S,,s IS made much larger than 1 (trapezoida association),

the factor r aso becomes much larger than 1. Hence, the output conductance given in equation
4.3.1 tends toward a traditiona cascode stage [CHO99a], and it reduces to:



55

Oas,
9 @gdsMD x—=5_ p o @rdsMs ><(rdsMD XngMD) ; for r>>1 4.3.3

mSMD

The expresson above can be effectively redlized by proper TAT associaion design,
gnce a TAT s trapezoidd by definition. That is, both MS and MD trangstors have the same
dravn minimum channd length (minimum-L) and the channel widths or the ratio Sup is much
larger than Sus (equation 3.2.3). Furthermore, setting Sus to the minimum width (NSyin=1),

the threshold voltage V., _ increases with respect to V,,  due to narrow-channd effect in MS

) V. - V. . . .
trangstor (V, =—2 - 2.). Consequently, it helps to further increase the factor r significantly,

while mantaning a ressonable S, /S,,s- Although applicdble in both wesk and strong

inversgons, it is however modly effective in week inverson, thanks to the exponentid term in
equation 4.3.2.

Trandstor MD is made wider, then the output conductance is higher than in MS
trangstor. However, the high output conductance of the MD transstor is baanced by its large

transconductance due to  Jy,g, . being directly proportiona to the square root of Syp and to

forward current (saturation). The overdl results are that, the TAT output conductance is
amog smilar to a sngle trangstor. On the other hand, it can be made as low as desired,
through proper design of MD (trade-off between output conductance and transconductance).
Nonetheless, there is a desgn condraint for the TAT assembling: decreasng ND closer or
even lower than NS value, TAT is no longer a trapezoidal association. Expresson 4.3.3
reflects the @scode nature of the TAT, because MD provides for the gain but in fact it is not
independently biased, as the conventiona cascode would require.

The effective TAT transconductance can be cdculated from the smdl-9gnd modd of
Fig. 4.4 (MD saturated and M S in conduction or in triode region):

—_ gdS\ns ggmGMs XQmSVID + gmGMD xngMs

O, 434

(@} ey ey

ngVID égd%o + ngMS ngMS B ngle
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FIGURE 4.4 - TAT andl-sgnd modd for MD in saturation and MS in conduction.

where, Upg, and Gnp,. account for the effect of the intermediate node Vim on MD an MS

devices, respectively. After some gpproximations [CHO99a], an important characteristic of
the TAT reaults

gmmT @mq\ns 4.3.5

Hence, MS trangstor establishes the asymptotic vaue of TAT transconductance, as
r>>1. To improve overdl TAT performance characteristics one needs to increese the MS
transconductance (increesng NS), decreasing the effective output conductance of the MD

(decreasing ND) and/or increasing its transconductance.

The main paraditic capacitances in TAT transstor are shown in Fig. 4.4: gate-to-source
capacitance from MD trandgtor (in saturation); and gate-to-source and gate-to-drain
capacitances from MS tranagtor (in conduction). It can be proved that the combination of the
parasitic capacitances is dmilar to the cgpacitances present in the equivadent single device
The exigence of one more node in the TAT (poles) does not degrade the bandwidth
dggnificantly dnce the gan-bandwidth product is kept admost constant because of its
cascoding effect. Thisis demongrated by eectrical Smulationsin section 5.2.
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4.4 Small Signal Modeling: High Frequency

5 J_

Kin)
r(xj CIx]
(R1HE2) Bk

(a)

FIGURE 4.5 - Equivaent circuit to calculate the time constant gpproximation for high
frequency.

From high frequency modding in [ENZ89], and using the zero-vadue time congant
approximation, the eementary resstance seen by the eementary capacitance between two
dementary trangstors MA and MB, from a dngle tranggor split into a series of two
dementay trangdors working in a quas-datic mode (shown in Fig. 45), dong the
elementary channd, are given by [ENZ89]:

1~
()=t = x(L- x) ){m

; 441
O, T Ors, 2N xMC, U, I
I
c(x)=Cy,, *Cu, +Cgs,, *+Cay, =2WC,, 442
i +_ /1+ \/7 +i,
where I; =i =ig -, since the forward current of MB and the reverse current MA depend

only on V. Note that r(x) is the totd smal-sgnd resstance a point x aong the channd (or
the inverse of transadmittance Yng) and c(X) is the per unit length capacitance a point x. The
relation between normalized current i; and the position in the chamnd is[ENZ89]:

i () =i, - %(iF “iy) 443
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FIGURE 4.6 - Equivdent TAT circuit to calculate the time congant.

The firs order time congant is caculated by integrating al dementary time congants
aong the channd. The time congant of the trangstor in week inverson is given by [ENZ89):

to> (iF _. )3 02( i )i, - i) _%0 4.4.4

R

2

wheret , = T
T

In strong inverson, the time constant of atrangstor is given by [ENZ89:

d| i iy i =t0><i>&?F+3_ IFNRHRT 445
é

F|R

In conduction mode {r = ir, Vps << KT/q =>Vs @Vp), the time congtant reduces to

t
t =€°. In saturation mode (ir = 0), the time condant is equivdent to the result found in
[TSI8s].

The same andyss above described can be agpplied to the TAT transstor behavior at
high frequencies. In the TAT association shown in Fig. 4.6, if the MS and MD trangstors in
series ae szed such that Ry is much amdler than the smdl sgnd resstance rs and rp, the
AC modd of TAT, in rdation to the diffuson influence, becomes:

Cm = ngMS + Cdsz + CgsMD + Cst + Cdiff 4.4.6

where Cuitt is giVG] by:



59
Cur =(ND+NS)C, 447

where C;, = Ays >C;. Adirr is the diffuson area between two unit transstors in the SOT

array (Fig. 3.1 and Table 3.1), and C;j is the junction capacitance fom source and drain area of
aMOS trangstor.

The time congant due to the intermediate diffuson areas can be cdculaed and is

givenby:

t m = (Cdiff + COVMS + COVMD ) >(rS // I’-D) 4.4.8

where C, ~ad C,  ae the gate overlap capacitances of the MS and MD transistor,

respectively, and r, and r, ae the smdl sgnd totd resstances seen a the intermediate
diffusion (or a the junction capacitance Cyift ).

It is worth noting that the resstance r(x) and the capacitance c¢(x) (equations 4.4.1 and
44.2) ae inversdy and directly proportiond to the channe width (W), respectively. Then,
even a TAT being a trapezoidd association Wp > Wk — section 3.2), the influence of varying
width is cancded by the product r(x)xc(x), even if the resistance and capacitance varies
continuoudy aong the channd (asin equation 3.2.4).

W(x):‘:'WS (0<x<L)

iW,  (L<x<2L) 44.9

At this point, the TAT time congant usng zero-vaue condant approximation and
following the previous anadyds for sngle trandgstor, can be cdculated by:

2L

toar = (X)) xe(X) xdx+t | 4.4.10
0

where r(x) and c(x) are given by equations 4.4.1 and 4.4.2 replacing L by 2L, leading to the
following result for TAT time condant:
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From the above reault, the time congtant of the TAT can be caculated for dl region of
operation. Following the same procedures done in [ENZ89], the asymptotic vdue of TAT
time condant is given by:

4
U rar,, @gt e ,inweek inversion 4.4.12
2
Urar, @gt P , in conduction 4.4.13
16, i +3yiclg g
t1ar, @1—5t o T —— tln | ingronginversion 4.4.14
(Wi + i)

The results above are very smilar to the result for a conventiond trandstor described
in [ENZ89]. It is undergandable because of the influence of intermediate diffuson was
separated and the limits of channd integration was consdered as 2L (instead L), thet is, TAT
modding follows essentidly the origind modd [ENZ89], leading to 4 times of congtant time
to of asngle MOS transstor.

4.5 Noise Analysis

The dominant noise sources in any MOSFET trandgtors are flicker (U/f) and thermd
noise (white noise) [BER79], [MIK82], [LAK94]. The flicker and therma noise are modeled
as a voltage source in series with the gate termina and a current source in pardlel with drain-
to-source, respectively, as shown in Fg. 4.7a The noise vaues are given, respectivey, by
[TSI88], [LAK94]:

Kf
W xL xC_ xf,

@ (b)
where the parameter Kf is dependent on device characteristic, such as interface traps, fast

Vo ()=

|2 = 4KT eggxgm(sauraion) 451

dates densty, mobility variations with interface charged dates, and can vary widdy for
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different devices in the same process. The k is the Boltszman condant, T is the absolute
temperature, gm is the transconductance and fx is the 1/f noise frequency corner. Important
points to note here is that the flicker noise is inversely proportiona to the transstor area WL
and it typicdly dominates a low frequencies. Moreover, typicdly P type MOS devices have
less noise than their N type devices since their mgority cariers (holes) are less likely to be
trapped. This important characteristic was aso a decisve design parameter in the OTA design
in chapter 6.

Dirain
s}

Dram MD_
'u’n{?] L e 1

Gate C [E)Ir%{ﬂ Gate

.
Su:uuru:e Mo

e}
Source
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FIGURE 4.7 - TAT tranagor: (9 flicker and therma noise modd. (b) Noise sources.

The therma noise expresson of 4.5.1 is for the case that a MOS device is operating
saturated. In this mode of operation, the channe requires integration sSnce it is not

homogenous, while in the linear region, the thermd noise is due to the channd resgtance rys

and it is gamply given by |nz(f):£. For amplicity, the anadyss will be approximated as

ds
folows MS will be conddered saturated, as far as if TAT is saurated, MS is onst to
saturation (section 4.1).

In order to account the noise contribution of the TAT trangdtor, it is needed first
quantify the noise contribution of each unit trandstors associated with MD and MS, since
digitd-based devices are noiser. The transconductances of the MD and MS transstors are
given by:

2xb, %

Ome, = TX 452

where my is effective dectron mobility, and Cox is gate oxide capacitance, as defined in 4.1.7.

It worth noting that the transconductance of the trandstor MS is smdler than transstor MD
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(Svp > Swus). However, the transconductances of each unit transstor from MD and MS
trang stors are about the same order. The total drain current of TAT trangstor is

=y, =1, =NDX DMD|U)= NSX,

Drar Dwvb

. 45.3

where the subscript u represent the unit transstor. Moreover, the MD and MS transstors W/L

ratio are given by:

O |\ 2O 2V 6 :NSX%N—VQ 4.5.4
eLg\/ID el_QJ eLg\/IS eLQJ

hence, the transconductances of each unit transistors employed in the MD and MS trangstors

_ 2><bu><|DX|u _ | 2X0yp X5, g,
gme|u —\/ n —\/ N " NU 455

again, where the subscripts u represent unit transistor parameter and Nu can be ND or NS.

aregiven by:

At this point, the total equivdent noise in TAT can be evduated. Note thet, the input

voltage noise source can be referred to the output (or vice-verss) using |nout = Ome */qn

(I, ad V, s the output current and input voltage noise respectively). Thus, the

equivdent flicker noise a the input (gate) of eech MD and MS trangstors, shown in Fig. 4.7a,

aregiven by:
2 — 2 2 — 1 2
Vnﬂ(|x = Nu ><\/nﬂ<|u)x(gmx|u)_N_ux\/nﬂ(|u 45.6
where Vnsz|u is flicker noise of the unit trangstor. Note that, as expected, the 1/f noise is

lower for MD and MS trandgstor than an unit transstor by a reduction factor ND and NS,
snce 1f is inversdy proportiond to the gaie aea NDXWxL), and NSXWxL),,

respectively.
The same derivation can be made for the therma noise. Then, the tota equivaent

thermal noise at the transistors MD and M S output | ,fm x areexpressed by:
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aB 0
12|, =C=KT =x =
nth|x 33 p gmx

A

KT ngu (9, |o) = Nu ><(| rfm|u)X 45.7

where (I 21h|“)x ae the thema noise of the MD and MS unit transstors, respectively,

n

congdering that MS is in saturation (ND >> NS - dedgn oriented gpproximeation for therma

noise for MS transistor).

It can be demondrated that, while the (current) therma noise densty of the trangstors
MD and MS is, respectively ND and NS times larger, the input referred (equivaent voltage)

thermal noise density is, respectively, ND><(g§16MD|u) and NS >{gfnGMs|u) times smaller.
Therefore, the totd equivaent noise referred to the input of the TAT transstor anAT | in

can be approximeated to:

2

in [ | x\/n u T
Mrat | T |_NS ><(gmGMS |U)J2 NS}Y) ﬂ<|

-~ g,
+ , I +
o T}
} NS f
+ "‘(' rih|u)MS 459

B!

where the factor NS){QmGMJu) is easly identified a the TAT  transconductance

:I,r |-NS ><(g mG s

Om, . (expression 4.3.5).

The expresson 4.5.9 shows an important noise desgn chaacteridic. In the TAT
tranagtor, each therma and flicker noise contributions are lower than in unit transsors,
Increesng TAT transconductance, the totd noise is diminished, which is effectively redized
increesng NS. Another very important point is that, the MD transgor is the mgor noise
source in TAT. Hence, in order to improve (reduce) noise performance, one needs to make
gndler MD transconductance and larger MS transconductance. Unfortunatdly, smaler MD
and larger MS transconductances imply smaler ND and larger NS, respectively, which is a
difficult task, snce by definition ND > NS, Later, in next sections, will be shown that in TAT
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devices the active area (W.L) is smdler than in single tranggors resulting in that larger flicker

noisefor TATs.

Comparing previous TAT noise result with its equivdent sngle tranastor, the tota
equivdent noise of the dgngle trangsor can be cdculaed gpproximady making

Lange = KLy and Wgye = K, W, , where kq and ko are congtant parameter, positive

and integer. Thus, the total input referred noise can be caculated rdated to the unit transstors
of the MD and MStransgtors.

v? L uzg)e ke

Nangle kl xkz xg riG |u Ng | U Ng, | U 4510

where Vnsz| and Irih|u ae the flicker and thermd noise of an unit trandstor, Smilar to the

unit transstor of the MD and MS. Comparing the noises coefficients of 4.5.9 and 4.5.10 leads
to the following important result: TAT tranggtor is noiser than its equivaent sngle transgor,
that is, a low frequencies the flicker noise is larger, however the thermd noise is comparable

to asngletrandstor.

4.6 TAT versus Single Transistors Comparisons: Simulation and Measur ement

For comparison purposes, as wdl as invedigation and vdidation of the TAT
tranggors a number of difforet Szes of dngle (full-cusom) transstors and ther
corresponding TAT tranddtor, listed in Table 4.1, were prototyped on a same dlicon chip.
Experimenta plots for specific characteristic curves (IpxVp, QasXVp, IpXVe, gm/lpXVs) are
depicted in Fig. A1 for TAT-1 and Single-1; Fig. A2 for TAT-2 and Single-2; and Fig. A-3
for TAT-3 and Single-3 (Appendix A). Moreover, Appendix A includes smulated and
experimenta  comparisons. These comparison plots are shown in Fg. A-4 for TAT-2 vs.
Sngle-2, and Fig. A5 for TAT-3 vs Single-3. Findly, Fig. A-6 show three experimental and
three experimental vs. dmulaion gn/IpxVe curve characterigics of the TATs vs. Sngles
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(TAT-1 x Sngle-1, TAT-2 x Sngle-2 and TAT-3 x Sngle-3) and TATs (TAT-1, TAT-2 and
TAT-3), respectively.

Fig. A-la, Fig. A-2a and Fig. A-3a ae the measurement plots for the IpxVp
characterigics. The TAT measured characteristics show that the associations have larger drain
current below 3V gate voltage bias than the sngle trandgtor, demondrating the possibility of
low voltage gpplications. The hard data plots show aso that the output conductance, shown in
Fig. A-1b, Fig. A-2b and Fig. A-3b, in the TAT devices is very close (or even higher, in
saturation) to the single tranastors, due to the cascode (self-cascode) effect.

TABLE 4.1 - Sngleand TAT tranastorsin 1.0nm digitd CMOS technol ogy.

Type Method W L W/L ND NS Active  Area
Area Ratio
(mn) (mn) Ratio
P Snge-1 30 5 6 - R
TAT-1 30 - 6 12 x 3Ix 025 1.017

(25mlmm)  (2.5nmy1mm)
N Snge-2 30 5 6 - R
TAT-2 30 ; 6 12 x X 025 1.017
(25mvinm)  (2.5mv1mm)
N Snge-3 170 5 34 - R
TAT-3 168 - 336 16 X 4% 0.247 1.942
(10.5mm/Imm)  (10.5mmv1mm)

The linear characteridics of the devices IpxVg are shown in Fig. A-1c, Fig. A2c and
Fig. A-3c. From the plots, it can be observed the effect of the large series resistances (section
4.2) in the TATSs, tha is, the drain current curves have smdler derivatives @m) with increasing
gate voltages. Moreover, the TAT tranddtor is less senshle to the body effect (p curves are
closer for each Vg) due to the presence of the middle diffuson and non-saturation of the MS

transstor (sections 4.1 and 4.2). Thus, the voltage a source termina of the MD transgtor is
clamped at afraction of pinch-off voltage.

Data on the Fig. A-1d, Fig. A-2d and Fig. A-3d show a large threshold shift (less for P
type TATs) from the longer channe L=5mm device to the associated TAT transgtor. It is the
technology shortcoming of the short channe effect. The linear region transconductance is
reduced due to the series feedback and to the body effect present on MD transstor. The
measurements of the characterigic gn/IpxVe (shown in FHg. A-6a Fig A-6¢ and Fig. A-6e)
demongtrate that the larger subthreshold dope and lower Vr of the TAT spread the trangtion
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of the conduction to saturation region towards the left. This effect is due to the dow MD
trangtion (conduction to saturation), depending on the drain voltage of the MS transstor that
never saturates, but contributes to increase source termind voltage of the MD trangdor.
However, the achievable gm/lp of the TAT is smndler (section 44 — equation 4.35) in
comparison to the long channd devices.

Fig. A-1b, Fig. A-2b and Fig. A-3b compare the output conductance in strong
inverson at three gate voltages, 1V, 3V and 5V (less 1V for P types), for the transgstors with
L=5mm and ther respective TAT tranagtors with equivdent ratio W/L. The purpose of
including the plots for 1V gate voltage is to show the low frequency noise (Uf - flicker) in
subthreshold region. It is a consequence of the DC drain current variations (noise) even at
fixed bias conditions. This drain variaion is known as Random Teegraph Signd (RTS) effect
[KIR89].

At higher gate voltage drive (3V and 5V) it is remarkable that the minimum-L TAT
trangstor achieves the same output conductance g, in saturation region as the long channd
(5mm drawn) bngth devices. At lower gate drive, the short channd effects of V+ reduction and
Drain Induced Barier Lowering (DIBL [TSI88]) combine to give a larger g, both in
conduction and saturation regions. The output conductance in saturated region is of the same
order for the TAT with respect to its equivalent long channd at higher gate drive (Vg>3V).

The previous results demondrate that while the output conductance is baanced in the
TAT by this poor-cascode effect (section 4.3) to the equivdent single one, its driving
cgpability and reative gan gm/lp can be wdl exploited for lower supply-voltage applications.
This is paticulaly amenable to deeply scded CMOS, in which trandstor area is redively
inexpensve. In ancother vein, the behavior of the TAT a low drive is acceptable since for
VLSI/ULS a reduced supply voltage is necessary to operate the 0.15mm to 0.25mm devices in
current digit CMOS technologies.

The saturation mode characteristic curves IpxVs a@ same gate and drain voltage (diode
mode) steps (Vp-c=0.8, 1.6, 2.4, 3.6, 4.0V) are shown in Fig. A-le, Fig. A-2e and Fig. A-3e.
The RTS €ffect in the subthreshod region for the single transgor is larger than in TAT-based
device due to the short channd effects of the unit tranggtors. The experimenta plots show
agan the drain current shift in the subthreshold region (short channd effects). Moreover, the
leskage current (cut-off mode) in the TAT is amdler than in a dngle device This effect is
originated by the laterd and planar reverse diode effects (gate controlled diode — surface
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effects [GROG67]) in MOSFET devices. The reverse diodes are the result of the junctions np or
pn between diffuson implants n+ and p+ and substrate.

The liner marix Syle arangement of the unit tranastors in the SOT array (section
31) have a fixed area (very smal aea by congruction and technology condraint), shares
drain and source terminds, and the gate-overlapped area of the unit trangstors are less
gonificant than in a sngle tranagor. They are dmilar to the technique widdy used in full-
cusom methodologies. A large device (very large channed width) commonly required in
andog drcuit is slit and padld connected (and/or interdigitized [ALE97], [ISM94])
tranggtors are used. The resulting effect is the reduction of the equivdent MOSFET channd
drain and source area and perimeter, besdes the advantage of slicon area reduction. Thus, the
overd| influences of the paradtic reverse diodes are minimized. In fact, the SOT aray
providesthis advantage snce a TAT trandstor isa paralel association of unit transstors.

Fig. A-1f, Fig. A-2f and Fig. A-3f ae plotting the ratio transconductance-current
Onm/lpxVs over dl region of operation, which is helpful for analog circuit desgn. As expected,
the ratio gn/lp for the TAT becomes smdler, demondrating that a same current level a TAT
achieves a lower transconductance than a sngle device, as shown in section 4.3 — egudion
4.3.5.

Smulated and experimenta comparisons were aso included in this work for the N
type TAT devices TAT-2 x Sngle-2 in FHg. A-4; TAT-3 x Sngle-3 in Fig. A5 and Figs. A
6b (TAT-1), A6d (TAT-2) and A6f (TAT-3). Smulated versus measured results comparison
show the poor matching of the MOSFET modd used by the HSpice smulator (Leve 6,
HSpice modd with 1.0mm CMOS foundry-supplied parameters). The modds leve 3, 6 and
49, herein used and accessble from the foundries, do not represent the behavior of the red
trangstors. Observe the error magnitude on the output conductance (about 10 times) in Fig. A
4b and Fig. A-5b. There is a large disagreement on the drain current plots, shown in Fig. A-4a
and Fg. A-5a Findly, there is an over-estimated and/or nonpredicted short-channd effects
and body effect.
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5 Implementing Analog Basic SubcircuitsUsing TAT Transistors

In this chapter, fundamenta building blocks are designed based on g/lIp methodology
[SIL96], [FLA97]. These blocks include a current mirror, dngle stage common-source
amplifier with active load, track-and-laich comparator and operationa transconductance
amplifier (OTA) in both full-cusom and SOT aray methodologies. A good knowledge of
these building blocks is criticd to understanding many subjects of this work, and for andog
IC design on ay semi-custom gate arays in genera. Presently, test IC's containing these
blocks, designed in 0.5mm CMOS technology, were fabricated and experimenta results are
presented at end of the chapter 6.

Here are dso presented smulations with the purpose of validating and comparing SOT
methodology using TAT transgors. Although the OTA in 1.0mm technology had been taken
and designed as object of the andyss, it was discarded for the Sigma-Deta design in chapter
6. For the resson tha, a higher peformance and fully differentid OTA is required, and
technology updating has not been made. Neverthdess, a fully differentid OTA in 0.5mm
technology will be depicted in chapter 6.

5.1 Basic Current Mirror Technique

A smple CMOS current mirror is shown in Fg. 5.1, in which it is assumed that both
trangstors are under norma operation, i. e, in the sauration region. If the finite output
impedances of the trangstors are ignored, and it is assumed that both transstors are the same
sSze, then M1 and M2 will have the same current since they both have the same gate-source

voltage. However, when finite output impedance (non-zero output conductance) is considered,
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whichever trandgstor has a larger drain-source voltage will dso have a larger current.
Additiondly, the finite output impedance of the trandstors will cause the smdl-sgnd output
impedance of the current mirror to be less then infinite. This output impedance for sngle

trandstorsisequa to Iy, , anditisgiven by [ALE97], [ISM94], [TSI96]:

1

gdst

rdSVI 2 - rlocm

511

where I, represents the current mirror output impedance, Jgs,, is the output conductance

of the M2 trand stor.

llin llnut

M1 }ig{ M2 L = Lmz
- - (D™ (D

FIGURE 5.1 - CMOS current mirror, N type transistors.

W3S

The output impedance for the current mirror with TAT trangstors (self-cascode in
section 4.2) isgiven by:

1

=r =_—
gdst.

r
dSM 2' 0cm

= {rdSMD X[l + rdsMS X(g mSyp + gsMD )}M 2 512

where Ugq,, is the body effect constant present on MD of the TAT transstor M2' and dl

variables are for the TAT trandgstor M2'.

Now, the current mirror output current deviation can be expressed in tems of
differences on the drain voltages (in saturation) of the trandstors and output impedance as

follows

_Dvy .
out =T 513

dsy »

DI
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TABLE 5.1 - Singleand TAT trangstors examples for the current mirrors. CMOS technology
at 1.0mm and 0.5mm (prime superscriptsindicate TAT version).

Transistor sizes

Tech. Transistor W(um) L(pm) W/L

ND

NS

1.0mm  M1-M2 84 28 - -
M1'-M2 84 28 8x(10.5mvlnm)  4x(10.5nmvimm)
05mm  M1-M2 106 55.86 - -

M1 -M2 106

55.86 20x(5.4mm/0.6mm)  9x(5.4rmY0.6mm)

TABLE 5.2 - Smulated mismatching in current mirrors (N-FET type), for 1.0nm and 0.5mm
CMOS technology (prime superscripts indicate TAT version).

Technology Transistor

lin (MA) lout (MA)

Mismatch (%)

1.0mm M1 0.1000 0.1030 +3.0
M1 0.1017 +1.7

0.5mMm M1 0.6000 0.5490 -85
M1 0.6000 0.0

The current mirroring technique above andyzed using both sngle and TAT tranggors
in both 1.0um and 0.5um CMOS technology have been performed throughout eectrica

smulations. The transstors were designed by means of the devices listed in Table 5.1. It has

been demondrated that the current mirroring mismatch is larger in 1.0um technology.

On the other hand, the TAT verson has presented better current matching, showing the

predicted improvement on the output conductance. These smulaion results are summarized

in Table 5.2. The experimentd investigations (chapter 6) were performed in order to confirm

previous smulations and layout effects on the test-chips in 0.5mm technology.
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5.2 Basic Single-Stage Common-Sour ce Amplifier

A way to examine the performance of a circuit usng a sngle TAT is the dangle stage
commonsource (CS) amplifier. This basc amplifier has been designed with a PMOS current
source as the active load, as shown in Fig. 5.2a. A Rtype transstor is used as an active load to
supply the bias current for the drive tranastor. By usng an active load, a high-impedance
output load can be redized without using excessvely large resstors or large power supply
voltages.
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FIGURE 5.2 - (8) Sngle-stage CS amplifier with PMOS type current source. (b) Smal-sgnd
modd for angle verson. (¢) Smdl-9gnd mode for TAT verson.

A gmdl-9gnd equivdent drcuit for high-frequency andyss of the common-source
amplifier is shown in Fig. 5.2b. In the figure, C. concentrates drain-bulk capacitances of M1
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and M2, any paradtic capacitances may have a output node and load capacitor, where
typicdly, C_ dominates Andyzing the circuit a& high frequencies the commonsource
amplifier gainisgiven by [LAK94], [TS96], [JOHI7]:

b
- gmM1 ><RI_ Xél S ngl _

gli ﬂ

521

A, (5) =~ou =
V

in

1+ as+ bs?

where Ry, represents the output impedance of input voltage source, R. is the padld
combination of the output impedances of M1 and M2 transstors, and the coefficients a and b

are given by:
a= Rin >4.C95M1 + ngMl )<l+ gli XRL )J+ RL >{ng1\41 +CL) 5.2.2
b - Rin XRL ><(ng1\/|1 >CQSM1 + Cgle >C|- + ngMl >CL) 523

After some amplifications, the gain can be approximated by the following expresson:

-g"‘MlxRL o
AOCL IR Ac. +c, Airg, RFRAC, +C )] 52

and the dominant pole (at - 3db frequency) is given by:

5.25

Rn ){Cgsm + ng,\,l1 )<1+ gli ><I:QL )+ RL >(ng,\,|1 + CL)J

The DC gan of commontsource amplifier is given by the expresson 524 a low
frequencies, that is: A, =-g, >R (RL indicated in Fig. 5.2b). As well-known, depending
on the device szes, currents, and the technology used, a typicd gain for this circuit is in the
range of -10 and -100 [ALE97], [LAK94].
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TABLE 5.3 - Desgned sze for Amplif-1 and Amplif-2 (prime superscriptsindicate TAT
version).

Amplif-1: AMP_S1 (single) and AMP_T1 (TAT) - 1.0mm CM OS technology

Xtor W L W/L ND NS Active Area
Area Ratio
(mn) (mn) Ratio
M1 84 3 28 - -
M1 84 - 28 8x 4x 05 1.271

(10.5um/1um) (20.5um/1um)

M2-M3 180 3 60 - -

M2'-M3 180 - 60 8x 4x 0.5 1451
(22.5um/1um) (22.5um/1um)

Amplif-2: AMP_S2 (single) and AMP_T2 (TAT) - 0.5mm CM OS technology

Xtor W L W/L ND NS Active  Area
Area Ratio
(nm) (nm) Ratio
M1 106 1.9 55.8 - -
MT 106 1.9 55.8 20x 9x 046 1431

(5.4um/0.6um) (5.4um/0.6um)

M2-M3 191 1.7 1123 - -

M2-M3 191 17 1123 16x Ox 054 1515
(11.7pum/0.6pm)  (11.7um/0.6um)

TABLE 5.4 - Smulated totad harmonic digortion in Amplif-1 and Amplif-2 for 1.0nm and

0.5mm CMOS technology.
Amplifier ~ Total HarmonicDistortion (%) @ 2Vpp
AMP_S1 3.975
AMP_T1 3.458
AMP_S2 4.555
AMP_T2 2.814

The same andyss can be redized with TAT tranggors, usng the equivdent TAT as a
sngle device M1. However, intermediate node pole will not be accounted and a direct TAT
vason gndl-sgnd modding andyss is not dmple Hence, the zero-vdue time-constant
andysis method [JOH97] can be employed in order to estimate the dominant pole of the TAT
system amplifier. Consder the amplifier smdll-signd modd of the TAT verson shown in Fg
5.2c. The concentrated capacitances Cy and Cg are given by:

Cqo =Cq,, +CL +Cyy 5.2.6a
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Cs, =Cq,. +Cq 5.2.6b

MD

where Cpyr is the total capacitances a current mirror output (drain of the TAT equivdent M2
in Fg. 52a8). The edimaed dominant pole of the sysem amplifier usng TAT devices, dfter
some tedious cacultions, isgiven by:

1

W, @—F . G ‘
Rn ){CQSMS + ngMD + gmGMs sz >{ngMS +C93\/|D )J+ (ngMD + CdZ)le + CSZ XRZ
5.2.7

where the resstances R; and R, are given by:
R = Tiee Tasue “Ims,e 5.2.8a
1
R = Oms,. Mg T1 5.2.8b
gds\ns + D MD
R

The DC gain is effortless found with the output conductance and transconductance of
the TAT from the equations 4.3.3 and 4.3.5 (or 4.3.4), repectively. The result is smply given

by (RL=p):

7

€ Urneyo “Irnoys . Iy *Imsyo U
A/OTAT @'rdsMD% MGyp MDvs mGvp mS\ADu@

éngMS ) ngMD gdSMS + ngMS g
@ gmGMs xgmGMD >¢dSMs >q.dSMD 5.2.9

Table 5.3 ligs the trandstors size desgned for both Amplif-1 and Amplif-2 in 0.5nm
CMOS technology. The AMP_S1 and AMP_S2 are the full-custom versons and AMP_T1
and AMP_T2 ae their equivdent TAT versons Note the number of minimum-L trangstors
employed in the TAT verdons in comparison to thar equivdent full-custom ones. While there
ae only 3 devices in the full-cusom, in the TAT versons have 24 (AMP_T1) and 54
(AMP_T2) transistors.
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FIGURE 5.3 - (8) CS Amplif-1: gain and phase margin. Electrical smulation (HSpice, level
6) for 1.0um CMOS technology. AMP_T1 (dotted) and AMP_S1 (solid). (W/L)=84/3.0.

FIGURE 5.4 - CS Amplif-2: gain and phase margin. Electrical smulation (HSpice level 49)
for 0.5um CMOS technology. AMP_T2 (dotted) and AMP_S2 (solid). (W/L)eq=106/1.9.

The smulated plots are shown in Fig. 5.3 and 5.4 [CHO2000b]. As expected, the TAT
versons are working as an approximation to the cascode amplifier (as a sdf-cascode). The

gan and phase ae dmog the same compared to the full-custom. The results demonstrated

Qas,, ™Y

that the TAT output conductance is similar to the traditiond cascode g, =%.
mSMD

While in the traditional cascode stages, the top MD tranastor output conductance is set a

lower vaues (by convenient design of WI/L), in the TAT verson, MD is larger (trgpezoidd)

than M S, leading to high output conductance level for MD. Theresult is.

gOTAT_satge > gOCascode_ stage 52.10

Furthermore, in saturation mode the transconductance (proportional to square root of
Ip) is higher than in conduction mode (directly proportiond to Vpg). Thus, as the MS

transgtor is dways in conduction, its transconductance g, is not much higher vaue, since
it is directly proportiond to the middle voltage V.. The resulting performance is that the

amplifier gain of the TAT verson is the averaging resultants of the previous effects, which
contribute to be comparable to the full-custom amplifier.
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FIGURE 5.5 - Smulated output noise power spectrum for CS amplifiers (HSpice, levels 6 and
49). TAT (dotted) and single (solid) verson. (a) Amplif-1 (1.0mm). (b) Amplif-2 (0.5mm).
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The bandwidth is aso not degraded by the additiona intermediate node m (Fig. 3.3).
The tranastors MD and MS capacitances combination are of the same order of a single
trandstor. The gate-to-source capacitance of MS device is sndler compared to a single

device, ance MSwidthissmdler.

The totd harmonic digtortions and noise smulations are also addressed. Simulated
totd harmonic digortions, shown in Table 5.4, have shown better (smdler) in the TAT than in
the dingle trangstors. They were Szed a exactly the same equivaent W/L ratio, L and W. It
proves the better linearity for TAT versons. The smulated noises power, shown in Fig. 55a
and 55b, are larger for the 1.0um technology, compared to the 0.5um technology common
source amplifiers. The reasons ae that a larger number of unit tranggsors is employed in
AMP _T1 than in AMP_T2, and the totd gate capacitance is larger for the 0.5um amplifiers
[BER79]. The themd noise in the drcuit amplifiers, Amplif-1 (1L.Oum) and Amplif-2
(0.5um), isvery low, as expected (section 4.4).

The flicker noise codfficent value Kf, required in the Spice modd, was estimated since
the KF spice coefficient in level 3, 6 and 49 (Bam3) from the foundries is not avalable. To
fadlitate the redization of the noise Imulaions, an averaging and goproximation of the
coefficient vaues (coefficients that usudly are red vadues for MOS trandgstors) were adopted.
For comparison purposes, it is acceptable. Thus, the noise smulations presented here do not
reflect the absol ute noise performance, to be expected from fabricated devices.



77

5.3 Track-and-Latch Comparator

A comparator executes two important tasks in one-bit Sgma-Ddta modulator:
comparison, binary quantizetion adjusting the modulator output to a digitd logic leved. In
order to guarantee a good globa performance of the Sigma-Delta modulator, a comparator
ought to offer high speed, low offset, low power consumption and reasonable output signd
swing. Thelatter can be regulated by alevel converter, such as a Set- Reset type latch.

FIGURE 5.6 - Track-and-Latch comparator.

The track-and-latch comparator [CHO94], depicted in Fig. 5.6, is structured by the
input differentid  drivers M1-M2, inveters M3-M8 and M4-M9 in podtive feedback
configuration, equdizer/pre-charger trandstors M6-M7, and by the current source controlled
(phil) M5. In an ingant before active semi-cycle phil, the input sgnds Vin+ and Vin- have to
be defined and dabilized to facilitate the regenerative comparison. Then, initisting a riSng
edge of the clock phil, one of the outputs moves fast, except for a smal dday, toward the
lowest power supply, Vs or ground. Both output nodes have been pre-charged to the \pp in
the equdization/pre-charge phase (inactive semi-cycle clock) in order to speed up the
regenerative comparison. That is, throughout the inactive semi-cycle period, the current of M5
(lai1) is turned off and input drivers and regenerative latch are reset and pre-charged to \pp.
The speed of this type of comparator is strongly dependent on the kg current, that is, speed is
directly proportiona to the current: increasing it, the speed increases [CHO94].
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The time condant of the track-and-latch in latch mode, i. e, when in postive feedback
phase, can be cdculated by a samply sructure conssting of two inverters as badc latch,
illustrated in Fig. 5.7a [JOH97]. Condder that both output voltages are close to each other at
the beginning of the laich phase and the inverters are in ther linear range. Then each of the
inverters can be modded as a voltage-controlled current source driving a RC load, shown in
Fig. 5.7b.

+ Gm=
A
41 V2_ AL TQL EW

@ (b)

FIGURE 5.7 - (a) Badic latch with two inverters. (b) A linearized mode of the track-and-latch
comparator in latch mode.

In Fig. 5.7b, the A, is the low frequency gain of the inverters and the modd for
amplicity islinearized. Then, the time congtant is given by [JOH97):

= KAXx——- 53.1

where L is the channd length of the inverters, g is the NMOS transstor mobility, and KA is
an independent congtant (varies between 2 and 4). This expresson is very usgful in
determining a rough egimate for the maximum cdock frequency. The time condant is mogtly
affected by technology parameters (not controlled by design, such as minimum-L, Vp and Cy).

Findly, conddering the voltage logic difference required to be recognized by
succeeding digita circuit, the time necessary for latching is given by [JOH97):

CoanMoe - yeax L@ Vioge & 5.3.2
M, & D b *
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where, DV|q4ic is the logic voltage difference desired and Dvy is the input voltage difference
needed for comparison a the beginning of the laich phase. The wdl-known meta-stability can
occur when DVp is very smdl and even in the case it is not (large enough), because of the

presence of the circuit noise.

TABLE 5.5 - Designed sngle and TAT trangstor Szes for the Comparator in both full-custom
and SOT array (prime superscriptsindicate TAT version).

Track-and-Latch Comparator (0.5um CMOS technology)

Transistor W(um) L(um) WIJ/L ND NS
M1-M2 72 1.2 60 - -
M1'-M2 108 - 60 20x(5.4um/0.6pm)  10x(5.4um/0.6um)
M8-M9 30 0.6 50 - -
M8 -M9’ 324 - 54 6x(5.4pum/0.6um) -
M5 10 15 0.67 - -
M5’ 1.2 - 2 1x(1.2uny0.6um) -
M3-M4 20 0.6 33.33 - -
M3 -M4’ 234 - 2X(11.7um/0.6pum) -
M6-M7 25 0.6 4.2 - -
M6 -M7’ 2.4 - 4 2x(1.2um/0.6um) -

In this comparator design, the main concerns were the speed and power consumption
as long as senghility (offset voltage) and gain are reasonably uncomplicated achievable. Once
the desired frequency of operation is reached, the power consumption is settled by the current
lwir. If it does not meet the specifications, it is re-done iteraively by changing smultaneoudy
the width W of M1-M2, M3-M8 and M4-M9 [CHO94], until the desred performance is
achieved, aways checking the frequency defined in 5.3.2.

Desgned transgor sSzes (dngle) and asociation (TAT) of the track-and-latch
comparator for both full-cusom and SOT aray methodology are summarized in Table 55.
The full-custom comparator includes 28 single transstors and for its equivdent SOT verson
41 unit transstors are used. Note that, the SOT version uses only the TAT transstors for the
differential input par (M1 and M2), because the others are only digitd transstors. Thus, for
the remaining devices the converson process is only associating in pardld in order to get the

desred equivadent width W using unit trangstors available in the array.
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TABLE 5.6 - Smulated comparator performance in 0.5mm CMOS technology.

Design M ethodology

Full-Custom SOT
Vop (V) 3 3
CL(pF) 10 10
fmax (MHZ) 70 40
Diff. Sensibility DVin(mV) 10 18
Paiss (MW) @ 14.3MHz 0.1 0.13
ltail (MA) ~ 84 ~93

The plots in Fig. 58a Fig .58b, Fig. 59a and Fig. 59 show the smulated
comparator in full-cusom and SOT aray versons. Note the equalization phases described
before, where both output are first equaized, then pre-charged to the Vpp and one of the
output moving fast toward the lower supply ral. Moreover, sandby current (period of phil
inactive semi-cycle) is near zero. Indeed, power consumption is very low in this type of
comparator because currents just flow over the circuit in the semi-period preceding the latch
mode.

Table 56 shows the smulated peformance results It is comparing the same
comparator (described previoudy) in both full-cusom (sngle transistors) and SOT array
verdon udng TAT tranggtors. The SOT verson has shown smilar peformance to the full-
cusom design, except for the lower fax and larger differentid input senghbility (Dvin). The
reason is that the comparator maximum frequency is strongly dependent on the current tall
(lail) that feeds the differentid par and by the approximations redized in TAT trangstors
assembling, which are dear in Table 5.6. This comparator was fabricated (full-custom and
SOT aray) in 0.5mm CMOS technology from MOSIS foundry. The experimentd results are
in the chapter 6.
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FIGURE 5.8 - Smulated comparator performance (HSpice, leve 49). Full-custom version for
0.5nm CMOS technology. (8) Output voltages Vot+ and Vo-. (b) Switched tail current in M5
transstor.
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FIGURE 5.9 - Smulated comparator performance (HSpice, level 49). SOT array version for
0.5mm CMOS technology. (&) Output voltages Vot+ and Vo-. (b) Switched tall current in M5
transstor.
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5.4 CMOS Operational Transconductance Amplifier

The OTA shown in Fig. 510 is a differentid-input sngle-ended output. It aso has
been implemented in full-custom [CHO97] and SOT array [CHO99c], [CHO2000b]
methodologies in 1.0nm CMOS technology, in order to investigate the SOT version
performance and TAT vdidation. This gpplicable folded-cascode OTA, here in andyss, had
been extensvely andyzed and designed previoudy in [CHO94]. Report this work for more

design detalls.
DD
o
L j e vy,
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FIGURE 5.10 - Folded-cascode single-ended OTA.

The gan in folded-cascode OTAS is determined by mainly the input transconductance
differential pair and is given by [ALE97], [LAK94], [JOH9I7]:

g mGy ¢ >(Zout

A\/ (S) i l+ S(Zout )CL)

54.1

where Z,;: is the output impedance of the OTA. Usudly, this impedance s very high, on the

Om
order of 292 or gregter if output impedance enhancement is used other than desgned in
ds

this OTA, for example awide swing cascode current mirrors [JOH97).

For mid-band and high frequencies, the load capacitance dominates, and the

expression 5.4.1 can be approximated as follows:
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gmGMl
g) = ZMGu
A (s) <, 542

from which the unit-gain frequency (gain-bandwidth) of the OTA isfound to be:

2 X Dyt
W — gmGMl — n NPMl — 2| D1 543
unit- gain A
C, C. n¥, C

Therefore, for large load capacitances, maximizing the transconductance of the input-
differentid pair (M1 and M2) maximizes the bandwidth, assuming the load capacitor is large
enough so that unit-frequency is much less than the limit imposed by the second poles. The
input trangstors transconductance can be maximized by widen channd width devices, and
ensuring that the bias current of the input pair (Im11) is subdantialy larger than the bias
current of the cascode transistors (M5-M6) and current mirrors (M7-M8 and M9-M10). In this
approach, the DC gain dso can be increased maximizing output impedance Z,y: (or decreasing
output conductance). It can be done by biasng at lower current levels (for a given total power

consumption) on al transistors connected to the output node.

A practical upper limit on the ratio between the bias currents of the input trangstors
and the currents of the cascode transstors might be around four times. If too high a ratio is
used, the bias currents of the cascode trangstors can not be well established since they are
derived by current subtractions. Another advantage of having very large transconductances for
the input devices is that the thermd noise due to this input pair is reduced. Thus, snce much
of the bias current in folded-cascode OTAs flows through the input differentid pair, these
OTAs often will have better thermd noise performance than other having same power
disspation.

Ancther important desgn parameter is the settling behavior of the OTAS, that is, dew
rate. It is defined as the maximum rate a which the output changes when input sgnds are

large and itsexpressoniis.

Reo dVout|
d¢ "™ C, C,

X|
— Dvn :2 IDMl

54.4
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Subdtituting the expresson 54.3 into 544 and usng the expresson for the

transconductance in sauration (remind that g, = (2 x| D)/ (n Np)), another relationship for

SRisnow given by:
2X
=- NV nit- gain =n NH\/Il Wit- gain 5.4.5
2X
— DPw
n >R/F)Ml

From the above expression, it is obvious that in order to achieve a high dew rate and
high GBW a P type tranagor as the input differentid par is preferable rather than N type

channel device. Sauration voltage for NMOS transstor Vp_ s higher then in PMOS
devices because of PMOS threshold Vr is higher than for NMOS devices. Moreover,

decreasing VD@ increases the transconductance of the input stage. Although incressing

V[)gaI helps to minimize digortion, a lower transconductance in the firs stage decreases the

DC gain and increases the equivaent input therma noise [ALE97], [JOH97].

Concerning the power consumption in OTA, there is a trade-off between sandby
current and desired SR. The low power in OTAS means, at leadt, low standby current, which is
defined by tal current (M11) and current sources (M3 and M4), that bias input differentia
pair and the cascode branch, respectively. Nonethdess, the achievement of a good dew rate
OTA with low current driving capability is not smple. It is reguired the use of a pecific
circuit configuration, such as class AB stages or a good design trade-off evolving SR and low

power dissipation.
The transconductance of the differential pair can be increased by ether increasing the
aspect ratios of the transstors M1 and M2 or the tail current. On the other hand, the maximum

avalable current from a differentid pair can not exceed the tal current. The standby power
consumption is related to the load capacitance and the desired dew rate by:

Piiss = Vop *CL X(SR) XKyra 5.4.6

where K, is a factor related to the type of OTA. For this OTA in particular (or for fully

differentid OTAS) this factor is 4. It is obvious that for high-speed switched-capacitor circuits
(for example) this type of OTA, without any improvement technique, disspates a large
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dandby power, paticulaly when driving a large load capacitor. Although, power
consumption is the mgor concern in dedgning fully differentid OTA in chapter 6, in this
paticular OTA it is not, Snce in that time the desgn focused only gain, speed and settling
time,

In this type of OTA, the contribution of cascaded transstors to degenerate the input
offsst voltage and input-referred noise voltage is larger than in others. One must take care on
the input par M1-M2 for matching and between the pairs formed by M3-M4, M5-M6, M7-
M8 and M9-M10 in order to minimize the input offset voltage. Additiondly, if the tranagtors

M7 to M10 are biased at the same current as the input devices, the input-referred flicker noise
can be shown to be:

2Kf  xm, eeL,,, 92 L&l
Kfn >(rnn LM 4 B LM 10

where Kf, and Kf, ae the flicker noise coefficients for the NMOS and PMOS devices,
respectively. From the above expresson, it is obvious that by increasng channd lengths of
the current sources M3-M4 and the input differentid-pair area, flicker noise can be minimized
[BER79)].

Employing TATs indead of single trangstors to this andyds, expresson 54.1 at firs
moment makes obvious that the TAT verson presents DC gain higher than the equivdent
ful-custom one. Experimentdly, it is not aways true because the transconductance for a TAT
has a lower vaue than for its equivdent sngle tranastor (chapter 4 — section 4.2). Hence,
there is a compensation between the behavior of the two terms — tranconductance and output
impedance — which set the DC gain, since output conductance in TAT is amost he same or
higher compared to the equivdent single one (Chapter 4 — section 4.2). As a consequence, it is
natura the dew rate @R) for a TAT verson to be lower in view of the fact that the dominant

poleislower than for a single one (under the same DC conditions for both).

With the purpose to investigate the previous andyss usng TAT transdors, the OTA
illugrated in Fig. 5.10 has been desgned and implemented in both full-custom and SOT array
methodology. The desgned geometries W's, L's and W/L’'s of the OTA transstors are
summarized in Table 5.7. Note that SOT verson contains 100 unit transstors. The layouts and
die photos of the folded-cascode OTA are shown in Fig. 511 and Fig. 5.12, respectively.
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(for C_.=10pF) and experimental measurements.

TABLE 5.7 - Designed sngleand TAT trangstor Szes for the OTA in full-custom and SOT
array methodology (prime superscriptsindicate TAT version).

Folded-Cascode OTA —1.0mm CM OStechnology

Xtor W L WI/L ND NS Active Area
(um)  (um) Area  Ratio
Ratio
M1-M2 170 5 34 - -
M1-M2 168 - 33.6 16x 4x 0.247 1.942
(10.5um/1pm)  (20.5um/1um)
M3-M4 63 10 6.3 - -
M3 -M4 525 - 6.6 21x 3X 0.095 1.883
(2.5um/1um) (2.5um/1um)
M5-M6 57 10 5.7 - -
M5-M6 30 - 6 12x 3X 0.25 1.017
(2.5um/1um) (2.5um/1um)
M7-M8 42 10 4.2 - -
M7 -M8 425 - 4.5 17x 2X 0.113 1.585
(2.5um/1um) (2.5um/1um)
M9-M10 42 10 4.2 - -
M9'- 42.5 - 4.5 17x 2X 0.113 1.585
M10’ (2.5um/1um) (2.5um/1um)
M11 15 10 1.5 - -
M11 5 - 1.7 2X 1x 0.05 3.049
(2.5um/1um) (2.5um/1um)

From measured data, it is clear tha, the OTA in SOT verson has smilar DC gain,
while amulations (shown in Fg. 5.11a) have demondrated higher gains but Smilar vaues.
Additiondlly, SOT verson has higher bandwidth (GBW normalized a C_=50pF) accordingly
to the amulations, as larger as dmost 1.8 times. Measured dew-rates are very closer to the
smulation results (see Fig. 5.11b), however SR performances of the OTAs are very low due
to the low tal current (M11). The offsst voltage in SOT verson is smdler than in full-custom
verson, demondrating the better matching due to good intrindc layout pattern. That is,
naturdly TAT tranddtors ae very dmilar to the interdigitizing technique, which is widdy
usad in full-custom layout design (section 2.4).
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TABLE 5.8 - Experimental and Smulated OTAs performance in 1.0nm digitdl CMOS
technology (GBW\z=Normalized).

Smulaion M easurement

Full-custom SOT Ful-custom SOT
Supply Voltages (V) 2.5 25 125 125
Ay (db) 106 92.4 64.5 62.9
GBW(MHz) @ C,(pF) 45/10 7.7/10 | 0.186/82.4 | 0.514/53.5
GBW\z (MHz) @ C_ =50pF 0.9 1.54 0.307 0.550
SR (VIns) @ C.(pF) 3.46/10 589/10 | 042/824 | 1.10/535
PM (°) 80 76.2 79.4 51.7
Vod (MV) 24 0.83 30 15
Vo max(V) +22/-13 | +16/-14 | +1.1/-0.7 | +0.9/-0.9
Puiss (MW) 0.50 2.78 0.87 1.38
SNR(dB) @ 500K Hz/1IMHz - - 99.1/979 | 94.1/92.8
THD (%) - - 5.9 9.8

Attempt to the power consumption for both versons. The measured results are dmost
in agreement to the theory (expresson 5.4.6) and an important disadvantage for the SOT
gpproach is the higher power consumption in comparison to the full-custom verson. Then, the
importance of the dngle-to-TAT trandstors assembling process (section 3.3), snce the bias
currentsin SOT versons might be larger.

The load capacitances for measurement column in Table 5.8 are estimated vaues from
the output currents that are expected at hominal G . and measured dew-rates of unknown regl

capacitances at the chip targeted output pin. Hence, estimated C, can be expressed by:

Iosim — S?S'm >CL SRsim

nom = x

C_ = L 5.4.8
= SRmeas S?meas o SQmeas

Higher estimated load capacitances are due mostly to the parasitic capacitances present
in the chip packages and cables from the measurement devices. It explans partly the
measured low bandwidth in the OTAs. It is worth noting that the OTA with TAT tranggtors
has amilar (or higher) gain-bandwidth product. Indeed, it is expected since the TAT transstor
act like a cascode stage (sdlf-cascode — section 4.2).
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TABLE 5.9 - Measured noise performance. Severa test-1C samples containing folded-
cascode OTA in 1.0mm CMOS technology. (a) Full-custom version. (b) SOT array version.

Sample-l Sample-2 Sample-3 Sample-4 Sample-5

SNR (dB) @ 0.5/1MHz 954/87.7 98.7/96.7 943/96.4 105/103 102/106
Thermd noise (nV/CHz) 31/53 25/45 29/ 47 35/45 20/ 50
@0.5/1IMHz
1/f noise (MV/OHz) @1KHz 0.42 121 0.31 0.89 0.59
1t corner (KH2) 290 286 272 314 274
THD (%) 6.31 2.15 6.93 4.87 0.28
@
Sample-l Sample-2 Sample-3 Sample-4 Sample-5
SNR (dB) @0.5/1MHz 95.7/944 102/97.6 86.3/87.7 955/94.6 90.8/89.5
Therma (nV/CH2Z) 27155 23147 28/ 41 25/ 46 28/ 63
@ 0.5/1IMHz
1/f noise (MV/OHz) @1KHz 2.83 1.72 1.63 2.83 2.03
Ut corner (KH2) 456 426 420 486 416
THD (%) 1111 15.21 6.72 9.89 5.99
(b)

The noise peformance of the OTAs has aso been invesigated. The results are
summarized in Table 9a and Table 9b, where are shown measured noise for 5 samples of each
OTA veson. In gppendix B, experimental noise power spectral densties measured at the
OTAs output are depicted in Figs. B-1a, B-1b, B-1c, B-1d and B-1e (Appendix B). The results
show that the flicker noise in both versons is large due to dependence on input differentia-
pair geometry-area (L and W) — section 4.3. In this OTA design, the differentid-par has smal
geometry-area (M1-M2 in Table 5.7), since the desgn objective was just for test purposes.
Regarding the thermd noise, in SOT verson is dmost smilar (or dightly higher) to the
equivdent full-cusom verson. The total harmonic digtortion has been peformed in order to
check the tota amount of non-linearity present in the OTASs, dso shown in Table 9a and 9b.
The results manifested that in some SOT versons present larger THD than in full-custom
versons. One can minimize non-linearity in SOT methodology by careful mapping of the full-
cutom to ther equivdent TAT associations (section 3.3) and biasng levd currents in

cascode devices (decreasing Vpssar)-
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FIGURE 5.11 - Smulated OTA performance. Full-custom and SOT array version for 1.0mm

50pF. (d) Gain and phase. (b) Transent response (buffer config.).

CMOS technology at C.
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(b)

FIGURE 5.12 - Layouts of the folded-cascode OTA (1.0mm CMOS technology): (a) Full-
custom. (b) SOT array.

@ (b)

FIGURE 5.13 - Die photos of the folded-cascode OTA (1.0nm CMOS technology). (a) Full-
custom. (b) SOT array.
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6 Sigma-Delta Modulator Implementation on SOT Array Using
TAT

This chapter is dedicated to the desgn of Sigma-Delta (SD) modulator for GSM
sysem gpplication. The main concerns in this desgn are power consumption and signa-to-
noise ratio (SNR) of the SD modulator, which is degraded by non-linearity in the integrators.
Due to nontlinear feedback, nonraccurate prediction of noise leskage and digtortions, the SD
modulator evauation is not effortless and requires dectrica levd time-doman smulaions
[BOS88], [CHO94]. For these reasons, the anadyss was done with behaviord smulation
(Smulink, MatLab) a system levd desgn. Before demondrating the modulator and chip-tests
desgn in full-custom and on pre-diffused SOT aray, it worth first get an overview on the
generd SD modulator.

6.1 Sigma-Delta M odulator Overview

In recent times, oversampling A/D and D/A converters have become popular due to
their high resolution for medium-to-low speed applications, such as high-qudity digita audio,
voice-band communications ad others. The mgor reasons for ther popularity are firdly,
oversampling converters relax the requirements put on the andog circuitry a the expense of
more complicated digitd circuitry. This trade-off becomes more dedrable for modern sub-
micron technologies with 3V (or lower) power supply voltages where complicated high-speed
digitd dircuitry is eadly redized in less aea However, the redization of high-resolution
andog circuitry is complicated because of low supply voltages and poor output impedance of
the trangstors caused by short-channd effects By means of oversampling data converters,
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andog components have reduced requirements on matching tolerances and amplifier gains. A
second advantage is that, it amplifies the requirements placed on the andog anti-diasng
filters for A/D converters and smoothing filters for D/A converters. Usudly only a fird-order
anti-diagng filter is required, which can often be redized onchip or a worse case vey
inexpengvey off-chip. Moreover, a sample-and-hold is not required at the input of switched-
capacitor SD A/D converters.

Maize

In Integ_1 Integ_2fF—---- Integ _M " AD = Out

R DiA

FIGURE 6.1 - Basic N'-Order Sigma- Delta modulator.

The ided performance of a SD modulator — Fig. 6.1 — can be characterized by means
of dynamic range (useful sgnd range) and in-band noise power. Generdly, for a given order
N of agenerd SD modulator, the dynamic range DR is given by [JAN93], [MAL99]:

9 2N +1><OSR2N+1 (28 ) 1)2 611

3
-2F%
where B is the number of bits of the D/A converter, V,, isthe maximum pesk-to-pesk input

voltage dgnd amplitude, D is quantization sep (from reference voltages ig), and OSRis

oversampling ratio. Although, the overdl performance of a SD modulator by improving the
\VA

Mg

raio or increesng OSR the expresson 6.1.1 clearly shows that the higher is the order

N, the better is the performance. Nonethdless, it often means cascading more integrators in the
feedback loop. Therefore, it increases phase shifting, thus increesing the posshility of overdl
ingtability [CAN85], [BOS88], [UCHS88]. However, the feedback performs an important role
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in an oversampling converter. Filtering feedback around low-resolution quantizer (1-bit in this
case) has the effect of shaping the spectrum of quantization noise.

Therefore, a high resolution SD modulator is put forward here that utilizes multistage
noise-shaping (Mash) technique. The Mash approach dlows higher orders of SD modulator
by means of lower orders of SD modulators sSructured in pardlel instead of cascading. It
diminates the feedback loop ingability problem caused by multiple-order integrators in a
sngle feedback and it reduces required linearity for D/A circuits. The disadvantage is the
block components (example, gan) mismatches between sages that affect the SNR.
Additiondly, previous characterigics show that oversampling techniques are suiteble for
andog-digitd implementation by meansof VLS CMOS digita technologies.

6.2 A 4" Order 2-2 A/D Sigma-Delta Modulator Design

The A/D converter herein presented is the Sigma-Delta project developed by the
Andog VLS group a The Ohio State University. The focus of the design is a system that fills
a specfic requirement, that is, a programmable multi-standard A/D system for wireess
communication applications. The generd architecture is schematized in Fig. 6.2. Initidly, the
main wireess communication standards targeted were for GSM (890-960MHz of frequency
spectrum) and DECT (1881-1897MHz) with bandwidth of 100KHz and 700KHz, respectively
— ghown in Table 6.1. A higher dynamic base-band system, a Sgma-Deta converter, was
chosen thanks to its robustness and tolerance with respect to the mismatch effects in andog
components. Moreover, it shows superiority to other converters when low voltage and high
dynamic-range operation are required.

A Mash structure of a 4"-Order A/D SD modulator is shown in Fig. 6.3. It utilizes a
configuration using two noise-shaping converters of 2"-Order SD modulator. Exchanging
resolution by speed, this Sgma-Ddta is perfect for multi-standard gpplications. Maintaining
unatered the circuit, a higher resolution can be obtained by lowering data rate. Alternatively,
increesing sampling frequency a fixed bandwidth, higher resolution is dso obtained (or fixing
sampling frequency at higher bandwidth) — Table 6.2.
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FIGURE 6.2 - Genera architecture of awireless receiver system.

FIGURE 6.3 - 4™"-Order Sigma- Deltamodulator diagram with gain per filter.

Consequently, a programmable SD sysem can be achieved and implemented using
individua or combination of the following rategies

Capacitors array selection;

Reference voltage scaling (automatic gain control function);
Dynamic biasing: dew rate programmability;

Doubling sampling frequency (f.) to increase SNR;
Sampling rate adjustment;

Multi-bit digita-to-analog converter, ingtead 1- hit.

o o A~ w D PE

The agppropriate agpproach is decided depending on the system specification and
requirement. The above approaches are better observed from the expresson 6.1.1. The item 2
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changes dynamicdly the SD modulator characteristics by scding the ratio between the input

V,
sgnd and reference voltages (%). This technique is cdled as voltage gain control and it

is required an additiond circuitry, which is a disadvantage. The item 3 is redized adjusting
the OTA output current, that is, as power consumption is directly proportiond to the circuit
bias currents and low current means low SR, the output current is increased as it required.
Hence, maximum frequency operdtion can be increesed and further increasing sampling
frequency and oversampling retio, with the advantage of maintaining low power consumption.
Obvioudy, an extra— and complex circuitry is needed.

TABLE 6.1 - Different gandards for wireless communication systems.

Parameters GSM E-GSM DECT PCS1900
RF Frequency range (MHz)  (Tx) 890-915 880-915 1.88-1.897 1.85-1.91
(Rx) 935-960 925-960 1.93-1.99
Channd-spacing (KH2) 200 200 1728 200
Sengtivity (dBm) -102 -102 -83 -102
I nput noise (dBm) -120.8 -120.8 -112.3 -120.8
Noisefigure (dB) 9.8 9.8 19 9.8
IM3 (dBm) -118 -118 -100.3 -118
IP3 (dBm) -135 -135 -14.6 -135
Baseband dynamic range (dB) 80-100  80-100 60-80 80-100
Baseband signd bandwidth (KHz) 100 100 700 100
Resolution (1’ of bits) 13-16 13-16 10-13 13-16

Doubling or adjusting sampling frequency — item 4 and 5 — in order to increase SNR is
limited to maximum speed of the Comparators and OTAs or SC Integrators. Findly, the last
approach — item 6 — is gmilar to the traditiond A/D converters. Increasng D/A converter
number of bits, less noise is introduced in the system, then improving overdl performance.
However, the main drawback is that, an mbits D/A converter requires circuit auto-calibration
and precise trimming to obtain the required linearity, while for a 1-bit D/A converter is not
needed. It is inherently linear, Snce two output vaues characterize two points that define a
draght line.

Therefore, dthough some disadvantages, the draegy implemented in this SD
modulator is the fird technique. Severd unitary capecitors are linearly set in an aray and
switches sdect the required capacitors vaues in order to adjust the filter (integrator)
coefficents, and then trandforming the SD modulator into a new behavior/characteristic
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performance. The mgor drawback is the noise degradations, increasng power consumption

and larger dlicon area.

TABLE 6.2 shows different combinations of sampling frequency and oversampling

ratio required for different SD moduator architectures, given a dynamic range (resolution).

TABLE 6.2 - Different Sgma- Delta A/D modulator architectures requirement for GSM and

DECT standards.
Sampling Rate for Bandwidth of 100kHz (GSM Family)
Resolution— DR N=1 N=2 N=3 N=4 N=5 N=6
8bits— 50db fs(MHz) 12.8 6.4 3.2 1.6 1.6 1.6
OSR 60-64 17-32 10-16  8-8 6-8 5-8
10bits— 62db fs(MH2) 51.2 6.4 3.2 3.2 3.2 1.6
OSR 151-256 29-32 15-16 10-16 8-16 6-8
12bits— 74db fs(MH2) 102.4 12.8 6.4 3.2 3.2 3.2
OSR 380-512 50-64 22-32 1316 10-16 8-16
14bits— 86db fs(MH2) 204.8 25.6 6.4 6.4 3.2 3.2
OSR 956-1024  87-128 32-32 18-32 13-16 10-16
16bits— 96db fs(MHz) 819.2 51.2 12.8 6.4 6.4 3.2
OSR 2400-4096 152-256 48-64 25-32 17-32 12-16
Sampling Rate for Bandwidth of 700kHz (DECT)
Resolution— DR N=1 N=2 N=3 N=4 N=5 N=6
8bits— 50db fsMH2) 89.6 44.8 224 11.2 224 11.2
OSR 60-64 17-32 10-16  8-8 6-8 5-8
10bits— 62db fsMH2) 358.4 44.8 224 224 224 11.2
OSR 151-256 29-32 15-16 10-16 8-16 6-8
12bits— 74db fs(MHz) 716.8 89.6 44.8 22.4 224 224
OSR 380-512 50-64  22-32 13-16 10-16 8-16
14bits— 86db fs(MH2) 1433.6 179.2 44.8 44.8 22.4 22.4
OSR 956-1024  87-128 32-32 18-32 13-16 10-16

In bold style are indicating the SD modulator architectures required for GSM and

DECT dandards, according to their performance specifications shown in Table 6.1. The
resling 4™-Order 2-2 SD modulator is schematized in Fig. 64. This sructurd design
conddts in two stages in pardld, employing 2"-Order SD modulators, trandated from the

block diagram of Fig. 6.3.

The reference voltages (1-bit D/A), indicated in Fig. 6.4, are settled on Ve +=+2.5V
and V=105V (Vpp=3V) that condds on the maximum input Sgnd-swing pointed by



97

sysem-levd pecifictions. The integrator gan mismaiching must be less than 2% and
comparator offset less than 20mV (section 5.3 — Table 5.6).
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FIGURE 6.4 - A 4™-Order 2-2 Sgma-Delta A/D Modulator.

The track-and-latch comparator is the same designed in previous chapter (chapter 5 —
Fig. 5.6 and Table 5.6). In order to hold and increase output fan-out, the sgnad compared and
memorized during sampling time, the comparator outputs are followed by a latch type D (not

shown here).

The gain coefficients of each stage dso control the sgnd amplitude overloading. They
have been defined by behaviord smulations, a sysem levd, usng Smulink, MatLab. The
purpose of the behaviord dmulations is to find the optimum gan coefficents So thd,
integrators must have smadl sgnd swings in order to leed © higher dynamic range and further
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achieve highest SNR; to minimize the noise quantitizetion due to flicker noise, therma noise,
noises accumulated in the capacitances (KT/C); to specify the OTAS requirements (gain, dew-
rate, output swing and stling time), and to determine the sengtivity of the integrators and
feedback coefficients.

6.3 Minimizing Noise Sourcesin SD Modulator

Accounting the problem of noise sources in the SD modulator, shown in Fg. 64, it

can be expressed generaly by:
2 _ 2 2 2 2 2 2
NTotaI - NQ + NOTA-l + Nc + NOTA—Z + Nsw + No 6.3.1

where the terms represent the total noise of each block component. Nq is quantization noise,
Nota-1 ad Nora2 is the mgor noise contribution of each operationd amplifier, N¢ is
capacitors KT/C noise, Nsw is the noise from switches, and findly N, accounts the random
noise sources contribution. From Table 6.1, it is clear that in order to meet noise figure and
input noise, the Nrog Must be set a minimum as possble. Among other noise sources that
cannot be controlled by the designer, one can overcome manly by careful desgning firg and
second OTA and switches, snce quantization noise is intrindcaly improved (reduced)
choosing a specific SD modulator architecture— Table 6.2.

Noise in CMOS switches that are employed in this design, is reatively easy to be
controlled. The mgor noise sources are the charge injection (clock-feedthrough) from gate to
source-drain  during dock trangtions, which is minimized usng minimum trandgtors Sze,
dow clock trangtion (trapezoidd-shgpe) and usng fully-differentid architecture [CHO9],
[ALE97]. Hence, the drategy to minimize noise sources in SD modulators reduces to the

OTAsdesign (noise expression 5.4.7 or 6.3.2).

Noise in folded-cascode OTA can be minimized by increesing geometry W and L of
input pair and current sources (equation 5.4.7), which can be understood better separating the
contribution of each component for the equivaent noise (flicker or therma):
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where Npair i the input par noise contribution, Ncursh and Ncursp are noise contribution of the

e 10 . .
current sources gu ——1I, Om IS the OTA transconductance, and gmcurst @d gmeurs2 iISN and

L‘iurs ﬂ
P type respectively, transconductances of the current sources. The above equation
demondtrates that one must desgn carefully input pair geometry area (section 5.4), making as

sndl as possble the transconductances and/or increesing channd lengths of the current
SOUrces.

TABLE 6.3 - Designed trangstor sizes for CMOS switches. Single and TAT versonsfor
0.5mm CMOS technology (prime superscriptsindicate TAT version).

CMOS Switches (0.5pum CMOS technology)

Transistor W (um) L (um) WI/L
NMOS 10 0.6 16.67
NMOS 2x(5.4) 0.6 18
PMOS 20 0.6 33.33
PMOS 2x(11.7) 0.6 39

6.4 Defining Correct OTA Constant-Time and Settling-Timefor the SD Modulator

In order to modd and determine the OTA unit-gain frequency, the definition of a
congtant-time t ora is introduced simultaneoudy with the feedback factor fd (defined in section
6.5). Then f can be modeled asfollows.

T 6 pxidAg, o

Non-predictable OTA setling-time [YAN9Q], [GRES86] vaiaions aming sysem
behavior modeling, an exponentid dependency with input sgnal amplitude was assumed, that
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s Vou®) =V XL kg W2 oi0) instead of ided model Vo (t) =V, X1- & o))
This approximation is not accurate, but attempt to modd variaions of settling-time with
output voltage swing, which isnot Smple.

In order to guarantee correct settling-time and further overdl sysem dahility, the
minmum dew-rate time was defined as one-fourth part of active semi-cycle of the sampling
frequency, assuring proper sampling signal due to clock jitters and nontlinearity effects. Thus,

the minimum OTA dew-rate can be determine, resulting in the following expresson:

D\/OTAn i D\/OTAn_ .
S%nin = t 9 = T /8 9 :8st >DVOTA~nax-swing 6.4.2

dew
where D\/OTAW_SM_ng is the OTA maximum output voltage swing, tge, IS dew-rate time, and

1
f_ = |5 issampling period.
S

6.5 Switched-Capacitor Integrator for the SD M odulator

For the classcd two-sage OTA the unit-gan frequency remans redively congant
for varying load capacitances. However, for the folded-cascode and current mirror amplifiers
are srongly related to their load capacitance [GRE86]. Hence, their stling-time performance
is affected by both feedback factor b aswell as effective load capacitance.

In order to determine fd in SC integrator and further tota capacitance a OTA output,
condder the general case shown in Fig. 6.5. The G represents parasitic capacitance present at
the input of OTA (large trangstor pair) and from any switch capacitance. The C. is the
compensation capecitance that might be added in order to maintain a sufficient phase margin.
Thus, the feedback network is due to capacitances Cs, C; and Cp, which fd isgiven by:

C.

fd = :
C.+C, +C 6.5.1
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FIGURE 6.5 - A general SC Integrator for determining total |oad capacitance.

TABLE 6.4 - Capacitors vaues for the SC Integrators shown in Fig. 6.4.

Ci (pF) Cs(pF) Cif(pF)

Integ-1 2 6.8 14
Integ-2 05 1 0.2
Integ-3 0.25 05 0.05
Integ-4 0.5 0.5 0.1

The effective load capacitance seen by the OTA output is given by the padld
combination of G and G, as wel as that seen looking into G. The capacitance seen looking
into C; isequd to the series combination of C; together with Cst+Cp, then resulting in:

C__ =C +C.+ G ACs+Cp) 6.5.2
TOTAL CS + CP + CI

The capacitors vaue that defines the integrator (filter) gan ae summarized in Table
6.4. For values equd or less than 0.1pF were resized in order to avoid the inaccuracies caused
by smal capacitance (process undercutting, edge effects, etc) during the fabrication process
when lad out onto the chip. To minimize non-linearity and undercutting problems in MOS
capacitors the well-known unit capacitors technique [ALE9S7], [CHO94], [GRESG] is used.
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6.6 Fully Differential OTA for SC Integrator

In order to desgn fully differentid SC integrators that achieve the performances
required from specifications and defined by sysem levd samuldions, a fully differentid
folded-cascode operationd amplifiers is required. The OTA and bias circuit implemented are
shown in Fig. 6.6a and Fig. 6.6b with the designed tranastors sze listed in the Appendix C in
Table G1 and Table G2, as well as the performance of each OTA is listed in Table 6.5. All
four OTAs have same topologica dructure, but each OTA desgn and Szing adjusment are
different to meet specifications for each integrator.
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FIGURE 6.7 - Switched-capacitor commortmode feedback circuit.

Note that, the fird# OTA has higher performance since it is the front-interface, which
accumulates forward and feedback dgnd. Moreover, it is respongble for amplifying the
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sgnal, and because of feedback path, it cannot introduce more noise and nortlinearity in the
sysem. Hence, a specid desgn attention on the firs OTA is needed. The second OTA has
(dight) rdlaxed performance in rddion to the firs one, while the third and fourth OTAS have
the same characteridtics, in view of the fact that the sgnds were dready filtered by the first
OTA.

TABLE 6.5 - Smulated performance of the fully differentia folded-cascode OTAs in 0.5mm

CMOS technology.
OTA-1 OTA-2 OTA-3 OTA-4

Supply voltage (Vpp) +3.0 +3.0 +3.0 +3.0
DC Gain (dB) 80 78 55 55
Unit Gain Freq. (MH2) 110 80 53 53
Phase Margin (°) >50 75 90 90
Settling time (ns) 31(0.01%) 12(1%) - -
Slew-rate (V/ms) 90 50 34 34
Current Consumption (mA) 1450 360 140 140
1/f noise (nV/OHz @ 1KHZ) 42 - - -
Thermal noise (NV/OHz @ 1IMHZz) 5 - - -
Diff. Output swing (V) 2.6 2 2 2

Smulated plots in Fg. C-l1a shows the DC gain, bandwidth and phase margin
maximum varidions of +3% for three dfferent temperatures ¢40°C, 27°C, 100°C). The worst
caxe of smulaed noise, shown in Fg. C-1b, is bdow that required by the specification
(sengtivity in Table 6.1). Smulated sdtling-time (section 6.4) is shown in Fig. C-2b. The
results are demondtrating the transent response (dew-rate) on the OTA differentid output and
on each output. Another important OTA characteridtic is the variaion of the DC gan with
output voltage variaion. The smulation result isshown in Fg. C-3.

Often fully differentid amplifiers even in a feedback gpplication do not affect the
commortmode voltages. Then, a circuit must be gpplied to the outputs to bring them to a
common mode. The CMFB (common-mode feedback) circuit, employed here is based on the
switched-capacitor circuits, shown in Fg. 6.7, gnce the integrator is switched-capacitor and
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this approach are generaly preferred over their continuous-time counterparts due to a larger
output Sgna swing.

TABLE 6.6 - Designed transstor sizesfor OTA-3 and OTA-4. Ful-custom versonsin

0.5nm CMOS technology.

OTA-3and OTA-4 (0.5um CM OStechnology)
Transistor W (um) L (um) WI/L
M1,M2 110 1.25 88
M3,M4 10 3 3.33
M5 20 3 6.67
M6,M7,M8M9 60 3 20
M10,M11,M12,M13 60 1 60
M14,M17 40 4 10
M15M16 20 4 5
M18 10 4 2.5
M19 10 2 5
M20,M21 35 2 175
M22,M23 4 4 1
M24 8 4 2

Usudly, the G capacitor is set one-forth to one-tenth of G capacitor [JOH97]. In this
circuit, the vaues are (C1=10C;) C;=1pF and C,=0.1pF. The switched-capacitor CMFB
performance was plotted in Fg. C-2a The smulation results show both output are moving
toward common-mode voltage (1.5V in this case) with no signa applied a the inputs and
after some time a pulse sgnd a the inputs. Note the OTA differentid output sustains a zero
a the same time as both output Sgnals are sttling to the middle-point.

Furthermore, as the SD converter is for wirdess-communication gpplications, power
consumption was aso a concern. In the OTAs design, bias currents were limited as low as
possble (regarding minimum SR requirement) and settled to operate a low supply voltage,
compatible to a portable system, which is congtrained by the technology a Vpp=3V.
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6.7 Test-chips: Full-custom vs. SOT of 2"9-Order SD Modulator and Block Components

The previous designed andog subcircuits and Sigma-Dedta A/D modulators were also
implemented with SOT aray methodology in a 0.5mm double poly CMOS technology, from
AMI company. All full-cusom and SOT aray layouts desgn were hand designed, with no
assigance in the layout automation. As a result, the SOT aray layouts are not well optimized
in area, as well as not optimized for maximum SOT occupation and circuit symmetry, as
shown in the layouts presented in Appendix D. The full-cusom layouts have better
geometrical placement and optimization in glicon area than the SOT verson. The OTA-1 and
OTA-2in particular have not been optimized for minimum area.

In order to have fair comparisons, the SOT versons have been generated via direct
conveson of each gngle trandgtor into TAT trandgtor (section 3.3). The converted
equivdlent TAT versons are lised together with their single tranggtor versons in Table 5.1
for the current mirrors, Table 53 for the Amplif-1 and Amplif-2, Table 55 for the
comparators, Table 6.3 for the switches, Table G1 and Table G2 for the OTA-1 and OTA-2,
respectively.

Comparing the tota number of transstors employed to assemble each OTA, the full-
custom verson of OTA-1 and OTA-2 have 24 MOSFET transstors, while the SOT array
versons usng TAT trandstors have 685 and 278 unit transstors, respectively. Additiondly,
the SR type huffer-latch required in the comparator (section 5.3) and the clock generator
circuit are not accounted and not shown here, snce they are digitad circuts. Nonetheless, these
SR laich and clock generator circuits were implemented in the test chip. The clock generator
circuit provides the clocking phases required for the block components of the SD modulator,
which has basicdly 2 complementary clock signals with ther ddayed sgnds, resulting in the
bus clock of 8 phase dgnds.

The IC package type from MOSIS (American foundry) is a DIP40 (40 pins) for AMI
and HP 0.5nm CMOS technology (double poly, triple metd), with totd die sze of 1500nm x
1500mm, including pad frame. The totd dlicon area, without the pad frame, avalable for IC
layout design is only 1100mm x 1100mm . This has proven to be a severe design condraint for

the SOT aray versons tha were designed. Actudly, this congtraint was the main reason for
the implementation of only the Modulator-1 (2"%Order SD converter), shown in Fig. 6.3 and
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Fig. 6.4. The dectricd damulated performance of the Modulator-1 is plotted in Fig. D-1.
Obsarve the integrators output. The noise shape can be veified. The firg noise-sheping
format islinear and the second one is quadratic, as expected [CAN85], [CHO4].

TABLE 6.7 - Rull-custom and SOT array layout areasizes of the OTA-1, OTA-2,
Comparator+Buffer and single-stage CS Amplifier in 0.5mm CMOS technology.

Full-custom SOT array Total Arearatio
Az/ A1
xXL(mm)  yl(mm) x2(mm)  y2(mm)
OTA-1 ~ 620 ~ 320 ~ 820 ~ 390 1.612
OTA-2 ~ 265 ~ 165 ~290 ~ 450 2.985
Comparator ~ 255 ~78 ~ 480 ~210 5.068
CS Amplifier ~90 ~ 66 ~180 ~ 82 2.485

Figures 6.8a, 6.8b, 69a and 6.9b show the layout floorplanning designed and
implemented in full-cusom and SOT methodology for the first (OTA-1) and second (OTA-2)
operationd amplifiers of the Modulator-1. The corresponding layouts of OTA-1 and OTA-2
are in gppendix D (Figs. D9 and D-8, respectivey). In Fig. 6.8a and Fig. 6.8b, each rectangle
represents a trandstor par in a linear matrix of the SOT aray described in Fig. 3.1 In
compaison to ther full-cusom layouts counterparts, in the SOT aray the devices are not
symmetrical placed, since the TAT trangstors are not symmetrical geometry and they are
aranged in a linear matrix. Neverthdess, the matching can be mantained putting together and
interdigitizing the trandgtors pars [ISM94], [JOH97], as illustrated by the layout schematics
in the figures. The layout area for the OTA-1, OTA-2, comparator and commonsource
amplifier arelisted in Table 6.7 with approximate Szes.

For the comparators, the SOT version is larger in area Since the full-custom layout was
desgned as minimum aea as possble. Although the full-custom versons of the OTAs were
not customized a minimum area as possble, illustrated in Fig. 6.8a, Fg. 6.8b, Fig. 6.9a and
Fig. 6.9b, the SOT versions have larger silicon area. This is due D the unused transistor gates
in the array. It is worse when is needed only minimum transstors for associations (PMOSqin
or NMOSyin shown in Fig. 31 and Table 3.1). Norrminimum trangsors between these
minimum trangstors are wasted and large area is unused, as shown in Appendix D - Fig. D-5
(current mirror SOT and full-custom layouts) and Figs. D-8b and D-9b (OTA-1 and OTA-2
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SOT layouts. In addition, note the interdigitizing and commoncentroid geometry techniques
used in the full-custom and SOT layouts for slicon area saving and matching.
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FIGURE 6.8 - Full-custom layout illugtration for: (&) OTA-1 and (b) OTA-2.

For TAT transgtors, the common-centroid geometry technique is not possible to apply
because of drain and source terminads of MD trangstors are independent. Only in MS
transgors is possble A smple idea used for matching MD pairs is interlacing a proper
number of associated minimum transgors, as shown in Figs. D5, D-7, D-8 and D-9 for TATs
implementing current mirrors, differentid pairs and matched branches for OTAs. The good
results for this matching technique are shown in section 6.8.

Obsrve a very large number of trandstors employed in TAT differentia pairs of
OTA-1 and OTA-2 shown in SOT layouts of Figures D-8b, D-9b and 6.9 (M1-M2 liged in
Tables G1 and G2, Appendix C), which causes a large routing area, large unused transstors
in the array and large slicon area.
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FIGURE 6.9 - SOT aray layout illugration for: (2) OTA-1 and (b) OTA-2.

An important AMI process feature is the congtruction of the passve devices, such as
capacitors employed in SC integrators. In this process, the better capacitor is obtained
between poly-poly layers (polyl-poly2), with effective capacitance value of 0.9fF/m? +11%,
which leads to 10.6mm x 10.6nm of minimum area for 0.1pF capacitance (employed in this
desgn). The minimum capecitance of 100fF is the preventive vaue usudly used by VLS

designers in order to avoid the process undercutting that can affect the poly layer perimeter
and then change the capacitance vaue.

Three IC chips have been fabricated in 0.5mm CMOS technology. The first test-chip,
die photo shown in Fig. D-2 (Appendix D), contains transistors structures, OTA-1 and track-
and-latch comparator (section 5.3) in both full-custom and SOT aray methodologies. The am
is to invedigate eech SOT aray verson of andog circuit peformance againg its full-cusom
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verson. The fair comparison results are improved as long as the circuits are placed sde-by-

Sde on same chip, to minimize die-to-die process variations.

The second (full-custom) and third (SOT array) test-chips, die photos shown in
Figures D-3 and D4 (Appendix D), respectively, contain a 2 Order SD modulator. The full-
cusom and SOT versons of this SD Modulator could not be placed together, as the result of
the economic limitation on the dlicon area, previoudy mentioned. Hence, a third one was
necessary in order to implement the equivdent counterpart of the Modulator. Additiondly,
together with the SD modulator, CS amplifiers has been included (section 5.2 — Amplif-1 and
Amplif-2) in the second test-chip (die photo of Fig. D-3) and current mirrors (M1-M2 and
M1'-M2 — section 5.1) in the third test-chip. Each andog circuit with detailled layout in both
ful-custom and SOT array methodologies are depicted in Fig. D5 (current mirrors), Fig. D6
(common-source amplifiers), Fig. D-7 (comparator), Fig. D-8 (OTA-2) and Fig. D9 (OTA-1).
From the layout style, it can be observed that, a smaler area is occupied by the circuits in dl
full-custom versions in comparison to the SOT array methodology, as shown in Table 6.7.
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6.8 Experimental Results: Test-Chipsin 0.5mm Technology
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FIGURE 6.10 - Experimenta curves characteristics of Sngleand TAT trangstorsin 0.5nm
technology: W/L=51nm/1.2nm, ND=10, NS=10, (W/L),=5.4nm /0.6mm. Average of 5 test-
chip samples.

All the experimenta results presented in this section are an average of severd IC test
samples. For invedtigation and vdidaion of the TAT tranggtors in 0.5mm technology, a
dructure of short channd of sngle (full-custom) and its corresponding TAT tranastors were
fabricated. Experimentd plots for specific characteristic curves are shown in Figs. 6.10a
(IpXVp), 6.10b (g4sxVp), 6.10c (IpxVe) and 6.10d (gm/lIpXVp). The results confirm the
conclusons for 1.0mm technology shown in section 4.6. This AMI 0.5um technology has
shown much better control of short channel effects than that of the ES2 1.0um technology, as
can be seen in FHg. 6.10d, when comparing L=1.2um sngle tranastor with the TAT with
L=0.6pum (drawn length).
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All anadog building blocks of previous sections have been tested and vdidated.
Experimenta  performance comparing full-cussom and SOT versons of the current mirrors,
common source amplifiers and comparators for 0.5nm technology are summarized in the
Table 6.8, Table 6.9 and Table 6.10, respectively.

TABLE 6.8 - Comparing measured and smulated current mismatches in current mirrors
(nFET) for 0.5mm CMOS technology. C. Mir_1: L=1.2mm, W=102mm, ND=9, NS=9
(5.4nm/0.6nm). C. Mir_2: L=6nm, W=102mm, ND=45, NS=5 (1.2m/0.6mm). Average of 7

test IC samples.
M ethodol ogy Simulated Experimental
Mismatch (%) Mismatch (%)
C.Mir_1 C. Mir_2 C.Mir_1 C. Mir_2
(L=1.2mm) (L=6mm) (L=1.2mm) (L=6rmm)
Full-custom 3.22 0.02 4.88 4.26
TAT verson 14.42 1.38 531 -043

TABLE 6.9 - Experimental CS amplifiers performance comparing full-custom and TAT
versons, for 0.5mm CMOS technology. Average of 9 test IC samples.

Common-source Amplifier

Full-custom SOT
Vpp (V) / CL (pF) 3/1200 3/1200
A, (dB) 33.0 29.9
fr (KH2) 3185 268.2
PM (o) 86.4 83.9
SR (V/ne) 0.114 0.086
Vo max (V) 22107 2.0/08

TABLE 6.10 - Experimentd track-and-latch comparator performance comparing full-custom

and TAT versons, for 0.5mm CMOS technology. Average of 9 full-custom and 5 SOT test IC
samples.

Track-Latch Comparator

Full-custom SOT
Vo (V) 3 3
fmax (MH2) 41.1 30.5
Sensihility (mV) 7.33 14.2

Note the comparison between smulated and measured current mismaiches in Table
6.8: the predicted (Smulation) mismatches are larger for the TAT smulations. However, both
agree for full-cusom and TAT versons and showing that the matching for TAT technique is
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dightly worse due to short-channd effects and body effect (in MD transstor) present in
minmum-L trangstors on the SOT array.

TABLE 6.11 - Fully diff. Folded-cascode OTA-1: Experimentd performance of the TAT
versons, for 0.5mm CMOS technology. Average of 5 test IC samples.

Folded-Cascode Fully Diff. OTA
SOT version

Voo (V) 3
C. (pF) 82
Ay (dB) 59.0
fr (MH2) 1.167
PM (o) 148
SR (V/ns) 1.177
Vos (MV) 9.2
Vo max (V) /' Vo min (V) 21/11

TABLE 6.12 - Experimenta 2"%-order SD performance for TAT version in 0.5mm CMOS
technology. Average of 4 test IC samples.

2"%order SDM / OSR=64 (SOT version)

Input signal & Sampling freq. SNR (dB)
Sne5KHz/fs= 6.9MHz 75.1
Sne7KHz/fs=6.9MHz 69.1
SnelKHz/fs=1.7MHz 63.4

As expected, the performance of TAT verson of the CS amplifier is poorer than the
sngle one — Table 6.9. The DC gain is smilar for both techniques and the cut-off frequency is
lower. Again, messured and dmulated peformance is Smilar showing that predicted
performance is correct. Similar comparison results are true for track and latch comparators —
Table 6.10. Maximum switching clock frequency for TAT verson is gpproximately 25%
lower and senghility is twice larger. However, comparing smulated (Table 5.6) and measured
performance, dectricd smulation had less optimigic (higher) senshility vdues and super-
edimated speed. The latter, due to nonredigic edimation of the paadtic effects
(capacitances and res stances).

Table 6.11 and Table 6.12 show the performance results for the fully differentid OTA
and Second-order Sigma-Dedta modulator. The peformance comparison between design

methodologies was hindered due to unavallable results for the full-cusom verson. There were
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layout design erors in the full-cusom verson that was fabricated in 0.5um. Layout errors
were found in full-cusom OTA and integrators that made these andog blocks not to work.
Nonetheless, the experimenta results show good performance usng TAT transsors on the
SOT array.

Second order sigma-delta modulator
0 T T T T T T T T T T T T T

-100F

Moise Power spectrum density

_150 L Ll L Lol L Lol L Lol L L1l
° 10" 10
Frequency(Hz)

FIGURE 6.11 - Experimental Noise power spectrum density of 2" order SDM for TAT
verson in 0.5mm CMOS technology. Input signd: sne wave at 5KHz; f=6.9MHz and
OSR=64. Average of 4 test-chip samples.

The measured performance for SOT verson of the fully differentid OTA-1 is shown
in Table 6.11. Both smulation and measurement used the externaly-set bias current (Ipias) Set
to 50pA. Note that the measured DC gan is 21dB beow the smulated vaue of poor AC
parameter modeding for the smulation, by comparing Table 6.5 and Table 6.11 (experimenta
data). The output swing is measured as gpproximately 1V, which is a redtriction due to the
TAT topology and the bias currents set a the differentid input pairs and a the folded output
branches. Comparisons of fr and dew rate are not done due to high load capacitance present in
the measurement that affected overal OTA performance.

Findly, the vdidaion of the TAT technique for andog and mixed-sgnd desgn on
SOT array is shown in Table 6.12. It shows the good performance reached for the Second
Order SDM in SOT methodology. Despite some parastic effects in the measurement, the
ggnd-to-noise ratio provides gpproximately 11 bits to 12 bits of resolution. The noise power
spectral  dengty is shown in Fg. 6.11. In the band-sgnd, the rms noise power is
gpproximately -110dB.
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7 Conclusion

This work has investigated an innovative technique for mixed-sgnd andogdigita
design on a pre-diffused semi-custom digitd array, demondrating that the TAT approach is a
good dternative for andog semi-cusom ASIC gpplications. The use of TAT arays and the
mapping of conventiond full-cusom trandgtors to TAT ae reaively sraightforward. The
theoreticd large-9gnd, smdl-9gnd and noise andyss have been compared to the dectrical
samulaions and experimentd measurements. The resulting comparisons have demondrated a
good matching between the theoretical, predicted vaues and the TAT performance. These
results have been published in severa conference papers, such as [CHO99c], [CHO99Db],
[CHO994], [CHO2000b], [CHO2000a], [CHO2001].

With the intention of getting better and draight ingght on the TAT trangdor in
emulating its equivalent sngle trangstor, a number of MOSFET devices were fabricated and
tested. Test chips were fabricated with transstor dructures having different TAT geometries
(L, W, WIL) and ther equivdent sngle (full-cusom) MOSFETS, both in 0.5mm and 1.0mm
CMOS technology. The encouraging results obtained for the TATs have shown that they are a
good emulation of the single ones. Another important advantage of the TAT is that the
improvement on the TAT characteridtics is achieved with respect to the output conductance
(section 4.3), thus warrating the use of minimum channd-length transstors for designing
andog semi-cusom circuits. The smulated current matching in CMOS current  mirrors,
shown in section 5.1, is dso a dgn of better output conductance control in TATS, due to

datistica averaging among dozens of unit tranggtors.

The transconductance reduction in conduction and saturation regions (section 4.3 —
equation 4.3.5) of the TAT can be accounted for by proper design of the equivadent W/L (MS
ratio). The short channd effects (section 4.2 and section 4.5) can be put to advantage for low
supply-voltages operation of an andog block in a semi-cusom digitd VLSI/ULS. The most
important concern about TAT device is the noise peformance (section 4.4 and section 5.4).
One has to ded with the demongtrated noise sources of the TAT trangstor. It is noiger than its

equivdent sngle trandstor counterpart, since its inherent minimum-L transstors are being



115

employed in the association. However, by using larger numbers of ND or NS in the MD and
MS association, respectively, the bad TAT characteristics with respect to noise can be
compensated, while keeping the same equivalent ratio W/L. For low noise applications, large
area asociations of tens or possbly few hundreds unit transstors are required. Although, the
totd noise power is larger and some naturd limitations exis (body effect, minimum-L and
large silicon area), TAT transstors on SOT array have presented good performance.

Severd andog circuits (current mirrors, single stage amplifiers, track-and-laich
comparators, folded-cascode OTAS) have dso been designed and fabricated. In chapter 5 and
6, the folded-cascode OTA implemented on SOT array (1.0nm and 0.5mm) points toward a
good TAT peformance and implementing fully semi-cusom andog drcuits employing only
TAT devices.

The TAT gans and phase margins (section 52 and 6.8) were dable for the
experimentd loads, even in the presence of additiond intermediate internd node. The
parastic cgpacitances in TAT devices ae dmilar to the equivdent sngle one. The
combinations of the main capacitances tha influence the TAT AC peformance are the MS
gate-to-source, MS gate-to-drain, MD gate-to-source and MD gate-to-drain capacitances. The
TAT amplifier gain, as result of the cascode effect, can be made larger than the single
trangstors amplifier by adjusing to higher vadues the MD output conductance and MS
transconductance. The redriction is that the MD and MS padld associations of unit
trangstors must be kept trapezoidd: MD larger than MS.

No mgor pendties prevent the mixed-sgnd and andog sysems on a digitd array,
whose main disadvantages were addressed in this thess. The principle of the TAT has shown
to have a good trade-off, for a given agpplication, between performance, cost, and prototyping
time turnaround. Additiondly, as dready shown herein, it is not redricted only to pre-diffused
arays, i. e, it can be gpplied advantageoudy even in andog full-cussom methodology. That
establishes the fagt andog layout design (fast prototyping) and the most important advantage
isthe very inexpensve mixed-9gnd anaog-digital desgn with low cost digita technology.

Next steps of this work will be (1) parameters extraction for comparison between
samulaion and experimental of the TAT and dngle trandgtor; (2) experimentd noise andyss
in the dngle TAT; (3) RF modding of the TAT,; (4) full-cusom verdons desgn of Sigma-
Delta modulator and OTA; and (5) development of automatic generator for TAT and layout
(pogtioning & routing on the SOT array).
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Appendix A Experimental Measurements. MOS Transistors

Experimentd plots presenting TAT versus sngle trandsors and  comparisons
peformed on Trangdor test-dructure chips containing TAT and dngle transgors of Table
4.1.

The plots are for N and P type trangistors for the following device characterigtics.

Drain current ID x VD and Output conductance gdsx VD
Drain current ID x VG and SQRT(ID) x VG
Drain current ID x VS and Current-transconductance ID/gm x ID

TAT comparisons. Smulated X Messured

The dataiin this gppendix is taken from samplesin the following run:
Technology: 1.0mm digitd CMOS from ES2 foundry
Number of Test-chips: 9 samples
Number of transstors per chip: 4 TATsand 4 Sngles
Number of Ptype: 2 TATsand 2 singles
Number of N type: 2 TATsand 2 Sngles
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FIGURE A-1 - Expeaimentd Single-1 (W/L=30/5) vs. TAT-1 (Table 4.1) PMOS transistors
comparison in 1.0mm technology. (&) IDxVD characterigtics (VB=0V). (b) Output
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Appendix B Experimental Noise Power in Folded-cascode OTA

Output noise power measured in OTAs implemented in both SOT and Full-custom
methodology.

Technology: 1.0mm digitd CMOS from ES2 foundry
Andog dircuit: folded-cascoded single-ended CMOS OTASs
Number of test-chips. 5

Number of OTAsin SOT array: 5

Number of OTAsin Full-custom: 5
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FIGURE B-1 - Experimenta output noise power in OTA. Full-custom (solid) and SOT (dotted). a)
Sample-1. b) Sample-2. ¢) Sample-3. d) Sample-4. (e) Sample-5.
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Appendix C Fully-Differential Folded-Cascode OTA

Sized and amulated OTA-1 and OTA-2 in both SOT and Full-custom methodology:
Technology: AMI 0.5mm CMOS double poly, triple metal from MOSIS foundry
OTA schematic
OTA-1and OTA-2 szed tranggors. Singlesand TATsS

Electricd gmulations (Pspice): DC gain, Noise power, Common-mode feedback and
DC gain variation vs. Ouput swving

YOD
r]hnw N rJME r]ms M4L|
| Ll it i ' ' ME
[ [ V13 [ 1 |
(M1 an2)
Wi W2 -——| M24 .
I I Ibiss
wint Yo
M2 |—-
| (e | s It
= V3 W3 " i || w22
| Vhd hd [ M
r-.-1151;| . Qﬂs mwj
witrl WES
CCMFE |
Wiom

Fully differentid OTA and bias circuit schematics (same of Fig. 6.6 — section 6.6).
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TABLE C-1 - Desgned sngleand TAT tranastor Szes for the OTA-1 in full-custom and SOT
array methodology (prime superscripts indicate TAT version). Vaues for Leg and (W/L)eq are the

eectrica equivaent length for the TAT associations.

OTA-1 (0.5pm CM OS technology)

Transistor sizes

Transistor W(um) L(pm)or W/L or ND NS

Leg (HM) (WL )eq
M1,M2 1100 1.25 880 - -
M1 M2 1162 1.32 880.3 99x(11.7um/0.6pum)  83x(11.7um/0.6um)
M3,M4 100 3 33.33 - -
M3 M4 93.6 3 31.2 8X(11.7um/0.6pum)  2x(11.7um/0.6um)
M5 200 3 66.67 - -
M5 187.2 3 62.4 16x(11.7um/0.6pum)  4x(11.7um/0.6um)
M6,M7,
M8,M9 600 3 200 - -
M6 M7,
M8 M9 608.4 3 202.8 52x(11.7um/0.6pm)  13x(11.7puny0.6um)
M10,M11,
M12,M13 600 1 600 - -
M10' ,M11’,
M12',M13  719.2 1.2 599.3 63x(11.7um/0.6pm)  60x(11.7uny0.6um)
M14.M17 400 4 100 - -
M14' M17  409.6 4.1 99.9 76X(5.4um/0.6um)  13x(5.4um/0.6um)
M15M16 200 4 50 - -
M15,M16° 213.6 4 534 3X(5.4um/0.6pm)  7x(5.4uny0.6um)
M18 100 4 25 - -
M18 102 4 25.5 85x(1.2um/0.6um)  15x(1.2um/0.6um)
M19 100 2 50
M19 99.7 2 49.85 18X(5.4um/0.6pum)  8x(5.4um/0.6um)
M20,M21 350 2 175 - -
M20',M21'  350.6 2 175.3 64X(5.4um/0.6um)  28x(5.4um/0.6um)
M22,M23 12 4 3 - -
M22', M23 135 4 3.38 11x(1.2um/0.6pum)  2x(1.2unvy0.6um)
M24 24 4 6 - -
M24' 27.1 4 6.77 22x(1.2um/0.6um) 4Ax(1.2uny0.6um)
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TABLE C-2 - Desgned sngleand TAT transstor Szes for the OTA-2 in full-custom and SOT
array methodology (prime superscripts indicate TAT version). Vaues for Leg and (W/L)eq are the

eectrica equivaent length for the TAT associations.

OTA-2 (0.5pm CM OStechnology)

Transistor sizes

Transistor W(um) L(um)or W/L or ND NS

Leq (M) (W/L)eg
M1,M2 100 1.25 80 - -
M1 M2 93.9 1.29 72.8 8x(11.7uny0.6um)  7x(11.7um/0.6pum)
M3,M4 10 3 3.33 - -
M3 M4 12 3.6 3.33 10x(2.2um/0.6um)  2x(1.2unvV0.6um)
M5 20 3 6.67 - -
M5’ 24 3.6 6.67 20x(1.2uny0.6pum)  4x(1.2um/0.6pm)
M6,M7,
M8,M9 60 3 20 - -
M6 M7,
M8 M9 62.8 2.1 29.9 52x(1.2unMy0.6um)  21x(1.2um/0.6pm)
M10,M11,
M12,M13 30 0.6 50 - -
M10',M11’,
M12', M13 421 0.6 70.2 - 3x(11.7unvy0.6pm)
M14,M17 40 4 10 - -
M14' M17 40.8 4 10.2 34x(1.2um/0.6pum)  6x(1.2um/0.6um)
M15M16 22 2 11 - -
M15 M16 222 2 111 18x(1.2um/0.6um)  8x(1.2unv0.6pm)
M18 10 4 25 - -
M18 135 4 3.38 11x(1.2um/0.6um)  2x(1.2unvV0.6m)
M19 10 2 5
M19 111 2 5.54 IX(1.2um/0.6um)  4x(1.2un/0.6um)
M20,M21 35 2 17.5 - -
M20',M21' 33.6 2 16.8 28x(1.2um/0.6pum)  12x(1.2uny0.6pm)
M22,M23 4 4 1 - -
M22' M23  6.68 4 1.67 5x(1.2um/0.6pm)  Ix(1.2um/0.6um)
M24 8 4 2 - -
M24 135 4 3.38 11x(1.2um/0.6um)  2x(1.2unvV0.6pum)
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FIGURE C-1 - Smulated performance of OTA- 1. Fully-differentid folded-cascode OTA in full-
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response. €) DC gain variaion with output voltage swing.



129

Appendix D SD Modulator Simulation and | Cs (Full-custom vs. SOT)

80us 98us 188us 118us 128us
o U{OUTPZ)- U{OUTHZ)

()

FIGURE D-1 - Simulated transient performance of the 2"%-Order SD modulator. (a) V(IN+)-V(IN-)=
diff. input, V(P1)= digitd output, V(OUTP1)-V(OUTM1)= fird integ. diff. output, V(OUTP2)-
V(ouTtm2)= second integ. diff. output. (b) Zoom+-in of Fg. D-1a.
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FIGURE D-2 - Die photo: Test-chipl (0.5mm technology); full-custom and SOT array versions of
the OTA-1, Comparator and Transistor-structures.

L‘
FIGURE D-3 - Die photo: Test-chip2 (0.5mm technology); full-custom version of 2"%-Order Sigma-
Delta modulator and Common-source amplifier.
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FIGURE D-4 - Die photo: Test-chip3 (0.5nm technology); SOT array version of 2"%-Order Sigma-
Deltamodulator and Current mirrors.
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FIGURE D-5 - Current mirrors. full-custom and SOT layout (0.5mm technology).
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FIGURE D-6 - CSamplifier layout (0.5nm technology): (a)full-custom (b)SOT array.
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Figure D-6: SOT array layot.
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FIGURE D-7 - Comparator layout (0.5mm technology): (a)full-custom (b)SOT array.
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Figure D-7: SOT array layout.
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FIGURE D-8 - OTA-2 layout (0.5mm technology): (a)full-custom (b)SOT array.



138

T

(I Bl frollis o: onfiibflaholivd | B 1t Dalebehaiefolwheliobod | | Delokabsloloitdobul | Belellelelubil ol 0 BUlSeleio i D0 Bl B ol BT T D e el e ¢ e e

T T R T TR U1 PP 0 T P T T e

_ R Rt B el i iy e i el A [ . ot 1 el | T .

: !il‘l#lli‘l.l.lﬂ.!i-::ili.: yrir iR A A R B Bl e e e, By el e B e i e e [ |r___

N N N Y TR ¥ VAN FEWEEEE il il T Pl 1l 1
el L

B e aaes alle o o o o 2 o o s n o e s o g 2l S LIS, o o o o s o o gt ISR R

il Bl bty | B | Dl Bl || Bl i E 0 el et Bt 0 el St B el el e Bl B el | ™

Ll o o o op e g glly SISy o o o n o o o g DN o 0 o g o o o o a JENIGHEE o o o o o0 o a0 BERHNIN o o o o o o 0 o o B o o o o o o g o ol BN

Lkl el sk e |l B | an . et e L s Bk el i i e S E e . il e ) R el R B Nl i ) e T e B B Ry iy By e B B e b T .

(b)

Figure D-8: SOT array layout.
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FIGURE D-9 - OTA-1 layout (0.5mm technology): (a)full-custom (b)SOT array.
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Figure D-9: SOT array layout.
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Appendix E Summary in Portuguese (Resumo da Tese)

Projeto de Circuitos Mistos Anal 6gico-Digitais Sobre M atriz Pré-
Difundida Digital Aplicando a Associacéo Trapezoidal de
Transstores
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1 Introducéo

1.1 Motivacao

As perspectivas de aumento de demanda por produtos eetronicos sofisticados tem gerado
dta competicito no mercado. Como consequéncia, indidtrias eetrdnicas vém incorporando
continuamente caracteristicas avancadas em seus produtos. Desde a criag8o dos circuitos integrados
(Cls), centenas de milhares de equipamentos e maquinas miniaturizadas vém sendo desenvolvidos,
0S quais progressivamente se tornam sofiticados e modernos devido & tecnologias de integracéo
VLSl (Very Large-Scale Integration) e ULSI (Ultra Large-Scale Integration). E ainda, apresentam

grandes vantagens em custo, confiabilidade e desempenho do sstema

Atuamente, os equipamentos de comunicacd sem-fio estdo em todos os lugares [AL194],
[COUY], [YAMY] e fazem parte importante na vida do individuos. A utilizacdo de equipamentos
de comunicacdo portéteis (alimentados por bateria) tem crescido rapidamente nos Utimos anas,
como mostram os telefones celulares, os assigstentes digitais pessoais (PDAS), 0s computadores tipo
lap-tops e palm-tops, etc. Todos esses produtos tém auxiliado no estabelecimento da comunicacéo
tipo “a qualquer hora, em quaquer lugar e com qualquer pessod’, e tem direcionado a difusdo de

servicos multimidias por todas as camadas da sociedade moderna.

Do processo de fabricacdo ao projeto de sistems eetrénicos em dto nivel de abstracdo
através de ferramentas CAD (Computer Aided-Design) e técnicas de projeto, a &ea digitd vem
avancando rapidamente e com queda continua de custos. No mercado exitem inUmeras
ferramentas de CAD digitd disponiveis para incontavels aplicacfes. As tecnologias digitais sfo
largamente disponiveis em dezenas de foundries a baixissmos cugtos. Grandes sistemas com maior
complexidade sfo integrados em pequenas pedilhas de dlicio, com ganhos em velocidade,
consumo de poténcia e confiabilidade. Entretanto, o tempo de projeto, da especificacdo ao produto
find, é critico e essencid para a sobrevivéncia das indUdrias, ja que 0S seus competidores e

consumidores continuam aexijir produtos cada vez mais avangados com mais quaidade.

Ao contrario do projeto digita, o projeto analdgico é quase “artesana”. N&o podem ser
utilizadas as mesmes ferramentas e metodologias. As ferramentas de CAD anddgico e tecnologias
especiais ainda séo proibitivas em termos de custo e existe uma caréncia na disponibilidade de bons
modelos elétricos para os transdstores MOSFET. Em quaisquer sstemas de comunicac@o, existe um
sstema andogico embutido atuando como interface de entrada e saida de todo o sSistema,

interfaceando 0 mundo anaddégico do mundo digitd. Em um mercado competitivo, o tempo de
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projeto é a chave para o sucesso. Porém, 0 gargalo no projeto de produtos eetrdnicos modernos
resde na pate anaddgica Atudmente, a grande maoria dos projetos de subsstemas digitais
contendo em torno de 100 mil portas logicas, pode ser redizado e verificado, em aguns dias ou
semanas.  Entretanto, em Sstemas anddgicos com  gproximadamente 100 transstores pode-se

consumir meses de projeto até convergir para o desempenho desgjado.

Uma outra preocupacdo importante em equipamentos portéateis a bateria estd no consumo de
poténcia, devido avida il da bateria, peso e compactacdo do sistema. O calor gerado dentro do Cl
€ indesgado e deve ser controlado e minimizado, mesmo para Sstemas ndo-portateis. Para sstemas
digitais existe extensa pesquisa, vaias técnicas, e metodologias de projeto para a reducéo de
consumo de poténcia. Existe diferentes niveis de abstracdo de projeto que sGo considerados para o
controle de poténcia: nos nivels de especificacdo de sstema, funciona, arquitetura, [égico, eétrico
e de lelaute. Técnicas de reducéo de consumo controlam a atividade do circuito, a frequéncia de
operacdo, 0 chaveamento de capacitores e tensdes de aimentacdo. Ao contrario dos Sstemas
digitais, onde menor vaor da tensdo de dimentacdo (Vpp) contribui para a reducdo do consumo de
poténcia, em sistemas anddgicos edta técnica ndo é benéfica para 0 desempenho. Baixo Vpp em
circuitos anddgicos ndo implica em menor consumo de poténcia. Pelo contrario, a reducdo de \bp
provoca degradactes na relacdo sinal-ruido (SNR) e no desempenho globa [VI1T944], [ENZ96b].

Hoje, h& uma tendéncia aceita de que toda a parte analdgica estara confinada na interface de
entrada e saida dos ssemas VLS. Ou sga, um pequeno Sistema anddgico entre o mundo
totalmente anddgico e 0 nlcleo de processamento de sind totamente digitd em qualgquer Sstema
de comunicagdo (com ou sem fio). A principa vantagem do processamento de sina totalmente
digital seria 0 baixo custo e o potencid ilimitado em precisfo e em desempenho dindmico, gracas a
regeneracdo sSistemética dos bits de estado em todo 0s passos de processamento.

Como mencionado anteriormente, as principas vantagens do projeto digital sfo o baixo
custo, relativa facilidade de projeto e testabilidade. O projeto digital envolveria os projetistas de
computacdo através das avancadas ferramentas de sintese com a implementacdo de agoritmos
especificos ou programaveis. Portanto, a tarefa dos projetistas analOgicos edtaria essencia mente
concentrada no desenvolvimento de interfaces de bom desempenho. A funcdo dedtas interfaces €
converter 0 mais rgpidamente possivel todas as informagbes ou grandezas anddgicas em nUmeros
(com aumento de demanda em precisio e exposicdo aos atos nivels de ruido digita no chip) e/ou
converter todo o resultado de processamento das informagdes digitais novamente para os modulos

ana 6gicos.
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A pesguisa desenvolvida no curso de mestrado do autor [CHO94] foi exatamente nesta
frontera andogicadigitd, onde foi estabelecido um estudo comparativo e o0 projeto de
moduladores A/D (andogico-para-digitd) Sgma-Delta, devido a sua importancia prética e pelos
desafios anteriormente mencionados, buscando aqueles de mehor desempenho. Neste processo,
foram projetadas e vdidadas diversas céulas anddgicas que compdem o modulador Sigma-Delta,

bem como as suas diversas topologias.

Além diso, indidrias eetronicas podem utilizar-se de matrizes pré-difundidas em ssemas
ASICs (Circuitos Integrados de Aplicacdo Especifica) no intuito de reduzir o tempo de projeto
(design turnaround) e fabricacdo, da especificacdo até o produto finad. O edtilo de projeto semi-
customizado apresenta vantagens como a abstragdo de nivel de projeto, automatizando os passos de
projeto de lelaute, oferece dta qualidade e desempenho a baixissmos custos, répida prototipacdo e
mencs tempo para o produto atingir o mercado. O custo, desempenho e tempo de projeto séo
também importantes em anddgicos. Logo, a aplicacdo das vantagens do semi-customizado em
projetos analégicos merecem ser investigados. No entanto, as matrizes pré-difundides semi-
customizadas ndo so adequadas para aplicagdes anadgicas. Diversas pesquisas nessa area tem sido
desenvolvidas, porém nenhuma delas tem preenchido todas as necessdades dos projetistas, da

indlstria e do mercado.

Neste contexto, € necessaria répida acdo das indUgtrias e universidades e demandado o
desenvolvimento de novas metodologias de projeto de Cls. As universdades ndo sio responsavels
somente pela formacdo de recursos humanos especializados, mas precisam trabalhar em parceira

com aindUstria para oferecer produtos avancados e técnicas e ferramentas inovativas.

1.2 Objetivos

O principal objetivo deste trabaho é agpresentar uma técnica inovativa, a qua encontra
aplicacdo andogica sobre a matriz pré-difundida digitd semi-customizada em tecnologias CMOS
submicronicas. Um bloco dementar em particular para 0 projeto anddgico — Associacéo
Tragpezoidd de Transstores (TAT — Trapezoidal Association of Transistors) de comprimento de
cand minimo — € proposto para explorar os beneficios do bom desempenho anddgico utilizando-se
somente os trandggtores unit&ios, uniformemente dimensonados, sobre a matriz digitd Mar-de-
Trangstores (SOT — Sea-Of-Transistores) [AIT96b], [CHO99g], [CHO99b], [CHO2000b]. Este
trabdho compara duas edratégias de projeto de leiaute posicionamento&roteamento de



146

tranggores totdmente customizeados versus o0 leiate semi-customizado de trangstores
regularmente posicionados em uma matriz uniforme. Ega dltima metodologia é a utilizada para o
projeto de moédulos analdgicos utlizando-se da técnica TAT. O enfoque central € o projeto de
circuitos e sstemas, 0 qua pode ser muito vantgjoso em ampla gama de aplicagtes anadgicas e em
ggemas mistos.

Os problemas envolvidos no projeto de blocos anddgicos — espehos de corrente,
comparadores, amplificadores de fonte-comum e amplificares operacionais (OTA — Operational
Transconductance Amplifier) — sobre a matriz digitdl SOT sho andisados. Demondira-se a vaidade
da técnica através de exemplos e comparando implementacBes de circuitos e sistemas, como OTAS
e moduladores Sigma-Delta, os quais podem ser encontrados em muitas interfaces anaddgicas
digitais. A abordagem demonstrada aqui busca atacar com os problemas de baixo desempenho dos
circuitos analégicos com os trandstores de cand minimo e em tecnologia digitd. Os passos de
projeto de leiaute desta técnica é regular, podem ser mas automatizados e mais insensivels &
grandes variaches edtadtigticas presentes em todos os processos de fabricagdo de chips.
Adiciondmente, o consumo de poténcia € um desafio. As dificuldades relacionadas a operacéo de
circuitos andogicos a baixa tensio de dimentacdo sfo também andisadas de forma indireta A
adequabilidade e as formas de trabalhar com a matriz SOT a baixas tensdes de aimentacdo para

acompanhar as tecnologias sub-micrénicas, também sfo enfocadas natécnica TAT.

A idéa da técnica TAT pode ser estendida para qualquer projeto ou aplicacdo que envolva
um desempenho analégico aceitavel (em fontes de corrente, referéncias de tensdo, comparadores,
amplificadores, etc) em ambientes de snais misos, para os quas a tecnologia de fabricacdo digita
CMOS é inevitavelmente a dternativa de implementacéo.

Inicidmente discute-se os diversos problemas que surgem em projetos semi-customizados e
consumo de poténcia em modernos sitemas ASIC. O principio do transstor TAT € extensamente
investigado e comparado com 0 seu equivaente transstor smples, através de smulagoes eétricas e
medidas experimentas redizadas em diversass amodsras de chipsde-teste. Os mesmos
procedimentos e andises também <sfo redizados nos amplificadores de fonte-comum,
comparadores e OTAS, para demonstrar a aplicabilidade e vantagens da utilizacdo dos transstores
TAT. Fndmente um Sdema migo implementado em ambas as metodologias, totalmente
cusomizada e matriz semi-customizada SOT, € proposto e investigado para vdidar a metodologia
SOT. Este sstema A/D é parte do modulador Sigma-Delta multi-padrdo de 2 ordem para sistemas

de comunicacéo sem-fio como descrito no capitulo 6.
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As conclusdes sBo suportadas pelas smulagbes e dados experimentais redizados em dlicio
para todos os blocos bésicos e sstema j& descritos anteriormente. Diversos veiculos de teste,
induindo os chips-de-teste em tecnologias CMOS 1.0mm e 0.5mm, foram fabricados. Testes
experimentais que permitem véarias comparacies entre as metodologias de projeto de leiaute SOT e
totdmente customizada foram extensvamente redizados. Entre vé&ios moddos de MOSFET
([CUN96], [GAL96], [JES9S]), a modelagem e a andise do TAT aqui contidas sdo baseadas no
modelo EKV [ENZ89]. Todos os resultados de smulagbes eétricas foram obtidos do smulador
elétrico HSpice e PSpice.

1.3 Organizacéo do Texto (da versdo em I nglés)

No capitulo 2 sdo apresentadas e estabelecidas as perspectivas dos tOpicos descritos
anteriormente neste trabaho. O estabelecimento do problema, considerando o projeto analdgico e
mio em matrizes semi-customizadas, € apresentado. Além disso, por que isto deve ser
solucionado e as referéncias e 0os comentérios sobre as pesquisas relevantes de outros autores no
mesmo problema ou smilar sdo também apresentados. As contribuigbes das idéias propostas,

solugBes e experimentos deste trabalho sGo mostrados nos capitul os seguintes.

No capitulo 3 a matriz SOT € revisa. A técnica TAT é introduzida e, com propésito de
melhor entendimento, primeiro o FET (Fied Effect Trandstor) trapezoida é brevemente descrito.
No capitulo seguinte (capitulo 4) o trandstor TAT é extensamente andisado, investigado e
experimentamente comparado com 0 seu equivdente transstor smples lado a lado no mesmo
chip, aravés de smulagies eétricas e medidas experimentais, desenvolvidos em estruturas de
transstores implementados em chips-de-teste. A modelagem DC, AC e ruido do TAT sdo também

mostrados.

O capitulo 5 é dedicado ao projeto de células basicas e circuitos anddgicos, como também
apresentam-se as Smulagles eéricas e medidas experimentais utilizando os trangstores TAT sobre
a matriz SOT comparados com a implementacdo totamente customizada dos seus circuitos e

cdulas equivaentes.

No capitulo 6 0 projeto de um sistema com a técnica anterior € demonstrado. Um modulador
anddgico-para-digitd Sgma-Delta de 2% ordem sobre a matriz SOT com o objetivo de vdidar a
técnica TAT é implementado e experimentamente testado utilizando a metodologia da métriz

Lmi-customizada SOT.
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2 ProjetodeCircuitosMistos Analogico-Digital SobreMatriz
Pré-Difundida Digital Aplicando a Associacéao Trapezoidal
deTransistores

2.1 Introducéo

A tese de doutorado esta dividida basicamente em duas partes. proposta, estudo e andlise da
técnica TAT para aplicacbes andogicas, e projeto de sub-circuitos basicos e sstema anadgicos

com a técnica anterior. Na primeira parte (capitulos 3 e 4 é apresentada as formas de contornar os

problemas envolvidos na implementacdo de circuitos anaddgicos sobre a matriz  pré-difundida
digitd SOT e uma revisio rdpida sobre a matriz SOT e suas caracteridticas. Inclue-se ainda as
modelagers tedricas DC, AC e ruido com uma andise compardiva, tedrica e experimentd entre o
TAT e 0 sau equivdente transstor smples, onde diversas geometrias de transstores (TAT e

smples) foram implementadas em chips-de-teste e foram exautivamente testadas.

Na segunda parte €apitulos 5 e 6) € gpresentado varios projetos utilizando a técnica TAT

proposta. Espelhos de corrente, amplificadores de fonte-comum, comparadores e amplificadores
OTA sio projetados e também implementados em chips-de-teste aplicando a idéia do TAT. As
versdes com TAT sf0 sempre, teoricamente e experimentalmente, comparadas com as suas versdes
totalmente customizadas. Para vdidar de forma completa e decisva o projeto semi-customizado na
matriz SOT com a técnica TAT, um sstema anddgico foi projetado e implementado em ambas as
metodologias de leiaute, semi- e totamente customizada. Todas as implementacbes foram geradas
utilizando-se as tecnologias CMOS 1.0mm (puramente digital) e 0.5nm. Nas segOes sub-sequentes

deste resumo estéo descritos sucintamente cada capitulo da tese de doutorado.

As chamadas das referéncias de figuras, tabelas e equagdes do texto principa da tese estdo
aqui indicadas entre parénteses e sublinhadas. As referéncias aos capitulos e segies também esto
sublinhadas. As referéncias biblogréficas estéo indicadas como no texto principa da tese em inglés,
ou sg g, referenciadas diretamente do capitulo 8 (References).
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2.2 Discussao de Problemas e Solucbes em Projeto Analégico
Semi-customizado (Resumo do Capitulo 2)

Neste capitulo s discutidos os problemas envolvidos no projeto analdgico semi-
cusomizado em matrizes pré-difundidas digitais. SGo comparativamente apresentadas as vantagens
de projeto digital e 0 uso de tecnologias de fabricacio digitais em Eagio ao projeto anadgico. E
proposta a Uutilizacdo das ferramentas CADs e tecnologias digitais para 0 projeto anaddgico,
posshilitando a implementacdo de Sgemas misdos em ambientes digitas e aumentando a

velocidade de prototipacéo de Cls anal 6gicos e mistos.

As facilidades de projeto digitad sdo bem conhecidas. a concepcéo se desenvolve em dto
nivel de abstracdo, utilizacdo de células IPs (ntellectual Properties) pré-caracterizadas disponivels
em bibliotecas, utilizacdo de feramentas CADs avancadas, geracdo automédtica de |eiautes
(particionamento, podcionamento e roteamento), facilidade de migracdo para tecnologias
submicrénicas, baixo custo, entre outras. As vantagens das matrizes pré-difundidas (gate arrays)
também sio bastante difundidas, ou sgam: répido ciclo de projeto e prototipagem. Se todas as
caracterigticas anteriores fossem aplicavels a circuitos anddégicos, 0 tempo de projeto seria
substancidmente reduzido, vé&ios passos de projeto de leiuates seriam  automatizados, pré-
fabricados e savos, as feramentas CADs digitais poderiam ser aproveitadas, as células anadgicas
das bibliotecas seriam facilmente migradas para novas tecnologias, 0 que posshilitaria a rdpida

prototipagem de Cls and égicos e mistos.

A dternativa de projeto semi-customizado é barata e permite fabricacéo “rgpida’ de Cls,
pois todos os transistores sdo0 pré-definidos, caracterizados e digpostos regularmente na metriz
linear. Apenas 0 processo de metdizacdo € necessario para findizar a fabricacdo do Cl. Exigte
outra vantagem na implementacdo de anddgicos em matrizes pré-difundidas digitas (Sea-of-
Gates), ou sga, ha uma relativa reducdo no descasamento entre os dispositivos, onde um arranjo
regular e linear de trangstores unitarios (dimensdes fixas) possbilita, naturamente, o emprego da
técnica de leaute para casamento de pares de transstores largamente utilizada em leiautes
anaogicos. Os pares de transstores de grandes larguras sdo particionados em diversas partes
(fingers) e intercalados (nterdigitized), melhorando o casamento, sendo esta a chamada técnica de
interdigitacdo [ALE97], [ISM94], [TSI96]. Combina a técnica de geometria de centrGide comum,

minimiza as capacitancias e redsténcias paraditas, e reduz os efeitos do diodo reverso laterd
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[GRO67] devido a reducdo da redacdo perimetro/&rea das difusdes de dreno-fonte e o
compartilhamento destes terminais.

Sendo possived a implementacdo de Sstemas anaddgicos nas matrizes semi-customizadas,
todas as vantagens decritas anteriormente serdo muito Uteis em aplicagfes anddgico-digitais, pois
combinam sgemas anddgicos e digitas lado-a-lado na mesma padtilha de dlicio, 0 que permite

integracéo de sstemas mistos em um Unico chip.

Evidentemente, as condigdes mencionadas sf0 ideais. Algumas carecterigticas de
implementacdo ndo sfo possivels. Por exemplo, € necessario 0 dimensionamento dos transistores
pelo projetista, e a re-utilizacdo de céulas IPs e a migracdo de tecnologia sfo tarefas complexas.
Portanto, existe necessdade de mehoramentos e desenvolvimento de novas técnicas para serem
empregadas nas metodologias e tecnologias exigentes. Como a matriz digital SOT é composta por
trangstores com comprimento de cand minimo, esta matriz ndo pode ser utilizada diretamente em
aplicagbes anaddgicas, a menos que uma técnica especifica sga desenvolvida O principio TAT
(Asociac@o Trapezoidd de Transistores) € empregado neste trabaho como uma dternativa, entre
outras, para a implementacdo anaddgica em ambientes digitais e encurtar o tempo de fabricacdo de
Sstemas and ogicos.

A técnica TAT proposta € uma das idéias novas que pode ser extendida para quaisguer
trandgtores digitais (comprimento de cand minimo), matrizes pré-difundides digitals e ainda em
metodologias totamente customizadas. Edta técnica foi proposta e desenvolvida em diversos
trabalhos [GAL94], [AIT96b], [CHO99b], [CH2000g]. A técnica origindmente se basdia em dois
trabalhos de pesquisa. Primeiro, o Ricco [RIC84] demonstrou que um FET de geometria de cand
trapezoida (&ea do dreno maior do que area da fonte — formato assmétrico) tem uma substancia
reducdo na conduténcia de saida, sugerindo que um FET de cand néo-retangular pode ser

empregado vantgjosamente em aplicagdes ana dgicas e para amenizar os efeitos de cand curto.

Segundo, a técnica de associacdo trgpezoidd de trandstores foi origindmente introduzida
por [GALY], o qua demonstrou que essa associacdo com transistores FETs é eetricamente
equivdente a0 trandstor FET dmples. Desta forma, as vaiedades de dimensdes como
comprimento L, largura W e a relacdo de aspecto W/L do cand necessarios em quaisquer sstemas
andogicos sBo emulados (imitados) aravés da geracdo do trangstor TAT, uma associacdo Série-
pardda de trandstores minimos (em nosso estudo e resultados utilizando no maximo 2 transstores
em s&ie). Poderiormente, entre outras vantagens, demondra-se que a associacd0 em estrutura

trapezoidd é vantgjosa, como em FET trapezoidal.
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A técnica TAT foi extensvamente descrita e Sstematicamente andizada para demorstrar,
teoricamente e experimentamente, que esta pode ser uma boa dternativa para 0s projetistas
andogicos em ASICs semi-customizados. Diversas edruturas de trandstores foram incluidas em
ambas as metodologias de leaute (matrizes semi-customizadas SOT e totdmente customizados)
para permitir melhor andise e investigagéo comparativa.

Os primeiros resultados apresentados neste trabalho sdo para a tecnologia CMOS digital
1.0mm com diversas smulagbes déricas e medidas experimentais entre o TAT e 0 trandstor
convencional em dispogtivos e amplificador smples folded-cascode tipo OTA. Na segunda parte
deste trabalho encontram-se o projeto e implementagdo do Modulador Sigma-Delta de 2* ordem nas
duss metodologias de lelaute semi- e totdmente customizado, neste caso utilizando-se de
tecnologia CMOS 0.5mm. Vérias cdulas anddgicas também sfo gpresentadas, como espelhos de
corrente e amplificadores de estégio smples (fonte-comum), e os blocos que compdem o Sigma-
Ddta anterior, ou sgam: comparador diferencid track-and-latch, amplificadores diferencias
folded-cascode tipo OTA, integradores diferencias capacitor-chaveado e chaves CMOS.
Adicionadmente, foram incluidos uma pequena edrutura de transdstores com TATs e seus
equivdentes convencionais em tecnologia CMOS 0.5nm. Todas as céulas e blocos anadgicos
anteriores foram implementados nas duas metodologias de |ldlaute: sobre a matriz pré-difundida
SOT em um circuito e totalmente customizado (full-custom) em outro circuito.
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2.3 Associacao Trapezoidal de Transistores (Resumo do Capitulo 3)

Neste capitulo apresenta-se a técnica TAT para projeto analdgico em tecnologia CMOS
VLS, com a sua descricdo e andise e, de forma genérica, a matriz pré-difundidadigitd SOT (Mar-

de-Transstores).

A aquitetura da mariz SOT utilizada neste trabaho tem geometria retangular (egtilo
Manhattan) e esta mostrada na Fig. 1 Eig. 3.1) [AIT96a], [CHO984], [CHO98b]. A matriz esta
associada, primeiro, a organizeacdo gera da matriz, ou sgam: condrucdo da matriz propriamente
ditay, com os transgores unitérios, e com a arquitetura das cdulas unitarias, io € com o
dimensionamento dos transstores unitérios.

FIGURA 1 - Matriz SOT com as trand stores unitarios.
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FIGURA 2 - TAT: associagéo sfrie-parddade trangstores que geram o MS e MD.

A matriz SOT foi projetada em duas tecnologiass CMOS diferentes. a digitd 1.0mm (poly e
duplo meta) e a 0.5nm (duplo poly e triplo meta). A primera tecnologia pea foundry ES2, devido
a disponibilidade das regras de projeto e acesso ao programa multi-usuario de prototipacdo no
proprio laboratdrio da Universdade Federd do RGS. A segunda, pelo servigo americano MOSIS
para a implementacdo do sstema anddgico descrito no capitulo 6 No caso da MOSIS, foi utilizada
a tecnologia de fabricacdo da empresa AMI, sendo que o0 uso do segundo nivel de polislicio
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permitiu utilizar cgpacitores polyl-poly2, enquanto a matriz de trandstores reproduziu o que é
utilizado em umatecnologia estritamente digital.

A aquitetuta da matriz e as dimensdes das cdulas unit&ias seguem as restricbes minimas
impostas pelas regras de projeto, migracdo de tecnologia, especificacbes em projetos digitais e
adequacdo e conveniéncia da forma e arquitetura da matriz para posicionamento e roteamento das
cdulas e trangstores unitaios. Na matriz da Fig. 1 existe quatro transstores unitarios a disposicéo
dos projetistas. dois NMOS; e dois PMOS. Em cada tipo exisem duas versdes diferentes. um de
dimensdes minimas conforme as regras de projeto de uma dada tecnologia; € um com comprimento
de cand minimo (min), Mmas com largura do cana (W) adequada & aplicacOes digitais, ou sga, para
atender & especificagbes de fan-out (capacidade de carga) das portas logicas. A largura do cana do
tranggtor unitério tipo NMOS, foi fixada em dez vezes acima do comprimento minimo, Wy
=10Lmin € para o trandstor tipo PMOS em We=2Wy. Na Tabela 3.1 do capitulo 3 estéo listadas as

dimensdes dos transstores unitarios disponivels na matriz para as tecnologias 1.0nm e 0.5mm com

as quais foram obtidos os resultados experimentais deste traba ho.

Como mencionado anteriormente, o trangstor TAT basea-se no trabalho demonstrado por
Riccd [RIC84]. Com uma geometria assmérica do cand (dreno maor que fonte) ha uma
acentuada reducdo na condutancia de saida em saturacdo. Posteriormente, no trabaho [GAL94]
demondtrase que a asociacdo trapezoidd s&rie-pardela de transistores FETSs, discretos, como
mostrado na Fig. 2 Fig. 3.338), € equivadente a um FET trapezoidal, desde que atendam & seguintes
condigdes. relacdo de aspecto W/L smilar; largura do cand W no termind dreno também similar; e
0s mesmos efeitos de cand-curto (MS e MD em conducdo). MD e MS (Fig. 2) sdo associaches em

pardelo de trangstores unitérios.

Os TATs sdo obtidos a partir dos seus equivaentes transstores convencionas. Para cada
trangstor convenciona obtém-se varias possivels dternativas de associacbes TAT. Este processo €
redizado com um gerador automéico de TATs, chamado de TATGen [AIT2000]. Dentre as
dterngtivas possiveis, 0 projetista interage iterativamente escolhendo aquela que melhor aende &
especificacbes de projeto, observando 0 seguinte todas as dternativas sGo aproximagdes do
equivaente convenciond (ou Smples).

O TATGen gera os TATs da seguinte forma a relacgo de aspecto equivalente da associacéo
€ calculada pela seguinte gproximacdo (Eq. 3.3.1):
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onde (W/L)p e (W/L)s sdo, respectivamente, as relagtes de aspecto dos transistores superior MD e
inferior MS. Pode-se rescrever (1) como (Eq. 3.3.4):
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€ a relacdo entre as relagdes de aspecto de MD e MS, ou das larguras Ws dos mesmos quando Lp =
Ls (Eq. 3.3.2).

Manipulando- se a gebricamente a expressao (1), obtém+se a seguinte expressao:

Ao aWo
MO LﬂEq%LﬂS 4
mD Vo Vo @
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que permite calcular as dimensdes necessrias de MD em funcéo da relacdo de aspecto do projeto e
do MS. Com este vador, deve-se dividir pela rdacdo de aspecto do transistor unitério, com o valor
inteiro mais proximo para se obter 0 niUmero de trandstores unité&rios em pardeo requeridos em
MD. Para manter a geometria trapezoida e obter menor conduténcia de saida, a associacéo de

trangstores em MD deve ser maior do que em MS, ou sga, m3 1.
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2.4 Andlisedo Transistor TAT (Resumo do Capitulo 4)

Neste capitulo sdo descritos os modeos DC, AC e de ruido do transstor TAT. Nestas
andisss diversass geomerias de TATs e saus equivdentes trandstores convencionais foram
comparativamente avaiados experimentdmente e por smulagbes déricas. Como os TATs séo
uma uma asociacdo de transistores de comprimento de cand minimo, os efeitos de cana curto
também sdo andisados. Os chips-de-teste que implementam as estruturas de transistores contendo
0s TATs e seus convencionas equivalentes, sfo em tecrnologia CMOS digita 1.0mm. No capitulo 6
esd0 incluidos os resultados experimentais da estrutura de teste anterior, agora em tecnologia
CMOS 0.5nm.

As correntes de dreno dos transstores em s&ie MD e MS sG0 exatamente iguais a corrente
doTAT (I, =1, =1y, ) dadapor [ENZ89], [ENZ96b] (Eg. 4.1.1):

Y I \VAAVA B VARV 1

Drar

onde Vp, Vp and Vs s80 a tensdo de pinch-off, de dreno e fonte, respectivamente, I e Ig S0 as

correntes direta (forward) e reversa (reverse), respectivamente, do TAT.

No TAT, ambos os transstores MD e MS operam em inversdo fraca quando a tensdo de
porta estiver abaixo da tensdo de threshold \r equivaente, enquanto que em tensdes de porta acima
deste vaor, ambos os trandstores estardo em inversdo forte. Logo, aumentando-se o potencia de
dreno do TAT Vp (>Vp), 0 transstor MD € saturado (pinched-off), porém o transistor MS
permanece em conducéo (regido linear). Sob estas condigBes, MD funciona como fonte de corrente
e a sua corrente de dreno mantém-se constante (sem os efeitos de modulagdo do cand), mesmo
aumentando Vp bem acima de Vp. E anda, a contribuicdo do transgstor MS com o aumento de Vp €
invariavel, pois o potencia de dreno de MS é fixado pela tensdo de saturagdo do transstor MD. O
grafico VioXVp do TAT na Fig. 3 Fig. 4.2) demondra este efeito, onde Vi, (definido nas Egs 4.19,
4.1.10 e 4.1.11) é o potencia do nodo intermediario do TAT, entre MD e MS, ou sga, entre 0s

terminais do dreno de MS e fonte de MD.
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FIGURA 3 - Smulacéo eéricadacurvaVm x Vp do TAT: (&) TAT em tecnologia CMOS 1.0mm.
(b) TAT em tecnologia CMOS 0.5mm.

A corrente de dreno do TAT em inversio fraca, vdida tanto na regido linear como na regido
saturada, € dada por [ENZ89], [ENZ96b] (Eq. 4.1.5):

Ve ga_Vsx Vox O

= = - = Ur G Yr T :
Doxr o, =g - g =lsg> Qe e . 2
e 7]

onde X pode ser MD ou MS, pois I, =1
por (Eq. 4.1.6a):

=1, .- Eminversdo forte e em saturagdo sdo dadas

Dwmp

:| %P-Vngz_wp-vagzg 3
SE U, 5 & 20, o
e em conducéo (inversdo forte) (Eg. 4.1.6b):
e Vg +Vy 0§
IDx = nxbgiP - > 2 = iVDx st) 4
(%]

Desta andlise resulta uma conclusio importante. O TAT pode ser utilizado em diversas
aplicaches de baixa tensdo, pois funciona como um circuito auto-cascode (self-cascode), isto €,
como um estégio cascode intrinseco de caracteristica pobre. Geramente, necessita-se uma segunda

tensdo de polarizacdo no termina porta do transstor MD para operacdo de um estégio cascode
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tradicional. E ainda, ndo sdo necessarios atos vaores de tensdo de saturacdo, ja que o transstor MS
nunca ainge a saturacdo e o potencid de dreno no nodo intermedi&io Vi, € baixo (menor do que
Vp, poiso TAT étrgpezoidd —ND >> NS).

Como a relagdo (W/L)mp/(W/L)us € feita bem maior do que 1 (associagdo trapezoidd), a
conduténcia de saida dada pela Eg. 4.3.1 tende para um estégio cascode tradicional [CHO994], e se

reduz para (Eg. 4.3.3):

Qs
9 @gdsMD x—=— p ro @rdSMS ><(rdsMD xngMD) S

rﬂSMD

E atransconduténcia equivalente do TAT pode ser gproximado por (Eg. 4.3.5):
gmrAT @mGMS 6

Logo, o transstor MS determina o vaor assntético da transcondutancia do TAT. Para
melhorar 0 desempenho global do TAT é necess&rio aumentar a transcondutancia do transistor MS
(aumentando NS), diminuir a condutdncia de saida (diminuindo ND) e€ou aumentar a

transcondutancia do transistor MD.

Exisem propriedades ndo-ideais bem conhecidas relacionadas com as &eas de difusio em
quaquer trandstor MOSFET. Primeiro, o efeito da difusio lateral devido & areas de difusio se
tornarem maiores do que as definidas pelas méscaras de leiaute e avancarem sob a érea da porta
(gate). Edte efeito causa a diminuico do comprimento efetivo do cand, definido pelo projeto do
cand. Segundo, para quaisquer implantes de difusdo ficam associadas ressténcias paraditas s&rie
gue resultam em uma gparente reducéo da mobilidede eetricamente efetiva. E findmente, um outro
efeito associado aos implantes de difusdo so as jungbes pn, as quais sfo reversamente polarizadas
sob condigdes normais de operacéo do TAT (MD em saturacdo e MS em conducgéo), que resultam
em regides depletadas e capacitancias de juncéo.

O ruido equivaente do TAT referido aentrada V,2_|;, é aproximado para (Eg. 4.5.9):

NDx(mG|)2+1P ) 1
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onde o fator NS >¢(gmGMS|u) é a transcondutanciado TAT g, (eq. 6), V.2 |, e I |, sf osruidos

flicker e térmico, respectivamente, de um transstor unit&io do TAT. Importante notar que a
densidade de corrente em MD é diferente do que em MS, isto € a corrente em um trangstor
unité&rio do trandstor MD é menor do que em um tranggor unit&io do trandstor MS (se for
associacdo trapezoida). Este € o motivo pelo qua os termos do ruido térmico na eqg. 7 etéo

separados.

Enquanto as densidades dos ruidos térmicos (correntes) dos transistores MD e MS forem,

respectivamente, ND e NS vezes maiores, as densdades dos ruidos térmicos (tensdes equiva entes)

referidas & entrada Sfo, respectivamente, ND><(g§GMD|u) and NS><(meGMS|U) vezes menores. A

expressao 7 demonstra que as contribuigdes dos ruidos térmico e flicker sGo menores do que nos
transstores unitarios. Aumentando a transcondutancia do TAT, o ruido totd é reduzido, o que é
efdtivamente redizado aumnetando-se NS. Outro importante ponto a destacar € que o transistor
MD é a maior fonte de ruido no TAT. Logo, para mehorar (diminuir o ruido) o desempenho em
ruido é necess&rio transconduténcia menor do MD e maior para MS. Porém, implica em menor ND

e maior NS, respectivamente, contrariando a regra de construcdo do TAT. Nos capitulos seguintes é
demontrado que a area ativa (W.L) no trangstor TAT € menor do que no seu equivaente Smples,

do que resulta maior ruido flicker em baixas frequéncias nos TATS, enquanto que o ruido térmico é

comparavel ao equivaente convenciond.

Com o0 objetivo de investigar e vaidar a técnica TAT foram implementados e fabricados
vaios trandstores TATs e seus equivdentes smples em um mesmo chip-de-teste. As curvas
experimentals (IpXVp, gasXVp, IpXVe, gm/lpXVs) estéo mostradas comparativamente na Fig. 4 Eg.
A-3) paraTAT-3eSngle-3.

As caracteridicas experimentais do TAT mostram que tém maior corrente de dreno para
potenciais de porta abaixo de 3V do que 0 seu equivdente full-custom — Fig. 4a Fig. A-33). A
condutancia de saida no TAT, mostrada na Fig. 4b (Fig. A-1b), é bastante préxima do seu
equivalente smples devido ao efeito auto-cascode. Na caracteristica linear 1pxVe, Fig. 4c FHg. A-
1c), pode-se observar 0 efeito das ressténcias em s&rie maiores nos TATS, com as medidas
reglizadas na regido de condugdo (triodo, com Vp=100mV). A reducdo gradual da corrente de dreno
com o aumento do potencia de porta mostra 0 efeito da associacdo série nas caracteristicas na

regido de conduc&o (triodo).
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A Fig. 4b (Fg. A-1b) compara a condutancia de saida em inverséo forte para trés niveis de
potencia de porta, 1V, 3V e 5V (com comprimento equivaente a L=5mm para os transstores TAT
e equivdentes smples). Em inversio forte e em modo de saturacdo, o TAT com L minimo
gpresenta @ mesma conduténcia de saida de um trangstor com comprimento de cand longo
(L=5mm). Em inversdo fraca, os efeitos de cand curto (reducdo de Vr) e DIBL (Drain Induced
Barrier Lowering [TSI88]) se combinam para gerar maior condutancia de saida no TAT, tanto em

conduc&o com em saturacao.

O gréfico experimenta da Fig. 4d Fg. A-1d) mostra um grande dedocamento do threshold
associado a0 TAT em relacdo a0 seu equivdente smples com comprimento do cand L=5mm,

devido ao efeito de cand curto nos trangstores unitérios (L minimos) do TAT.

A curva caracterigtiva em saturacéo IpxVs (modo diodo), mostrada na Fig. 4e FEig. A-3e),
mostra 0 dedocamento da corrente de dreno na regido de subthreshold (efeito do cand curto), e
mostra que a corrente reversa do diodo (mode dedigado) no TAT é menor do que no convenciond,
causado pelo efeito do diodo reverso laterd e planar (diodo controlado pela porta [GRO67]) nos
tranastores MOSFET, os quais S0 o0 resultado das jungdes np e pn entre os implantes das difusdes
n+ e p+ e o subgrato. Devido a0 arranjo linear dos trangstores unitérios, compartilhamento do
dreno e fonte, e tr menor &ea e perimetro das difusdes, o efeito anterior € minimizado nos

trangstores TAT.
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2.5 Implementacdo de Subcircuitos Anal 6gicos Basicos Aplicando os
Transistores TATs (Resumo do Capitulo 5)

Diversos blocos basicos andégicos sdo projetados e fabricados em ambas as metodologias
de lgaute semi-customizado SOT e totamente customizado. Um bom conhecimento destes blocos
é critico para compreender muitos pontos deste trabaho e para projeto de Cls em quaquer matriz
semi-customizada. As cdulas anddgicas implementadas foram: espelho de corrente, amplificador
de fonte comum, comparador e amplificador fold-cascode tipo OTA. O chip-de-teste contendo
edas cdulas andogicas foi fabricado em tecnologia CMOS 0.5mm, duplo poly e trés niveis de
metd. Para vaidacdo da técnica TAT nas cdulas anddgicas foram avdiadas aravés de smulagbes

elétricas e medidas experimentais.

ilin lluut

M1 }__{ M2 L = Lmz
- (Dha= (D

FIGURA 5 - Espelho de corrente com transistorstipo N .

WEE

TABELA 1- Tranastores TAT e smples do espelho de corrente (* indicaversio TAT).

Tamanho do Transistor
Tec. Transistor W(um) L(um) W/L ND NS
0.5mMm M1-M2 106 19 5586 - -

M1 -M2 106 1.9 5586 20x(5.4mm/0.6mm)  9x(5.4mm/0.6mm)

Uma boa forma de verificacdo experimental da condutancia de saida do TAT é aravés da
célula espeho de corrente, mostrada na Fig. 5 (Fig. 5.1). O casamento entre os dois transistores
pode ser verificado através do desvio entre as correntes de entrada e saida. O desvio na corrente de
saida do espelho de corrente pode ser expressa em termos da variagdo da tensdo de saturacéo do
transistor de saida e suaimpedéncia de saida, ou sgja por (EQ. 5.1.3):

DV,
Dl o = o 8

rd&v.z
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Eda cdula foi implementada nas duas metodologias de leiaute (SOT e totadmente
customizado) em tecnologias CMOS 1.0pum e 0.5um. Os trangstores dimensionados estéo listados
na Tabela 1 (Table 5.1) para a tecnologia 0.5um. A versdo com TAT gpresentou melhor casamento
de corrente, demonstrando a reducdo prevista da conduténcia de saida do TAT. Os resultados

experimentals estd0 na secdo seguinte (capitulo 6) em tecnologia CMOS 0.5mm.

Outra forma de examinar 0 desempenho do TAT é aravés do amplificador smples de fonte
comum. Este amplificador bésico foi projetado com um transigtor tipo PMOS como carga ativa

para polarizacdo (fonte de corrente tipo PMOS), como mostrado na Fig. 6 (Fig. 5.2a).

DD

eI B

ot

SO i
¥ wf Bt

vSs L

FIGURA 6 - Amplificador de fonte comum com transstor PMOS como carga tiva

O pdlo dominante da versdo TAT do amplificador pode ser calculado através do método da
andise de constante de tempo zero [JOH97] e é dado por (Eq. 5.2.7):

1
W @ . . \ o \
" Rn >{C95MS + ngMD + gmGMS >R2 )(nglvls +C95MD) + (ngMD + Cd2 )le + CSZ )RZ >

onde as capacitancias Cy, € Cs, e asressténcias Ry e R, sdo dadas por (Egs. 5.2.6a, b e Egs. 5.2.83,
b):

Cyp =Cq,, +CL +Cp 10
Cs = Cas ¥ Coro 11
R =Tas,. X0 *Oms,, 12
R, = L 1 13

X
g + g MSyp rdsMD
dsus R
L
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onde Cni; € a capacitancia paradta na saida do espelho de corrente (termina dreno da versio TAT
de M2 naFig. 6 - Fig. 5.29).

TABELA 2 - Dimengonamento dos trangstores do Amplif-2 (* indicaaverséo TAT).

Amplif-2: AMP_S2 (simples) e AMP T2 (TAT)—tecnologia CMOS 0.5mm

Xtor w L W/L ND NS Rel.de Re.de
Area Area
(mn) (mn) Ativa
M1 106 1.9 55.8 - -
M1 106 1.9 55.8 20X 9x 046 1431

(5.4um/0.6um) (5.4um/0.6um)

M2-M3 191 17 1123 - -

M2 -M3 191 1.7 1123 16x ox 054 1515
(11.7um/0.6um) (11.7um/0.6um)

200

Phase [0]

150 -

100—-

50—-

zain [dB]
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FIGURA 7 - Amplificador fonte-comum Amplif-2: ganho e margem de fase. Smulacdo détricaem
tecnologia CMOS. AMP_T2 (tracgjado) e AMP_S2 (solido). (W/L)e=106/1.9.

O ganho DC é encontrado com a conduténcia de saida e a transconduténcia do TAT das
equacles 5 e 6 (Egs. 4.3.3 e 4.3.5), respectivamente. O resultado é smplesmente dado por (R.=)
(Eq. 5.2.9):

A/OTAT @ gnGMS >(gnGMD xrdsMS >¢dS\AD 14

Na Tabela 2 (Table 5.3) estéo listados os transstores projetados do Amplif-2 em tecnologia
CMOS 0.5mm. O AMP_S2 é a versio totdmente customizada do semi-customizado AMP_T2.

Observa-se, na tabela, que aos trés trandstores da versdo totamente customizada (AMP_S2)
correspondem um total de 54 transistores unitérios daverséo TAT (AMP_T2).
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Os resultados de smulacéo elétrica estdo mostrados na Fig. 7 (Fig. 5.4) [CHO2000b]. Como
eperado, a versio TAT funciona gproximadamente como um amplificador cascode ou um auto-
cascode. O ganho e a fase B0 quase comparaveis a0 totamente customizado. O resultado
demongtra que a conduténcia de saida do TAT é smilar ao cascode tradiciond (Eg. 5). Os
resultados experimentai's s80 apresentados na secao seguinte (capitulo 6).

FIGURA 8 - Comparador Track-and-Latch.

No comparador da Fig. 8 (Fig. 56), a constante de tempo pode ser estimada
gproximadamente pela frequéncia méxima do relégio. Logo, para que 0 comparador reconhega a

diferenca de tensdo para que segure o valor |6gico da comparacdo, o tempo de latch € dado por (Eq.
5.3.2):

T =Sty ooe O pp s &y B HVianic 8 15
TG, KDV, 5 mVe & DV, 5

onde, DVogic € a diferenca de tensdo |dgica desgada e DV € a diferenca de tensdo de entrada

necessaria para comparacao no comeco dafase de latch.

Os transgtores projetados do TAT e smples do comparador estdo listados na Tabela 3
(Table 5.5). O comparador totamente customizado possui 28 trandstores enquanto o0 Seu
equivalente com TATs tem 41 transdores unitarios. A versdo sobre a matriz SOT emprega 0s
TATs somente no par diferencid de entrada (M1 and M2), pois os demais transstores sfo digitas.
O consumo de poténcia neste comparador € baixo pois a corrente flui no circuito somente no semi-
periodo ativo antes do latch.
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TABELA 3 - Dimensdes dos transstoressmplese TAT (‘ indicaversdo TAT).

Comparador Track-and-L atch (tecnologia CM OS 0.5um)

Transistor W(um) L(um) WI/L ND NS
M1-M2 72 1.2 60 - -
M1 -M2 108 - 60 20x(5.4um/0.6pm)  10X(5.4um/0.6pum)
M8-M9 30 0.6 50 - -
M8 -M9 32.4 - 54 6x(5.4um/0.6um) -
M5 10 15 0.67 - -
M5 1.2 - 2 1x(1.2punv0.6um) -
M3-M4 20 0.6 33.33 - -
M3 -M4' 234 - 2X(12.7um/0.6um) -
M6-M7 25 0.6 4.2 - -
M6 -M7’ 24 - 4 2X(1.2um/0.6um) -

Este comparador foi fabricado em tecnologia CMOS 0.5mm da foundry MOSIS, nas duas
metodologias de leaute semi-customizado com os TATs e totdmente customizado. Os resultados

experimentais também sfo gpresentados na secdo seguinte (capitulo 6).

O amplificador folded-cascode tipo OTA, mostrado na Fig. 9 (Fig. 5.10), € de par de entrada
diferencid e saida smples Ese sub-circuito foi implementado em tecnologia CMOS digitd
1.0mm, na metodologia totamente customizado [CHO97] e semi-customizado SOT [CHO99(],
[CHO2000b].

No primeiro momento, utilizando os trandstores TAT, conclui-se que a versio com TAT
apresenta maior ganho DC do que a verso totalmente customizado. No entanto, ito ndo é sempre
verdadeiro, pois a transconduténcia do TAT é menor do que 0 seu equivaente smples. Logo, existe
um efeto de compensacdo entre 0 comportamento dos dois termos — a transcondutancia e
impedancia de saida — os quais determinam o ganho DC, ja que a conduténcia de saida no TAT é

Quase a mesma ou maor em reacd a0 seu equivdente smples (capitulo 4 — secdo 4.2).

Consequentemente, € natura que o dew-rate (SR) do TAT sga menor, pois 0 pdlo dominante é

maior no totalmente customizado (sob as mesmas condicdes DC para ambos).
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FIGURA 9 - Amplificador folded-cascode tipo OTA de saida smples.

TABELA 4 - Projeto dostransstores TAT e smples do OTA total mente customizado e semi-
customizado SOT (* indicaversio TAT).

OTA folded-cascode OTA —tecnologia CMOS 1.0mm

Xtor W L W/L ND NS Rgl. de Rael.
(um)  (um) Area de
Ativa Area

M1-M2 170 5 34 - -
M1'-M2 168 - 33.6 16X 4x 0.247 1.942
(10.5um/Iuym)  (20.5um/1pum)

M3-M4 63 10 6.3
M3-M4 525 - 6.6 21x 3X 0.095 1.883
(2.5um/1um) (2.5um/1um)

M5-M6 57 10 5.7
M5-M6 30 - 6 12x 3X 0.25 1.017
(2.5um/1um) (2.5um/1um)

M7-M8 42 10 4.2
M7-M8 425 - 4.5 17x 2X 0.113 1.585
(2.5um/1um) (2.5um/1um)

M9-M10 42 10 4.2

M9’ - 42.5 - 4.5 17x 2X 0.113 1.585
M10’ (2.5um/1um) (2.5um/1um)

M1l 15 10 15 - -

M1l 5 - 1.7 2X 1x 0.05 3.049

(2.5um/1um) (2.5um/1um)

O amplificedor OTA foi fabricado nas duas metodologias de leiaute em tecnologia CMOS
digitd 1.0um. As geometrias projetadas W’s, L’'s and W/L’s dos transstores do amplificador OTA
extdo listados na Tabeda 4 (Table 5.7). Nota-se que a versdo com TAT contém 100 transistores

unitarios contra 11 da versao total mente customizada
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TABELA 5 - Simulacéo e medida experimenta do desempenho dos OTASs em tecnologia CMOS
digita 1.0mm (GBW\z=Normalizado).

Smulacéo Experimentd

Tot. cust. Semi-cust. Tot. cust. Semi-cust.
Tensdo de Alimentacéo (V) 125 +25 125 125
Ay (db) 106 92.4 64.5 62.9
GBW(MHz) @ C,_(pF) 45/10 77/10 |0.186/82.4 | 0.514/535
GBW\z (MH2) @ C =50pF 0.9 1.54 0.307 0.550
SR (V/rs) @ Cy(pF) 3.46/10 589/10 | 042/824 | 1.10/535
Margem de fase (°) 80 76.2 79.4 51.7
Vod (MV) 24 0.83 30 15
Vo max(V) +22/-1.3 | +16/-14 | +1.1/-0.7 | +0.9/-0.9
Paiss (MW) 0.50 2.78 0.87 1.38
SNR(dB) @ 500KHz/1IMHz - - 99.1/97.9 | 94.1/92.8
THD (%) - - 59 9.8

Dos resultados experimentais fica claro que o amplificador OTA tem o ganho DC smilar,
enquanto as smulagbes demonsgtram ganhos maiores mas vaores samilares entre as versdes. E
anda, a versdo SOT tem maior produto ganho-faixa (GBW normdizado para G =50pF, quase 1.8
vezes maior) de acordo com as dmulacdes. Os dew-rates sBo bastante prOximos com as
smulagles, porém estdo bem abaixo dos vaores préticos devido a corrente de polarizacdo do par
diferencid (M11) ser muito baixa O offset na versio SOT € menor do que no totalmente
customizado, mostrando o melhor casamento devido ao bom padréo intrinseco do leiaute. Isto €,
naurdmente trandstores TAT s muito Smilares a técnica de interdigitacdo largamente utilizada

em projetos de lelaute totalmente customizado.

TABELA 5 - Ruido experimeta em varias amostras de chips-de-teste com OTA folded-cascode em
tecnologia CMOS digital 1.0mm. Versdes com TATS.

Amostra-1 Amostra-2 Amostra-3  Amostra-4 Amostra-5
95.7/944 102/976 86.3/87.7 955/946 90.8/89.5

SNR (dB) @ 0.5/1MHz

Ruido térmico (nV/CH2) 27155 23147 28/41 25/ 46 28/63
@0.5/1IMHz

Ruido 1/f (mvV/OHz) @1KHz 2.83 1.72 1.63 2.83 2.03
Corner Uf (KH2) 456 426 420 486 416
THD (%) 1111 15.21 6.72 9.89 5.99

O desempenho em ruido dos OTAs também foram investigados. Os resultados para as
amostras com as versdes SOT estéo na Tabela 5 (Table 5.9b). A amostra-5 da Fig. 10 (Fig. B-1e)
mostra que o ruido flicker em ambas as versdes é ato pois depende da geometria (&rea L.W) do par



168

diferencid de entrada. Neste OTA, o par diferencid (M1-M2 na Tabela 5) tem area ativa pequena.
Quanto aos ruidos térmicos das versdes, sBo Smilares, como esperado (Eq. 7). Em relacdo a
distorcdo harménica tota (THD), na média as néo-linearidades presentes nas versdes SOT foram
maiores, como modirados na Tabela 5. Pode-s2 minimizar esas ndo linearidades com melhor
mapeamento dos transstores para associacbes TATS e com correntes de polarizacdo dos
trang stores cascode (Vpssar)-

Output Noise [VAVHZ]

Frequency [Hz] 5

FIGURA 10 - Poténcia do ruido medido experimentamente no OTA. Totalmente customizado
(tracgiado) e SOT (solido). Amostra-5.
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2.6 Implementacdo do Modulador Sigma-Delta na Matriz SOT Utilizando
o Transistor TAT (Resumo do Capitulo 6)

Este capitulo é dedicado a0 projeto do modulador Sigma-Deta (SD) para aplicacdo em
sstemas em padroes GSM e DECT. Os objetivos principais neste projeto sfo: consumo de poténcia
e rdacd snd-ruido (SNR) do modulador SD, cuja degradacéo é causada pela ndo-linearidade dos
integradores. Para a andise do modulador SD foi utilizado o smulador comportamenta (Smulink,
MatLab) anivel de sstema.

Moize

In Integ_1 Integ_2—---- Integ_M A0 ~| Out
l - ! D4,

FIGURA 11 - Modulador Sigma- Delta basico de ordem N.

O conversor A/D and D/A de sobre-amostragem se tornou popular e muito utilizado devido
a sua dta resolucdo com veocidade média-para-baixa em aplicagbes de &udio digitd de dta
qualidade, comunicagdes nas banda-de-voz, e outros. A popularidade destes conversores é devida
a0 relaxamento nos componentes analdgicos com mas complexidade nos circuitos digitais. Este
compromisso é mais desgjdvel para as tecnologias mais modernas, 3V de tensdo de aimentacdo,
onde circuitos digitails complexos de dta velocidade sfo facilmente implementados em menor &ea
de dlicio. Com o processo de conversdo em dta taxa de sobre-amostragem, o0s componentes
anddgicos ndo necesstam de grandes tolerancias a0 casamento e a0 ganho dos amplificadores.
Outra vantagem € o relaxamento do filtro anaddgico anti-alising de entrada do A/D e filtros de saida
do D/A.

O desempenho destes conversores (mostrado na Fig. 11 (Fig. 6.1) em sua arquitetura
bésica), pode ser caraterizado pela faixa dinamica do sina e poténcia do ruido na banda do snd.
Dada a ordem do modulador Sigma-Ddta N, a faixa dindmica do snd DR é dada por [JAN93],

[MAL99] (Eq. 6.1.1):
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@/, 0 2N +1
D5 p™

DR :g xOSR 2V {2° - 1f 16

onde B € o nimero de bits do conversor D/A, 'V, € a amplitude pico-a-pico do sind de entrada, D

€ 0 paso da quantizacdo (referéncia de tensdo + g), e OR é a taxa de sobre-amostragem. O

desempenho globa de um modulador Sigma-Delta (SDM) pode ser melhorado com o aumento da
V. . .

relacéo % ou da taxa de sobre-amostragem OSR Ainda, ordens N de SDM maiores, melhoram o

desempenho. Porém, cascateando mais estagios de integradores em s&rie, como mostrado na Fig.11,
em torno da redimentacdo globd pode causar ingtabilidades devido a0 dedocamento de fase
[CANBS5], [BOS88], [UCHS88]. No entanto, a redimentacdo € importante no SDM, pois a filtragem
do ruido redimentado em torno do quantizador de 1-bit (comparador) tem o efeito de formatar o
espectro do ruido quantizado.

O SDM de dta resolucéo desenvolvido aqui gplica a técnica MASH. Edta técnica permite
congtruir SDM de ordens acima de 3 com SDM de ordens mais baixas (1 ou 2) em uma arquitetura
paddizada. As vantagens s0. €limina o problema de ingablidades em SDMs convencionas de
ordens acima de 3; e reduz a necessidade de dta linearidade do conversor D/A. A desvantagem € o
descasamento dos blocos componentes (por exemplo, 0 ganho) entre os estagios, pois degrada a
relacdo sind-ruido (SNR).

O SDM de 4% oderm, estrutura Mash, mostrado na Fig. 12 (Fig. 6.4) foi desenvolvido em
parceria com o grupo do Prof. M. Ismail, Laboratério Anadog VLSl Lab, Ohio State Universty.
Este SDM tiliza dois moduladores de 2% ordem em paraeo.

Dentre a variedade de edratégias para propiciar a programabilidade de um SDM, foi
escolhida a programacéo por sdecdo de cgpacitores unitarios dispostos em uma matriz. Desta
forma, pode-se gudar os coeficientes dos filtros (integradores) para trocar as
caracteristicas'comportamento do origind. Os maiores problemas estdo na degradacdo do ruido,

aumento de consumo de poténciae maior areade slicio.

As especificagBes/caracteristicas do SDM para 0 padréo de comunicacdo GSM com largura
de banda do snad 100KHz sfo: resolucdo de 14 bits, DR=86dB, frequéncia de amostragem
fs=6.4MHz e taxa de sobre-amostragem entre OSR=18-32.



171

T T
W Wi i
L] — ity Wrefr o— ity
F1 .
Wref-o— Ciy wref- o Pl-

2

f1d 12
\ff

C32

in+ o—/\"j—|

Cszq

c

vin. f T 32
fm“ 12 1d 12

Wret- D—\ ciq et o—.\

: aP
ﬂ a i

Wref+ D—\ le’l ret+ D—F"T"' ;:2
f2d
“ref+ o—’/ Cifag
Vrefo o
T T
P2 T2d po f2d
Wrefs o— = it Wrafs o— = City
Vrefo o T2 H Cig Vrefe o2
f'1 i f2
.—:4/
\jihﬂ/ Coply o
#3 ]—“. .||.+: 34
Lo Cx
faa] TII[A 12d }i N2
S | 1
1d 2
Vit o H Cig Vref-o—. H
et o—.\_ Cif3 Wrefeo——. - Cify
f2d bz J_de
“ret- o—-\_ le— Wrefo D—Pz\ l—
Wret+ oﬁ\ T3k Wretro——. - Cifg
f2d rz J_f?d

FIGURA 12 - Esqguemético do SDM A/D 2-2 de 4°-ordem.

As referéncias de tensdo (D/A de 1-hit), indicados na Fig. 12, est80 em Vg =+2.5V and V(-
=+0.5V (tensdo de dimentacdoVpp=3V), as quais S0 as excursdes maximas do snd de entrada
definidos pelas especificagdes. O erro de ganho do integrador dever ser menor do que 2% e o offset
do comparador track-and-latch (mesmo da secdo anterior) menor do que 20mV. Para melhorar o
fan-out de sdda e memorizar e manter o sina comparado durante o tempo de amostragem e
comparacao, respectivamente, é acoplada um latch tipo D na saida do comparador.

Os coeficientes de ganho de cada estagio também controlam a saturacdo da amplitude do
snd. Egtes coeficientes foram definidos por smulagBes comportamentais a nivel de sstema através
do Simulink, Matlab. Os integradores devem controlar as excursdes de peguenos Snas para e
obter dta faixa dinamica do sna e pogerior ato desempenho GNR); para minimizar a quantizacéo
do ruido; para a especificacéo dos OTAs (ganho, slew-rate, excursdo de saida e tempo de settling);
e para determinar a sensbilidade dos integradores e coeficientes de redimentacao.
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Como este SDM ¢é totamente diferencid — Fig. 12, um novo amplificador OTA, tipo folded-
cascode totamente diferencid (entrada e saida diferenciais), foi projetado e implementado,
mostrado na Fig. 13a (Fig. 6.6a).
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FIGURA 13 - (a) Amplificador OTA totdmente diferencid folded-cascode. (b) Circuito de
polarizacéo.

O primeiro integrador, ou sga o amplificador OTA, deve ter dto desempenho, pois este
atua como a interface de entrada do sstema conversor, acumulando na entrada os Sinais de entrada
e ruidos, direto e redimentado. E ainda, este bloco tem a responsabilidade de amplificar o sind
diferenca de entrada e redimentado, e nd pode introduzir mais ruidos e ndo-linearidades no
sstema O circuito de redimentacdo de modo-comum (CMFB- common-mode feedback), utilizado
no OTA se bassia no circuito capacitor-chaveado, mostrado na Fig. 6.7 (pag. 102), seguindo o
integrador que ja € capacitor-chaveado e por ser gerdmente preferido em relacdo a0 modo
continuo, pois edte tem a desvantagem de grande excursdo de snd. Geralmente, o capacitor G é
1/4 a 110 do capacitor C; [JOH97]. Neste CMFB, os valores sdo (C;=10C;) C;=1pF and
Co=0.1pF.

Todos os cuidados necessarios foram consderados com as fontes de ruido (chaves,
comparadores, integradores, capacitores e ruidos aeatdrios gecdo 6.3). O ruido tota no sistema
conversor deve ser 0 minimo possivel. Excluindo as fontes de ruido que estéo fora de controle do
projetista, o ruido total pode ser minimizado: pelo projeto do primeiro e segundo amplificadores
OTA; projeto das chaves, e escolha da mehor arquitetura do SDM. O ruido gerado pelas chaves
CMOS é reativamente controlado e as principais fontes sdo pela injecdo de cargas do termind
porta para os terminais fonte e dreno durante as transicbes do relégio (clock-feedthrough). Esta

fonte de ruido pode sr minimizada utilizando transstores de dimensdes minimas, com transcéo



173

lenta do relogio (formato trapezoida) e utilizando uma arquitetura totalmente diferencial [CHO94],
[ALE97]. Logo, a minimizecdo das fontes ruidos em SDMs s reduzem ao projeto dos
amplificadores OTAs.

O ruido em amplificadores OTAs pode ser minimizado aumentando a geometria W e L do
par diferencia de entrada e das fontes de correntes (espelhos de corrente). Separando a influéncia
de cada componente, o ruido total equivalente (flicker e térmico)é dado por (EQ. 6.3.2):

.2 .2
0 o 0
2 —_ 2 @mé orl — 2 Mecor2 = 2
I\IOTA - Npar +§ = = ><|\IECorn +§ = = ><NECorp 17
gli 4] gli (%)

onde Npar € 0 ruido do par diferencia de entrada, N, € N Ecor, s30 0s ruidos gerados pelas fontes

de corrente gl ing Om € a transconduténcia do OTA, e §, e (, =~ SO as
ECor @

transcondutancias das fontes de corrente tipo N e P, respectivamente. A equacdo 17 cemonstra que
S80 necessarios cuidados no projeto da geometria (W e L) do par de entrada, com menor valor
possivel na transconduténcia e/ou aumentando o comprimento de canal das fontes de corrente.

Para garantir o correto tempo de settling e a estabilidade globd, o dew-rate SR minimo foi
fixado (definicdo deste projeto) em pate do semi-ciclo ativo da frequéncia de amostragem para
assegurar correta amostragem do sind, evitando possiveis problemas com jitters de rel6gio e néo-

linearidades.

Nos integradores capacitor-chaveados, os vaores dos capacitores que definem os
coeficientes dos filtros (ganho) iguais ou menores do que 0.1pF foram re-dimensionados para evitar
imprecisdes causadas por capacitores pequenos (undercutting do processo, efeito das bordas, etc)
durante o processo de fabricagdo do circuito integrado. A técnica de capacitores unit&rios foi
utilizada neste projeto paraminimizar estes efeitos [ALE97], [CHO94], [GRESH].

Os subcircuitos anddégicos e SDM  projetados foram implementados em chips-de-teste em
ambas as metodologias de leiaute (semi-customizada SOT e totalmente customizada) em tecnologia
CMOS 0.5nm, dois niveis de poly, trés nivels de metd. Todos os leiautes, semi- e totamente
customizados, foram projetados a mdo, sem nenhuma assisténcia de uma ferramenta de geracéo de
leaute automética Consequentemente, os leiautes na matriz SOT ndo foram otimizados em aes,
maéxima ocupacdo das bandas, e smetria dos circuitos. Os leiautes totalmente customizados tém
melhor poscionamento geométrico e otimizacdo em area do que na versdo em matriz SOT. Porém,

os amplificadores OTAS, em particular, ndo foram otimizados em area.
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O tipo de encapsulamento dos Cls da MOSIS foundry americand) € um DIP40 (40 pinos)
para tecnologia CMOS 0.5mm da AMI e HP, com area totd do chip de 1500mm x 1500mm,
induindo os pads de entrada e saida. Sem os pads, a area totd disponivel para implementacéo de
circuitos é de 1100mm x 1100mm. Edta restricBo de a&ea foi a limitacdo para projeto maior de
subcircuitos e sstemas em metodologia matriz SOT. O desempenho eétrico smulado dos SDMs
estd0 nas figuras do Apéndice D.

Trés chips foram fabricados. O primero chip, foto mostrada na Fig. D-2 - Appendix D,

contém uma edrutura de trandstores, o primeiro amplificador OTA do SDM, e o comparador
track-and-latch (semi-customizado matriz SOT e totamente customizedo). Dedta forma permite
uma comparacdo mais fie entre os blocos e as metodologias de leiaute, pois as cdulas sfo
posicionadas lado-a-lado na mesma padilha de slicio, minimizando as variagbes de processo de

chip parachip.

O segundo (totamente customizado) e terceiro (semi-customizdo meatriz SOT) chips-de-
teste, fotos mostradas nas Figs. D3 and D4 - Appendix D respectivamente, contém os SDMs de
2°-ordem. Junto com os SDMs, foram incluidos os amplificadores simples de fonte-comum no
segundo chip (foto da Fig. D-3) e espelhos de corrente (M1-M2 e M1'-M2') no terceiro chip (foto
da Fig. D-4). Os lelautes detadhados de cada subcircuito analégico estéo mostrados em: espelhos de

corrente - Fg. D-5, amplificadores amples de fonte-comum - Fig. D-6, comparador - Fig. D-7,
primeiro e segundo amplificadores OTAs - Fig. D-9 e Fig. D-8.

Todos os blocos componentes foram testados experimentdmente e vdidados. O
desempenho experimenta comparando as versdes totamente customizado e semi-customizado
matriz SOT dos espehos de corrente, amplificadores smples de fonte-comum e comparadores é
apresentada nas Tabelas 6, 7 e 8 (Tabelas 6.8, 6.9 e 6.10), respectivamente.

Observa-se erros de corrente no espelho de corrente entre 0 Smulado e medido na Tabela 6:
0S erros previstos na smulacdo sGo maiores para os espelhos de corrente com TATs. O erro na
versdo com TAT é pouco pior devido ao efeito de cand curto e efeito de corpo (MD) presentes nos

trandstores de L minimos.



175

TABELA 6 - Erro smulado e medido nos espelhos de corrente (nNFET) em tecnologia CMOS
0.5mm. E.Corr_1: L=1.2mm, W=102mm, ND=9, NS=9 (5.4mV/0.6mm). E.Corr_2: L=6nm,
W=102rmm, ND=45, NS=5 (1.2mm/0.6rmm). Média de 7 amostras.

M etodologia Erro Erro
Simulado (%) Experimental (%)
E.Corr_1 E.Corr_2 E.Corr_1 E.Corr_2
(L=1.2mm) (L=6mm) (L=1.2mm) (L=6mm)
Totam-cust. 3.22 0.02 4.88 4.26
Semi-cust. 14.42 1.38 5.31 -043

TABELA 7 - Desempenho experimental do amplificador fonte-comum total mente-customizado e
semi-customizado em tecnologia CMOS 0.5mm. Média de 9 amostras.

Amplificador simples de fonte-comum

Totalm.-cust. Semi-cust.
Vpp (V) / CL (pF) 3/1200 3/1200
A, (dB) 33.0 29.9
fr (KH2) 3185 268.2
MF (0) 86.4 83.9
SR (V/ny) 0.114 0.086
Vo max (V) 2.2/0.7 2.0/0.8

TABELA 8 - Desempenho experimenta do comparator totalmente-customizado e semi-
customizado em tecnologia CMOS 0.5nm. Médiade 5 amodtras.

Comparador
Totalm.-cust. Semi-cust.
Voo (V) 3 3
fmax (MH2z) 411 30.5
Senshilidade (mV) 7.33 14.2

Como esperado, 0 desempenho da versdo com TAT do amplificador fonte-comum é menor
do que 0 seu equivdente totamente customizado — Tabela 7. O ganho DC € smilar para ambas as
metodologias de lelaute e a frequéncia de corte mais baixa para 0 semi-customizado. Novamente, o
desempenho experimentd e smulado é smilar demostrando a boa aproximacdo dos modeos
elétricos. A mesma comparacéo € valida para 0 comparador track-and-latch — Tabda 8. A maxima
frequéncia de chaveamento da verso com TAT é gproximadamente 25% menor e a sensbilidade
minima é duas vezes maor. No entanto, a senshilidade smulada foi menos otimiga (maior) e a
velocidade super-edtimada, esta Ultima devido a etimacdo ndo-redista dos efeitos parasitas
(capacitancias e ressténcias).
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TABELA 9 - Primeiro amplif. OTA folded-cascode totamente dif.: desempenho experimenta da
versdo com TAT em tecnologia CMOS 0.5mm. Média de 5 amostras.

OTA folded-cascode totalmente dif.

Semi-cust.
Voo (V) 3
C. (pF) 82
A, (dB) 59.0
fr (MH2) 1.167
MF (0) 148
SR (V/ny) 1.177
Vos (MV) 9.2
Vo max (V) /' Vo min (V) 21/11

TABELA 10 - SDM de 2° ordem: desempenho experimenta daversdo com TAT em tecnologia
CMOS 0.5nm. Médiade 4 amostras.

SDM 2°-ordem / OSR=64 (versdo com TAT)
Sinal deentrada & Freq. deamostragem  SNR (dB)

Senoidal 5KHz / fs= 6.9MHz 75.1
Senoidal 7KHz / fs= 6.9MHz 69.1
Senoidd 1KHz/ fs=1.7MHz 63.4

As Tabelas 9 e 10 Tabela 6.11 e Tabela 6.12) mostram os desempenhos do amplificador
OTA totdmente diferencid e do SDM de 2% ordem. O desempenho comparaivo destes circuitos

implementados com ambas as metodologias de lelaute semi- e totamente customizedas foi
prejudicado, pois a versio totamente customizada apresentou eros de projeto de leiaute. Erros nos
lelautes dos circuitos fabricados foram encontrados no amplificador OTA e integradores capacitor-
chaveados que impediram de funcionar. No entanto, os resultados experimentais mostram um bom
desempenho de circuitos em metodologia matriz SOT com trangstores TAT.

O desempenho da versdo com TAT do amplificador OTA et mostrado na Tabela 9 (Table
6.11). As smulagbes e medidas utilizaram uma corrente de polarizacéo externa ao chip fixada em
50uA. A medida da excursio de saida de gproximadamente 1V € uma restricdo relativamente
severa, causada pela arquitetura intrinseca do TAT e correntes de polarizacdo do par diferencid de
entrada e ramos folded de saida. As comparaces de fr e dew-rate néo foram redizadas devido &
dltas cargas capacitivas presente nos chips e equipamentos de medida que influenciaram o

desempenho globa do OTA.
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FIGURA 14 - Espectro da densidade de poténcia do ruido experimenta: SDM de 2° ordem, versio
com TAT, tecnologia CMOS 0.5mm. Sind de entrada: senoidd a5KHz; f=6.9MHz e OSR=64.
Médiade 4 amostras.

Finamente, a vaidacéo da técnica TAT para aplicagbes anddgicas e mistas na matriz SOT
estd na Tabela 10 (Tabela 6.12) e mostra 0 bom desempenho acancado pelo SDM em metodologia
matriz SOT. Apesar de dguns efeitos parasitas nas medidas, a relacdo sina-ruido medido permite
uma resolucéo entre 11 e 12 bits. O espectro da poténcia do ruido € mostrado na Fig. 14 (Fig. 6.11).
A poténciarms do ruido na banda do sina é aproximadamente - 110dB.
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3 Conclusao

Egte trabalho demonstrou uma técnica inovetiva para o projeto anddgico-digitd de snas
mistos sobre a matriz digitd pré-difundida semi-customizada, demonstrando que a abordagem TAT
€ uma boa dternativa para aplicagbes ASICs anddgicas semi-customizadas. A utilizacdo de
meatrizes TAT e 0 mapeamento de transstores convencionas totamente customizado para TAT séo
relaivamente smples. As andises DC, AC e ruido foram comparadas com os resultados obtidos
das smulagies eéricas e experimentais. Os resultados comparativos demonstraram  poucas
diferencas entre os vaores esperados e desempenhos tedricos e experimentais do TAT. Estes
resultados foram publicados em artigos em diversas conferéncias e revidas, tais como [CHO99(],
[CHO99b], [CHO994], [ CHO2000c], [ CHO2000b], [CHO2000a], [CHO2001].

Diversos dispostivos MOSFETs foram fabricados e testados para facilitar a andlise dos
trandgstores TATs em emular 0s seus equivdentes transstores smples. Os chips-de-teste foram
fabricados com um edrutura de transstores tendo diferentes geometrias de TAT (L, W, WIL) e
seus equivalentes transgstores MOSFET simples, ambos em tecnologia CMOS 0.5nm e 1.0mm. Os
Otimos resultados obtidos para os TATs demonstraram que estes sd0 adequados para emular
trandgores dmples. Outra vantagem importante do TAT é a mehora em uma das suas
caacterigticas, ou sga, na conduténcia de saida, a qua garante a utilizacdo de trandstores de
comprimento de cand minimo em circuitos anadogicos semi-customizados. Os resutados obtidos
na secdo 5.1 para espelhos de correntes na cdpia de corrente (ata impedancia de saida), confirmam

gue a condutanciade saida € melhor em TATS.

A reducdo da transconduténcia do TAT nas regides de conducéo e de saturacdo (secéo 4.3 —
equacdo 4.3.5) pode ser consderada com o projeto adequado do WI/L equivdente (relacdo do
trangstor MS). Os efeitos de cand curto (segdoes 4.2 e 4.5) presentes nos TATS podem ser

vantgosos para aplicacles de baixa tensio de dimentacdo em sub-crcuitos anddgicos em
VLS/ULS digitd semi-customizada. A maior preocupacdo em relacdo ao TAT € o desempenho

em ruido ecdes 4.4 e 5.4), devendo-se tomar cuidado com as fontes de ruido. O transistor TAT é

mais ruidoso do que 0 seu equivdente trangstor smples, j& que transstores de cand minimo s&o
empregados na associacéo dos TATS. Entretanto, quanto maior ND ou NS nas associagdes de MD e
MS, respectivamente, as desvantagens em ruido do TAT podem ser compensadas, mantendo
indterada a relacdo W/L equivadente. Para golicacbes de baixo ruido, associaghes em maior area, de

dezenas ou tavez agumas centenas de trandgstores unitérios, sB0 necessarias. Embora a poténcia
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total do ruido sga maior e hga agumeas limitagbes naturais (efeito de corpo, cand minimo e grande

&reade slicio), ostransstores TAT namatriz SOT gpresentaram um bom desempenho.

Diversos circuitos anddgicos (espedhos de corrente, amplificadores de um  estégio,
comparadores track-and-latch, OTAsS) também foram projetados e fabricados. Nos capitulos 5 €6,
0s OTAs implementados na matriz SOT (1.0nm and 0.5mm) indicam um bom desempenho do TAT
e implementacdo de circuitos anddgicos totamente semi-customizados empregando  somente

dispositivos TAT.

Os ganhos e as margens de fases (secBes 5.2 e 6.8) A0 estavels mesmo com a presenca

adiciond do nodo interno intermedi&io no TAT. As capaciténcias parastas no TAT sfo sSmilares
a0 su equivdente smples. As combinagbes das principais cgpacitancias que influenciam o
desempenho AC do TAT sdo as capacitancias entre os terminais porta-fonte e porta-dreno do
trandstor MS e entre os terminais portafonte e porta-dreno do transstor MD. O ganho do
amplificador TAT, resultado do efeito cascode, pode ser maor do que a sua versso smples
(totalmente customizada) apenes melhorando a condutancia de saida do trangstor MD e eevando a
transcondutancia do MS. Devendo ser respeitada a restricdo para TAT, ou sga, as associagdes em
pardelo com trandstores unitarios de MD e MS devem ser trapezoidais: MD maior do que MS.

A maoria das deficiéncias do TAT n&o impedem Sstemas mistos e anddgicos sobre a
matriz digital, dos quais as principais desvantagens ja foram estudadas. A técnica TAT demonstrou
que possui um bom compromisso, para uma dada aplicacdo, entre desempenho, custo e tempo de
projeto e prototipacdo. E mais, como ja descrito, esta técnica ndo esta restrita somente para matrizes
pré-difundidas, ito é pode s utilizada vantgosamente até mesmo em metodologia totalmente
customizada para anddgicos. Iso permite 0 projeto de leiautes analdgicos mais rapido (rdpida
prototipacdo) e a maior vantagem € 0 baxissmo custo de implementacdo de circuitos mistos

andogico-digitais com atecnologia digitdl.

Os proximos passos deste trabaho serdo: (1) a extracéo dos parametros dos modelos para
comparacdo entre smulacdo e experimentd do TAT e trandsor smples (2) a andise
experimental do ruido no TAT (Unico); (3) a moddagem RF do TAT; (4) o projeto da versio
totAmente customizada do modulador Sigma-Delta e OTA; e (5 0 desenvolvimento do gerador
automético do TAT e ferramentas de automacdo de leiaute (posicionamento&roteamento sobre a
meatriz SOT).
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