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Abstract

A Top-Down, Constraint-Driven Design Methodology for Analog Integrated Circuits

by

Henry Chung-herng Chang

Doctor of Philosophy in Engineering-Electrical Engineering and Computer Sciences

University of California at Berkeley

Professor Alberto Sangiovanni-Vincentelli, Chair

Analog circuit design is often the bottleneck when designing mixed analog-digital

systems. Tosolve this problem, we propose a new design methodology based on a top-down,

constraint-driven design paradigm. This methodology has two principal advantages: (1) it

provides a high probability for first silicon which meets all specifications, and (2) it shortens

the design cycle. To validate these claims, we have designed, fabricated, and tested several

current source digital-to-analog (D/A) converters and a E-A analog-to-digital converter

following the methodology. Currently, a video driver system consisting of a frequency

synthesizing phase-locked loop and three video D/A converters is being designed. Presented

in this dissertation will be: (1) a historical perspective on analog design methodologies with

an introduction to analog design issues, (2) the design methodology and the accompanying
tool set, and (3) our three design examples.

Prof. Alberto Sangiovanni-Vincentelli
Thesis Committee Chairman
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Chapter 1

Introduction

Traditionally, integrated circuit design has been classified into two categories-

digital and analog. While microprocessors and microcontrollers are inherently digital com

ponents, certain functions can be realized in analog or digital form. A typical example is

signal processing. Signals can be manipulated as waveforms, or they can be first encoded

and then manipulated in the digital domain. Noise is often the limiting factor in the quality

of analog signal processing. In the digital domain, noise has much less influence. Hence

there has been a strong trend towards moving computation carried out in the analog do

main to its digital counterpart. However, there are still functions that have to be carried

out in the analog domain. An example is signal conversion (the "real" world is analog!). In

addition, there are computations that are still much more efficient in the analog domain.

An example is filtering in an analog signal path (the signal conversion overhead is too ex

pensive). Because of the continuous quest towards smaller and smaller electronic systems,

many integrated circuits being designed today are mixed analog-digital. Hence, more and

more chips depend upon the ability to design effectively analog components.

Because of its noise sensitivity, analog design is inherently time consuming. In

mixed digital-analog systems, noise injected from digital circuits further complicates analog

design. Thus, in mixed-signal systems where the analog circuits are small, analog design

is often a bottleneck. Unlike its digital counterpart, fully automatic synthesis tools are

not available. Several attempts have been made to speed up the process by automating

parts of the design such as the synthesis of modules and the automatic layout of often used

components. Methodsfor low-level physical layoutgeneration and schematic synthesisusing

architectural selection paradigms have been proposed [27][90][66][38]. Methods for very



specific mid-to-low level complexity circuits have also been proposed [50][103][46]. More

recently automatic support tools for the experienced designer have been developed [71] [45].

Described in this dissertation is a new design methodology and the necessary set

of tools that supports it for effective analog design. It has two basic goals: (1) increasing

the probability for first silicon which meets all specifications; and (2) shortening the design

cycle. The key points of this methodology are:

• Top-down hierarchical process starting from the behavioral level based on early veri

fication and constraint propagation;

• Bottom-up accurate extraction and verification;

• Automatic and interactive synthesis of components with specification constraint-driven

layout design tools;

• Maximum support for automatic synthesis tools to accommodate users of different

levels of expertise but not the enforcement of these tools upon the user; this is not an

automatic synthesis process;

• And consideration for testability at all stages of the design.

The top-down process implies a well-defined behavioral description of the analog

function. The behavioral characterization of analog circuits is quite different from the

digital one; analog characterization is composed of not only the function that the circuit is

to perform, but also the second order non-idealities intrinsic to analog operation. In fact,

errors in the design often stem from the non-ideal behavior of the analog section, not from

the selection of the "wrong" functionality. To shorten the design cycle, it is essential that

design problems be discovered as early as possible. For this reason, behavioral simulation

is an essential component of any methodology. This simulation can help in selecting the

correct architecture to implement the analog function with bounds (constraints) on the

amount of non-idealities that is allowable given a set of specifications at the system level.

Constraints on performances of the selected architecture are propagated down to

the next levelof the hierarchy onto the components that can be designed following the same

paradigm until all the leaves of the design space are reached. These leaves can either be

transistors, other atomic components, or library objects. Since models have to be estimated



at high levels in the hierarchy, a bottom-up verification is also essential to fully characterize

components, interconnects, and parasitics.

The physical assembly ofbasicblocks at all levels of the hierarchy is time-consuming

and rarely very creative. This step can be effectively accomplished with automatic synthesis

tools. Recognized is that the layout parasitics do affect the behavior of analog circuits and

as such have to be controlled carefully. The amount of parasitics allowed on the intercon

nects is often estimated by the designer who usually is not able to guarantee the accuracyof

the estimation when fitted with the final circuit. Often to guarantee proper functionality,

designers will overconstrain the allowed parasitics. Proposed here is an approach where

layout tools are directly driven by constraints on performances of the design components.

The testing of analog circuits requires a great deal of time as well as expensive

equipment. This problem increases with the complexity of the circuits. It can be solved in

part by taking into account the testing problem during all stages of the design, unlike the

common practice of considering testing only after the design is finished.

Finally, it is not believed that full automation is achievable for all analog circuits.

The amount of creativity and complexity needed to master the design of analog circuits

is high. It is believed, however, that the creative task of the designer can and should be

fully supported by a set of automatic and interactive tools that allow him/her to explore

the design space with ease and full understanding of the trade-offs involved. Analytical

tools play an important role in our methodology. It is also maintained, though, that some

components of an analog design could indeed comefrom module generators and some from

libraries both of which embody the experiences ofother designers. Thus, this methodology

does accommodate tools that favor design-reusability in its general framework.

This work is part of an on going research effort at the University of California at

Berkeley in the Electrical Engineering and Computer Sciences Department. Many faculty

and students, past and present, are working on this design methodology and its supporting

tools. My research has principally consisted of: (1) developing the design methodology,

(2) applying optimization tools, (3) testing the methodology using "industrial strength"

design example, and (4) developing the tools that are discovered to be missing while testing

the methodology. My work follows the module generation work that has been completed

here. These works contain the basic elements of this methodology, but not its complete

development. My successor will share my research focus. He will continue developing the

design methodology while finishing and expanding the design examples. I believe that this



dissertation is not a beginning nor an end in the development of a top-down, constraint-

driven design methodology, but rather one chapter in a book on this topic.

This dissertation is divided into three parts. First, Chapter 2 presents foundation

material. Next, Chapters 3 and 4 describe the methodology and its supporting tools.

Finally, Chapters 5, 6, and 7, contain the three large scale design examples: the current

source D/A converters, the S-A A/D converter, and the video driver system. This is

followed by a concluding chapter in which a summary and future works are provided. Some

of this work has already been presented in [12] and [11].



Chapter 2

Foundation

2.1 Design Methodologies

Many methodologies exist for analog integrated circuit design. In any design, a

methodology is either explicitly stated or implied. On the surface most design paradigms

are similar. All follow the general design flow illustrated in Figure 2.1.

2.1.1 Analog Design

The designer begins with a set of specifications. These have either been provided

by a customer, or these are the requirements for proper operation in a largersystem. Speci

fications generally include not only the functional and performance criteria for the product,

but also data on the target process and an overall engineering objective. For example,

minimizing production cost is often the objective. This could translate to minimizing area

which maximizes yield which in turn minimizes cost.

Design synthesis takes two inputs: (1) the specifications and (2) an architectural

library. The output is a schematic which contains not only a netlist of the basic circuits

elements, transistors, resistors, capacitors, etc., but also their parametric values. The ar

chitectures in the library are either templates for the schematic, or they are starting points
from which new architectures can be developed.

Analog "hand design" design up to now has been considered an art. Rigid methods

based on automatic synthesis have yet to be used in practice. Most of the tools commonly

usedare analysis toolsfor the evaluation ofdesigns. In addition, "highlevel" analysis is done
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Feedback

on an adhoc basis sincea formalmethod for abstraction is missing. High level models are not

"precise" enough for analog design where second order effects are important. Hence circuit

simulators such as Spice and prototyping on bread boards [35] is almost exclusively used

for the determination of these effects. Unverifiable top-down decomposition has resulted

in an unsystematic bottom-up design style. Designers overdesign low-level components to

compensate for unpredicted nonidealities. This overdesign is time consuming. Bottom-up

designs also imply that subsystems cannot be verified until all of their components have

been designed. This results in further time consuming iterations when errors are detected.

When verifying the system, circuit simulation is often too CPU expensiveor infeasible. This

results in systems which are not fully verified until testing.

Physical synthesis is the next phase. It takes as inputs: (1) the schematics, (2) a

layout library, and (3) data on the technology. The output for this step is layout. Varieties of

methods exist for layout generation. Layouts can be copied from a layout library. Layouts

can be modified from an existing library entry. Layouts can be generated from scratch



either manually or automatically. Although almost exclusively, designers resort to manual

techniques. Automatic synthesis techniques have found little acceptance.

The next step is to verify that the layout meets specifications. Often because of

the sizes of the circuits involved, verification cannot be accomplished in a single step nor

by any single tool. A variety of methods have been developed. One method is simula

tion. In circuit simulation sets of test vectors are supplied to the system and simulated

to verify functionality. Behavioral simulation verifies performances directly. However, with

the use of simulation detection of differences between the schematic and the layout is not

be guaranteed. An approach to solve this problem is to compare directly the schematic

and the layout, element by element, connection by connection. This verification method,

however, cannot find performance degradations due to layout parasitics as simulations can.

A combination of the two methods is usually used.

Once the layout has passed verification, it is sent for fabrication. This process

typically requires two to six weeks. When the chips are received, the parts are tested

against the specifications for function and for performance. Typically, yield and process

information are also gathered from the parts to determine the actual cost of the product

and to collect data to improve future designs. Though rigorous methods for testing have

been developed [74][73], they are also not used in practice.

Feedback is implied at any step in the design flow. At any time an output fails to

meet the specifications, design steps must be re-iterated. Feedback loops can be small or

large depending on how much redesign is required.

Many extensions exist to the general design flow. One extension is the use of

hierarchy. This is illustrated for the design and physical synthesis phases in Figure 2.14.

Systems which are too large to design as one individual unit are divided into subsystems.

These smaller subsystems can then be designed independently or if they are still too large,

can be further subdivided. The interactions among the subsystems are approximated to

allow a certain independence of design.

In the design synthesis phase, not only is the architecture subdivided, but also the

system specifications are decomposed into specific specifications for each sub-block. This

process of decomposition is often defined as the "top-down" design phase. Its counterpart,

the "bottom-up" design phase refers to the sub-block design process in which schematics are

generated. In analog design, the top-down phase is often very difficult. Many designs are

considered "bottom-up designs," because the emphasis has been placed on this step. Circuit



verification can also be accomplished hierarchically. Sub-blocks are simulated and verified.

They are replaced with abstracted models which characterize their function and/or perfor

mances. These models are combined and simulated to verify the overall system function

and/or performance. Layouts are generated hierarchically as well. First, layout require

ments for each sub-block are generated in a floorplanning step, e.g. aspect ratio, bus and

power line placement, pad placement. After the sub-blocks have been generated, they are

combined level by level until the layout for the systemis complete. Once again, feedback is

implied for all of the design steps.

Though most methodologies do follow the design flow in Figure 2.1 and consider

the use of hierarchy, they differ in the details.

2.1.2 Analog Computer Aided Design

A great deal of research has focussed on solving the problems faced in analog

design. Most research has emphasized specific tools and/or sets of tools. In all cases an

underlying methodology is implied, but seldom discussed. Furthermore, rarely is the entire

design flow considered. Many have made claims for automatic synthesis of large systems,

but none have fabricated and tested these designs. Our emphasis is to explicitly develop the

methodology. Then develop the tools to support it. And furthermore, we will consider the

entire design flow, "proving" the methodology using industrial strength design examples.

Early work in analog design synthesis focussed solely on sizing schematics. Ex

amples are Aplstap [4], Delight.Spice [83], and Ecstasy [95]. These systems combined

nonlinear optimization algorithms with circuit simulation.

Work which followed wrapped schematic sizing with an architectural selection

phase, but because of the high CPU cost and the numerical instabilities associated with

Spice, these newer systems avoided Spice simulation in the design loop. Knowledge based

methods were developed. Complexity-wise, research was primarily focussed on operational

transconductance amplifiers (OTA). IDAC [26] synthesized circuits by sizing each schematic

in its architectural library using dedicated built-in analyzers for simulation. These analyzers

consisted of simple equations representing circuit performances. OASYS [42] added hier

archy, macromodels, and an expert system for schematic selection and sizing. The expert

system evolved from an ad hoc rule-based system to a strict plan-based system. One short

coming of the IDAC and the OASYS systems was that the models they used were too simple.



OPASYN [52], a module generator for OTA's, addressed this problem by using much more

accurate nonlinear equations to model circuit behavior. A nonlinear unconstrained steepest

descent approach was used for schematic sizing.

STAIC [45], which followed IDAC, OASYS, and OPASYN, sought to address one

of the main problems with these knowledge-based system, i.e. for each architecture in its

library, a specific circuit simulator was required. It tried to combine the best of both worlds

centering itself between algorithmic based methods and knowledge-based methods. It used

multi-level macro-models so that different architectures could share simulation models. This

simplified the development of new simulators for new architectures. To further simplify

model development, STAIC incorporates a hardware description language. A successive

solution refinement system is used to find the global optimum. General macro-models

are used initially. When an optimal solution is found, more detailed models replace the

general models, and another optimization is done. Examples illustrate automatic synthesis

of BiCMOS and CMOS operational amplifiers from specifications.

During this time, work in automatic custom analog cell layout was also pursued.

ILAC [87], IDAC's counterpart, takes as input a technology description, a circuit descrip

tion file, and optional topological constraints description and generates layout. Leaf cells

are generated by using one of two procedural languages. Block level layout is generated

using placement (slicing structures), routing (global and channel), and compaction steps.

ICEWATER [45], STAIC's counterpart, also uses a procedural language for layout gener
ation. ANAGRAM [36], OASYS's counterpart, strived for the generic layout of leaf cells.

Rather than using a procedural language, simulated annealing was used for placement and

an area router was used. OPASYN had a built in layout generator. Like OASYS, OPASYN

focussed on leaf cell layout. It used slicing structures for placement, an area router, and

incorporated active constraints in the compaction step.

The next generation of work focussed on complete design systems combining the

design and physical synthesis phases. They also aimed for higher circuit complexity. The

IDAC/ILAC system [27] included hierarchy to address the complexity issue. However, they
had nohigh level simulator to aidin mapping. Asigma-delta A/D converter was synthesized

claiming that it requires a "trivial" mapping. However, acknowledged is that they do not

have a general hierarchy mapping technique, and they cite this as an open question.

The OASYS/ANAGRAM system evolved into the ASTRX/OBLX (design syn-

thesis)-KOAN/ANAGRAM III (physical synthesis) [90][84] system. A simulated anneal-
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ing optimizer and an Asymptotic Waveform Evaluation (AWE) simulator replaced the

knowledge-based system to create a fully algorithmic system like Delight.Spice. It has

the advantage that AWE is much faster than Spice, and simulated annealing can avoid

local minima. Since unlike Spice, AWE only finds the "AC" solution to a circuit, dc cor

rectness terms with a relaxed dc-formulation and a dynamic cost function algorithm were

added to satisfy Kirchoff's laws. Once again, they strived for large circuits. In [84], they

claim to "have presented the largest, most complex fully automatic analog cell synthesis

results obtained to date" for a circuit of 82 devices. Like the IDAC/ILAC system, they lack

high level simulation tools, and as a result, hierarchical mapping is ad hoc. An example is

the mapping for a pipelined A/D in [84]. Principal components of nonideal behavior- kT/C

noise, finite OTA gain, and capacitor mismatch, are missing as performance constraints for

their integrator. The layout system uses a simultaneous place and route approach. Sim

ulated annealing and an area router are again used, but constraints on parasitics can be

selected. Recently, WRIGHT [77] has been introduced to limit substrate coupling effects

on critical circuits.

One other designsystem is the ISAID/RACHANA system [66][67][38]. This system

is knowledge-based, but adds "qualitative reasoning" to provide a systematic approach to

storing and using the knowledge in the system. A circuit corrector is also added to allow for

topological changes in the optimization loop. RACHANA implements layout in one unified

package using a depth first search to look for solutions. In keeping with the theme of expert

knowledge, one of the inputs to the layout tool is the actual schematic citing that "high-

quality analog layouts generated by human layout design experts very often resemble their

circuit schematics" [38]. Geometric constraints such as symmetry, cross talk avoidance,

minimization of wire length, minimization of wire bends and vias, device matching, and

device merging are considered in layout generation. Primitives such as current mirrors,

differential pairs, common gate devices, diode connected devices, and diode connected chains

are programmed into the system to aid in finding solutions for the geometric constraints.

Recent proposals to address the problem of complexity have called for the inclusion

of high-level description languages [24]. An example description for a sensor interface is

given. Examples of abstracted components are: "amplification," "filtering," and "single-

ended to differential conversion."

None of these systems address a precise use of hierarchy. Behavioral simulators

are not provided, and constraint propagation is not clearly defined. For this reason, these
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systems have been fundamentally limited to the design of low-level circuits. This is clearly

shown by the design examples: the focus is almost always OTA's or comparators. One of

the major contributions of this work is to clearly define how hierarchy is used, and to use

it in all of the design examples.

2.2 Analog Design Concepts

We use an example to illustrate the issues that must be addressed in analog design.

Current source D/A converters have been selected because in Chapter 5, we will use this

circuit to illustrate the design methodology.

2.2.1 I/O Relationship

Din D/A Converter lout

Figure 2.2: D/A Input/Output Relationship

Figure 2.2 shows the functional (input/output) relationship of a D/A converter.

It converts an n bit digital word into a single analog signal. A three bit (n = 3) converter

is shown in the figure. There are three input bits and one current output.1 In the graph,

the x-axis contains the 8 (2n) possible input codes while the y-axis shows the corresponding
current output.

Two important metrics in characterizing D/A converters are illustrated in Fig

ure 2.3. One LSB is the ideal difference in current between any two adjacent input codes.

The full scale range the ideal difference between highest code (2n - 1) and the lowest

code (0). In the figure, 1 LSB equals 1 unit of current, and the full scale range is 3 units

1Voltage outputs are also used.
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Figure 2.3: Definition of LSB and Full Scale

of current. The unit amount is usually set by a reference. Typical reference values range

between 1 //A and 1 mA.

2.2.2 Linear Array Architecture

lout

\' V x1 V V 1v1 VVlx \1x \1x \1x \lx \lx \1x \lx

CD O CD CD CD CD CD CD

Figure 2.4: Three Bit Current Source D/A

One architecture for a D/A converter is a linear or unit architecture. This is

shown in Figure 2.4. Identical current sources are placed in an array with their outputs

connected via switches to a single output. Since current sources have high impendance

outputs, the currents sum at the output node to produce the desired current. Therefore,

the output is proportional to the number of switches turned on. To control the switches, the

three bit input word is thermometer decoded. For example, the input code 110 translates

to 11111000 turning on the first five switches.2

One possible implementation is shown in Figure 2.5. Each current source (unit

000 converts to 00000000. The 2nth unused current source is often kept for matching and symmetry
reasons.
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Figure 2.5: Three Bit Current Source D/A Implementation

element) is implemented by a transistor. Pulling a reference current, a diode connected

transistor eight times the size of the unit elements sets up the gate voltages. Each current

sources produces 1/8 of the reference current. An LSB is 1/8 Irej. The full scale range is

7/8 Jre/.

2.2.3 Non-ideal Performance

If the transistors in Figure 2.5 were truly identical and had infinite output resis

tances, then this technique could be applied to build arbitrarily accurate D/A converters.

Unfortunately, even when drawn identically, i.e. samegate width and length, same diffusion

areas, etc., and placed within close proximity, transistors do not behave identically. There

are many reasons for this; e.g. gate oxide thickness variations, lithographic variations,

substrate doping variations, surface gradients, and temperature gradients [86]. This limits

the number of bits that can be achieved for this type of D/A converter. Fortunately, in

design, variations between transistors can be controlled using device sizing and placement

techniques. Ultimately, however, typical maximum resolutions lie between 10 and 12 bits

for current technologies.

There are two main lumped causes for transistor mismatch. The MOS equation

for a long channel transistor in saturation is

1 WId =^k(Vga-VT)2 where k=tiCox^j- (2.1)

Taking a derivative and applying the chain rule, we have

did =kvga - VTfdk - k(Vgs - VT)dVT (2.2)
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Then dividing, Equation 2.2 by Equation 2.1, we obtain

dld dk n dVT , N
r = T" " 2t/ \r (2-3)Id k Vga-VT

did/Id represents the amount of mismatch between two transistors. Variations in k and Vr

cause the mismatch. One method for reducing mismatch is to increase (Vgs —Vr). However,

this technique is limited by the supply voltage and does not address the k term.

An alternative technique is to control the variations in k and Vr directly. Assuming

k and Vj are statistically independent [86] [72], we can rewrite Equation 2.3 as

Proposed [86] [72] have been functional forms for the k and Vr variances. These are:

oj-A+aji? (2.5)

< =̂ +5^2 (2.6)
Ak, Sk, Avt, Svt are process dependent constants. W and L are the width and the length

of the transistor. D is the distance between the two transistors. Thus, increasing the

transistor size and placing them close together can reduce mismatch. This is an effective

way for reducing mismatch.

Refinements to Equations 2.5 and 2.6 based on our experimental results (Chap

ter 5) have been made [33]. However, the fact that mismatch is reduced by using larger

transistors and by placing them close together still remains true.

These mismatches result in non-ideal performances. "Non-working" parts are

primarily due to these second order effects. An exaggerated possible transfer curve is shown

in Figure 2.6 by the solid line. The dotted line represents the ideal behavior. Problematic

points are indicated on the curve. Point A shows that there is no "off" state. Point B

illustrates an extreme deviation from the ideal. In a signal processing system, this could

result in large unwanted harmonics. Point C shows an area non-monotonicity. In a feedback

system, this could be disastrous reversing the feedback polarity. Point D shows an extremely

high output. This could overload the next stage. Methods for characterizing these non-

idealities have been developed. The following definitions [58] and figures describe this.
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Figure 2.6: I/O Characteristics of a Typical D/A

Definition 2.2.1 The ideal output vector, L, of a D/A converter is an N-dimensional

vector, where the ith component of L, L(i), represents the desired output for input code, i,

for i = 0...N-1, and N = 2n, the number of codes for the D/A converter, where n is the
number of bits for the converter.

Definition 2.2.2 The output vector, t, of a D/A converter is an N-dimensional vector,

where the ith component oft, t(i), is the output for input code i.

4 Offset Error

Code
2*n-1

• Din

4 Gain Error

0 2An-1
Code

Din

Figure 2.7: Definition of Offset and Gain

Figure 2.7 illustrates the linear components of error. Offset and gain error are
defined as:

Definition 2.2.3 Offset error is t(0) - L(0).
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Definition 2.2.4 Full scale gain error is [t(N - 1) - L(N - 1)] - [t{0) - L(0)).

Offset error is a constant difference between the ideal and the actual output. Gain error is

a measure of the constant difference between the slopes. In general, linear errors are not

critical. Preceding or following stages can often compensate for these errors.

Nonlinearity

Code

^Din
2An-1

INL
(LSB)

DNL
(LSB)

INL max

Code
2An-1

DNL max

Code
2An-2

Figure 2.8: Definition of INL and DNL

Critical, however, are nonlinear errors. Two metrics for their characterization is

shown in Figure 2.8 and are defined as follows:

Definition 2.2.5 The integral nonlinearity (INL) vector, s, of a D/A converter is an

N-dimensional vector

s(i) = at(i) + b- L(i) (2.7)

where a, b are constants such that s(0) = s(N-l) = 0. Solving for a, b, integral nonlinearity

is given by:

s(i) =
L(N - 1) - 1(0)
t(N - 1) - t(0)

Definition 2.2.6 The differential nonlinearity (DNL) vector, d, of a D/A converter is

an N-1-dimensional vector obtained by a first order difference of the integral nonlinearity,

s. It is given by:

d(i) = s(i + 1) - s(i) (2.9)

for i = 0...N-2.

INL is the large signal difference between the expected and the ideal output. DNL is the

small signal difference between the expected and ideal steps. Often only the maximum INL

(*(•) -1(0)) - (Z(t) - L(0)) (2.8)
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is of interest. Therefore, we define INLmax as, max s(i), V i = 0...AM, and DNLmox as,

max d(i), V i = 0...iV-2.

2.2.4 Analysis

INL
(LSB)

Code

INL max

2An-1

DNL
(LSB)

DNL max

IXXXXXXXXXXXXXXXXXSmiO »

0 _ 2An-2
Code

Figure 2.9: One o bounds for INL and DNL

A simple model for the circuit is to assume that the current sources mismatch

randomly witherror,oe, and assume that errors dueto finite output resistance are negligible.

DNL can be represented for all input codes as

odnl = <*t (2.10)

since all current sources are unity weighted. The DNL is graphed in Figure 2.9. The

computation for INL is more complicated. It is graphed for all codes in the figure on the

left. The maximum value is given by [25]:

<*INL, = 2*->, (2.11)

Typical requirements for INL and DNL range between 0.5 and 2.0 LSB. As n

increases, INL requirements become increasingly difficult to achieve while there is no change

in the difficulty of the DNL requirement.

2.2.5 Architectural Alternatives

An alternative architecture for current source D/A converters is a binary weighted

architecture. An example three bit converter is shown in Figure 2.10. In CMOS, the

principal advantage of this architecture over the linear architecture is that there are fewer

switches. Since fewer switch control signals are required, there is a tremendous reduction in

routing complexity. This translates intoa huge savings in layout area. Thereare no savings
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Figure 2.10: Three Bit Current Source D/A- Binary Weighted

in active transistor area since an nx sized transistor is implemented by n lx transistors in

parallel. Another advantage is that a thermometer decoder is not required. The input bits

directly control the switches. For example, code Oil, activates the lx and 2x current source

to produce a 3x output.

The INL for the binary and linear array architectures is the same [25]. The DNL,

however, is much worse. The maximum DNL is

VDNLma* = V2n-l ae

A reduction in layout area is traded for increased DNL.

NI

MSB bits

lout

LSB

Figure 2.11: Two Stage D/A Architecture

(2.12)

MSB

Often this DNL penalty is too large. A compromise is to combine these two

architectures. A block diagram and I/O graph for a two stage architecture are shown in

Figure 2.11. The first n\ most significant bits (MSB) are decoded in a linear first stage.

The 7i2 least significant bits (LSB) are decoded in a binary second stage. The first stage

generates a granular staircase as shown in bold in the graph in the figure. Using one of the
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unit current sources from the first stage as reference, the second stage divides this current to

produce the fine step sizes shown in the figure. This produces n (rci+712) bUs of resolution.

lout

Segmented

i_
Error

Din

Interpolative

lout

Din

Figure 2.12: Segmented versus Interpolative Two Stage Architecture

Two stage D/A converters can be implemented in either of two basic methods.

The simpler of the two is a segmented approach. One dedicated unit element of the linear

array is used as reference for the binary array. As shown in Figure 2.12 on the left, if there

is a large difference between the reference unit element and the other unit elements, then

this results in large DNL errors when the second stage switches from all bits on to off.

The second approach, an interpolative architecture, solves this problem. The reference

element for the second stage is always the next unit element to be turned on in the first

stage. In this way, the second stage transition point error is eliminated. The cost of the

latter approach is more switches which results in larger layouts.

The maximum INL for both two stage architectures remains the same as before

(Equation 2.11) where n is ni+n2. The maximum DNL for the segmented D/A is

ODNLn** = V/2»»+1 - 1<7e (2.13)

The maximum DNL for the interpolative D/A is

°DNLma* = >fV* ~ 1*e (2.14)

2.2.6 Simulation Methods

Besides transistor mismatch, other effectssuch as IR drops and finite current source

output resistances cause nonlinearities. To obtain more accurate INL and DNL estimates,
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simulation techniques can be applied.

The traditional approach is to use Spice, a circuit simulator. Unfortunately, Spice

can only give the functional (ae —0) characteristics. Though this is useful for verifying

circuit functionality, it provides no information on INL and DNL. This simulation is also

CPU intensive. 2n operating point (".op") analyses are required. Experiments have shown

that for a 10 bit converter, this requires approximately 1 CPU day. Varying transistor

models in a Monte Carlo simulation to find INL and DNL is virtually impossible, because

of the heavy CPU requirements.

Vin

lout
—>—

CD

Vout

Figure 2.13: Behavioral Model for a Unit Current Source Element

A newer technique [63] based on behavioral simulation directly calculates the

circuit performances, INLand DNL. The simulator, given a circuit description (Figure 2.13)

and a list of random variables, can calculate the INL and DNL on the order of CPU minutes

with an accuracy difference compared to Spice of less than 0.05 LSB.
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Chapter 3

Design Methodology

3.1 Design Flow

Figure 3.1 shows the standard design hierarchy. At the top of the design hierarchy

is a top node which could represent an entire chip or just part of a chip. From this top

node there is a set of direct descendent lower nodes, representing a first level decomposition

of the upper node. From these lower nodes the graph continues to be expanded. The

decomposition may cease at any given node at any given level. The graph is completed

with the decomposition of all of the nodes.

An example decomposition is shown in Figure 3.2. Here, a mixed-signal chip is

our top node. This diagram shows a wayin which this top node can be decomposed. It also

shows how decomposition may cease at any level. For example, a voltage reference circuit

is found in our cell Ubrary. Thus, the decomposition of this node is not necessary. A solid

line under the terminating node indicates this. In some cases the decomposition does not

cease until the transistor or passive element level, as indicated by the capacitors and the

MOSFETs in this figure.

The methodology, illustrated in Figure 3.3, assists the hierarchical generation of

the design by providing a rigorous procedure based on interactive and automatic tools.

The large bubble encompassing most of the diagram represents the mapping. Given a set

of circuit specifications (circuit characteristics, the design rules, the technology, and user

options), a mapping is made to schematics or to layout.

Given a library of n architectures, the first operation that must be performed

is architectural selection. Simulators and optimizers are used to aid the decision-making
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Figure 3.1: Design Hierarchy

process. For very high-level blocks, a behavioral simulator may be employed. For low-

level circuits, a circuit simulator such as Spice may be run. For an architecture where no

simulators exist (e.g. a pre-made cell) the "simulator" could just be a list of performance

specifications. If a suitable architecture cannot be found, then this selector must return to

the upper node the fact that the selection has failed. This wouldmean that the specifications

cannot be met; they must be changed in order to continue. If a standard cell (pre-designed

cell) was chosen then a successful return to the upper node is made.

Given specificationsfor a particular architecture the next step is to map the chosen

architecture to the detailed specifications of the component (lower) blocks. This task can

be very difficult. Architectures can be mapped automatically using nonlinear optimizers;

however, when this procedure fails the user must do the partitioning. If a solution to the

mapping problem cannot be found, another architecture must be chosen.

The lower blocks are expanded in the same manner as this diagram depicts, thus

recursively expanding the design hierarchy. From these lower blocks a set of the component

specifications is returned. If the returned specifications fail to meet the criteria set by the
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Figure 3.2: Example Design Hierarchy for a chip

mapping function, then the flow control is returned to the mapping function.

On a successful return from all of the components, the component specifications are

compiled to form a list of specifications corresponding to the original list. If this compiled

list fails to meet the expected specifications, then a new mapping is attempted. If it is

successful, there are two options, either proceed with the layout or stop here returning only

the schematics.

In creating the layout, the first step is the generation of the layout constraints

for the assembly. This can be done either manually or automatically. As before, if this

step fails, the flow control is returned to the mapping function. If it is successful, then a

constraint-driven physical assembly is performed. If this fails to meet the requirements then
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an alternate set of assembly constraints is derived. If the physical assembly is successful,

then the final verification step/summary generation step is required. This step includes

the extraction of the circuit and simulation with the same simulator used in architectural

selection. The "extraction" process spans the entire rangefrom a simple net-list extraction

to a complete extraction with parasitics. Finally, a summary of the expected performances

is generated. If all of the specifications are met, the flow control is returned to the upper
node with the generated specifications.

This final block also formulates the test set and methodology, based on the ex

tracted specifications, technology considerations, and the final layout. If the desired test

coverage cannot be obtained then possible hardware modifications or alternative architec-
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ture suggestions are fed back to the mapping function or the architectural selection function,

as appropriate. Since the majority of analog circuit failures is due to parametric rather than

catastrophic device malfunctions, determining the test set is an essential part of the design

methodology which cannot be split into a separate post-processing step. Testing is based

on the same functional model as the high-level behavioral simulation. This model allows

the circuit to be parametrically characterized by a minimum number of well-chosen tests.

The test set is derived and ordered to minimize test expense (time and equipment) while

meeting the test coverage constraints. The results of the high-level behavioral simulation

are used to determine the relative value and cost of testing each behavioral component of

the circuit. The test coverage constraints are formulated to include both catastrophic and

parametric failures. Test specifications and constraints are thus incorporated into the design

of the circuit in a manner very similar to the manner in which performance constraints are

accommodated. An appropriately optimized test set is part of the final chip specifications.

3.2 Use of Hierarchy

Design Synthesis Problem
with one level of hierarchy

Design Synthesis
Problem Specifications

Specifications
(INL, SNR, jitter, etc.)

(INL, SNR, jitter, etc.)

Minimize COSt Intermediate Level Parameters
y (gain,kT/Cnoise,Rout, sigma,etc.)

Parameters

(W/L,R,C.L,etc.)

Parameters Parameters

(W/L,R,C.L,etc.) (W/L, R, C, L, etc.)

Figure 3.4: Design Synthesis Problem with and without Hierarchy

One key contribution of this work is to define a mechanism by which hierarchy can

be exploited successfully. The example in Figure 3.4 will be used to illustrate this.

Performances for INL, signal-to-noise ratio (SNR), and timing jitter are specified.

Assuming that an architecture has been selected, component parametric values in the cir

cuit must be found, i.e. transistor widths and lengths (Wx, Lx), resistance values (R),

capacitance values (C), and inductance values (L). Without hierarchy, the problem can be
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formulated as

minimize cost(Wr, Lx, R,C,L)

s.t. INL(WX, Lx, R,C, L) < specified value for INL

SNR(WX,LX,R,C,L) > specified value for SNR

jitter(Wx, Lx, R,C,L) < specified value for jitter

process constraints

where Wx, Lx, R, C, and L are vectors representing all of the passive components.

Suppose, however, that this problem contains too many design variables and can

not be solved as formulated. It is transformed from the non-hierarchical problem on the

left in Figure 3.4 to the hierarchical problem on the right. The performances are first di

vided into a set of intermediate level parameters. These must characterize all of the

second order performances of the low level blocks which cause performance degradation in

the overall system. Satisfying this condition is often difficult. In general, they have to be

selected on a design-by-design basis. If they are chosen improperly, i.e. a cause of system

performance degradation is missing, when the chip is fabricated and tested, it could fail to

meet specifications. In this example, the intermediate level parameters are the gain and

kT/C noise for an operational amplifier and output resistance (Rout) and a matching term,

a, for a current source.

We use behavioral models to calculate INL, SNR, and jitter as functions of gain,

kT/C noise, Rout, and o. Since behavioral models are architecturally independent, they give

no data on the design cost as a function of intermediate level parameter values. Rather

than minimizing cost, since this cannot be calculated, we choose to maximize the design

flexibility of the lower level components. For an individual variable, the goal is to choose

reasonable parametric values. For example, specifying that the kT/C noise should be

0 is infeasible. We build a flexibility function to reflect this information. For multiple

variables, the flexibility function is set up to balance design tradeoffs. For example, suppose

lowering the gain, lowers the constraint on kT/C noise. Maximizing the flexibility will

prevent the constraint on gain from being too low, allowing for a reasonable kT/C noise

requirement.

An example flexibility function is

flexP(x) = -ax2 + c (3.1)
x
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For variables where decreasing values ease design difficulty, 6 = 0. For variables where

increasing values ease design difficulty, a = 0. Two points are required to solve for the

remaining coefficients. We use as a heuristic, a "moderate" difficulty design point, assigning

it flexibility = 0, and a "difficult" design point, assigning it flexibility = -10. Table 3.1

shows an example selection. For the two examples, the variable values for the moderate

Difficulty
6 = 0 (parabolic) a = 0 (hyperbolic)

Parameter Flexibility Parameter Flexibility

moderate 6 0 6 0

difficult 10 -10 2 -10

Table 3.1: Points on the Flexibility Curve

and difficult cases are listed in the parameter column, and the chosen values for flexibility

are listed in the flexibility column.

Figure 3.5: Flexibility Function- Parabolic

Solving for the coefficients for the 6=0 case, we obtain

flexp(x) = x2
J v ' 32 8

This is graphed in Figure 3.5. The parameter value is on the z-axis. The flexibility value is

on the y-axis. Marginal flexibility information is included in these curves. For variable values
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of high design difficulty, increasing the variable value incurs a high penalty in flexibility,

while for variables values of low design difficulty, decreasing the variable value does not aid

greatly in flexibility. The intuition behind this is as follows. Suppose gain is the design

variable. A large value for gain is difficult to achieve. The design becomes increasingly

difficult as the value of gain increases. However, small values of gain are easy to design.

Asking for a reduced value in gain usually offers little advantage. This is reflected by the

small change in the flexibility function around points of low gain.

Figure 3.6: Flexibility Function- Hyperbolic

Solving for the coefficients for the a=0 case, we obtain

r, , \ 30 wflexp(x) = h 5
x

This is graphed in Figure 3.6. Once again marginal information is included. In this case for

variable values of high design difficulty, decreasing the variable value incurs a high penalty

in flexibility, while for variables values of low design difficulty, increasing the variable value

does not aid greatly in flexibility. kT/C noise is an example.

Once flexibility functions have been developed for each of the parameters, they are

summed to create the overall flexibility function. The high level problem in Figure 3.4 can
now be formulated as

maximize fgain{gain) + fnoisekT/c(noiseKT/c) + /^.(flout) + &{<?)
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s.t. INL(gain, noisekTiC, Rout, o) < specified value for INL

SNR(gain,noisekT/Ci Rout,<r) > specified value for SNR

jitter(gain,noisekT/Ci Rout,0) < specified value for jitter

Since flexibility functions are heuristically determined, overall optimality is lost for the

design. However, if a solution is found, feasibility is insured. If the design is found to

be too suboptimal when completed, the flexibility functions can be rebuilt to reflect data

from previous design passes for future iterations. [94] attempts to a priori build extremely

accurate contours (flexibility functions) to also guarantee an optimal result. However, this

is extremely expensive, since not only does the entire design space need to be simulated,

but also all possible combinations of architectures must be explored before any designs can

be obtained. Our method has the advantage that a design solution is immediately found,

so that the designer has a feasible solution at the end of all iterations.

The low level optimization problems are directly formulated as

minimize cost(Wx, Lx,R, C, L)

s.t. gain(Wx, Lx, R, C, L) > gain result from high level optimization

noisekT/c(Wx, Lx, R,C,L)> noisekj/c from high level optimization

process constraints

and

minimize cost(Wx,LX,R,C,L)

s.t. R0ut{Wx,LX,R,C,L)< Rout from high level optimization

a(Wx, Lx,R, C,L)<o from high level optimization

process constraints

Ideally, to solve these problem, we would like to use an "off-the-shelf" optimiza

tion program such as Minos [76] which allows for nonlinear objective and nonlinear

constraint functions. However, often the functions used are simulations which are solved

using iterative techniques. These result in solutions with a large amount of numerical noise

(sometimes as high as 10%), which usually caused the general purpose optimization pro

grams to fail. Three common modes of failure are illustrated in Figure 3.7. The graph on

the left shows the performance versus the input. The initial condition is the point on the
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Figure 3.7: Optimization Function Surface

left. The descent direction is to the right. The feasible region is where the performance is

high. In this example, the solution is in the descent direction somewhere near the boundary

between feasible and infeasible region.1 The following are the modes of failure:

1. Finding a false local minimum- The region near the initial condition is expanded

and shown in the upper right hand corner of the figure. In this situation, because

of numerical noise, a local minimum appears to exist near the initial condition. The

optimizer may fall into this valley. The optimizer will terminate, and return this as

the solution.

2. Iterate excessively because of gradient computation error- The area near the initial

condition is expanded again and shown in the lower right hand corner of the figure.

The gradient computation with the step size taken is shown. It indicates that the

performance is increasing as the variable increases. The optimizer may make a move

in that direction. The move step, however, may be smaller than the one used in the

gradient computation. So, upon moving, the performance decreases. The optimizer

will detect this and shrink the step sizes until a consistent solution is found. However,

since it is in the noise, only random chance will allow a consistent solution to be found.

The step size will continue to shrink until the iteration count is exceeded, and the

'This is not the only variable in the problem. If there were only one variable, the solution would be
exactly at the boundary.
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program will terminate with an error.

3. Wander into an undefined region- Often in the circuit design space, there are regions

that are undefined, e.g. no DC convergent regions in Spice. The graph on the left

indicates an undefined region below the infeasible region. Some algorithms such as

the projected augmented Lagrangian algorithm used in MiNOS, allow an intermediate

point to wander into the infeasible region. If it should wander into the undefined

region, the simulator will not return a result, and the optimization process will ter

minate, or may continue but with unexpected results.

In our design examples, we tried MiNOS first. It usually succeeded when we either had

analytic functions or when the standard error of the simulator was low (typically less than

10-5). When Minos failed to find a solution directly, we tried to either modify the problem

formulation given to Minos or to use other optimization algorithms.

Once a solution has been found, we advocate that the designer examine the opti

mizer's solution. Even if there are no numerical noise problems, gradient based optimizers

generally only return a local optimum, unless techniques have been implemented to search

for other solutions, or the space is known to be convex. The solution, then, may be very

sensitive to the initial condition. Much of the optimality obtainable depends on the designer

choosing a reasonable starting point. A commonly used technique to avoid local optimum

solutions is simulated annealing. However, because of function evaluation through simula

tion, simulated annealing techniques are usually too CPU expensive.

3.3 Testing

Analog testing is currently performed on a relatively ad hoc basis. A design or test

engineer relies primarily upon intuition about a circuit's internal functionality to derive

the circuit's test suite. This test suite frequently defaults to the complete set of circuit

specifications. This approach is becoming increasingly expensive in both test development

and test execution times. The specifications of mixed analog-digital circuits are usually

very large (e.g. see [2]), which not only results in long manual test development, but also

in prohibitive testing times on expensive (0.5M$-2M$) automated testing equipment with

mixed-signal capabilities. Furthermore, the use of sophisticated computer-aided design tools

has reduced the design cycle so that the influence of test on time-to-market and final cost
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of the circuit is more and more visible.

We propose a new methodology for testing. The produced circuit is never the

same as the "ideal" (designed) one. The difference has two components: deterministic and

random. The deterministic components follow from the fact that a circuit design (usually

a set of mixed algebraic-differential equations) is just a simplified model of complex three-

dimensional processes in the real circuit. The random component comes from the fact

that even if our model were accurate, model parameters never have nominal values. This

is due to instabilities of process parameters (e.g. gas flows), which can be (and usually

are) both spatial and temporal, as well as other random errors: human errors, substrate

inhomogeneities, mask misalignment, dust particles, etc.

Due to these random errors (faults), an analog circuit is unacceptable if it does

not satisfy any of the specifications. Generally, the acceptability is determined by either

a functional testing of all specifications (as is the present practice) or by checking for the

existence of faults. These steps can be dramatically simplified by using behavioral models.

In this approach, behavioral models provide critical information for design engi

neers to evaluate the testability of the design at an early design stage and for test engineers

to choose the optimum testing strategy after design. From this information, engineers can

evaluate the tradeoffs between test set size, test coverage, detection thresholds, measure

ment noise, chip performance, and estimated yield.

3.4 Conclusion

An overview of the methodology has been presented. Examples to further illustrate

the methodology are presented in Chapters 5, 6, and 7.
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Chapter 4

The Tool Set

In this chapter, the most important tools that support our methodology are pre

sented together with examples of their application to design problems. To simplify the

presentation, we group them into the following categories: behavioral simulation and mod

eling, physical assembly, module generation, and optimization.

4.1 Analog Behavioral Simulation and Modeling

4.1.1 Discussion

The objective of behavioral modeling is to represent circuit functions with abstract

mathematical models that are independent of circuit architectures or schematics. In top-

down design, designers can verify system design early with behavioral models of system

components before investing time in detailed circuit implementation. This enables them

to explore the system design space rapidly. In bottom-up design verifications, designers

can verify complex system behavior efficiently, because evaluations of behavioral models

are computationally inexpensive; this results in fast system simulations. Based on the

success of behavioral modeling for digital circuits, there is great interest in extending the

idea of behavioral modeling to analog circuits. For digital circuits, behavioral modeling

and simulation can be performed using hardware description languages such as Vhdl or

Verilog. These languages do not provide the features needed for an adequate simulation

and modeling of analog blocks in the system. There is an increasing need for behavioral

simulation and modeling of the analog blocks. One reason for this is the tendency in ASICs
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and VLSICs to integrate total systems, including both analog and digital blocks, onto a

single chip. Another reason is that even "simple" analog blocks are too complicated for a
complete transistor-level simulation within reasonable amounts of CPU time.

For the behavioral simulation and modeling of analog circuits, the following fea

tures are essential:

• The simulator and the behavioral models have to be general. The behavioral model

of a given analog block must describe the behavior of that block considered as a

black box, describing its input-output behavior in terms ofa set of model parameters

to be supplied by the designer. It also has to hide all the internal architectural

details as much as possible, resulting in generic models. The simulation engine must

be independent of any particular model, so that it is possible to simulate different

architectures in the same environment instead of having a different dedicated simulator

for each specific architecture.

• The behavioral models for the analog circuits must include not only the first-order

behaviorof the circuit, but alsothe analog second-order effects, such as noise and dis

tortion, in order to get a realistic ideaof the performance of the overall system. Also,

the statistical variation of the circuit performance has to be taken into account. In

addition, analog circuits aresensitive to driving and loading impedances and may have

"electrical" terminals where Kirchoff's voltage and current laws have to be satisfied.

• The behavioral simulation is to be done in time or frequency domain or a mixture of

both depending on the nature of the problem. There should be methods to switch

between these domains and to deal with noise, distortion and statistical parameters.

In order to realize a design environment having the features discussed above, the

following research actions have been identified:

1. The development ofgeneric behavioral models (including the second-order effects) for

common analog functional blocks, implementation and testing of these models.

2. Automatic extraction of the actual parameters for the behavioral models from a given

design (bottom-up extraction). This allows us to investigate the performance of dif

ferent architectures, in order to be sure that the generic models cover all (or as much

as possible) architectures and as much as possible second-order effects in a realistic
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way. Bottom-up extraction of behavioral model parameters from a transistor-level

description is essential in verifying the performance of a design.

3. The development of a behavioral simulation environment based on the behavioral

models developed.

Analog circuit functions are usually simple. Designers rarely choose the wrong

function; instead, circuits tend to fail due to second order effects of the functions chosen.

As a result, analog behavioral models must be independent of circuit architectures, yet

capture all second order effects. To meet this goal, the strategy used is to:

• Find the best mathematical representation for specific types of analog circuits, and de

velop realistic models by using appropriate differential equations, differenceequations,

transfer functions, statistical distributions, tables, or arithmetic expressions.

• Develop techniques to extract model parameters from lowerlevel models that comprise

the circuit, resulting in a model hierarchy.

According to the proposed strategies, a behavioral model for the class of Nyquist

rate A/D converters [62] has been developed. The behavioral representation captures all

the relevant A/D behavior without information concerning the actual implementation. The

behavior of an A/D is affected by two basic statistical effects: noise and process variations.

Noise can cause the same die to behave differently even when the same inputs are applied.

Process variations can cause different dice to have different behavior. Circuit designers

usually model noise effects by adding an input-referred noise to the input of an ideal, noise

less A/D. This approach is problematic because the A/D is nonlinear. So, noise cannot be

referred to the input in general. They usually model process variation effects by several

parameters such as offset error, gain error, INL, and DNL. This approach is inefficient be

cause these parameters are not totally independent. The traditional CAD approach to A/D

behavioral modeling is to model the A/D transfer function which maps a continuous input

value to an output code. However, this approach is problematic because it does not repre

sent noise effects. Furthermore, evaluating the transfer function is time consuming because

it usually depends on a large number of circuit elements each with process variations. In

this approach, all the statistical variations are captured in the model [62]. The variations

are classified into noise and process variations according to how these non-idealities affect

the A/D behavior. To describe noise effects a joint probability density function is used. To
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describe behavioral effects due to process variations a covariance matrix, E$ is used, whose

rank characterizes the testability of an A/D converter; its decomposition yields efficient

strategies for A/D testing.

To have a useful behavioral simulation environment, it is essential to have models

for most of the high-level analog functions and develop behavioral simulators which are

based on these models. To this extent, we have developed behavioral representations for

voltage-controlled oscillators (VCOs) and detectors that are essentialcircuit components in

any phase/delay-locked system [61]. Phase/delay-locked loops have many applications; they

are used in receivers, clock generators [104], clock recovery [56], data synchronization [99],

etc. In contrast to traditional macromodels [96], the second-order effects, distortion and

phase jitter, are captured by our behavioral models. Our representations are general and

independent of the circuit architectures. Moreover, we have developed parameter extraction

techniques, which are described in detail in [61], to identify the models from a circuit

description or from measured data. The results of parameter extraction for a sinusoidal

VCO were compared with Spice and macromodeling results. This comparison showed that

the behavioral model is more accurate than a macromodel, as well as faster in terms of

evaluation time. Furthermore, the behavioral representations and parameter extraction

techniques developed were used to model, extract and simulate an actual phase-locked loop

(PLL). The simulation time is significantly lower than an estimated Spice simulation time,

and the simulation results agree with the measured chip data.

Based on the models mentioned above, we have developed a behavioral simulator

for phase/delay-locked systems [23]. Although the simulation techniques were developed

in the framework of phase/delay-locked systems, the simulation methodology and the re

sults attained are applicable to the behavioral simulation of mixed-mode nonlinear dynamic

systems PLLs and delay-locked loops (DLLs) are an important part of the class of mixed-

mode nonlinear dynamic systems which includes oversampling data converters, switching

power supplies, etc. In general, mixed-mode nonlinear dynamic circuits are stiff systems.

Traditional simulators such as Spice spend large amounts of CPU time on computing the

accurate waveforms of the digital circuits, yet the waveforms of the much slower analog cir

cuitsdetermine the system behavior. When a system is originally conceived in our top-down,

constraint-driven hierarchical design methodology, the realization of the digital circuits, as

well as the details of the analog circuits, have not been decided yet. So, an accurate circuit

simulation is neither possible nor desired. Therefore, designers desire to efficiently obtain
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the analog waveforms and the timing of the digital waveforms rather than the actual digital

waveforms.

Phase noise/jitter is a very important specification for phase/delay-locked sys

tems. Prediction of phase noise through simulations is crucial at the early stages of the

top-down design. Any modeling or design methodology, and simulation tools, which do

not address this problem are not suitable for high performance phase/delay-locked system

design. Phase noise simulation imposes tight restrictions on the numerical simulation algo

rithms to be used. Numerical noise created by the simulation algorithm should be negligible

when compared with the phase noise to be computed for accurate results.

The behavioral simulator we have developed is capable of calculating the key

performance measures such as acquisition time, capture range, lock range, phase noise/jitter

for phase/delay-locked systems. The numerical algorithms employed in this simulator have

controllable numerical noise which makes it possible to predict phase noise accurately. A

detailed description of this simulator can be found in [23].

In addition to developing analog behavioral models, parameter extraction tech

niques have been investigated to identify the models from a circuit description or from

measured data. For Nyquist rate A/D converters a novel noise extraction technique has

been developed. Noise effects depend on parameters such as capacitor sizes and transistor

thermal and flicker noise, and pose as fundamental limits on converter resolutions. For ex

ample, due to noise the probability of getting a wrong A/D output is non-zero. Currently,

circuit simulators such as Spice cannot evaluate noise effects in A/D converters because the

transfer function of A/D is discontinuous. One solution is the Monte Carlo technique that

injects random numbers into the signal path of an A/D during a time-domain simulation.

Due to the injected random numbers in the signal path, the output code may become in

correct by chance. The drawback of such statistical technique is that the error rate of A/D

converters is very low. As a result, a large number of samples is needed. A technique has

been developed based on probability theory to compute the error probability directly from

power spectral density descriptions of electronic noises. The advantage is that the algorithm

is efficient for A/D converters with low error rate and can handle highly correlated noise

such as flicker noise.

More recently, a time-domain, non-Monte Carlo method for computer simulation

of electrical noise in nonlinear dynamic circuits with arbitrary excitations has been devel

oped [22] for the extraction of parameters for PLL circuits. Available transistor-level noise



39

simulation tools (suchas the noise simulation implemented in Spice) are not suitable forour

purposes, because they cannot handle circuits with changing bias conditions, i.e., circuits

in nonlinear operation. For instance, the devices in a ring-oscillator, which is composed of

MOS inverter delay cells, have changing bias conditions. The timing jitter at the output

of a delay cell is nonstationary, being highest during transitions. It is desirable to have a

transistor-level noise simulation tool which can be used to simulate this timing jitter. This

is a transistor-level noise simulator for nonlinear dynamic circuits. This noise simulator

can simulate circuits with thermal, shot, and flicker noise sources. The algorithm for noise

simulation is a direct (non Monte Carlo) method in time-domain. Results from the theory

of stochastic differential equations are used to implement the simulator. It is required that

the noise simulation is capable of calculating correlations between node voltages as well as

variances as a function of time.

4.1.2 Examples

Two examples are presented. The first illustrates how behavioral simulation can be

used as part of design space exploration. The second illustrates how behavioral simulation

can be used at the circuit level to provide performances which Spice cannot compute for

architectural selection and mapping.

4.1.2.1 Design Space Exploration

In this example, architectural selection and designspace exploration are performed

for a 10 bit A/D converter. The results for the mapping phase are also shown.

Figure 4.1 shows our design methodology re-drawn for this example. The speci

fications are shown at the top of the figure. These include the requirement for 10 bits of

resolution, a maximum INL of 0.5 LSB, a maximum DNL of 0.5 LSB for fabrication on a

2^m MOSIS process with an overall objective to minimize area. Five A/D architectures

are considered- cyclic, 2 step successive approximation (SA), systolic, and self-calibrating

pipelined. These are shown in a column of vertical boxes in the center of the figure. Within

the cyclic A/D class, two are considered- one with an operational amplifier offset auto-

correction and the other, a redundant significant digit (RSD) cyclic converter, with capac

itor mismatch correction. Within the 2 step SA class, three are considered- one with 4

bits of resolution in the resistor array and 6 in the capacitor array, another with 5 bits of
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Figure 4.1: Example Application of the Design Methodology (A/D Converter)

resolution in the resistor array, and a third with 6 bits of resolution in the resistor array.

The "simulators" available are shown to the right of the architectures. Table 4.1 shows the

simulation results along with an estimated area. The required time for the simulations was

under an hour for each except for the Systolic A/D which required 4.5 hours.1

Behavioral simulations were accomplished with PepADC. Based on the technol

ogy assumed2 statistical model parameters are derived for low-level components such as

input referred offset of the operational amplifiers and the comparators. Statistical model

Simulations were run on a DECstation 3100.
22ftm technology, threshold voltage offset of5.0 mV between adjacent input MOSFET's, 0.1% mismatch

for lpF capacitors, and 1% mismatch for 100 Q resistors.



Type of A/D Res. INL

LSB

DNL

LSB

Area

mm2

Tool to

generate specs

NEEDED SPECS 10 0.50 0.50 - Given

Cyclic 10 0.34 0.34 3.3 pepADC
RSD Cyclic 10 0.72 0.34 3.5 pepADC
2 Step SA: R=4,C=6 10 0.75 0.10 6.2 pepADC
2 Step SA: R=5,C=5 10 0.53 0.10 6.6 pepADC
2 Step SA: R=6,C=4 10 0.36 0.02 7.0 pepADC
Systolic 9 1.08 0.93 122 pepADC
Flash 10 0.54 0.71 70 Analytic Eqns
Self-cal Pipelined 13 2.00 0.60 12 given [57]
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Table 4.1: A/D Design Space Exploration Results

parameters for the gain stages, resistor string D/A converters, and charge redistribution

D/A converters, are derived from capacitor, resistor, and input referred offset mismatches.

From these component models, PepADC computed the INL and DNL performances. An

alytical equations were used in calculating the results for the flash A/D converter, and the

self-calibrating pipelined A/D converter was treated as a standard cell, thus having the

specifications already given.

Based on the results, the cyclic A/D architecture is chosen (also shown in Fig

ure 4.1). Cadics3 performed the mapping. The results are shown in Table 4.2.

Specification S/Hi 2x S/H2 Comp

Accuracy 0.997 1.9995 0.994 -

Settling Time (ns) 545 545 545 20

Max Offset voltages (mV) 3.16 3.16 12.68 0.375

Table 4.2: A/D Mapping Results

4.1.2.2 Low-level Simulation

In this example architectural selection and mapping refer to the determination of

the MSB, Ni bits and LSB, N2 bits, in an interpolative 10 bit D/A converter. Given a set

of lumped process variation parameters, a set of constraints, an objective function which is

to be minimized or maximized, and an architectural model, a nonlinear optimizer [76] and

3Additional specifications given to Cadics included a conversion speed of100 kHz, a power dissipation
of 12 mW, a supply voltage of ± 2.5V, and a voltage reference of ± 1.5V.
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a behavioral simulator [59] map the specifications to the design variables.

This 10 bit D/A can be represented by six variables. An input-referred4 width, W\,

and length, L\, of the first stage of non-ideal equally weighted transistors; the width, W2,

and length, L2, of the second stage of non-ideal binary weighted transistors; and the width,

Wm, and the length, Lm, of the transistors needed for the current mirror. Constraints

include: (1) W/L > 4 for all transistors, because of speed concerns, (2) W > 3fim and

L > 2fim as specified by the design rules, (3) INL < 2 LSB5, and (4) DNL < 0.5 LSB.

The lumped process variations are <jl = 0.02/zm and <r\y = 0.02/im. The objective is to

minimize the total active area of the transistors. The results6 are shown in Table 4.3. The

requirements can be met for all cases, and the minimum area result is Ni = 5.

Nx Wi Li W2 L2 WM Lm Area INL DNL CPU
fim fim fim fim fim fim mm2 lsb lsb hr

7 63.4 15.8 10.8 2.71 14.8 3.70 12.9 2.0 0.2 68.

6 63.6 15.9 11.1 2.77 18.3 4.60 6.54 2.0 0.4 21.

5 63.8 15.9 17.4 4.36 34.6 8.65 3.56 2.0 0.5 4.1

4 63.8 15.9 34.1 8.53 80.8 22.2 3.81 2.0 0.5 1.3

3 63.8 15.9 66.9 16.7 189. 47.4 17.0 2.0 0.5 0.9

2 63.8 15.9 132. 33.0 443. 111. 122. 2.0 0.5 0.8

1 87.6 21.9 261. 65.4 1019 255. 928. 1.5 0.5 0.5

Table 4.3: D/A Optimization Results

4.2 Physical Assembly

4.2.1 Discussion

Digitally targeted tools are often inadequate to handle the critical and specific

requirements of analoglayout. The performances of analog circuits are much more sensitive

to the details of physical implementation than the digital ones. Custom design requires

great flexibility, and layout synthesis is often a multiple-objective optimization problem,

where, along with area, wiring length and delay, two groups of relevant issues must be

taken into account- topological constraints (e.g. symmetries and matching) and parasitics

associated with devices and interconnections. If the synthesis is performed with no explicit

This is a random variable that includes mismatches and stray resistances for the non-ideal transistors.
s±3<7 values.
Optimizations and simulations were run on a DECstation 5000/125.
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reference to the performance specifications ofthe circuit, a large number of time-consuming
layout-extraction-simulation iterations may benecessary to meet theoriginal specifications.

Specifications
on Performance

Schematics

Dev/Mod
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Placement

Layout Constraint
Generation

Routing rn Compaction

Ad hoc cell generator

Layout Synthesis

Feedback

Extraction Layout

Analysis

Figure 4.2: Physical Assembly Methodology

The basic premise for the constraint-driven layout of analog ICs consists of a

direct mapping of performance specifications to a set of bounds on parasitics, which can

then be controlled during the synthesis. This approach, shown in Figure 4.2, for the layout

synthesis of analog integrated circuits consists of three phases: (1) mapping of performance

specifications, (2) layout synthesis, and (3) bottom-up analysis and verification. Layout

synthesis is accomplished by either placement, routing, and compaction steps, or by using

an ad hoccell generator. Feedback is included if the circuit fails verification. A general flow

diagram valid for any of our layout tools is described in Figure 4.3.

4.2.1.1 Generalized Constraint Generation

To balance the fact that analog circuit performance is very sensitive to parasitic

effects and the fact that custom design requires great flexibility, the constraint generation

phase has as its main target to isolate first all parasitic effects relevant to performance and

to find realistic bounds for them, without compromising the physical realizability of the

circuit.
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Figure 4.3: General Flow Diagram of Analog Layout Tools

Parasitic effects generally take the form of either an absolute deviation of a pa

rameter from its nominal value or a mismatch between parameters. The parameters con

sidered in our approach are: substrate and cross-over capacitances, stray resistances and

inductances in interconnect lines, threshold voltage, and transconductance in active de

vices. Constrained optimization has been used to calculate bounds on parasitics and/or

mismatches, based on a sensitivity analysis of the circuit [19]. The objective of the op

timization is to obtain constraints that can be easily met by every phase of the layout
synthesis. The tool, Parcar, was developed to handle this.

Constraints on layout topology, i.e. interconnect symmetry and device matching,
are also computed based on the sensitivity ofperformance with respect to the technology.
Analytical models of the effect of technology gradients on various design parameters are

used to calculate matching constraints on active devices, represented in terms of their

relative positions and orientations [16]. Graph-based techniques are used to efficiently
derive symmetry constraints from matching information.

4.2.1.2 Tools for Constraint-Driven Layout Synthesis

The layout generation process has been partitioned into its traditional compo
nents obtained from the digital world, namely module generation, placement, routing, and
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compaction. At each phase a sub-set of all constraints is consistently enforced, so as to

minimize the number ofre-design iterations for a given circuit. The extraction/verification
phase checks whether all performance specifications have been met.

4.2.1.2.1 Placement and Module Optimization The realization of devices and sub-

circuits can be often sped up by dedicated module generators. However, by the inherent

nature of a module generator the flexibility of the design is strongly limited. To allevi

ate these problems, a module generator, Ldo, and a simulated annealing based placer,

Puppy-A, have been combined to operate simultaneously [15]. That is, the search space

of the annealing has been expanded to include all modules optimally computed by Ldo.

The objective of the annealing is not only area and wiring minimization, but also the elim

ination of parasitic constraint violations and the enforcement of topological constraints.

The annealing is also responsible for the selection of the best possible set of modules in the

searchspace. The constraint violations are evaluated at every step of the annealing through

efficient parasitic estimation and use of models for the resulting performance degradation.

The optimization algorithm used in this tool is simulated annealing [49] and has

been implemented in a tool called Puppy-A [13]. The objective is not only area and wiring

minimization, but also the elimination of parasitic constraint violations. The cost function

to be minimized by the annealing accounts for parasitic control, symmetries, matching, and

well separation as well as chip area and total wire length.

The parasitics considered are interconnect capacitances to ground, stray resis

tances, and crossover capacitances. Device abutment, often used by expert designers as

a way of maximizing the performances of analog circuits, is performed automatically dur

ing the annealing. The decision mechanism which governs device abutment is based on

estimations of diffusion capacitances of active areas and the degradation that these induce

in the performances. The constraint violations are evaluated at every step of the anneal

ing through efficient parasitic estimation and use of models for the resulting performance

degradation.

Multiple symmetry axes can be managed with the algorithm of Virtual Symmetry

Axes [68], that dynamically defines axis positions. Thus a more compact layout, less routing

congestion, and a better matching between the modules is achieved. The verification phase

is performed after either placement or final routing and has been made particularly accurate

by use of the analytical models for interconnect proposed in [20].



46

4.2.1.2.2 Routing Two constraint-driven routing tools are available: Sastar/Art

[18], a global/channel router, and Road [69], a maze router.

In general, channel routers are the preferred tools for the routing of large mixed-

mode circuits. The most important advantage of the channel routing approach is the

possibility of a global overview of the communication flows in the chip [53]. Due to the

increasingly greater relevance that routing area is assuming in today's VLSI circuits, global

routing is a crucial phase in every framework for layout design. Channel routers however,

define only the physical details of interconnect within the layout areas allocated for its im

plementation, the channels. Hence a pre-processing step called global routing is required.

In this step all interconnect lines in the circuit are distributed among all the channels, so as

to achieve uniform local congestion, to minimize net length and to control net interactions.

Two algorithms have been implemented in our analog-specific global router Sas-

TAR: one based on the simulated annealing algorithm [98] [93] [101] and the other based

on the A* algorithm [21]. Both algorithms are based on a single cost function which takes

into account stray resistances, substrate and cross-over capacitances related to the inter

connect. The effect of these parasitics on performance is carefully modeled usingsensitivity

analysis and used to-drive the algorithms toward a solution which minimizes violations to

the original specifications.

Art [18], is a gridless channel router based on the vertical-constraint graph
(VCG) algorithm [17]. Channel routers can be efficiently used for detailed routing in the
case where layout placement is generated to form a slicing structure, and where routing
channels are isolated. The VCG is a graph whose nodes represent the horizontal wiring
segments and whose edges represent constraint relations between the nodes. In the classical

problem formulation the edges can be of two types. An undirected edge links two nodes if

the associated segments have a common horizontal span. A directed edge links two nodes

ifone segment has to be placed above the other because of pin constraints. The weight of
an edge is the minimum distance between the center lines of two adjacent segments. The

routing problem consists of the minimization of the longest directed path in the VCG.

In the new constraint-driven formulation additional parasitic line coupling, i.e.
crossover between orthogonal and adjacent parallel wiring lines, is controlled by means

ofan insertion in the VCG ofadditional directed edges and modification ofthe weights of
existing edges. Unavoidable crossovers can bedetermined directly by the terminal placement

on the top and bottom edges. The contribution of such crossovers cannot be reduced, and
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therefore, must be considered for the computation oflower bounds for the parasitics in the
constraint generation phase. Coupling between adjacent lines that cannot be sufficiently
spaced is reduced by the insertion oflateral or vertical shielding conductors.

Symmetric mirroring ofinterconnect nets is achieved by constraining their vertical
position to the same value. Special connector configurations are used to guarantee good
parasitic matching between nets crossing each other over the symmetry axis. The same

number of corners and vias and the same interconnect length are maintained for both
wires.

Road [69] is a maze router based on the A* algorithm [21], on a relative grid
with dynamic allocation. The A* algorithm is a heuristic improvement of the Lee-Moore

algorithm [55]; in the wave propagation step only one element ofthe wave front ispropagated

at a time. The propagated element is the one minimizing an estimate of the length of a

wire constrained to pass through it.

A cost function is defined for each net on the edges of the grid. The path found

by the maze router is the one minimizing the sum of the values of the cost function. In

Road, the cost function is a weighted sumofseveral items, thus expressing a multiple target

optimization problem. The items considered are the local wire crowding, stray resistances,

capacitances, and cross-coupling capacitances introduced by wire segments.

Weights define the relative criticality of each item in the cost function. Hence,

the quality of the layout depends dramatically on the way weights are defined. In this

approach, performance sensitivities to parasitics are used to generate the weights for the cost

function. After the weight-driven routing phase, parasitics are extracted and performance

degradations are estimated and compared with specifications. If for some performance the

specifications are not met, the weights of the most sensitive parasitics are increased and

routing is repeated. If the weights of all the sensitive parasitics cannot be increased further,

the tool returns an infeasibility message for the layout with the given set of constraints.

4.2.1.2.3 Compaction Sparcs-A [31][32], the mono-dimensional analog-specific com

pactor, combines two algorithms, one based on the constraint graph (CG) and a second on

linear programming (LP), working alternatively on the same configuration.

The compaction process is partitioned into two phases. In a preliminary step

the parasitic constraints are mapped onto a graph which is solved using the longest path

algorithm [81]. The configuration obtained from the solution of the CG is used as starting
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point for the linear program. New constraints accounting for symmetries are introduced in

the linear program which is solved using the simplex method.

The longest path algorithm, originally implemented for digital compaction [9] [8],

has been modified to account for parasitics. Control over cross-coupling capacitances is

enforced by adding directed edges to the original graph, so as to maintain minimum dis

tances between pairs of critically coupled wiring segments. In geometrically complex wiring

structures, spacing constraints are distributed among all parallel segments forming the wires

according to the relative length of the segments and whether they belong to the critical path.

In case of overconstraints introduced by the spacing operation, the set of minimum distance

constraints are adjusted by reducing the minimum distance between overconstrained pairs

and by increasing the minimum distance between non-critical pairs. The resulting set of

new constraints is more likely to pose a feasible problem to the compactor. If no legal

and/or feasible set of minimum distance constraints are found, additional shielding lines

are introduced.

The LP approachofthe second step uses the graph solutionof the previous step as a

starting point, but introduces a set ofadditional constraints to account fordevice and wiring

symmetries. The resulting linear program is solved through the simplex algorithm and the

locations ofthe elements not lying in the critical path are rounded off, thus eliminating the
need for use of a much slower integer programming algorithm.

4.2.1.3 Parasitic Extraction

Parasitic extraction is the final phase of the layout generation process, providing
means for bottom-up verification. This process has become more difficult and time consum

ing with the introduction of increasingly largesystems. With the continuous increase of the

scale ofintegration and die size, interconnect parasitics and technology-induced mismatches
play a more significant role in influencing circuit performance and cannot be neglected.
Moreover, the use of aggressive design rules, for achieving better circuit performance has
made couplings between some interconnects highly critical. Hence crosstalk must be accu

rately calculated inorder to reliably estimate possibly disastrous performance degradations.

Three-dimensional simulation ofall thestructures present in the layout is imprac
tical for real circuits. In fact numerical methods based on finite-difference, finite-element,
integral-equation or other techniques, generally used for computing exact electrical pa-
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rameters of arbitrary structures [89] [88] [5] [48], are computationally intensive. A better
approach consists ofcreating models of interconnect, easily obtainable through CAD model
generators [1] [41]. Sophisticated analytical models for parasitic capacitances accounting
for higher order non-linearities have been created using an ad hoc model generation tool
[20]. Similar models have been created with the inductance model generator Indmod [100].
Based on these models, Estpar performs physical layout extraction ofparasitics and active
devices, allowing greater efficiency ofthe extraction process, at no great expense ofaccuracy.
Often the number of parasitic components exceeds the capabilities of today's simulators,
thus making an accurate analysis a difficult task.

4.2.2 Examples

4.2.2.1 Operational Amplifier

Figure 4.4 shows the schematic of a folded cascode operational amplifier. The

amplifier was placed and routed imposing constraints on three performances, Low Frequency

Gain, Phase Margin, and Unity Gain Bandwidth. The performance constraints, listed in

Table 4.4, were translated onto bounds of parasitics by Parcar. Topological constraints

were also considered during the process. The resulting layout is shown in Figure 4.5. After

performing the placement, Puppy-A predicted no violations in the imposed constraints.

The circuit was then routed with Road using the same constraint-driven methodology, as

shown in Figure 4.6. All parasitics were extracted from the routed layout and a Spice

based verification on the performance degradation confirmed that no violations occurred.

Table 4.4 shows the resulting performance degradations of the circuit synthesized with and

without enforcement of the specifications.

Performances Specs. Not Enforcing Specs. Enforcing Specs.

Bandwidth 50 KHz 200 KHz 35.0 KHz

Phase Margin 0.5° 2.0° 0.46°

Gain 0.5 dB 0.3 dB 0.3 dB

Table 4.4: Operational Amplifier Performances
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Figure 4.4: Schematics of the OpAmp

The place and route procedure required 1600 seconds of CPU time on a DECstation

3100. The results are consistent with an analysis of the layout. The six most critical nets

have been carefully minimized in length when the constraints were introduced. Also no

crossings were necessary to route these nets. In addition, abutment was used in four cases

to remove constraint violations.

4.2.2.2 Transconductance Amplifier

Similarly, a transconductance amplifier has been synthesized using the same method
ology. Transistor elements and biasing were automatically generated and placed by Cadics.
Again from the performance constraints, reported in Table 4.5, a set of bounds on parasitics
was generated and used to drive Road. All parasitics were extracted and a similar veri

fication on the performance degradation confirmed the absence ofviolations. The layout
was compacted using Sparcs-A and again the performance degradations were computed.
Table 4.6 shows the results of the compaction process. The performance data of the syn
thesized layout are reported in Table 4.5. Figure 4.7 depicts the final layout.
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Figure 4.5: Placement with Topological and Parasitic Constraints.

Performance Min Max Result

Bandwidth 6 MHz 00 6.06 MHz

Phase Margin 75° 00 76°

Gain 60 dB 66 dB 63.8 dB

Table 4.5: Transconductance Amplifier Synthesis Results

4.3 Module Generation

4.3.1 Discussion
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Several performance-driven module generators have been developed to implement

specific analog structures. Module generators can be implemented using an expert system

approach or a parameterized schematic of known architectures approach. Expert system im

plementation for simple analog blocks such as operational amplifiers and comparators have

been reported in earlier years [29]. Unfortunately, switched-capacitors and A/D converters

are much more complex. No clear way exists to set the rules for their implementation.

A parameterized schematic of known architectures implementation is a better ap

proach, because it can generate highly-effective circuits based on known architectures for

complex analog functions in a flexible environment by optimizing the device sizes with re

spect to various performance measures [50] [28] [46]. This approach fits nicely into our

methodology.
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KH

Figure 4.6: Complete Layout

In the remainder ofthis section, discussed briefly will be ourexisting module gener

ators, Opasyn (operational amplifier synthesis) [50], Adore (switched-capacitor synthesis)
[102] [103], and Cadics [46] (A/D converter synthesis).

4.3.1.1 Opasyn

Opasyn [50] is an automatic synthesis tool for the generation of operational am
plifiers. It is based on analytic circuit models. Given a set of specifications, Opasyn
performs the necessary optimizations for transistor sizing. Layout is generated, and a per
formance summary is presented. Originally, this program only considered the generation of
operational amplifiers. Recently, it has been expanded to include comparators and output
buffers.

The design synthesis phase requires two steps: (1) a circuit topology is selected
based on the specifications, and (2) the circuit is optimized to meet the required specifi
cations. To simplify the optimization process, for each given topology, abstracted design
parameters are selected to reduce the number of variables in the circuit optimization prob-



original compacted

number of instances 39 39

area 102480 79800

area compression 100% 77.9%
wiring length 7333 5883

CPU time
- 56.3 sec

Table 4.6: Transconductance Amplifier Compaction
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lem. The range of possible solutions is not affected by this step. Such a parameter is

bias current. Bias current defines the sizes of the biasing devices. Rather than having

two variables (width and length) for each bias device, the problem is greatly simplified

by lumping these variables into one variable representing bias current. Sets of equations

representing the function and performance for each amplifier are defined using these param

eters. Opasyn then uses these equations to optimize the parameters solving a nonlinear

optimization problem, meeting all required specifications, and minimizing a cost function.

Physical assembly consists of three steps: (1) leaf cell generation for the layout

blocks, (2) floorplanning usingslicing trees, and (3) custom routing and layout spacing [51].

4.3.1.2 Adore

Adore is a switched-capacitor filter module generator [102]. It places special

emphasis on the physical design aspect. Adore separates the switched-capacitor filter

design problem into a filter synthesis problem and a layout problem. The FilSyn [97]

program automates the design of a switched capacitor filters. It mimics the decision making

process of a filter designer. For layout, Adore uses a sophisticated algorithm to generate

the capacitor arrays required, and then uses standard operational amplifier and switches

to complete the layout. The operational amplifiers, switches, and capacitors are ordered to

optimize the wiring required.

This program is currently being modified to better fit into our design methodology

and to expand its capabilities such as implementing fully differential switched-capacitor filter

architectures.
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Figure 4.7: Final Layout of the Transconductance Amplifier

4.3.1.3 Cadics

A performance-driven CMOS A/D module generator, Cadics [46], has been de

veloped. Given a set of specifications and data on the technology, the design-rule, device-

matching, and the floorplan, Cadics will not only generate a complete netlist but also the

layout of the A/D converter. The implementation of this A/D module generator is divided
into two parts: circuit synthesis and layout synthesis.

Circuit synthesis takes as its inputs a set of specifications for an A/D converter
such as resolution, conversion-speed, maximum input signal frequency, maximum differential

nonlinearity (DNL), maximum integral nonlinearity (INL), total power dissipation, supply

voltage, reference voltage, area, layout aspect-ratio range, and technology. In addition,
statistical information such as capacitor and transistor matching can be provided.

Recognizing that A/D circuits are realized using different functional blocks such

sample/hold blocks, gain-of-two circuits, comparators, digital circuitry, and others, Cadics

is implemented by using a hierarchical optimization approach. The optimization procedure
is shown in Figure 4.8. First, the A/D specifications and its respective relative priorities are
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mapped into sub-block specifications and their respective priorities. This mapping function

can be realized by a set of rules given by experienced analog designers, by running a behav

ioral simulation of the A/D circuit, or by a combination of both. Then the specifications

and priorities of each sub-block are fed into the local optimizer to generate the device sizes.

This local optimizer can be a low-level synthesis block such as Opasyn or Lager [30] (to

generate digital circuitry), or library cells can be used. When all of the sub-blocks have

been optimized locally, a behavioral simulator is used to obtain the A/D performance. If the

performance is unsatisfactory, the entire operation is repeated by relaxing the given speci

fications until the desired performances are obtained, or the iteration limit of optimization

cycles is exceeded.

In addition to the input files for circuit synthesis, layout synthesis requires: (1)

a structured A/D converter netlist and (2) device structure information from the circuit

synthesis phase. A mixed top-down/bottom-up approach [47] is used. This method consists

of: netlist rearrangement, circuit partitioning, floorplan optimization, leaf-cells generation,

sub-block place and route, and global place and route. In all steps, emphasis is placed on

the fine details of layout which influence analog circuit performance. To isolate capacitors

from noisy signals, capacitors are placed on top of wells which are connected to an analog

ground line. Depending on the floorplan and netlist, well and substrate contacts are created

during placement. Fully differential architectures and symmetry in layout are maintained.

Sub-block routing is done with Road [69].
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4.3.2 Example

Sample inputs and outputs for Adore are presented in this section. Given a

SPICE-Iike netlist for a switched capacitor filter circuit and a file containing technology

information, the leaf cells are generated and placed. Routing is left as a post processing

step. The circuit is composed of three primary components- the switches, the capacitors,

and the operational amplifiers. The switches and capacitors are generated by Adore. The

operationalamplifiers can be generated by hand, obtainedfrom a library,or generatedusing

Opasyn.

*** Low-pass Filter with 2 poles / 2 zeroes
*** Integrators and their integrating capacitors
el 2 0 0 1 new_twost:symbolic
ca 1 2 8.Op
e2 4 0 0 3 new.twost:symbolic
cb 4 3 8.Op

*** Switched capacitors
c3 c3_a c3_b 7.Op
cl cl_a cl_b l.Op
els in 3 4.Op

c2 cl_b c2_b 7.Op
C4 c2_b c3_b l.Op
*** Switches

sc3_l 2 phi2 c3_a phil 0
sc3_2 3 phi2 c3_b phil 0

scl.l in phi2 cl_a phil 0
scl_2 1 phil cl.b phi2 0
sout 4 phi2 ou phil 10

sc4 0 phil c2_b phi2 4
*** input

vin in 0

♦♦♦output

out ou 0

Figure 4.9: Example Input for Adore

A sample schematic input is shown in Figure 4.9. The technology file, the other

input file, contains information on capacitances, on which layers to build the capacitor, and

on the sizing of nets. The layout output from Adore is shown in Figure 4.10. At the
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top are the switches. The capacitor arrays are in the center. And at the bottom are the

operational amplifiers. Input/output vias are located along the sides of the cell.

Figure 4.10: Adore Generated Output

4.4 Optimization

4.4.1 Discussion

Within the design methodology, optimization plays an important role. Optimizers

can be applied in all phases of the design. Optz, a generic platform for optimization

algorithms, has been developed.

c++ classes have been implemented to allow users to specify optimization problems

of the following form:

Minimize or maximize F(x) + ex + d y

subject to f(x) + A\y <,=,> b\

A2x + A3y <,=,> b2



58

lx<x <ux

ly<y<Uy

x is the vector of variables which will be used in nonlinear functions, y is the vector of the

remaining variables. F{x) contains the nonlinear portion of the objective function. f(x) is

a vectorof nonlinear functions. lx, ly, ux, and uy are the lower and upper bounds on x and

y-

Declaring the class, OPTZ-PROBLEM sets up the optimization. An example decla
ration is:

optz_problem prob(0PTZ_QPTTMIZER_T0_USE, pointer to the objective
function, desired result precision, computational
resolution available, pointer to objective function,
pointer to constraints function);

Constraints can be added to the problem:

prob.add_constraint(nonlinear constraint);
prob. add.constraint (linear constraint);

Bounds can be added:

prob.add_bound(value, OPTZ.UPPER or OPTZ.LOWER, variable name);

Initial conditions can be added:

prob.add_initial(value, variable name);

Once the problem is set up, asking for a result will cause the optimizer to run. For example:

optz.var ♦result = prob.get.var_term();

will solve the problem and return the results. Status information on whether or not the

solution is optimal, feasible, or overconstrained is also returned.

An overview ofthe optimization process is shown in Figure 4.11. (1) The problem
statement is made, and a get_results is requested. (2) The optimizer returns with a

vector, x, and asks for function evaluation. Optz forwards x to the function evaluator

which returns F(x) and the gradients with respect to x, G(x) (if it is available) to the
optimizer. Most useful to us are function evaluators which deal with integrated circuit
analysis such as behavioral simulators and circuit simulators. (3) The optimizer uses F{x)
and G(x) and computes the next x vector if necessary. (4) This process continues until the
optimizer finishes. The result and status are returned.
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Figure 4.11: Optimizer Interface

Currently, two optimizers are supported by the interface. Minos [78] is the first.

It uses a variety of techniques to solve nonlinear programming problems. For example, if

the constraints are linear, but the objective function is nonlinear, it uses a reduced-gradient

algorithm with a quasi-Newton algorithm. If the constraints and the objective functions

are nonlinear, then it uses a projected augmented Lagrangian algorithm. Minos provides

a nice user interface for the following reasons: (1) it automatically uses finite difference to

compute derivatives if derivatives are not provided; (2) it can handle an arbitrary number

of provided derivatives; (3) it contains many options to control its operation; and (4) it is

well documented. The second optimizer that is connected to our interface is MINIT [75], a

linear programming package.

4.4.2 Examples

Several examples of circuit optimizations will be presented. Both behavioral and

Spice simulations were used to evaluate circuit performance. The purpose of this section

is to not only demonstrate the generality of Optz but also to provide insight on the CPU

requirements for these problems.

4.4.2.1 Sample and Hold

This example is for the sample-and-hold (S/H) shown in Figure 4.12. The variables

are: (I) Cs (Cj is set equal to Cs), bound to be between 0.25 pF and 10 pF; (2) the width
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Vout

Figure 4.12: Sample-and-Hold Schematic

and the length of the input source coupled pair of the operational amplifier, bound to be

between 2 fim and 3000 //m; and (3) the bias current in the input stage of the operational

amplifier, bounded to be between 100 fiA and 100 mA. The performance constraint is that

the circuit must have 12 bits of resolution, and there may be a constraint on power (P).

Initially, Cs is set to 1 pF. The width and the length of the input transistor are set at 100

fim and 20 fim respectively. And the bias current is set to 0.5 mA. The objective is to

minimize area. Table 4.7 shows the optimization results. The 1.5 mW case was infeasible.

p

mW

Cs,Ci
pF

Wj
fim

Ij Ibias
fim mA

RES Area

mm2
Power

mW

CPU

min.

SIM

2

5

1.5

0.264

0.250
*

1632

622
*

2.02 0.194

2.25 0.338
* *

12.00 3.28

12.00 1.49
* *

1.94

3.38
*

16

42
*

5744

8078
*

Table 4.7: Sample-and-Hold Optimization Results

4.4.2.2 Common Emitter Amplifier

Gain bandwidth trade-off is illustrated by the small-signal common emitter (CE)
amplifier in Figure 4.13. Cr and C^ are are both set to 5 pF. There is only one variable,
Rl, in this circuit. It is bound to be greater than 100 ft and is initially set at 10 kil. The
frequency response (f-3db) is constrained to be greater than 1.0 MHz.

The results areshown in Table 4.8. They are optimal. Figure 4.14 shows the path
of the optimizer (selected RL values) with respect to iteration number.
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Figure 4.13: Common Emitter Amplifier

Rl
fcft

f-Zdb
MHz

CPU SIM

min.

31.83 1.00 35 171

Table 4.8: Common Emitter Amplifier Optimization Results
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4.4.2.3 Transimpedance Amplifier

A more complicated example, an input stage for a wide band, low-noise monolithic

fiber-optic preamplifier, is shown in Figure 4.15. In this design, there are six variables, six

nonlinear constraints, and a nonlinear objective function. Four types of Spice analyses are

employed- "OP," "DC," "AC," and "NOISE." The problem statement is as follows:

minimize /noise(#f, Wmu RluRlz, Re2,Rlz) x 108 +

POWER(#F,WMuRluRlz,Re2,Rlz) x 103 -

f-zdB{RF,WMi,RL1,RLZ,RE2,RLz) x 107

s.t GAIN(i2F, WMu Rl\, Rlz, Re2, Rlz) > 5000ft

Rl??LE{RF,WMl,RluRlz,Re2,Rlz) < 0.01

f-ZdB{RF,WMl,RLl,RLZ,RE2,RLz) > 150MHz

DCotjT(Rf,Wmi,RluRlz,Re2,Rlz) > 3.5F

POWERS, WMi,RluRL3,Re2,Rlz) < 20mW

MAXm(RF,WMi,RLl,RL3,RE2,RLz) > 140/M

RF > 5fcft

Wa/i > Zfim

RL1 > l&ft
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0.00 30.00

RL vs. CaO • to SPICE

100.00 150.00

Call • to SPICE

Figure 4.14: Common Emitter Optimization

Rlz > 100ft

Re2 > 100ft

Rez > 100ft

'NOISE, POWER, f_3dB, GAIN, RIPPLE, DC0VT, POWER, and MAXIN are computed
by Spice. MAXIN is defined as the point where the gain is nonlinear by 5% to the linear
gain. The initial conditions were: RF = 6.5 &ft, Wm = 150 fim, RL\ = 5.2 fcft, RE2 =
1.7 fcft, RLZ = 500 ft, and #£3 = 500 ft. The chosen values were: RF = 6.13 fcft, WM\ =
144 fim, RL1 = 6.72 *ft, RE2 = 1.37 Arft, RL3 = 1.09 ibft, and RE3 = 1.54 kQ. It required
3.8 hours of CPU time to run, and required 429 Spice simulations. The results obtained

were: GAIN = 5094ft, RIPPLE = 0.01, f.3db = 2.32 MHz, DC0UT = 4.32V, POWER =
11.37mW, /noise = 32.81nA, MAXIN = UOfim.

4.4.2.4 Inverter Chain
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Figure 4.15: Transimpedance Optimization

8/2 Wp1/2 Wp272 Wp3/2 Wp4/2

Vout

Figure 4.16: Inverter Chain Optimization

Figure 4.16 shows the classic inverter chain problem. The exact specifications for

the problem were obtained from Ecstasy [95]. The lower bound and the initial condition

for the widths of the transistors was 4 fim. The widths of the PMOS devices were set to

be twice the size of the NMOS devices. The objective was to minimize the delay time.

Table 4.9 shows the Minos results compared Ecstasy's. The W's for the Ecstasy run

and the SIM value was obtained from [95]. The delay value was obtained by simulating the

result.

We present here another illustration of the optimizer's path. Figure 4.17 shows

the optimizer's selection of width versus iteration number with a corresponding graph in

Figure 4.18 showing the value of the objective function versus iteration number.
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Optimizer wnl wn2 wn3 wn4 Delay CPU SIM

fim fim fim fim ns min.

Ecstasy 14.9 56.1 231 1325 5.1 n/a 8

Minos 15.1 65.1 516 2530 4.7 17.5m 148

Table 4.9: Inverter Chain Optimization Results
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Figure 4.17: Inverter Chain Optimization (Widths)
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Chapter 5

Current Source Digital-to-Analog

Converter Design Example

5.1 Introduction

Presented in this chapter is the first of a series of industrial strength design ex

amples of increasing levels of design complexity to illustrate the methodology and to show

its effectiveness. Design complexity is difficult to quantify, because there are many fac

tors to consider, e.g. designer level of expertise, availability of tools, and aggressiveness of

performances desired. However, to show where our examples fit into the "big picture," an

attempt is made to rank complexity levels in Figure 5.1. Our first example, current source

D/A's, falls somewhere in the mid-range for analog circuits.

The complete design flow for an interpolative switched current source D/A con

verter is given. This chapter presents the following: (1) the design and physical synthesis

phases; (2) data on the three fabricated 10-bit D/A converters; and (3) a testing method
ology for the fabricated parts.

Using the design paradigm, the design time for this type of D/A has been greatly

reduced, and a significant amount of data has been gathered for fault diagnosis. Tofurther

speed up the design process, a new module generator for this class of D/A converters has

also been developed. As an example of the design speed-up, the second of the two chips

fabricated required only five days from the time of receiving the design specifications to

when it was sent out for fabrication. All three D/A's required only one fabrication run



each.
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Figure 5.1: Complexity Levels
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5.2 Design Specifications

The architecture for the converters that were built is an interpolative switched

current source D/A [91] (Figure 5.2). Given an JV-bit digital word (£>,„) and a reference

current (Iref), it returns an output current (hut) which is proportional to Din.

The converter has two stages. The first stage consists of unity or linearly weighted

current sources each having a nominal value of ^ Iref- This stage decodes the first Ni bits
of D{n. Depending on these bits, the currents are either channeled to the output (lout), the

current mirror, or the current sink (Isink)- If it is determined that n current sources need

to be switched to Ioui then the first n current sources are switched to i^; the (n + l)th
current source is switched to the current mirror, and the remaining unused current sources

are switched to /,,»*. The second stage is made of binary weighted current sources with

the smallest current source having a nominal value of tjtt Iref- It decodes the remaining

(N - N\) bits (N2) of Din- Depending on the remaining bits, these current sources are
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Figure 5.2: D/A Architecture
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either switched to /„•„* or to Iout. The currents are summed at the Iout nodeproducing the

analog output current.

Table 5.1 lists the set of design specifications for the D/A. They are broken down

into different categories; each of which is handled differently as wiU be described later. The

user enters these parameters to the D/A module generator.

We chose to design and fabricate three 10 bit D/A converters. Three pairs of

Ni/N2 values were selected: 4/6, 5/5, 6/4. In all cases, we specified that the maximum 3a

bound on INL and DNL to be 2.0 lsb and 0.5 lsb respectively. The output voltage was set

at half the supply voltage, and the reference current was set at 1 mA. The Mosis scalable

CMOS (scmos) design rules were used. The target technologies were the Mosis 2.0/zm N-

well process and the Mosis 2.0/mi P-well process. Threshold variation data were obtained

from [72]. Since the 5/5 D/A converter was a stand-alone part, bonding pad locations were

specified. However, the 4/6 and 6/4 D/A's were designed to be part of a larger system

(a chip with both D/A's), so I/O terminal locations were specified instead. The overall

objective for all of the designs was to minimize layout area.



Type Specifications

Architecture Ni,N2
Performance Max 3a bound on INL, max 3a bound DNL
Operation Supply voltages, output voltage (Vout) range, Jrc/
Technology Design rules, Spice parameters, process variation

(aw, ox)» threshold voltage variation (V°vfb) [86]
Layout Input/output terminal locations, non-default cell

placement, minimum wire widths for critical signals,
use of bonding pads for a stand-alone part, etc.

Optimization Non-default cost function(s)
Objective for project: Minimize area (default)

Table 5.1: Design Specifications

5.3 Synthesis Path
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Figure 5.3 shows the two-level hierarchy used in the synthesis process. The five

partitions or blocks into which the D/A has been divided each contain a set of constraints

and a set of parameters to be determined by the generator for that block. The synthesis

begins at the top-most block and descends by choosing values for the parameters of that

block. These chosen values then become constraints for the next block. This continues until

all of the final low level parameters (e.g. transistor sizes) are chosen.

^Array ) \ Routing
y

Figure 5.3: D/A Hierarchy

5.3.1 High Level Synthesis

The top block in the design as shown in Figure 5.3 is the D/A. The constraints at

this level are the overall D/A performance specifications, INL and DNL. The parameters

for this block are shown in Table 5.2. Two tools are applied to select values for these
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parameters.

Parameter Description

°iL, 0iMj <?iB Standard deviations of the current sources in the

linear, mirror, and binary array respectively.

R-l, Rm, Rb Output resistances of the current sources in the
linear, mirror, and binary array respectively.

AINL, ADNL Errors introduced from block level routing.

Table 5.2: Parameters for D/A Block

The first is the behavioral simulator [63]. It uses the intermediate level pa

rameters (listed in Table 5.2) as inputs as well as some of the architectural, operational,

and technological information found in Table 5.1. The simulator returns the statistical

INL and DNL characteristics for the D/A converter. A sample output from the behavioral

simulator is shown in Figure 5.4 for a 10-bit D/A converter. INLmax is approximately 1.5

lsb and DNLmnr is approximately 0.3 lsb for this particular design. Recall that behavioral

simulation is implementation independent [37]. These simulations are valid for any current

source circuit that can be characterized by the parameters in Table 5.2.

-2.0

digital code digital code

Figure 5.4: INL and DNL behavioral simulation output for a 10-bit (NY = 5, N2 = 5) D/A

DNL

-0.4

A nonlinear optimizer [78] is the other tool that is invoked. This tool requires

the performance and optimization information found in Table 5.1. The performances are

used as constraints for the optimization problem. The objective is to maximize design
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flexibility. From Equation 3.1, the parametric form of the flexibility function for atis

flexa(a) = -aa2 + c
o

where a = 0. Similarly, the parametric form of the flexibility function for R is:

flexR(R) =-aR2 ~j +c

where 6 = 0. An alternative approach to the one discussed in Section 3.2 was used to calcu

late the coefficients for the flexibility functions. One "moderate" difficulty point, assigned

a value of 0, was still used. The second point, however, was a desired slope rather than

another point. For a,-, a 1% change from the "moderate" value in mismatch was set to

have a slope of +1. While for R, a pre-defined resistance change with respect to r0, the

small signal output resistance for a transistor in saturation, was set to have a slope of -1.

This method was felt to be more appropriate. Ultimately, however, this design turned out

to be fairly insensitive to the flexibility function. The coefficients are shown in Table 5.3

for N\ = 5, N2 = 5, and Irej=lmA. Since mismatch is dependent on N\, N2, and Jrc/,

parametric flexibility function were built with these parameters as variables. These are

contained in the D/A module generator. Figure 5.5 shows example flexibility functions for

Parameter

Coefficients

a b c

°iL 0 1.53 x 10"4 0.7

<7iM 0 3.72 x 10"3 0.61

°iB 0 2.99 x 10"3 2.59

Rl 8.74 x 10"18 0 0.45

Rm 1.36 x 10"14 0 0.45

Rb 1.52 x 10"21 0 2.52

Table 5.3: Flexibility Coefficients for the 5/5 D/A Parameters

at- and R. The optimization problem can be stated as:

maximize flexaiL(oiL) + flexaiM(aiM) + flexaiB(oiB) +

flexRL(RL) + flexRM(RM) + flexRB(RB)

s.t. INL(oiL, ana, 0iB, Rl, Rm, Rb) < 2.0 lsb

DNL(oiL, OiM, <*iB, Rl, Rm, Rb) < 0.5 lsb
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Flexibility
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Figure 5.5: Example flexibility functions for at- and R.

Upper and lower bounds on the six design variables are also present but not shown in

the problem statement. The behavioral simulator and the nonlinear optimizer, working

together, chooses numerical values for the parameters in the D/A, solving this problem.

The performance of the D/A is evaluated using the behavioral simulator, and more values

are chosen. This process continues until all of the performance criteria have been met and

the flexibility function has been maximized. The results of this high-level optimization are

shown in Table 5.4 for the 5/5 D/A converter. An asterisk (*) denotes that they are the

selected values- constraints for the next stage.

Parameter Value

aiL 16 x 10"5

aiM 11 x 10"4

°?B 28 x 10"5

Rl 8.8 x 107

R*M 1.0 x 107

KB 2.8 x 10y

Table 5.4: Parameter Selection for the 5/5 D/A Block

Extending this result, several optimization on the different N\/N2 values were

performed to compare the results. This is shown in Table 5.5. These results were used to



synthesize a 4/6 and a 6/4 D/A as well as a 5/5 D/A.

Ni/N2
*Sl °iM "fc Rl R*M R*b
(10"k) (io-4) (10"s) (107) (io'0 (10y)

3/7 33 2.7 2.9 4.2 1.0 5.3

4/6 23 5.4 9.1 6.0 1.0 3.8

5/5 16 11 28 8.8 1.0 2.8

6/4 11 23 85 13 1.0 2.0

7/3 7.5 50 260 19 1.0 1.4

Table 5.5: Parameter Selection for Various D/A Blocks
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5.3.2 Low Level Synthesis

The selected values for the intermediate level parameters now become constraints

for the four blocks in the next level ofhierarchy. Forexample, a*L and RL are the constraints

for the linear array generator. As long as the linear array generator produces a current

source array with Oi < a*L, and an R > RL, then based on the behavioral level simulation

results, it can be asserted that if all of the low-level blocks meet the constraints on a,- and R

then the D/A performance constraints (i.e. INL and DNL) will be satisfied. This assertion

is checked during the final extraction and verification phase (Section 5.3.4) at the end of

the design cycle.

Block Parameters

Linear Array *^main, -"maim Vrcascode, ^cascode

Current Mirror "main, -"main, ''cascode, -^cascode
Binary Array ''main, ^main, "cascode* ^cascode

Table 5.6: Parameters for Low-level Blocks

During the low-level synthesis phase, the linear, mirror, and binary array genera

tors are invoked to select the parameters in Table 5.6, essentially the widths and the lengths

of the main and cascode MOS devices for each of the arrays. As before, a simulator and an

optimizer are used. Spice enhanced with a statistical package receives as inputs a set of

W's and Z's corresponding to the main and cascode MOS devices along with architectural,

operational, and technological information from Table 5.1, and returns a,- and R. A cut-
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ting plane algorithm [65] is used for the optimization.1 The optimization problem is shown

below:

minimize area\yvmain,-"main, "cascode,-^cascode)

S.t. a|(Wmojn, Lmain, Wcascode, Lca3COde) < a,-

•K\'*main, Limain, ''cascode, ^cascode) S •**

''main, ''cascode ^ 4 fim

•"main, •" cascode ^ £> fim

The last two constraints are from the design rules. The optimizer, minimizes the layout area

subject to the constraints on a;, R, and operating condition constraints from Table 5.1. As

at the high-level, the optimizer chooses values the parameters, in this case the Ws and X's;

invokes the circuit simulator to determine whether or not the constraints are satisfied; and

continues until the objective function has been minimized and the constraints have been

met. The selected values, W* and L* are returned. These values are shown in Table 5.7

for the 4/6, 6/4, and 5/5 D/A converters. In total, the low-level optimizer was run nine

times, three times for each D/A converter. The 5/5 D/A's were fabricated on a different

technology and with different operating conditions as the 4/6 and 6/4. This is why no

discernible pattern exists in table as might be expected.

Ni/N2

Linear Mirror Binary
Main Cascode Main Cascode Main Cascode

W/L
fim/fim

W/L
fim/fim

W/L
fim/fim

W/L
fim/fim

W/L
fim/fim

W/L
fim/fim

4/6 121/24 118/4 402/146 285/5 48/110 22/4
5/5 21/24 12/9 179/62 42/24 15/48 6/4
6/4 28/21 26/4 48/60 30/4 22/47 16/4

Table 5.7: Low-level Optimization Solutions

The selected values, W*'sand i*'s, will satisfy the a,, R, and operating condition

constraints. Therefore, with the previous assertion on the relationship between a,'s and RJs

to INL and DNL, the D/A generated should meet the performance constraints on INL and

DNL.

The cutting plane technique was more numerically stable than the algorithm used by MiNOS.
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5.3.3 Physical Layout

The layoutgeneration phase consists of two steps. First, the three arrays based on

the results from the low-level synthesis phase are generated. The linear array, the binary

array, and the current mirror generators use templates to create subcells, which are tiled to

generate the desired blocks. A standard cell generator was used to synthesize the logic and

latches needed for the D/A, and module generator was used to generate the pads. In the

second step, these sub-blocks are place, routed, and compacted.

Local Decode Logic

Switches

Current Sources

Unit Element

Analog I/O Lines

Figure 5.6: Linear Array Layout in the 5/5 D/A Converter

The linear array uses a standard two-dimensional structure [79], with the addition

of new decoding circuitry to select the interpolated output. An example array for N\ = 5

is shown in Figure 5.6. It consists of 32 unit elements. A sample element is circled in the

upper right hand corner. There are eight unit elements in each row with four rows in the

array. To minimize sensitivity to process gradients, the linear array devices are switched

using a symmetrical switching pattern [79]. As illustrated in the upper left hand corner.
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the unit elements are broken down into three parts. The top part consists of local decode

logic. This allows a tremendous savings in routing area by performing part of the decode

logic locally. The three current steering switches are located in the center. And the current

source transistors are located at the bottom with the output transistors one side and the

diode connected transistors on the other side. The analog I/O lines run vertically in the

center of the array while the digital control and power lines (not shown) are connected from

the left and right sides of the array.

The binary array for N2 = 5 is shown in Figure 5.7. Since the binary signals control

the switches directly, no decode logic is necessary. As a result, this cell is much simper.

The current sources- both the output transistors and the diode connected transistors are

shown on the left. To minimize sensitivity to process gradients, they are connected in a

common centroid pattern. The current steering switches are on the right. The signal path

is from the current sources to the switches to the output on the right. The digital inputs

enter from both the top and the bottom on the right side of the cell. The regular nature

of this array as well as the linear array makes these circuits especially well suited for tiling

type layout tools (ad hoc cell generators) rather than general purpose placement, routing,

and compaction tools.

As a part of this project, a bonding pad generator was written for the OctTools

suite. Given a set of design rules, the pad generatorcreatesa family often pads. These pads

include analog Vdd/Vss pads, digital Vdd/Vss pads, pad ring Vdd/Vss pads, digital I/O

pads, and analog I/O pads. These pads were designed addressing analog noise concerns.

Two digital input pads are shown in Figure 5.8. The pad on the left is a pad designed for

a P-well process while the one on the right is designed for an N-well process. An effort was

made to prevent the inverting buffers from coupling signal noise into the substrate. In the

P-well pad (N-substrate), the outer ring, substrateVdd for the PMOS transistors, does not

connect to the power rail for the inverter but to a separate pad (not shown). To further

reduce noise coupling, the power rails for the inverters use separate nets, not the internal

digital Vdd/Vss lines. Only three power rings are used. As a result, the well is shorted to

the power line. A further reduction in noise could have been achieved with the addition of a

forth power line, but this was felt not to be necessary. Thesecond D/A test chip fabricated
uses these pads.

With complete schematics from the low-level blocks, AINL* and ADNL* con

straints, and layout information from the design specifications, the three analog blocks along
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Switches

Current Sources

Output

Digital Inputs

Figure 5.7: Binary Array Layout in the 5/5 D/A Converter

with the digital block, are routed. [63] describes how AINL and ADNL are calculated.

This complete layout is shown in Figure 5.9. The four main subblocks, the linear

array, the binary array, the current mirror, and the control logic, are shown in the interior

of the chip. This example illustrates well the point made in Section 2.2 that binary arrays

consume significantly less area than linear arrays even when decoding the same number of

bits. Bonding pads and bypass capacitors are shown in the exterior areas of the chip. Not

necessary for the operation, but useful in debugging, test structures and probe pads are

located in the unused areas of the chip.

5.3.4 Extraction and Verification

During this final phase, a full layout extraction including routing parasitics is

performed. The results for each block is fed into the circuit simulator which returns o~n,

°iM, ffiBi Rl, Rm, and Rb- Then this plus AINL and ADNL is fed into the behavioral

simulator which returns the INL and DNL statistics for the D/A generated.2

Sensitivity analysis at the behavioral level [63] is used to insure that extra parasitics

2All of the simulations required for this step consume on the order of 5 minutes of CPU time on a
DECstation 5000/125.
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Figure 5.8: Digital Input Pads

introduced in the routing has not degraded the D/A's performance beyond the AINL and

ADNL amount allocated. [63] shows the parasitic insensitive nature of this design with

respect to the routing between the blocks.

5.4 Experimental Results

We have fabricated three 10-bit D/As. The first chip (die photo shown in Fig

ure 5.10) fabricated on the Mosis 2.0/zm N-well process, contains a D/A with Ni=b, JV2=5

(5/5) partition. The active area is 1.92mm2. The second chip (die photo shown in Fig

ure 5.11), fabricated on the Mosis 2.0/zm P-well process, contains two D/A's one with

#i=6, N2=4 (6/4) and the other with Ar1=4, N2=6 (4/6). The active areas are 2.86mm2

and 3.81mm2, respectively. The areas compare reasonably with previously published D/A's
[85] [79]. Figures 5.12 and 5.13 depict the measured INL and DNL respectively. The top

set of graphs show the data gathered from all of the parts3 while the bottom set depict only

the components which met the performance specifications.

Although not in the design specifications, transient testing on the D/A shows

that for a full-scale switch at the output, the D/A can settle to 1 lsb for 10 bits from

Twelve parts for each D/A were fabricated. Three out of the 36 total parts were not graphed due to
either profound INL or DNL nonlinearities.
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Figure 5.9: Complete Layout of the 5/5 D/A Converter

the start-of-conversion in 20ns. The delay incurred from the falling edge of the clock to

the start-of-conversion is 10ns. A plot of this is shown in Figure 5.14. The first falling

edge is the clock assertion, and the second edge is the current output fed into a current-

to-voltage converter implemented using a 100 MHz operational amplifier with a feedback

shunt resistor.

5.5 Mismatch Extraction

In addition to its use during the synthesis phase, the behavioral simulator also

provides a vehicle for fault diagnosis once the design has been fabricated, since the behavioral

model used captures all of the essential mismatch effects. From the measured INL curves, the

mismatch for each component (i.e. current sources) can be derived for all of the experimental

chips. According to our model [63], the curves were assumed to be a linear function of the



80

Figure 5.10: One 10-bit D/A (MOSIS 2.0/zm, N-well)
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Figure 5.11: Two 10-bit D/A's (MOSIS 2.0//m, P-well)

mismatches in each component. Using linear regression, the best estimate can be computed

for each mismatch parameter assuming that the mismatch distributions are Gaussian.

For example, shown on the left in Figures 5.15 and 5.16 are the measured INL

results for two of the 5/5 D/A's. On the right, the estimated component mismatches

are shown. The validity of these estimates is checked by re-computing the INL using the

estimated mismatch parameters and putting these values into the behavioral simulator. The

re-computed INL curve is then compared to the measured one. The graphs on the left show

not only the measured INL values but also the recomputed ones are superimposed. The

maximum difference between at any point on the two INL curves between the measured

and re-computed values is 0.15 lsb, validating the mismatch estimates.

Having decomposed the INL into component mismatches as described above,

causes for the INL characteristic can be pinpointed. For example, in Figure 5.16, the

mismatch graph on the right shows that most of the nonlinearity for this chip is due to a
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-2.0

Figure 5.12: Measured INL for the three D/A's

-7% mismatch in the current mirror and a -9% mismatch in the 8x current source in the

binary array. Future designs can try to improve upon this by avoiding this problem.

Component mismatches, in general, are caused by underlying basic statistical pro

cess variations. In this design, assumed were underlying process variations [86] [72] [54]

such as the flat band voltage variations, ayFB, and the standard deviation of the MOS

transistor widths and lengths. Equation 5.1 was the expression used to model the flat band

voltage.

2 _ >/avFB'
°vt =

WL
(5.1)

Using the component mismatch data measured at two reference currents and using

a basic mismatch formula [39], the process mismatches can estimated. Table 5.8 shows the

results. The close agreement between the assumption and the extracted results validates

the assumptions made during design.



82

lsb

1.0

0.0 -

-1.0

4/6 D/A

II h

lsb

1.0

0.0 -

-1.0

5/5 D/A

iiiiilli
i in i

in i
i in|i!
in

ftlttltl

6/4 D/A

-1.0

digital code

4/6 D/A

digital code digital code

-0.2 -__'i__ l.-k"JJ

digital code digital code digital code

Figure 5.13: Measured DNL for the three D/A's

Constants units Assumed | 5/5 D/A

\A*VFB V fim 0.0623 0.0555

aw fim 0.05 0.0437

Table 5.8: Basic Statistical Process Variations

r

>

3

5.6 Testing

A testing methodology was developed for testing all DC performance of these

converters including offset error, full scale gain error, integral nonlinearity, and differen

tial nonlinearity. In contrast to previous testing strategies based on linear models that

require accurate measurements of circuit performance, this new strategy uses a simpler

measurement to verify that a circuit performance parameter falls within certain detection

thresholds in the presence of measurement noise. Using this new strategy, we evaluated

tradeoffs between test set size, test coverage, detection thresholds, measurement noise, chip

performance, and estimated yield [64].

The three D/A converters were fully tested against their specifications; the yields

are reported in Table 5.9. Since some of the converters did not meet all of the specifications,

a fault diagnosis methodology was developed to determine the cause of failure for those
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3.6V

Figure 5.14: Falling Edge for the 10-bit 6/4 D/A

converters which failed one or more tests. A key contribution from this methodology is a

linear-time algorithm for determining all of the untestable groups of components in a linear

system. These groups are called ambiguity groups. They are untestable because the faults

that occur on components within the group cannot be distinguished at the circuit output.

The ambiguity groups are found in linear time by computing the null space of the circuit's

sensitivity matrix [60]. A ranking of the most critical components is shown in Figure 5.17.

Once the ambiguity groups were found and removed from the linear system of equations

describing the D/A converter behavior, linear regression was used to find the best estimate

for each behavioral model parameter. This information pinpointed the parameters which

caused each of the failed chips to exceed the specifications. Using the behavioral model,

automatic test patterns were generated for the D/A [34]. These results showed that the

D/A's could be characterized in under 40 tests.
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Figure 5.16: Example 2: Measured INL and Component Mismatches

5.7 Design Times

One measure of the success or failure of this methodology is the amount of actual

design time required for the design and physical synthesis phases. This includes not only

decision making times and CPU time but also the time required to setup the tools. This is a

true measure of time spend on the project. Table 5.10 categorizes these design times for the

5/5 D/A. This shows that the first time through the design cycle required approximately 8

person months (6 months real time).

D/A Converter # Fabricated # Which Met Specs

6/4 12 8

5/5 12 7

4/6 12 4

Table 5.9: Yield for three fabricated D/A converters
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Design Phase Time Required

Behavioral model development 1 month

High-level optimization 2 months

Low-level synthesis 2 months

Incorporation of new unit cell to layout tool 1 month

Layout generation 2 months

Extraction/Verification 1 week

Table 5.10: Design Times for 5/5 D/A
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This was our first cut through any serious design problem where behavioral sim

ulation and optimization were involved. Much time was spent on the development of the

methodology for the various phases of design. For example, flexibility functions were for

mulated. So, though this does not seem to give any advantage to hand design, this first

design was expected to require more time, and six months is not unreasonable.

The design times for the second design (shown in Table 5.11), however, are much

shorter. This reflects the total amount of time required for the generation of two D/A's-

the 6/4 and 4/6 converters. Since a module generator had been built during the first design

cycle, these times are more of a reflection of the time to set up the tools and of the CPU

time consumed by the tools. They provide good estimates on how long it would take to

re-do each of these phases given a completely new set of design specifications (those found

in Table 5.1). The total person time to go from specifications to fabrication was only five

days.
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Design Phase Time Required

Behavioral model development 4 hours

High-level optimization 10 hours

Low-level synthesis 5 hours

Incorporation of new unit cell to layout tool 2 days
Layout generation 2 hours

Extraction/Verification 5 hours

Table 5.11: Second Round Design Times

5.8 Conclusion

Following the top-down, constraint-driven paradigm, a complete design cycle for a

class of D/A's has been performed. The cycle was begun with a set of high-level specifica

tions and low-level assumptions on the technology, and was completed with the verification

of both the design specifications and the gathered technology information from the finished

products. Two critical measures on the quality of the methodology are shown. The fabri

cated parts worked the first time, and the design times are shown in Table 5.10 and 5.11.

Future work on the D/A design example include adding transient constraints into

the design specifications and the introduction of new circuits such as ones for higher speed

or ones with self-calibration based on test results.
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Chapter 6

E-A Analog-to-Digital Converter

Design Example

6.1 Introduction

This E-A A/D design example is the second in a series of design examples that

we take through fabrication. We show that even though the circuits and architecture are

different from the ones in the first example, the methodology is applied in the same way.

The two examples significantly differ for the following reasons: (1) the subcomponents are

different, (2) the performances and the reasons for their degradation are different, and (3)

the sub-blocks are not in regular arrays. Its level of complexity is shown in Figure 5.1.

6.2 Design Specifications

The E-A A/D converter that has been implemented is a second order system with

a 1-bit quantizer similar to the one found in [3]. The basic architecture of the S-A is

shownin Figure 6.1. Figure 6.3 shows the components of the complete system, i.e. the S-A

converter itself, the clock generator, the bias circuitry, etc. The input anti-aliasing filter

and the decimation filter to convert the bit-stream output to data words is to be done off

chip. Figure 6.2 defines the symbol used for transmission gates.

The E-A converter consists of two switched capacitor integrators, a comparator,

and a 1 bit D/A. The differential signal enters the system where it is noised shaped by the

two integrators. The D/A in the feedback loop drives the output bit stream to be equal to
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Figure 6.1: E-A A/D Architecture

Figure 6.2: Definition of the Symbol for a Transmission Gate

the input signal thus giving the proper A/D conversion operation.

The specifications along with the specific design values used for the designed and

fabricated chip are listed in Table 6.1. The performance specifications for our example

design werea minimum signal-to-noise (SNR) ratio of 74dB and a Nyquist input frequency

of 250 kHz. The operating supply voltage was chosen to be 5V. The Mosis scmos design

rules were used. The target technology was the HP CMOS26B (0.8 fim minimum gate

length) process. The bonding pad locations were specified since the A/D was a stand-alone

part. The overall objective for the project was to minimize layout area.

6.3 Synthesis Path

The two-level hierarchy used for synthesis is shown in Figure 6.4. During high-level

synthesis, specifications for E-A A/D are mapped onto the integrator, comparator, D/A,

digital control logic, and routing. Then in the low-level synthesis phase constraints on these

sub-blocks are used to size the schematics.
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Figure 6.3: E-A system

6.3.1 High Level Synthesis

The intermediate level parameters for the high level synthesisphase are shown

in Table 6.2. Given values for each of these parameters along with fx from Table 6.1,

the SNR for the E-A A/D can be computed using a behavioral model developed for this

particular system and the behavioral simulator, Midas [3]. Letting xt- be the ith parameter

(xi = M, x2 = VFs, -" xn = ASNR), n be the number of parameters (n=18), and c, be

a vector containing the additional parameters from Table 6.1, the behavioral simulator can

Figure 6.4: E-A Hierarchy
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Type Specifications Value

Performance Minimum Signal-to-Noise (SNR) ratio
Nyquist Frequency (fx)

74 dB

250 kHz

Operation Supply voltage 5V

Technology Design rules
Spice parameters

scmos

HP CMOS26B

Constants Low-level circuit design constants. See Table 6.6
Layout Input/output terminal locations, placement, etc.
Optimization Non-default flexibility function

Objective for project
default

minimize area

Table 6.1: E-A A/D Design Specifications

be represented by the function, g, in Equation 6.1.

SNR = g(xi,x2,--xn,c) (6.1)

To perform the design decomposition, values for each of these parameters must

be chosen. To simplify the problem, reasonable values for the less critical parameters were

selected by hand, rather than by optimization. This does not invalidate our approach. The

values chosen for these parameters will be constraints just as the parameters chosen by the

optimizer will be constraints during the low-level synthesis phase.

Table 6.3 lists the parameters that were hand chosen. To simplify the problem,

M, a fairly critical parameter, was chosen a priori, because M usually only takes on par

ticular quantized values. These values are determined by how difficult the decimation filter

following the A/D converter is to implement. For a given SNR, a reasonable value for M is

easily obtainable using Equation 6.2 and knowing the quantized values. The dynamic range

(DR) bounds the SNR. L is the order of the E-A converter. Had it turned out that M was

selected to be too low, M would have been increased during the following design pass.

DR=1.5?±±±M2L+> (6.2)

As before, the objective of high-level synthesis is to maximize flexibility of

design. Flexibility functions of the form in Equation 3.1 were developed. The coefficients

were determined using the method presented in Section 3.2. Table 6.4 lists the moderate

and difficult values along with the coefficients for the flexibility functions. The overall

flexibility function is shown in Equation 6.3 where m represents the number of variables



Parameter Description

M Oversampling ratio
VFS Full scale voltage of E-A system
Ooff Offset due to the OTA

Grange Output range of the OTA relative to VFs
Oth Thermal noise due to the OTA

Ou, 1/f noise due to the OTA
Ugain Open loop gain of the OTA
Ir Time constant for the integrator
ISR Slew rate of the integrator
IkT/C kT/C noise of the integrator
*Amis Integrator gain mismatch
Igain Integrator gain
Cofj Offset due to the comparator
l-'hysteresis Hysteresis due to the comparator
(s noise RMS noise due to the comparator
Doff Offset in the D/A
Unoise Noise contribution for the D/A
ASNR Non-characterized degradations to SNR

Table 6.2: Parameters for the E-A A/D Block

actually being optimized, and where i represents the ith parameter.

m

fUx(xi,X2 ••-Xm) = Y^fleX*(Xi)
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(6.3)

Equation 6.4 shows the high level optimization problem, w,- and /,- represent the

upper and lower bounds on the parameters, x,\

max ESi flexi(xi)

s.t. SNR(xux2,>--xn,c)>74dB

U < *i < W Vi = 1..to

(6.4)

As with other optimization problems encountered in these design examples, Minos [78]

could not solve this problem directly, so the problem had to be reformulated. The principal

difficulties were (1) when computing SNR, Midas has a large standard error, c, and (2)
SNR is extremely nonlinear with respect to its input variables. The large c is due in part

to the fact that SNR is computed using short time domain simulations in which random

number generators are used to approximate white noise sources, e is approximately 2
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Parameter Value

M 100

VFS 2V

Ooff 25mV

lAmis 1%

J-gain 0.5

Coff lOOmV

"noise 20fiVrm9
Doff lOOmV

ASNR 3.5 dB

Table 6.3: Constant Parameters chosen for the E-A A/D Block

Parameter

Design Difficulty Coefficients

Moderate Hard a b c

Urange 1.8 2.0 13 0 43

oth 2.0//Vrms 0.9 flVrms 0 16/^ S.2flVrms
ow IfyVrms 6.7 flVrms 0 120/xI?™ S.lflVrms
Ugain 250 V/V 900 V/V 1.4X10"5 (V/V)-1 0 0.84 V/V
Ir 1 ns 0.5 ns 0 10 ns2 10 ns

ISR 500 V/fis 2500 Vfis 1.7X10"6 (V/fis)-1 0 0.42 V/fis
IkT/C 20 flVrms 6.5 flVrms 0 96 fiV2ms 4.8 flVrms
khysteresis 50 mV 20 mV 0 330 mV2 6.7 mV

Is noise 300 flVrms 134 flVrms 0 2400 fiV2m3 8.1 flVrms

Table 6.4: Flexibility Coefficients for the E-A A/D Parameters

dB, significant compared to the SNR requirement of 74 dB. A typical plot of SNR versus

an input variable, in this case 0Tange, is shown in Figure 6.5. Because of the unsmooth

response surface, Minos would either get trapped in local minima or iterate excessively

while it reduced the step size. The step size can be adjusted to a fixed value in Minos,

but because of the nonlinear nature, the appropriate step size changed depending on the

region. Averaging multiple simulations with a varying sine wave input amplitude between

0.37-0.005 to 0.37+0.005, we reduced e to approximately 0.5 dB.1

The following is the optimization algorithm that we used:

1. Start with feasible solution, x*. Let x0 —xm, j = 1.

*This reduction was not enough to prevent Minos from getting trapped.
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2. Replace the SNR constraint function with a linearized SNR constraint around x*

dSNR(x*) 8SNR(x*) dSNR(x*y
SNR(x) = SNR(x*) +

3. Impose bounds

dxi dx. dx,
(x - xm)
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(1 - di)xmi < Xi < (1 + di)xmi Vt = l...ro

where d,- is a preset value set by the user (typically 0.1) depending on how nonlinear

SNR is.

4. Solve the problem using Minos.2 Let the solution be x'j.

5. For each i, if x\j is at the upper bound and a:JJ-_1 was at the lower bound, or if xj

is at the lower bound and a:J>J-_1 was at the upper bound, then reduce d, by a factor

of two.

6. If \\xj - Xj-i\\ < e, exit with x'j as the solution.

2Since the objective and constraints are now analytic and C2 smooth within the bounds of interest,
Minos easily solves this problem.
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7. Set j = j + 1. Goto 2.

The derivatives in Step 2 are computed using finite differences. However, because of €, a

derivative was only considered valid when the finite difference caused a 1 dB change (with a

certain tolerance) in the SNR. Binary search was used to find this point. 1 dB was chosen,

because Aart- still had to be small, but the change in SNR had to be greater than e. The

idea behind this approach is to dynamically control the step size, using the performance

change as the measure of whether or not the step size is valid. This allows the optimizer to

see overall shape of the curve rather than the shape of the noise.

The solution is shown in Table 6.5. The value for the flexibility function is 28.5

indicating that the overall difficulty of this design should be easier than what was described

to be "moderate" in Table 6.4.

Parameter Value

Grange 1.9

olk 87.4 flVrms

Ou, 1.05 mVrms
Ugain 250 (V/V)
Ir 1.5 ns

ISR 1045 V/fis
IkT/C 191 flVrms
Ishysteresis 101 mV

(snoise 9.35 myrma

Table 6.5: Parameter Selection for the S-A A/D Block

6.3.2 Low Level Synthesis

With the parameters for the high level design having been chosen, these now

become constraints for the low-level synthesis phase. The following sections describe the

design synthesis of the basic building blocks.

6.3.2.1 Integrator/OTA

Figure 6.6 shows the schematic of the switched capacitorintegrator. Bottom plate

sampling is employed to reduce the chargeinjection from the switches into the signal. This

arrangement also allows for level shifting from the output common mode voltage to the input
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Out*

out-

common mode voltage. Cs is the input sampling capacitor. C/ is the integrating capacitor.

This integrator works in two phases. During the first phase, fa and fa are asserted. The

input signal is sampled onto Cs- fa is de-asserted two inverter delays before fa to allow

for the bottom plate sampling. The clock phases are shown in Figure 6.10. Following the

de-assertion of fa, <f>2 and fa are asserted. The feedback signal is subtracted from Cs and

the remaining charge is integrated onto C\. Again, fa is de-asserted two inverter delays
before fa.

A telescopic or unfolded cascode operational transconductance amplifier (OTA)
was selected for the integrator. The schematic is shown in Figure 6.7. Its design along with

the bias circuitry is similar to the ones in [82]. In this differential OTA, Mi and M2 are the

input devices. They provide the gain. M$ through M6 function as cascode devices to boost

the output resistance. Mi and Ms in conjunction with M9 and M\q set up the bias current

for the OTA based on external bias voltages generated from a bias generator. Mso through

M57 provide a fixed voltage drop to set up the gatevoltage for M3 and M4 in order to keep

Mi and M2 saturated. Mu, Mx2, and M30-M33 are sized to allow a certain percentage of

the tail current to flow down these two bias paths. The transistors driven by the clock lines,

fa, fa, fa, fa, and the capacitors, Ci and C2 form the dynamic common mode feedback

(CMFB) circuitry [10]. These switches and capacitors set up the output common mode
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voltage as well as gate voltagefor M9 through MX2

A replica bias circuit, shown in Figure 6.8 was used to provide reference and bias

voltages for the OTA and integrator. Given an external reference current, the bias circuit

generates the gate voltage (NBIAS) for the NMOS tail current devices, the gate voltages

(PBIASl, PBIAS2) for the PMOS current sources in the OTA, and the input common mode

voltage (VICM) for the OTA. Iref pulls current from M0 and MY and sets up the voltage,

PBIASl. M2 - Ms mirror the current for the NMOS devices, M40 - M43, to allow them to

set up the voltage, NBIAS. Mi0 - M13 set up the proper gate voltage, PBIAS2, in order

to keep the top PMOS transistors driven by PBIASl in saturation. Likewise, M30 - M33

keep M40 and M42 saturated by setting up a proper gate voltage for M4i and M43. M2i

and M22 provide a diode drop up followed by a diode drop down to VICM to give it a

low impedance output. Finally, since there are two quiescent solutions for this circuit, M20

provides a leak current from PBIAS2 to insure that the proper state is selected. For this

prototype design, the leakage current device is left on. This alters the reference current by

a small percentage. Since the reference current is controlled externally, the offset caused by

M2q can be compensated externally.
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Figure 6.8: Schematic for the bias circuitry

Having chosen the architecture for the integrator and OTA, the task now is to

choose component values for the transistors and capacitors in these circuits subject to the

constraints in Table 6.5 and some design constants. These design constants are shown in

Table 6.6.

A set of design constraints are specified for the integrator. These are derived

from the high level synthesis results (Tables 6.3 and 6.5). Because analytic methods [25]
for determining these constraints differed from Midas results, we chose to tighten some of
the constraints. This is an example of why we do not propose a fully automatic synthesis

process. By allowing us to intervene, we incorporated the value-added of the designer.
Three constraints were changed- the thermal noise bound was lowered, kT/C noise bounds

was lowered, and the OTA output range bound was raised. Except for the Orange, whose
flexibility was lowered from -3.9 to -9.0, the other two constraints' flexibilities remained

greater than or equal to 0. Thus, we should not have increased the design difficulty bymuch,
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Parameter Description Value

'safety Voltage above Vds where cascode device will be biased 250mV

Jmin Minimum frequency for flicker noise calculation 1Hz

J-ratio Current ratio between Mi 1 to Mg of OTA 0.1

ft&imQgate Ratio between Ci and Mg gate capacitance of OTA 0.3

Rcl,c2 Ratio between Ci and C2 of CMFB circuit 5

Pleak Percent leakage current M2q of the bias circuit 0.01

Table 6.6: Design constants for the OTA

but by taking this more conservative step, we better insured a working chip. Table 6.7 lists

the complete set of constraints for the integrator. The only constraint not found in either

Table 6.3 or 6.5 is common-mode feedback time constant constraint, Ot,cmfb- This was

arbitrarily set at 4/3 the value of IT. Since it is derived from the high level results, the

constraint-driven nature of this design is maintained.

Parameter Value

Ooff 25mV

Grange 2.0

otk 20.0 flVrms

Ou, 1.05 mVrms

Ugain 250 (V/V)
It 1.5 ns

ISR 1045 V/fis
IkT/C 20 flVrms
OtJCMFB 2.0 ns

Table 6.7: Design Constraints for the Integrator

Seven variables were selected to describe the design of the integrator. They are

listed is Table 6.8.3 This set is sufficient to generate all component transistor and capacitor

values, and is sufficient to characterize each of the design constraints listed in Table 6.7,

but is only one of many possible sets. Section 6.7 shows how these variables translate to

devices sizes and performances.

In keeping with the S-A A/D design specifications, the objective during this

phase is to minimize the active area of the integrator. Active area is computed using

3Note that in hindsight, M30 —M23 probably should havebeen set to scale with Lb%a, rather than L,
since it is actually setting up the Vas for the bias transistors.



Parameter

'pmos

hi

IsM44

Vgs-VT
leg

Cs

Description

Length of transistors Mi - M4, M50 - M57 of OTA
Length of transistors M2i —M22, M30 - M33
Length of transistors M5 - M8, M30 - M33 of OTA
Length of transistors M0 - M5, Mw - Mt3 of the bias circuit
Length of transistors M9 - Mi2 of the OTA
Length of transistors M4p —M43 of the bias circuit
Length of transistor M44 of the bias circuit
Vga - Vr voltage for the transistors in the gain stage
Current flowing through the transistors in the gain stage
Size of the sampling capacitor
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Table 6.8: Design Parameters for the Integrator

Equation 6.24. It turned out that for this circuit, minimizing area is equivalent to minizing

power.

To simplify the integer nature of determining L, the problem was solved in two

parts. First, the values of L were determined. i„mo3, Xpmos, and L0iaa were minimized

subject to the constraint on gain and on common-mode rejection ratio (CMRR) issues.

Note that it is critical that Lnmos be as small as possible to maximize the speed of the

OTA. Enumerating the i's for Lnmos and Ipmos for L = 0.8fim,1.3fim,l.Sfim,2.3fim it

was determined that in order to satisfy the gain requirements with allowance for a safety

margin that Lnm03 = l.Zfim and Lpm0s = 1-8fim. Lf>ias was chosen to have a transistor

length of 1.8 fim based on CMRR issues, and Xa/44 was determined to require an even longer

channel length, 2.3 fim, to boost its output resistance because of the larger Vds across M44.

min area(Vg3 - Vr,Iieg, Cs)

s.t. 00ff(Vg3 - VT,Iieg, Cs) < 25 mV

Orange(Vgs-VT,Ileg,Cs)>2.0

Oth(Vga - VT, Iieg, CS) < 20.0 flVrms

0l/f(Vg3 ~ VT,I\eg,Cs) < 1.05 mVrms

Ogain(Vgs ~ VT,Ileg,CS) > 250 (V/V)

Ir(Vgs-VT,Ileg,Cs)<l^nS

ISR(V9S - VT,Ileg,CS) > 1045 V/flS

(6.5)
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IkT/c(Vgs ~ VT,Ileg,Cs) < 20 flVrms

0TfCMFB(Vgs ~ VT,Ileg,Cs) < 2.0 US

Vga -VT> 100 mV

Iieg > 100 fiA

Cs > 100 fF

(6.6)

Equation 6.6 shows the optimization problem for the integrator. All perfor

mances are evaluated analytically (see Section 6.7), resulting in a problem easily solved by

standard optimization techniques. Minos solved the problem in less than 1 CPU second.

The solution is shown in Figure 6.9. Table 6.10 shows the performances for the solution

Parameter value

VgS-VT 330 mV

Iieg 1.22 mA

Cs 207 fF

Table 6.9: Low-level optimization problem solution

indicating which of the constraints were active (limiting factors). The active constraints are

highly dependent on the high level specifications and the flexibility function.

Parameter Value Active

Ooff 20 mV

Grange 2.0 V
Oth 1-2 flVrms

Ou, y.y flVrms

Ugain 1336 (V/V)
Ir 0.63 ns

ISR 1045 V/fis V
IkT/C 20 flVrms V
0T,CMFB 0.98 ns

Table 6.10: Constraint values at low-level solution

Using the values determined for (Vgs - VT), Iieg, Cs, gate lengths, and the de

sign constants found in Table 6.6, the component values for the OTA, integrator, and bias

circuitry are computed. A program was written to generate a complete Spice deck for



101

the integrator, OTA, and bias circuit once the component values were calculated. Ta

bles 6.11, 6.12, and 6.13 list the results.4

Component Value

Mi-M4 W=225 fim, L=1.3 fim
Ms-M8 W=935 fim, L=1.8 fim
Mg - Mio W=310 fim, L=1.8 fim
Mn - Mi2 W=31 fim, L=1.8 fim
M30 - M33 W=93.5 fim, L=1.8 fim
M50 - Af57 W=12 fim, L=1.3 fim
All Switches W=3 fim, L=0.8 fim
Ci 213 fF

c2 43 fF

Table 6.11: Component values for the OTA

Component Value

NMOS Switches W=4 fim, L=0.8 fim
PMOS Switches W=9 fim, L=0.8 fim
Cs 207 fF

Ci 414 fF

Table 6.12: Component values for the Integrator

Component Value

Mo- Ms W=935 fim, L=1.8 fim
Mio - M13 W=459 fim, L=1.8 fim
M20 W=2 fim, L=163 fim
M2i —M22 W=225 fim, L=1.3 ^m
M30 - M33 W=120 fim, L=1.3 fim
M40 - M43 W=309 fim, L=1.8 ^m
M44 W=396 fim, L=2.3 fim

Table 6.13: Component values for the Bias Circuit

4The size of transistors A/40 —A/43 of the bias circuitry should be but are not identical to the size of
transistors A/9 and A/10 of the OTA. They was due to a layout generation error. A/40 —A/43 were divided
into stacks of six each while A/9 and A/10 were divided into stacks of ten. This was caught too late in the
design cycle to fix, but it should not have a very large effect. The CMFB circuitry compensates for this
small difference.
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6.3.2.2 Comparator

MS
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M15
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Figure 6.9: Schematic of the comparator used in the E-A A/D

Figure 6.9 shows the design of the comparator used in this design [3]. During the

non-latching phase, when fa is low,transistors M4 and Mi4 are used to reset the comparator

while a voltage difference is set up by M0 and Mi0. When & goes high, Mi, Mn, M3, and

M13 form a positive feedback gain stage and boosts the input to full logic levels. M5, M6,

Mi5, and Miq form inverting output buffers.

The set of constraints or specifications required for the design of the comparator

is specified in Table 6.14. As with the constraints generated for the integrator and OTA,
these are either from Table 6.3 or from 6.5.

Parameter Value

Coff 100 mV

^shysteresis 100 mV

^snoise 9.35 mVrm,

Table 6.14: Design Constraints for the Comparator

Since the design constraints are fairly lax for this comparator, device sizes similar

to the switch sizes were chosen for the design. Table 6.15 shows the transistor sizes used

in the comparator. These sizes were verified with Spice and by analytic equations to meet
the design constraints.



6.3.2.3 D/A

Component Value

M0, M2, Mio, Mu W=6 fim, L=0.8 fim
Mi, Mu W=4 fim, L=0.8 fim
M3, M4, Mi3, Mu W=12 fim, L=0.8 ^m
Ms, Mis W=9 fim, L=0.8 fim
M6, Mis W=3 fim, L=0.8 fim

Table 6.15: Component values for the Comparator
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The only components that have to be sized for the 1 bit D/A converter are the

switches. These are selected to be the same as the integrator.

6.3.2.4 Digital

There are three digital blocks in this circuit. They are the clock generator, the

two latches which follows the comparators, and the shift register at the output for the S-A

A/D.

Four phases and their inverses are required for proper operation of the E-A system.

They are shown in Figure 6.10. fa and fa are non-overlapping clocks, and fa and fa are

At

♦1

♦3

<t>4

J I
I—i

At

j—a.
; I

Figure 6.10: Clock Timing Diagram

early versions of fa and fa respectively. $3 and fa are required for the bottom-plate
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sampling.

The circuit used for the clock generator is shown in Figure 6.11. Given a single

phase clock at the desired frequency at node "CLK," the appropriate phases are produced

by this circuit. The "lx" sized inverters provide the delays between #3 and fa and between

fa and fa. It also provides for the non-overlap time between fa and fa.

CLK

Figure 6.11: Schematic of clock generator

The basic elements of the clock circuit are shown in Figure 6.12. The "lx" sized

inverter is shown on the left, and the "NOR" gate is shown on the right. The NMOS device

size for the inverters were sized in such a way that the "4x" inverter is the same size as the

sum of the sizes of all of the switches that the clock phase with the maximum load drives.

The PMOS device size is then scaled by k'p/k'n. The NOR gates were sized to have the same
driving capacity as the "lx" sized inverter.

A_

Vdd

M2 I
r-C|[~ 54/0.8

I—IP 18/0.8
Ml]

Vdd

|M4
A-cj [~ 108/0.8

~]m3
B-c| f" 108/0.8

<3
Ml' 1 '

(18/0.8)x2

M2

Figure 6.12: Schematic of clock generator elements

The second of the three digital elements is the latch. It is shown in Figure 6.13. It
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isabasic eight transistor latch. The transmission gate formed by Mi and M2 allow the new

input to enter. The other transmission gate formed by Af3 and M4 closes the twoinverter
feedback loop which holds the input.

*3

A

'"-0
M2

M1

NMOS: 3/0.8
PMOS: 9/0.8

r^L"5

M3 M4 '—|LM6

Out

Figure 6.13: Schematic of Latch

The last of the digital elements is the shift register. This was added so that the

output would not have to be read at the full speed of the E-A system. A four bit shift

register was used. Because the chip was pad limited, adding any more bits would have

increased the layout area significantly. This gave a Ax lower frequency requirement at the

output. The clock divider and shift register system is shown in Figure 6.14.

oout do l» M Orwdy

Figure 6.14: Schematic of the Shift Register and Clock Divider

In the schematic, "Dout" represents the actual data coming out of the E-A A/D
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at the full clock rate. It can be shut off by de-asserting "Dout.enable." Because, it was

unclear how this digital system would affect substrate noise, a shift-register enable line,

"SR-enable," was added to turn off the shift register. The shift register latches its input on

the de-asserting edge of fa. The output buffer, the set of four flip-flops directly underneath

the shift-register, latches its output on a clock at fcik/4 derived from fa. The shift register

data outputs are Do through D$. The assertion of "D_ready" indicates that the data outputs

are valid. This cell was implemented with standard cells and was verified to meet timing

requirements.

6.3.3 Physical Design

Physical assembly for the A/D converter will be discussed in this section empha

sizing the design flow used for leaf (transistor level) cell generation. Most of the layout was

automatically synthesized. Issues involving why we had to resort to manual layout for some

of the circuits will also be discussed.

We describe the steps necessary for leaf cell generation. A consistent example for

an OTA synthesis is presented throughout the steps to better illustrate the concepts.

1. Enter the initial schematic in the form of a Spice deck. A partial Spice deck with

the input transistors for the OTA is shown below (schematic in Figure 6.7; component
sizes in Table 6.11):

* OTA

Ml n304 inp n308 0 CMOSN W=181u L=1.2u
M3 outm n305 n304 0 CMOSN W=181u L=1.2u

2. Add analog constraints to the Spice deck either automatically using Parcar orman
ually. The extra lines added: (i) indicate transistor matching, (ii) indicate transistor
symmetry, and (iii) split transistors into smaller parallel transistors for decreasing
drain capacitance and for canceling linear gradient effects. An example for the OTA
is below:

*SYM Ml M2

*SYM M3 M4



♦SPLIT Ml 6

♦SPLIT M3 6

♦MATCH Ml M2 M3 M4

107

The "SPLIT" commands ask that transistors Mi and M3 be "split" into 6 parallel
W=30.2fim transistors. The "SYM" commands ask that the two halves of the differ

ential circuit be made symmetric. Mi will be placed symmetrically to M2 and M3 will

be placed symmetrically to M4. The "MATCH" command asks that the transistors

listed be placed close together.

3. Generate the transistor stacks using Mkstack [14]. If transistors have the same

gate width and share diffusion contacts, they are combined to form stacks of parallel

transistors. The M1/M3 stack is shown in Figure 6.15.

M3

>^N^
Source of Ml

Drain of M3

Figure 6.15: Example of a Transistor Stack

4. Generate the capacitors using an available layout tool.
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5. Implement the nets of the parallel transistors which are in stacks using another avail

able layout tool. This routing is highly organized. Figure 6.16 shows this for the

M1/M3 stack. This extra routing step is necessary, because Road cannot find this

solution.

Gate of M3

Source/Drain
Routing

Gate Routing

Gate of Ml

Source of Ml

Substrate
Contact

Drain of M3

Figure 6.16: Example of Transistor Stack Routing

6. Instantiate objects in the layout and connect the nets symbolically using Bdnet [43][44].

7. Generate the layout placement using Puppy-A. Figure 6.17 shows the placement
result for the OTA.

8. Put down I/O vias for the leaf cell using Padplace.

9. Route the leaf cell using Road [69][70].

10. Compact the leaf cell using Sparcs-A [31][32] Figure 6.18 shows the placed, routed
and compacted result for the OTA.

The level of automation possible depends greatly on the level oforganization in
the circuits. The automatic tools often fail to find desirable solutions for highly organized
circuits. Once such circuit is the clock generator. Its schematic is shown in Figure 6.11,
and the hand layout is shown in Figure 6.21. The layout matches the schematic closely with
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Switches

M50-M53 M9/M11

M1/M3

M5/M7/M31/M33

Figure 6.17: Placement by Puppy-A of the Transistors in the OTA

a great deal of organization in the placement. Each inverter is placed one after the other in

the chain in almost the exact manner as was drawn in the schematic. The routing is also

very organized. The four power lines run horizontally across the cell so that the inverters

and NOR gates can be directly tiled. The four power lines are a result of separating the

substrate and well contacts from the supply and ground lines to reduce noise coupling.

Figure 6.19 shows the result from automatic placement. Since Road failed to

route this cell, an exact area comparison could not be made. However, assuming that it

can be routed with no expansion (the transistor stacks seem too close together), this cell

is already 42% larger than the hand layout. A second attempt was made in which hand

placement was followed by Road. Figure 6.20 shows the result. Sparcs-A was unable to

compact this due to overconstraints. However, even if Sparcs-A were to succeed, there are

portions which are not compressible. These are areas where Road created a non-optimal

topology where an obvious optimal existed. For example, rather than routing two parallel

wires which turn a corner in parallel, vias and extra jogs have been inserted, so that one

wire overlaps the other. Sparcs-A can only push the vias closer to the other wire. It

cannot remove them. These sections will cause the layout to be larger and more irregular

than necessary. Without compression, the layout is 250% larger than the hand layout.
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Connector Pads

Connector Pads

M1/M3

Figure 6.18: Placed, Routed, Compacted OTA

A layout for a circuit which requires little organization is the latch layout shown

in Figure 6.22. The schematic is shown in Figure 6.13.

A circuit with a medium level of organization is the OTA shown in Figure 6.18.

The transistors have certain matching and symmetry requirements, however, these can be

satisfied using a variety of placements. In this layout, we did intervene by hand during the

placement phase. For aesthetic reasons, a couple of the transistor stacks were swapped.

Table 6.16 lists the various circuits in the E-A converter with the various layout

steps enumerated. The tool required for each layout step for each layout block is indicated.

An asterisk (*) indicates that slight hand modification were required after the tool was

invoked. Custom tools were developed for this project. This is indicated by a y/. "Step"

refers the step in the layout flow described previously, "n/a" indicates that for the circuit

in question, that step is not applicable. The last column gives the approximate total design

time required for that layout. The D/A is a combination of the comparator and the latch

plus the switches necessary for selecting the proper reference voltages.

The layout for the final chip is shown in Figure 6.23. The major components of the
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Figure 6.19: Clock Layout: Automatic Placement

integrated circuit are labeled. At the top is the clock generator and the shift register. On

the right is the bias circuitry along with the latches and the D/A. The two integrators are

in the lower left hand corner of the chip. The area not including the bonding pads (active

area), is fairly small, 1.1 mm2. The total area is approximately 3.1 mm2.

6.4 Extraction and Verification

We used hierarchical simulation to verify circuit performance, and we used non-

hierarchical simulations to verify circuit functionality. In the hierarchical method, each

sub-block was extracted. Using Spice simulations, each sub-block's performances were

determined. These performances were fed into Midas which returned the SNR for the E-A

A/D. This verified the performance.

In the non-hierarchical method, we extracted the entire circuit, and performed pad-

to-pad Spice transient simulations for a number of clock periods, given a fixed amplitude

sine wave at the input. The bit stream result was fed into Midas which decimated the

output and returned an SNR value which was greater than the one returned from the

hierarchical simulations. This was expected, since there were no noise sources in the flat

Spice simulation. The higher SNR value verified the circuit's functionality.
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Compressible Not Compressible

Figure 6.20: Clock Layout: Manual Placement /Automatic Routing

6.5 Experimental Results

This chip was fabricated on a Mosis 0.8 fim process. A die photo is shown in

Figure 6.24. A test circuit board was built consisting of coaxial cable inputs, voltage

regulators, by-pass capacitors, etc. Using a sine wave generator fed to a transformer to

create a differential signal, a logic analyzer is used to measure the bit stream output from

the E-A A/D converter. This data is then sent to Midas which performs the decimation

and returns the SNR. Preliminary results are shown in Figure 6.17. It is believed that these

results are pessimistic, because (1) we havehad trouble increasing the analoginput signal's

SNR above 73 dB, and (2) wecannot acquire enough sample points usingthe logic analyzer

that we have to get a precise FFT plot. Further tests will be completed.

6.6 Design Times
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Substrate Vss

Vss

Vdd

Figure 6.21: Layout of the Clock Generator

The total elapsed time for this project, design synthesis and physical synthesis
phase, was approximately two months. Table 6.18 shows how this time is broken down.
These times are intended to give an accurate account of the length of this project from
its inception to "taping-out" to illustrate the real time required for design when using this
methodology.

6.7 Analytic Equations for E-A A/D

Given the values for the parameters found in Tables 6.19, 6.20, 6.22, and 6.21,
a variety of performance approximations and design characteristics can be determined for
the integrator described in Section 6.3.2 using analytic equations. These need to be solved
during the design process of the integrator/OTA. The flicker noise parameters, Kfn, Kfp,
AJn, and A/p, were determined by fitting curves to device measurements of flicker noise
obtained from HP. Ak'n, Ak'p, and aVFB are estimated values.

This section will show how these characteristics can be calculated. Most of the



114

NMOS devices

PMOS devices

PMOS devices

Out+ Out-

Figure 6.22: Layout of the Latch

equations are taken directly from or derived using [40]. These characteristics will be sum

marized in a at the end of this chapter with their corresponding equation numbers for

reference.

There are nine basic performances that need to be calculated. These are listed in

Table 6.7.

The open-loop gain, Ogain, of the OTA is

Ugain — 9r
I 1

1-1

+
r0n(l + gmr0n) rop(l+gmrop)

2Iu,where gm, the transconductance, is .> lel , ron = , \ , and rov = -j-K
vgi *T 'Icg^n ™ •»Jeg/'.

length modulation parameters, \n and Ap, were determined by Spice simulation using

transistors with Lnmos and Lpmos for transistor lengths respectively. An and Ap areextremely

strong functions of Lnmos and Lpmos for short channels.

The kT/C noise of the integrator, IkT/c-> Is

l"i° =\uci) (6-8)
The factor of 2 is present because the circuit is differential with two sampling capacitors.

The equation for thermal noise for this OTA (shown in Figure 6.7), Oth, is

Oth =
->5ml \9m\J ogm7

(6.7)

The channel

(6.9)
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Circuit

Element

Generation

Step 3,4

Stack

Routing
Step 5

Placement

Step 7
Routing
Step 9

Compaction
Step 10

Time

(days)
Bias Mkstack V Puppy-A Road Sparcs-A 0.5

OTA Mkstack V Puppy-A* Road Sparcs-A 1.0

Integrator Mkstack y/ Puppy-A Road Sparcs-A 0.5

Comparator Mkstack V Puppy-A hand done 0.5

Latch Mkstack y/ Puppy-A Road Sparcs-A 0.5

D/A Mkstack V Puppy-A Road Sparcs-A 0.5

Clock hand done 0.5

Shift Reg. digital standard cells Wolfe [92] 0.5

Pads <Module Generator from D/A project> 0.1

Chip n/a n/a hand done Mosaico [7] | Sparcs 1.5

Table 6.16: Level of Layout Automatic E-A A/D Converter

Specifications Value

SNR 69 dB

/* 165 kHz

Table 6.17: S-A A/D Experiment Results

In this design since Vga —Vj is the same for all of transistors in the main current legs,

9mi = 9m7 = 9m, thus Equation 6.9 reduces to:

°'*=(4-4*T3^)5
The output voltage range of the OTA is

"range = ^ \ Vo,max ~ *o,min)

where V0,max = Vdd - 2(Vgs - VT) - 2Vsafety and V0tmin = Z(Vgs - VT) + 3V;a/ety. The factor

Design Phase Time Required

Behavioral model development 4 days
High-level optimization 15 days
Low-level synthesis 5 days
Layout generation 10 days
Extraction/Verification 5 days

Table 6.18: Design Times

(6.10)
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Clock Generator Shift Register

Bias Circuit

Bonding Pads

Latches and D/A's

Integrators

Figure 6.23: Layout of E-A A/D Converter

of 2 is because the system is differential. The output voltage range relative to Vps, then, is

y
' range

Uranqe —
VFS

(6.11)

Also, the output common voltage is

» nrm —

'o,mar T V0,min
(6.12)

In order to calculate the remaining performances, some device sizes must be cal

culated using

W 2Ileg(Lnmos —Lr)n) . AW
Wm~m *i(v„ - vT)» +AW"
w 2i/e5(Lpmos —Lr)p) ....wMs.m = k,{Vgs_VT)2 +AWP

W — ^leg(Lbias ~ Lpn)
Wm-M1° ~ K(vgs-vr)2 +AW«

(6.13)

(6.14)

(6.15)
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Figure 6.24: E-A A/D Converter Die Photo

The flicker noise for this type of OTA is

Vl/U

VJ,p

2-

2-

K ilL —In ^

Kfn

if A/n = 1

••• i — "/—Tr~ ' ~—i—j~nmj— otherwise

K2- famlV. .Qi_ —ln-^\9m\ / WM7{Lpmoi—Lpp)Cox fmxn if i4/p = 1
f1-/l/p_f1-'4/p

• ——, /"""— otherwise2.famiV.
\Sml / "Af7(^pmoa -E;;;,)C'c

Oi// = (*?//,, +v?//fP)*

A'
l£-

i->i /;>
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(6.16)

where Cox = ^^- Again, since the gm for all of the transistors are the same, J"* = 1 and
the equations are slightly simplified.

To calculate the slew rate, Isr, the capacitance at the output must be computed.

One component is the drain capacitances of M3-M6. These computations assume that the

transistors are interleaved in the layout, reducing the junction capacitance by approximately

a factor of two and virtually eliminating the sidewall capacitance. The design rule, Ldrain
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Parameter Description

vdd Supply Voltage

/« Nyquist Frequency
M Oversampling ratio
vFS Full scale voltage of E-A system
igain Integrator gain

•Lnmos Length of transistors Mi - M4, Mso - M57 of OTA
Length of transistors M2i - M22, M30 - M33

Lpmos Length of transistors M5 - Mg, M30 - M33 of OTA
Length of transistors Mq- M$, Mio - Miz of the bias circuit

•"bias Length of transistors Mg - Mi2 of the OTA
Length of transistors M40 - M43 of the bias circuit

LM44 Length of transistor M44 of the bias circuit
WM20 Width of transistor M2o of the bias circuit
Vgs-VT Vg3 —Vr voltage for the transistors in the gain stage
Iieg Current flowing through the transistors in the gain stage
Cs Size of the sampling capacitor
^safety Voltage above Vda where cascode device will be biased

Jmin Minimum frequency for flicker noise calculation
'•ratio Current ratio between Afil to Mg of OTA
•Kcl,m9gate Ratio between Ci and Mg gate capacitance of OTA
Rc\,c2 Ratio between Ci and C2 of CMFB circuit
Pleak Percent leakage current A/20 of the bias circuit

Table 6.19: Integrator Design Parameters

is the gate-to-gate distance of interleaved transistors. The drain capacitances are

n _ WM3r Cjo,n
W.M3 — —«—Jsdrain ' ,„ . v ~2 (1 + iacm.)mj,n

n _ WM5T ~
^d,M5 — —^—lsdrain

The capacitance of

'}Q,P

2 —- (i + JWf"

Another component is the series capacitance of Ci and the capacitance at the gate of Mg.

at the gate ofMg is Cg,M9 = ICoxWiu^hias - Lon)- Ci is taken as

Ci —Rcl,m9gatcCgtM9 (6.17)

There is also a fairly large parasitic capacitance associated with C\. Since this is only a

single poly process, the parasitic capacitance between the bottom plate of the capacitor

to the substrate is approximately the same as the capacitor itself. To reduce the drain

capacitance, the bottom plate for Ci was selected to be the node at the gate of Mg. Thus,
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Parameter Description NMOS device PMOS device

AWn,AWp Lithography width variation 0.25 fim 0.39 fim
lDn,I»Dp Gate Lateral Diffusion 0.10 fim 0.02 fim
vTn,vTp Zero-bias Threshold Voltage 0.608V 0.838V

KntKp Transconductance Parameters 130 fiA/V2 43 fiA/V'1

7n»7p Bulk Threshold Parameter 0.448 V* 0.497 V*

*oar Oxide Thickness 16 nm 16 nm

^sjo,n,^sjo,p Zero Bias Bulk Junction Cap. 0.11962- 10-3F/m* 0.53093 • lO-^F/m*
mJ,n,™>j,p Bulk Junction Exponential 0.4398 0.5074

phi Surface Potential 0.6 V 0.6 V

Kfn,Kfp Flicker Noise Coefficient 6.5 • io-'24y2F 2.1 • 10-24V'2F

Afn,Afp Flicker Noise Exponential 1.2 1.2

Akn,Akfv Transconductance Matching 4% 4%

avFB Threshold Voltage Matching 0.0623 fiVm 0.0623 fiVm

Table 6.20: Relevant HP CMOS26B Process Parameters

Parameter Description value

•"drain Length of Drain 3.0 ^m

"source Length of Source 2.5 fim

Table 6.21: Relevant MOSIS SCMOS Design Rules

Cg>M9 has in parallel with it approximately Ci. The total series capacitance then is

11

L̂ 1 CgtM9( 1+ Iratio) + Cl

The (1 + Iratio) scaling term is necessary to include the gate capacitance of Mn- The total

output capacitance is

Cout = CdfM3 + Cd)M5 + C'series +Cl + Cs

Parameter Description Value

k Boltzmann's constant 1.38 x 10-™J/K
T Temperature 300 K

Co Dielectric constant of vacuum 8.85 x 10-rzF/m
Hox Silicon Oxide dielectric ratio 3.97

Table 6.22: Physical Constants
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The slew rate, then, is finally

Isr = jr- (6.18)

where

Ci =
Cs

(6.19)
lgatn

Because each capacitor carries with it a parasitic capacitance of almost the same

value as the capacitor itself, this must be considered when choosing which side (top or

bottom) to connect to the OTA. Traditionally, top plates are connected to the inputs of the

OTA (a sensitive input node). This minimizes the capacitance at the gate and improves the

feedback factor. The bottom plate also acts as a shield from substrate noise for the sensitive

node. However, in this design, as an experiment, since the optimization at the low-level

showed that slew rate was a limiting factor (see Table 6.10) and not JT, the bottom plates

were connected to the input of the OTA, thus minimizing the drain capacitance, and as

such, improving the slew rate. Also, consider that the gain of this integrator is only 1/2.

For this low amount of closed loop gain, an increase in the parasitics at the input of the

OTA, does not affect the system too greatly (see Equation 6.20).

Figure 6.25: Location of Parasitics introduced by capacitors, Cs and C/

Figure 6.25shows the position of the parasitics. The side in bold on the capacitors

indicates the bottom plate. The extra capacitor adjacent to Cs and C\ depicts where the
parasitic capacitance is.

To calculate the time constant for the integrator, IT, first, the feedback factor
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is computed. It is

Ci -t CifPar -rCs-r Cs,par + C9tM3

where C9i\f3 = 2/3 •CoxWM3(Lnmos - I>Dn) and C/,par and Cs,par are the parasitic ca
pacitances from Ci and Cs respectively. Assuming that CitPar « Ci and Cs,par « C5,
then

/= £1
2Ci + 2Cs + C9lM3

From this,

Ir =^ '7 • (6.21)
The feedback factor for the common mode feedback circuit can be calculated in

a similar fashion. Again assuming the parasitic capacitor associated with Ci is about the

same as C\, the feedback factor is

2Ci + C5,M9(1 + Iratio)

The time constant for the common mode feedback circuit is

Ot,cmfb =— -7^- (6.22)
9m Jcmfb

The final of the nine performance parameters is the OTA input offset voltage,

00ff- From Equation 5.1,

yfoVFB
<?vt,n —

0vt,p =

WMl(Lnmos ~ Lon)

WM7(Lpmo8 - Lop)

From this

0*// - **,. +-j^rj-+—[°vt,p +"235-J (6'23)
To obtain a rough approximation of the active area suited for use as the objective

function in the low-level optimization step in Section 6.3.2, the area is taken as

area = WMiLnmos + WM7Lpmos (6.24)

All of the capacitors scale with this area.

Enough has been developed to solve the low-level optimization problem. However,

in order to generate the full schematic/spice deck for the OTA, integrator, and bias circuit,
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there are a few more expressions that need to be evaluated. Most of these device sizes are

direct consequences of the formulas above. For example,

WMll-Ml2 = IratioWM9

WM30-M33 = IratioWMS

WM0-M5,bias = Wms

WM21-M22,bias = Wjtfl

WM40-M43,bias = WM9

Wmaa = 2J/egi/M44 I AWWM44 k'n(Vga-VT)*+*Wn
The other capacitor in the CMFB circuit, C2 was chosen to be

Ci
C2 =

Rcl,c2

The value for i2ci,C2 of was simply chosen as a rule of thumb.

VG

VS4

Id

+

VS1

Figure 6.26: Diode bias chain

(6.25)

(6.26)

(6.27)

(6.28)

(6.29)

(6.30)

(6.31)

Finally, the widths of the diode connected transistors need to be determined. Fig

ure 6.26 shows the schematic with node names and currents for the diode chain. The tran

sistor widths can be approximated by solving simultaneously, Equations 6.32 through 6.35
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for W and V54.

Vn = VTo + -r(y/$+Vs~i- V?) (6.32)

Vu = VT0 + 'rW<t> +Vs4-\/$) (6.33)
&'(W _ AW)

lD = 2(n - 1)(L - Ld)[2{Vg ~Vsi ~Vn){ys4 ~Vsi) ~(Vs4 ~Vsi^ (6'34)
Id = k]^LZi^\vo-Vs4-Vt4)2 (6.35)

n is the number of diodes in the chain, n = 4in this case. For the NMOS chain, Wmso-ms7,
let

Id = Ileglratio

7 = In

k' = *;

** = Lnmos

Vto = VVn

Vsi = Vis - Vr + Vaafety

VG = 3(l^-Vr) + 2Vaa/efy + V;x

where Vtx = VTn +1n(\]<t> +2(V58 - Vr) +2Vaafety - Vt)

For the PMOS chain, W\fio-Mi3, let

Id = J/e0

7 = 7P

A:' = k'p

L = J-»pmos

Vto = Vrp

Vsi = 0

vQ = 2(y5S-yT) + V3a/e(y + vTp

Solving twice, then, Equations 6.32 to 6.35, one can obtain Wa/5o-M57 and Wa/io-a/13-

Finally,
w WM50-M57 (a ocv
WM30-M33 = j—; (6.36)

Iratio
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Note that this only yields an approximate solution. These values had to be increased 10%

to 20% to achieve the exact headroom voltage. This was verified through Spice simulation.

The last transistor length, Lm20 to be determined is the one for M2q, the leak

transistor in the bias circuit. For this,

T _(WM2o-AW)k' v x2, T
LM20 = ^ j (Vrfd -VTn) + LDn

2pieaklleg
(6.37)

Performance Description Equation

Ooff Offset voltage due to the OTA 6.23

Grange Output range of the OTA relative to Vps 6.11

Oth Thermal noise due to the OTA 6.10

Ou, Flicker noise for the OTA 6.16

Ugain Open loop gain of the OTA 6.7

It Time constant for the integrator 6.21

ISR Slew Rate of the integrator 6.18

IkT/C kT/C noise of the integrator 6.8

Ot,cmfb Time constant for the CMFB circuit of the OTA 6.22

area Active Area approximation 6.24

Table 6.23: Calculated Integrator/OTA Performances

These equations characterize the critical performances for integrator and OTA in

the E-A A/D design example. They also define all of the device sizes. Tables 6.23 and 6.24

summarize the two sets of results.

6.8 Conclusion

During the span of two months a E-A A/D was synthesized following the method

ology and sent for fabrication. The total design time was reasonable, and preliminary tests

indicate that the A/D converter is close to meeting performancespecifications. Future work

for the E-A A/D consists of further tests and the development of a testing methodology

which will attempt to speed up the testing process. One possible approach is to find an

optimal set of sine wave input amplitudes and frequencies in order to quickly characterize

SNR.



Parameter Description Equation

vocm Output common mode voltage 6.12

WM\-M4 Width of transistors Mi - M4 6.13

WM5-MS Width of transistors Ms - Ms 6.14

W\f9-Ml0 Width of transistors Mg - Mio 6.15

WM11-M12 Width of transistors Mu —Mi2 6.25

WM30-M33 Width of transistors M30 - M33 6.26

WM44 Width of transistor M44 6.30

WMSQ-MS7 Width of transistors M30 - M33 6.32-6.35

W\fO-MS,bias Width of transistors Mo —Ms in the bias circuit 6.27

WA/10-Ml3,6io* Width of transistors Mio - Afi3 in the bias circuit 6.32-6.35

LM20 Length of transistor M2o in the bias circuit 6.37

WM2l-M22,bias Width of transistors M21 - M22 in the bias circuit 6.28

WM30-M33,bias Width of transistors M30- M33 in the bias circuit 6.36

WM40-M43tbias Width of transistors M40 - M43 in the bias circuit 6.29

Ci First of two CMFB capacitors 6.17

c2 Second of two CMFB capacitors 6.31

Ci Integrating capacitor 6.19

Table 6.24: Determined Integrator/OTA Voltages and Device Sizing
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Chapter 7

Video Driver Design Example

7.1 Introduction

The design of a video driver system is the last example in our current set. This

system includes two major analog subsystems: a frequency synthesizing phase-locked loop

(PLL) and three current source D/A converters. This system is intended to be equivalent to

a RAMDAC [6] systemexcept that wehavechosen not to implement the static RAM lookup

table. This greatly reduces the cost, and should not degrade the worth of this example as

an experiment for the design methodology. In this system, the PLL functions as a clock

generator, synthesizing the various dot clocks required for different screen resolutions. The

D/A converters generate the output currents required for the red, green, and blue signals

to the monitor.

This system is more complex than the previous design examples. It contains two

large analog components and requires an extra layer of hierarchy. It also more closely

resemble large commercial systems. Its level of complexity is shown in Figure 5.1.

This is work currently in progress. We present it, because enough has been done

to show that hierarchy can be successfully used in this design, a key point to illustrating

that this methodology does work. The high-level synthesis phase is complete, showing the

use of intermediate level parameters and flexibility functions for the PLL, and the

use of a constraint-driven module generator for the synthesis of the D/A converters. The

low level optimization and physical assembly are only partially completed. What has been

completed will be discussed, and what still remains to be done will be discussed at the end

of this chapter, in "future works."
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7.2 Design Specifications

A block diagram of the overall system is shown in Figure 7.11. The specifications

for this system are broken down into several categories. This is shown in Table 7.1. The

Type Specifications Value

Performance Timing Jitter
Phase Margin
Frequency Range
INL of video signal
DNL of video signal

< 1%
< 45°

10 MHz to 130 MHz

< ILSB

< 0.5 LSB

Miscellaneous constraints on D/A output behavior.
Operation Supply voltage 5V

Technology Design rules
Spice parameters

scmos

HP CMOS34

Layout Input/output terminal locations, placement, etc.
Optimization Non-default flexibility function default
Objective for project Minimize Power

Table 7.1: Video Driver Design Specifications

critical performances that have to be met in this design are timing jitter, phase margin, fre

quency rangeof operation, and INL and DNL of the video signals. A module generator [80]

is used to synthesize the D/A converters. It is from here that we obtain the "miscellaneous

constraints." These constraints are not listed here. [80] contains a complete list. Examples

are constraints on glitch energy for one lsb code change and glitch energy for one msb code

change.

7.3 Synthesis Path

Figure 7.1: Video Driver System Hierarchy
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The design hierarchy for the system is shown in Figure 7.1. The first level of

hierarchy divides the video driver into its basic system components- three D/A converters,

a PLL, and a data and control path to handle the incoming pixel data as well as registers

to control the frequency of the PLL output. The D/A converter is broken down into two

parts: a current source array which contains both a linear array and binary array and a

control path for the decode logic and latches that are necessary for the operation ofthe D/A

converter. The PLL is broken down into a voltage-controlled oscillator (VCO), a charge

pump (CP), a loop filter, and several dividers.

7.3.1 High Level Synthesis

Unlike the previous design examples, three high level decompositions are required

in this problem. (1) The video driver system is broken down its subcomponents. (2) The

PLL system is broken down into its subcomponents. And (3) the D/A converters are

mapped into their subcomponents.

7.3.1.1 Video Driver System

The mappingis accomplished trivially at this level. Since the PLL and the D/A's

are fairly decoupled, performances map directly from the high level specifications to con

straints on the PLL and the D/A's. The constraints for the PLL are the timingjitter, phase

margin, and the frequency range. The constraintsfor the D/A are the frequency range, the

INL, the DNL, the miscellaneous specifications.

7.3.1.2 Phase-Locked Loop

The architecture for the PLLis shown in Figure7.2. It consists ofa phasefrequency

detector (PFD) which compares the input reference frequency (Fref) that has been divided

by m and the output from the voltage controlled oscillator (VCO) which has been divided

by n. The PFD controls the charge pump. The current from the charge pump goes through

a low pass filter ("loop filter"). The output from the loop filter is the controlling voltage

for the VCO. Finally, the output signal is the VCO output divided by k.

The intermediate level parameters for the PLL are shown in Figure 7.2. Given

a value for each of these parameter, a behavioral simulator is used to evaluate the perfor

mance ofthePLL [23]. Letting X{ bethe ith parameter (xi = K0, x2 = a\T, --xn = Ardiv),



Fref + M

Fout-«- + K

PFD

+ N

Charge Plump
f j LoopFflter

' 5> !

oj

r

a £
^"2 E=^

Figure 7.2: PLL Architecture
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VCO

and n be the number of parameters (n=14), and c, a list containing the additional param

eters from Table 7.1, the behavioral simulator is evaluates the timing jitter ((cr%T)system),
g, and the phase margin (0), h, as shown in in Equations 7.2.

(a&T)system = 9(XU x2,'' 'xn, c)

0 = h(xi,x2,--xn,c)

(7.1)

A set of constant non-critical parameters were chosen a priori to reduce the com

plexity of the problem. These are shown with their values in Table 7.3.

Flexibility functions following the general form in Equation 3.1 were built for the

parameters which are variables in the optimization problem. The "moderate" and "hard"

values are shown in Figure 7.4, along with the coefficients used for each of the optimization

variables.

The optimization problem is shown by Equations 7.3 where m is the number of

optimization variables, and where /,- and U{ represent lower and upper bounds for those

variables.

max YaLi flexi(xi)

S.t. (c\T)system(xl,x2,' ' 'xn,c) < (50ps)2 @140 MHz

^l,«2,"-^n,c)<45<>

U 5s £j < ui Vi = l..m

(7.2)
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Parameter Description

K„ VCO gain

°\r VCO timing jitter

*vco,satUp VCO upper saturation voltage
'vco,sati0 VCO lower saturation voltage
STT PFD State Transition Table

R Loop Filter resistor
C Loop Filter Capacitor
Ci Loop Filter Capacitor

Ip Charge pump reference current

*cp,satup Charge pump upper saturation voltage
Vcp,satlo Charge pump lower saturation voltage

Mp/Ip Charge pump reference current mismatch
Rout Charge pump output resistance
m Divider constant

Table 7.2: Parameters for the PLL Block

Parameter Value

*vco,satw 4.8V

*vco,sati0 1.8V

STT table

"cptSatup 4.8V

Vcp,sati0 0.2V

A/P//P 10% .

Rout 100 kQ

m 100 - 250

Table 7.3: Constant Parameters chosen for the PLL Block

As in the high level optimization for the S-A A/D converter (Section 6.3.1), the general

purpose optimizer, MiNOS [76], was not suitable. In this case, in addition to the problem

of "noisy" calculations, part of the infeasibility region in the optimization problem is where

the PLL is unstable. This is a region where the timing jitter is undefined. Since Minos

does not restrict itself to the feasible region while searching for the solution, it may wander

into a region where one of its constraint functions is undefined; this results in a failure. The

Supporting Hyperplane Algorithm [65] was used to solve the optimization problem. In this

approach, the search remains in the feasible region. Great care, however, had to be taken

when computing the planes. Since the feasible region boundary is often near an undefined



Parameter

Design Difficulty Coefficients

Moderate Hard a b c

K0 50 MHz 80 MHz 2.6 xlO"15 0 6.4

°\r 3.5 ps 1.4 ps 0 -2.5 XlO8 0.10

R 434 kn 868k Q 1.8 xlO"11 0 3.3

C 63 pF 126 pF 8.4 xlO20 0 3.3

Cx 63 pF 126 pF 8.4 xlO20 0 3.3

Ip 20 fik 200/zA 2.5 xlO8 0 6.4
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Table 7.4: Flexibility Coefficients for the PLL Block

region, finite difference points for computing the planes are chosen to be within the feasible

region.

Parameter Value

K0 40MHz/V

°\r (3.5psec)2
R 116 kfi

C 39 pF
Ci 5pF

Ip 11.2 fiA

Table 7.5: Parameter Selection for the PLL Block

The results from the optimization problem are shown in Figure 7.5. The resulting

value of the flexibility function was 4.16. Thus, this design is considered just a bit easier

the moderate (flexibility = 0).

7.3.1.3 Digital-to-Analog Converters

\ \

4x.

V'OtWo X^Q

64 current sources

Figure 7.3: Architecture for Video D/A Converters
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A module generator for video D/A converters [80] is used to generate the D/A's.

This was chosen over the one developed in 5 because of its suitability for video, e.g. the

generator considers the high current requirements for video. The 8 bit D/A converters have

segmented architectures consisting of six bits in the linear array and two bits in the binary

array. This architecture is shown in Figure 7.3.

7.3.2 Low Level Synthesis

The low level synthesis phase consists eight parts: D/A array, D/A control path,

PLL VCO, PLL CP, PLL Loop Filter, PLL dividers, video driver datapath, and the video

driver control path. Components of the D/A are not discussed, because they are generated

within the module generator. The digital video driver data and control paths are uninter

esting from a synthesis point of view. The PLL CP and loop filter have not been developed.

The remaining two, the VCO and the PLL dividers, will be discussed.

7.3.2.1 VCO

Bias Delay Cell

W5/L5 W5/L5 W5/L5

W3/L3 W3/L3

£
W3/L3

In+H fit/L2 W2/L2~hl_ _

Out ~Out+

Dl Vin

Wl/Ll Wl/Ll r Wl/Ll

Figure 7.4: Schematic for the Delay Cell in the VCO

Probably the most significant component of the PLL is the VCO. The VCO is

comprised of a series of cascaded delay cells. The schematic for the delay cells is shown in

Figure 7.4 along with its bias circuitry.
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The design constraints for the VCO are a subset of the constraints from high

level optimization results in Tables 7.1, 7.3, and 7.5. These are listed in Table 7.6.

Performance Value

Frequency Range 10 MHz to 130 MHz

'vco,satup >4.8V

*vco,sati0 < 1.8 V

K0 = 40 MHz/V ± 10%
°L < 3.5 ps (@ 135 MHz)

Table 7.6: Design Constraints for the VCO

For this circuit, the most critical devices sizes are Wi, Li,W2, and L2. These will

be the design variables. The objective for this problem is to minimize power. Equation 7.4

shows the optimization problem statement.

min power(Wi,Li, W2, L2)

s.t. Vvco,satlo(Wi,Li,W2,L2) < 1.8V

VVC0,satup(Wi,Li,W2,L2)>4.SV

K0(Wi,Li, W2,L2) = 40MHz/V

<rlT(Wi,Li,W2,L2) < (3.5p$)2 @140 MHz

7.3.2.2 PLL Dividers

i—^ [^3 r-^[^6

D

Figure 7.5: TSPC Negative Edge Master Slave Flip-Flop

(7.3)

-Q

A performance requirement of 130MHz is required for the two dividers in the

PLL loop. They are two identical programmable 8 bit dividers. To meet the performance
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requirement, a faster family of logic was employed for the flip-flops. True single phase

clocking (TSPC) logic [105] was used. A example of a falling edge master slave flip-flop is

shown in Figure 7.5. This type of logic is also used in the video D/A digital control path.

A schematic for the programmable 8 bit divider is shown in Figure 7.6.

^DrfiZbr^
• Indicates late arriving signal

Ms Output •
Divider Output

Figure 7.6: Programmable 8 bit Divider Schematic

7.3.3 Physical Synthesis

Currently, all of the layout has been completed except for the analog portions of

the PLL. A VCO cell generator has been written, but it cannot be used until the low-level

optimization phase for the PLL is finished. This section contains discussion on the layout

interesting sub-blocks.

7.3.3.1 VCO
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Delay Cells

Switches
Bias Cells

Figure 7.7: Layout for VCO

The layout for the VCO is critical. Much of the nonidealities result from this

stage. A layout cell generator has been written the VCO. The program gives the user

control over the sizes of the various power busses, the number of components per row, the

location of the switches, and the various transistor sizes for the input, triode, mirror, and

switch transistors. A sample output is shown in Figure 7.7.

7.3.3.2 Digital Datapath

The layout for the register file (digital datapath) was done manually, because it

is wire limited making it unsuitable for standard cells. An 8 bit slice of the floorplan is

shown in Figure 7.8. Nine slices are tiled horizontally to form the complete layout shown

in Figure 7.9. At the top is the address decoder and the clock generator. The address lines

run horizontally across the cell. The two phases of the clock and their inverses run over the

flipflops vertically. Also vertically running over the flipflops are the 8 bit output lines for

the register. There are separate substrate and power lines to limit the amount of coupling

from the digital switching to the substrate. A 4-to-l multiplexor is shown at the bottom of
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Dl
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Figure 7.8: Register File Floorplan

the cell to switch between two registers, a blanking signal, and the data input lines. Output

buffers have also been placed on all of the digital outputs so that the signals can be driven

across the chip to the D/A converters and the PLL.

7.3.3.3 Video Driver System

A preliminary layout for the chip is shown in Figure 7.10. The diagram shows the

locations of the major components. The future location for the phase frequency detector,

charge pump, low pass filter, and VCO is shown in the lower left hand corner. The active

area for this chip is much larger than the active areas for the first two design examples; it

is 8.0 mm2. The entire chip area is approximately 12.5 mm2.
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Substrate Vss

Address Decoder

Clock Generator

4 to 1 MUX

Control
Signals

Figure 7.9: Register File Layout

7.4 Testing

The D/A converters will be tested using the test methodology developed in Sec

tion 5.6. As before, process mismatch will influence the INL and DNL of the D/A converters.

These will again be extracted.

7.5 Conclusion/Future Work

The general design flow for the video driver has been presented. With respect to

design and physical synthesis, this project is close to completion. The following steps are

required: (1) perform low-level optimization for the VCO; (2) synthesize the layouts for

the phase frequency detector, charge pump, low pass filter, and VCO; (3) add the PLL

to the chip and re-route; and (4) extract and verify. The two more interesting points in

these steps wiD be the optimization strategy used for the VCO and the use of performance

constraints in the automated layout generation of the PLL. The chip will be fabricated, and

a test circuit board will be built. With the fabricated parts, measurements will be taken to

verify performances. Research will also be conducted to expand the D/A test strategy to
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Register File

Two 8-bit
Programmable Dividers

Two 3-bit dividers/
9 to 1 Multiplexor

Bonding Pads

PFD/CP/LPF/
VCO Location

Figure 7.10: Preliminary Video Driver Layout

incorporate the complete video driver.

Video D/A Converters
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Chapter 8

Conclusion and Future Directions

8.1 Conclusion

Presented has been a new design methodology for analog integrated circuit design.

This methodology is aimed at reducing substantially the design cycle of complex analog and

mixed analog-digital systems while maintaining or even improving the performance of the

final design. A hierarchical approach with early verification and constraint propagation

is favored as a way of achieving this goal. The tools, developed within the top-down,

constraint-driven paradigm, are the product of the continuing long term effort to meet

the design needs of analog integrated circuit design. To show the feasibility of such an

approach to doing design, large design examples have been presented. Unlike many other

methodologies that have been proposed in the past, we have taken our design examples

all the way from the design synthesis path to testing to show that our methodology and

tools can actually be used in practice. Most other methodologies have stopped short of

fabrication, leaving it up to the end user who wants to use their tools to prove that it can

actually be used in practice. One of our goals has been to eliminate this uncertainty.

This work has shown the methodology's potential in its ability to systematize

design and speed up the design process. It is hoped from this work with its two completed

design examples and the one in progress, from the discussion of the methodology, and from

the discussion on its tool set, that this methodology will gain acceptance and be adopted

by the design community.
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8.2 Future Directions

Future work in the the development of this methodology will undoubtly include

refinements to this approach. One way to make these discoveries is through the pursuit of
even larger design examples. Not only should they be larger, but a wide variety of circuits

should be examined. If all goes well, it should be easier to demonstrate the effectiveness of

this methodology in larger systems. These are systems in which the complexity level can

overwhelm traditional hand design, and, therefore, will absolutely require computer-aided

designs tools for design management.

Immediate work, of course, is the completion of the Video Driver system. One

possible area for the future is in RF circuits. The share of the RF circuits for mobile com

munications in the semiconductor market has dramatically increased over the past years.

The designof RF systems is being done at high level, where decisions have to be made about

the partitioningof the constraints among the various high level blocks, mostly heuristically,

using designer's expertise. We are proposing to fit the design methodology into the re

quirements of such RF systems, and as an example we can start with a direct conversion

CMOS transceiver. The methodology should accelerate and make design more systematic

to handle the complexities involved. The tool set will also grow, because in order to work on

this RF system, behavioral models will have to be built, and chances are new optimization

algorithms will have to be developed as was necessary for the A/D and video driver design.

This methodology will only evolve from doing new designs to constantly challenge

it. The field of analog integrated circuit design is constantly changing. In order for the

tool set and the methodology to not become obsolete, the designs chosen must follow the

state-of-the-art in analog circuit design. Our research group is dedicated to doing this. The

primary goal of research in analog design methodologies will be to do design, design, and

more designs.
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