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ABSTRACT

Performance of analog and radio-frequency (RF) integrated circuits is highly
sensitve o layout parasitics. Layout-induced parasitcs must be optimized to achieve
desired circuit performance. This dissertation surveys the previous analog design

Jgorith thi

can automaically conduct template-based parastic-aware retargeting and optimization
for analog and RF layouts. Piccewise sensiivities are deployed 1o represent the
dependence of performance with respect 1o layout parasitics. The algorithm then uses
these piccenwise sensiivities 1o control porasitc-related layout geometrics by dircctly
constructing a set of performance consiaints, subject 10 the maximum allowed
‘performance deviation. Different rom previous approaches that only consider parasitic
resistances and wire-substrate capacitances, parasitic inductances and wire-coupling
capacitances are taken into account to enable successful layout rtargeting, in paricular
when handling RF layous. The formulated problem is solved using graph-bascd
techniques, combined with mixed-ineger nonlinear programming (MINLP). The

proposed methad s incorporated into a template-based layout design tool called IPRAIL.

Th et for generating
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1. Introduction

‘The demand for smallr, cheaper, more portable electronics has been significantly
increased in wireless communication and consumer electronics. This demand molivates
the semiconductor indusiry 10 move towards the technology of systems-on-chip (S0C).
“The SoC applications accelerate the growth of mixed-signal integrated circus (ICS),
“Thas, multiple functional sub-blocks including digital, analog, and radio frequency (RF)
circuits, which used 10 reside in separate chips, can be integrated into one chip. The
‘analog porion in mixed-signal designs is inevitable due 1o the nature of continuous

signals in the extemal environment. Powerful CAD tools and cell-based design

ciruits. However, up o0 now, analog circuit designers still have 10 spend an cxtremely

" " W nontrivial

1.1 Background

For mixed-signal IC designs, even though the analog potion may occupy a very
small fraction of the total chip area, it is often responsible for design crrors and
h With traditional

log d thods, d i o fo

ensure radeoffs among the major design goals such as gain, bandwidih, noise reduction,




stabiliy,

dependent on the high-level expertse of experienced andlog designers. Due 1o the
complexity of anslog performances with respect 10 layout geometries, layout-induced
performance degradaton is more significant with the advancing procss technologies.
The performance functions with respect 10 layout parameters (e, inercomest
parastics) are mor difficult o be optimized compared to the case of digial designs.
Moreover, radio frequency (RF) is advocated due to the large demand of high-specd IC
products. At radio frequenecy, parasitic inductive impacts and wire-coupling capaciive
effects become very signiicant in affecting the layout performance, besides the
resisive/capacitive parasitcs considered for lower-frequency anslog designs. This, the
performance functions with respet o layout-induced parastics are more diffclt t0 be
modeled in the RF domain. Using the current analog/RF design ools,  marketready IC
design typially requires unsystematic exhausting itrations among constraint ediing,
performance optimization and layout generation, since an inital optimization usually

brings DRC (i, designrule-check) emrors or performance fuilures. As a whole,

amlog RE avomat i forthe i soc
market

Recently, signficant progress has been made in analog otimization methodologis,
which il imo two categories: macro-cel based physical synihesis (e, device-
sencrtion, placement nd routing) and tmplate-bascd layou rtrgeting. For example,
(1215) introduced seversl anlog tols that automaticaly synhesize anslog circits

while meeting desired performance specifications. However, these ools only considered



the device sizes and biasing as fuctors that affect circuit performance (e.g, no
consideration o parasitcs or layout structures), which is_insuffcient for high-

performance analog layout design.

Morcover, since semiconductor manufacturers continue o update technologies
towards cven smaler transistor feature sizes (¢, from 0.18um to 0.13um, from 0.13um

10 90nm, etc), people have to migrate exiting mixed-signal layouts in an original

technology properties and insufficient analog CAD toals, the process of migration

typically means a tedious re-design of new layouts. For

gital layouts, intllectual

property (IP) reuse can be readily realized by simply adopting the scalable cel libraries

nd VHDL

or Verilog d anew process. H he
experience  full cyele of redesigning from scrach since analog IP reuse is not availabl.

In order 10 speed . powerful tools

JogRF.

desiign to gain better functionaltes (., performance retargeting). To avoid a completc
re-design of layouts,  template-based retargeting algorithm (4] was proposed as o

Solution 10 reuse the expertise extracted from an input layout, during the target-layout

compaction.  moderate mumber of
(e:g, constrints related o intercomnect parasitics, device matching and symmetry) are

added into an extracted template 1o form an updated template. A target layout can be



quickly generated afler solving the updated template. However, the template-based
returgeting method as proposed in (4] fils o take into account the performance

degradations due o layout paasi

12 Contributions

It is worth mentioning that a successful analog/RF layout design methodology
typically features satsfuctory performance goals, effcient solving, aceurate and global
parasit control, as well as high-level design automation. This dissertation introduced a
performance-driven template-based layout retargeting algorithm for analog and RF
layouts. Compared to some previous methodologies, the major contributions of this
dissertation o

1. A solution of RF layout retargeting is designed by applying a lumped RLC
interconnect model, and incorporating self inductances, mutual inductances and wire-
coupling capacitances nto the formulation [5];

2. Acsurate performance sensitivities due to parasitics are applied by adoping @
piccewise-sensitivity model 6];

3. Global performance optimization s achieved by replacing the imposed parasitic
‘bounds with the proposed performance constrsints [7][8]:

4. A mixedinteger nonlinear formulation is constructed for the parasitic-aware
problem which s solved by a powerful MINLP solver;

5. Experimental resulis on several analog/RF designs verify the layout quality




1.3 Structure of the Dissertation

‘The rest of the dissertation is organized as follows. In Chapier 2, we present

of prior analog/RF logies. In Chapter 3, the

A

discussd in Chapir 4. Chapier  inroduces a performance-constrsined parsiic-aware
retargeting methodology for analog layouts. The RF retargeing method is presenied in
Chapier o in Chapier 7.
Mor )is given in Appendix
' ayous.Finlly, the

the dissrtaion rescarch, are listed in Appendix I1.



2. Survey of Analog Layout Design Automation

This chapir surveys various methodologis and design tools for analog design
automation. I order 0 beter condue th ltratur review, mportant trminology is
defined. Then commercial and acadeic developments fo anlog design automation re
discused, Inportant layout ssues ofparasite symmetry and matching are slso sudied s

a preparation forthe later chapters.

2.1 Terminology

In order to previous work

® Circuit Performance

Elcctrical functionality of a circuit. It is used to evaluate the ffectiveness of circuit

theac
o Constraiats
The requirements which the soluton to an optimization problem s subjct to
meeting

© Interconneet Parasitic Models

components of

© IPRAIL



A parasitic-aware automatic layout optimization and retargeting tool [4] (9] The

® Layout Tike
A ectangle on a layer within a layout. A net of a layout is composed of a st of
ayout iles
® Layout Generation
Layout formulated

® Parasitic Upper Bound.

An upper-imit value of a certsin parasitc that ensures the baseline of certain
performance specification

® Performance Sensitivity.

‘The dependence of circuit performance with respect 10 circul parameters (c.&.
current and voltage) or layout parasitcs.

® Performance Deviation

“The variation of ciruit performance duc (o factors such as temperature, operating

frequency, o layout parasities

2.2 Literature Review

log d of vitl integrated circuits

and application specific integrated circuits (ASICs) [9). Commercial computer-sided

design (CAD) tools have been developed and widely used in the digital IC domain.

"



H . from
available commercial analog CAD tools. In natre, analog design is more difficult than

the digital one due to the complex analog performance degradation. Analog design

ransistor feature sizes. In
the following, a survey of analog/RF layout automation is presented in Section 2.2.1, for

nd 222,

2.1 Industrial Development

Decades ago, mature digital CAD tols were developd and widely used i ndusy.
but no commercal CAD tools wee avalble for anlog design atomaton. Thas, the
anlog loyouts were desgned in 8 tradiional handeraied mamr, With the growing
demand of largersizd mixed-signal IC products, handerafed analog design methods
lead 1o unsceepable time-o-market, The aalog poton usally accous for the
overspending ssus e 5. excessive designtime) o mixed-signa I desgns

n order Jog automat ) anslog CAD

tools have been developed recently by CAD companies such as Cadence Design Systems
Inc, Synopsys Ine, MentorGraplics Inc, SpringSofi Inc, etc. The Cadence Virtuoso

platform features full-custom IC design, which has been the most powerful digital and

‘mixed-signal IC platform for industrial applications. To update the traditional Virtuoso
platform with improved analo/RF capability, NeoCell and NeoCircuit (detailed in the
latter part of this section) have been integrated into the overall Virtuoso IC design flow.

Synopsys Iy in terms




of powerful anslog simulators such as HSPICE [10] and HSPICERF [11], Moreover,
Synopsys DesignWare® [12] provided a set of ndustry-ready anglog IPs such as Analog-
to-Digital Converters (ADCS) and Digital-o-Analog Converters (DAC). To overcome

the erifcal time-to-marke issues du to more complex

log designs, Menior Graphics
offered an IC Stationt® layout suite [13] with a complete analog design flow. This tool

suite i able to perform fust device gencration, schematic-driven placement, automatic

routing and post-
the-fly DRC leading o reduced time-to-market, and the capabiltes of performing ECO
(., engineering change order). SpringSoff offered a custom layout system called Laker

[14) that applis a consi

edriven layout generation flow and templte-based device
senertion. Morcoer, it feaures conrollble automation, which allows desgners o
interact with Lakertocontro the design sutomation. Since Cadence Virtoso s the most
popular 1€ platform in indusry, NeoCel and NeoCircit that ar incgrated nto his
platforn e detsiled i the following

NeoCll[15] and NeoCiruit (1] were developed in 1999 for achiving automatic
anslog/RF circut siing, performance optimization and loyout synthesis, Recently,these
100l suites have been intgrated into the Cadence Viruoso fullcusom 1€ desgn
plaform. The Neo products have been widely used for analog/RF design stomaton in
the mined-signal I industry forsvers years.

Virtuoso NeoCireuit i ableto utomaticaly rsize and optimize aalog and RF cell
Schematis uing the desgner’ simulstorsof choce, NeoCircit it captres te devie
eltonships fom a el schemati. Based on th captured devie informatio, muliple

simulations, such as Transient and AC, can be conducted using the designer’s simulators

9




of choice. Desigs allowed t specify a st (e, 4C gain,
phase margin, <te). These performance goals wil be enforced in the optimization

NeoCircuit features both global and local optimizations. By dictating the inti

relationship between design objectives and analog parameters (e.2, voliages, currents

resistance, and capacitance), @ global cptimization can be conducted (o meet most of

desi

n gouls while minimizing power. However, some goals may not be met afer a
‘lobal optmization since performance of analog/RF cirui i very senitve (0 physical
effcts To meet al performance goals,  local optimization can be conducted with a
focus of improvingthe fled performancs due to  global optimization. For most small
sized or medium-sized circuits, all design goals can be achieved afier 4 local
optimization. As & whole, NeoCircut i able o optmize and size analow/RF clls 1o meet
designer’s performance goss. The optinized csl schematics by NeoCireut can then be

constructed a5 a library of reusable asalog, intellectual property (i IP). To beter

the NeoCireuit design

en example of circuit optimization is given as

shown in Figure 2-1 and Figure 2.2

natic of  two-stage operational amplifier

2






A small two-stage opamp as show in Figare 2-1 was optimized in 8 gpdk1S0
proses tchnalogy. Afe the devicerelationship extracton and simulations, designers
can spesify a st of performance gosl as shown in Figuee 2:2). For exampl, the
specificaton is > 55 48 for AC gain s > 45 dB forphase margin Fgare 2-20) shows

the summary of achieved performances aftr the global optimization. Most performance

were met,
(e:2, AC gain and phase margin in the graph) have yellow or red boxes indicating they

were failed ones. To improve the filed AC gain und phase margin,  ocal optimization

20,
et

Virtaoso NeoCel i able 1o ranshte a st of el schemaics into n fllcustom
optimized layout with userimpored consennts. These constrants nclude wire style,

lacement and

routing in an sutomatie or interactive manner. Moreover, NeoCell is able 10 achieve
process migration and performance retargeting by performing an ECO (i, Engincering

Change Order) flow as shown in Figure 2-3.

Figure 23 The ECO flow of NeoCCell[15].



To beter NeoCell design flow, h ho

in Figure 2-4(a) was translated o a full-custom optimized layout. Afler the module.

Figure 2-4(b). For example, for wiring-style constraint, the imposed usage policy is
minimizing i Figure 2-4(b). With designer-imposcd constraints, automaic placement and
routing were conducted to generate a target layout. The generated layout afler an
automatic placement s shown in Figure 2-5(a) and the fnal layout afler a rowting is
shown in Figure 2:5(5).

However, DRC (i, design rule check) and routing errors usually oceur after an

tomatic layout synthesis. M "

" il

0 meet their specifictions afe the inial teration of sutomatc synhesis. Fixin these
mors requires time-consuming teatons of re-modulegeneration, r-consirsning re-
plcementand re-routing

Morcove, the ECO flow requires considerabe teations of re-constrsning and re-
layout during process migration o performance retrgeting. DRC erors and postlayout

performance loss usually occur during process migration or performance reargeting

because s ar 1 r
han in global manner. Fo example,the NeoCell modsie generation is prasiic-aare
but the placement and routing are not. Thus,fixing th layoutinduced performance loss
e 0 ECO requires time-consuming and rror-prone teatons between opological

and physical design phases, solely dependent on designer’s experience.






Figare 2.5 (s) A layout gencrated af matic placement by NeoCel, (5) 2
Iayout aftcr 2n sutematic routing by NeoC
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by hicrarchical

structures For instance, automatic synthesis of operational amplifiers

opamps

0]
and data converters in [20], These synthesis engines meet some design aspects of analog.
ICs, but their effectiveness is only verified for some specialy characterized circuits,
which sacrificesthe input generality.

Several other CAD tools as introduced in [21][22](23] were developed to automate
the generation of analog layouts. However, they sacrifice the expertise owned by
experienced analog designers. The analog layout synthesis tool in [21] uses 2 top-down
template-based design approach. This approach uses a fine-tuned layout as the inpu o
quickly generate a target layout with good quality. However, for a different design,
considersble coding must be re-conducted to generate another specific template, which
actually results in excessive design effor. Meye Bexten et al. developed a rle-based
analog layout system called ALSYN [22]. This system spples o rle set 1o control the

quality of the generated layout but the flow greatly depends on context orders. ILAC is

proposed in [23] as & CAD tool th
for analog CMOS circuits. Simulsted annealing and slicing structures are used 10

faciltae automatic placement in /LAC. However, this ool has difficultis in gencrating

Iayouts, since it directly from the

digital layoutstyles and uses them i the analog field.




Malvasi et al. proposed a fully integrated constraint-driven analog layout system

[ "

on parasitics and geometric parameters. Then some specialized layout engines use these
bounds to drive stack generation, placement and routing. However, the parasitic bounds

derived from the specification are generated solely based on simulations without

considering the particulaity of layout geometrics. Thus, the extracted bounds are not
accurate and this straightforward translation may render viable parasti optimizations
over-constrained or even unsolvable. Beyond the basic functionaity provided by

KOANANAGRAM-II [25) handiing device-level layout automation, LAYLA. (26]

layout design. This tool takes advantage of simple module generators and evaluates the
predetermined sensitivites with respect 10 an intermediate layout solution n the layout

generation process. Although it is sble to handle all the possible geometry-sharing

are difficult 10 be obtained in the placement and routing stages. Moreover, those device-

expertise.

For reusing designer's cxpetse,  layout synbesis ool called ALADIN [27] was
developed to incorporse designers” knowladge ino the syntheis proces. This tool
appics  flexble sratgy of mdule gencraton such that dsigners can build arsble
modul then be simply

represented in the generated layouts. Nevertheless, this tool can only handie small or



medium sized anslog ciruits, and complex performance and manufacturability
constraintsare not considered.

»

based ool called IPRAIL (ic., Inellectual Property Reuse-based Analog IC Layout
Automation), which automatically retargets existing anslog layouts for technology

migration and/or updated specifications [4]. This method realzes analog IP reuse by

setof

embedded layout, Unfortunately peformance consideation is ot included in that work.
As & matte of fact, layout geometries of device matching and symmetry, interconnect

parasitcs, thermal, and substrate cffects can significantly impact analog. circuit

performances (28][29) forthe success of
‘anslog design automation.
Mor was 130] for analog cells.

“This method features minimization of the iteraions between electrical synthesis and
physical synthesis. It handles the parasitic-sware sizing and the geometry-constrained
sizing in @ global way. However, this approach has dificultis in a global compaction of

large designs with many analog cells, since no general solutions of hierarchical

decomposition and specificaion transmission for analog designs are availabl. A layout

tool called ALG, which can conduct hicrarchical module generation, placement and

“This tool takes

‘advantage of performance sensitivities to control parasitic capacitive effects as well as

parasitic mismatch n the layout synthesis. Unfortunately, this work filed o handic
parasitc resistances and inductances, which are critca in degrading circut performance

E



for high-performance analog/RF designs. Morcover, the advocated _performance

sensitviies are generated solely by the developed simulator called YASA, and no

consideration p ges
of a parasitic value (e.g, a sensitvity of AC gain is 14B/pF when a parastic capacitance

is within S pF, 3 dBpF

Layout parasites arise from transistor source and drain capacitances, interconneet

resistances, wire-substrate capacitances, wire-coupling capacitances, and interconnect

inductances. These parastis significantly affect analog/RF circuit performances such as

ssues must be clearly

ain, bandwidth, phase margin, gain margin, ctc. Thus, parasit
addressed inthe analog/RF layout generation process.

Zhang et al. further proposed a parasitic-aware optimization flow as an effective

I that work.

o crste & symbolic template involving Moorpln, symmetry, and devicevirng

ignment information. Mathematicaly, the symbolic templae is represented by a set of

constraints o the target-layout geometry. Parasitic bounds, which can be used 10
constrain comesponding geometric. expressions, are manually o semi-automaticaly

imated generation. These bounds are then used to control

related layout symmetries towards minimum layout arca and satsfactory performance.

Tayout, subject 0 the template is
formulated and solved using graph techniques combined with nonlincar programming.

However, the flow. Fi

coupling capacitive impacts arc not involved in the parasitcs optimization, which

ndl



are enforced separately without considering their corelationscancellatons in affecting

which Thily,
15 3 separate stp, the parasiic bounds are gencrated befoe optmizaton. So the
parsitc rolacd. geometry limits may overconsirin the problem and render it
unsovable

c " A caps

10 the success of purasitic-aware analogRF design pasicularly at radio frequency

[321[33]. The performanc of R designs is normally measured by S-parameters, noise

figure (NP), and nonlinearity, maily in terms of the 3rd order intercept point (11P3). A
lower frequencies, performance tends 1o be less sensitive with respect o parasitc
inductances and wire-coupling capacitances, compared 1o the parasitc resistance
counterparts. However, at higher frequencies, inductive and wire-coupling capacitive
parasitcs may cause significant signal degradation (e.g, signal delay, crosstlk, inging,

Nections and (331 Due o frequency, the parasitc

significant
in affecting RF circuit performance. Thus, inductive parastis (., self and mutual

inductances) and wire-coupling capacitances must be controled 10 avoid malfunction of

RF designs,

2.3 Important Layout Issues

Analog/RF ciruit performance is mostly dictated by layout geometric topology and

device

' [4]. These layout geometries are in the form of interconnect parasitcs,



devicefparasitc maching, device/parastic symmetry, current densit n intrconnects,
thermal effcts, substrae effects (34] (35, tc. The focus of this disseration is layout

parasitcs, symmetry, and matching.

231 Layout Parasities

layouts. For
analog layouts, paasti resisance and capaciance must be restricted within certain
upper bounds o control their impac on iruit performance. Ignoing parasiic ssues in
anslo layout design usualyresults in malfunction of anslo 1€ products.

With advanced process echnologies, the delay of transistors s decreased due 1o

smaller transistorfeature-sizes. However, due 10 the growing density and increasingly

complex multi-layer wiring structure, the interconnect delay does not follow this trend
[36]. For instance, in 0.18 ym process technology, interconnect delay can occupy almost

70% of the path delay, and the physical capacitance due 10 interconneet capactance can

oy M
processes (¢.g, 180nm and 90nm) advocate complex mulilayer metalization wiring
structures with advanced dicletric- materals (37). The  congestcd. thin-and-long
interconneets usually come with low voltage and fastclocking edges. For mixed-signal

designs, it these long wires can b

and crosstalk. Ths,circuit simult before a physical

design phase t0 accurately analyze these effects. Morcover, early estimation of sensitve.

induced

parasitic. components i very significant 1o avoid relayout due 10 @ parasi



performance loss. To achieve a global analog physical design, parasiic impacts
represented by relted layout geometries must be incorporated o the physical design
formulation.

Moreover, the demand of high-speed IC products accelerates the growth of RF
layous. For designs at igh frequency, parasitc inductive impact becomes a critcal issue.
especially when interconnects have large currents [38]. Wire-coupling capacitances are
increased dramatically due to the advocated dense wiring schemes i the modern silicon
technology. At radio frequency, parasitic inductances or wire-coupling capacitances can
be as sensitive as ther resistance counterpart o even more sensitive [39]. For example,
the sensitive self and mutual inductances cause severe signal ringing and inductive

crosstalk between the signal paths. Since most of the interconnecting wires are much

smaller in current processes, the becomes
‘compared to gate delay. Thus, traditional RC parasitc extracton is insufficient to model
interconnects in RF layouts. Complete RLC interconneets must be considered for

achieving desired layout functionality 1 RF.

23.2 Layout Symmetry and Matching

Device matching and layout symmetry are of the umost imporiance (o high
performance analog and RF circuits (41]. The threshold voltage, mobility and current-

factors of MOS transistor are affected by process variation, dopant concentration and

finite

mismatch due o asymmetry in layout structures or locations of transistors which are




designed o behave identically. Such mismatch drastcally affects analogcrcuit

performar offsets, lower common-

mode reection. These mismatch effects beome worse in modem technalogies with
smaller device sizes and reduced voltage swing.

In order seome

some layout sructures are required to be matched. Structures of differental devices and
symmetrc interconnect wires should be placed identically 10 avoid & mismatch (e,

wire_lengih! = wire_lengih?). Matching a pair of devices or wires by a rato is also

0.5<structure?

required at times (¢, siructure as discussed in 28] [40]. Moreover,

large analog layouts with multple functional cells may require not only matched

transistors, Concretely, - fora
cell-matching constraint are required to be placed symmetrically o ensure their similar
effects regarding processes and temperature.gradients. Meanwhile, the matching of

passive devices (c.g, on-chip resistors and  capacitors) in large analog. layouts

ien per as well ive devi be placed

Besides the matching of device and layout cells, interconnect wiring structures are
often required 10 be placed symmetrically with respect 10 one or several common axcs
[43). Matching these layoutinduced parasitics is very important o minimize the

performance sensitivity to such parasitcs. Failure 1o do so may bring higher offset

voltages, larger power-supply reject . For
example, certan large performance seasitvity due to two individual parasitics within a

differental pair can be reduced to almost zero if both member parasitics are matched.

3




which

are supposed to be identical by design, are always forced to vary similarly in the layout

2.4 Summary

In this chapter, a literature review of prior analog design methodologies was

presented. Previous atempts for analog/RF layout automation were surveyed. Moreover,




3. Fundamentals of Template-Based Layout Retargeting |
Performance of analog’RF integraced circuits is significantly affectod by layout }

parasitics, including both device and imterconnects parasitics. The focus of this

pretiminary

reporicd

9] i, called PB-RC hereaficr). PB-RC is 2 systematic method of layout gencration for

techrologs nd which is an tothe
parasitic-aware layout retarpeting problem. To ensure the desired circuit performance.
parastic bounds sre determincd from simulations first. These bounds are wsed 1
constrain the related layout geometries while retargeting cuising high-quality layouts
‘scross new technology and new specification ses. The problem s solved using # graph-
‘based algorithm combined with polinear programming. Before illustrating the proposed
performance-constrined analogRF retrgeting algorithms, the fundamentals of the
preliminary work are overviewed in tis chapter.

31 Template-Based Layout Retargeting

“The template-based layout design method was first introduced in [44]. Template-
based layout retargeting. which is an optimization process, refers 0 the gencration of &
target layout from an existing one [9] by solving a layout template. This proces s

apecially

retargeting. Within the retrgeting process, 3 set of consiints comesponding fo

3



sy e
an cxiting fin-tuned lyout. These consiraints are maintained during the optimizaion
process o force the target layout (o rtan foorplan, symmetry and other propetis
wned by the original layout whilesill mecing other updated constaints, The parasii-

exclusive retargeting problem can be formulated as a general layout compaction problem

“The goal o the
retargeting is o generate  target layout with the minimum area, while meeting a
‘complete set of constraints (i, the updated templte). For instance, the layout template

for the horizontal direction is illustrated in Figure 3-1 and the template constrains are.

mathematicaly rpreserted ss:
Minimize  (xp-x), @n

Subject o X, -, 2 LB, 62

63

64

where iy and 3, represent the rightmost and lefimost edges of the target layout, and

and ) in (3.1)43.4) comespond to le¥right edges of layout rectangles or  symmetry.

axis. In Figure 31, x 10 ;7 are horizontal coordinates of rectangle edges, while x s the

symmetry axis. Eqs. (3.

and layout symmetry. For instance, r, - x,22 is @ minimum-width constraint,



-3, = EBia a fixed-length constrint, and %=, =X~ s & symmetry constaint

for a pai of ransistorsin eference 0.1/

Min (z-x) _ subjectto
X-x 20 X-x 20 Xe-xg > 2
Xa-X2 2 0 Xa-Xp> 0 Xg-xu> 2

X3-%=0 X1y = Xpp=

X=Xy = Xio- X Xi3 = Xa = X X1g

®)




A whole st of extracted consirints forms  symbolic tmplte. This tmplate can
e futher pdated with both utomatically generated and sermposed consrsints,such
a5 performance consimints i the proposed formulation of this disscriaton, pew
fechnologyprocess, new devi sie, new symmety equiements, t. The arget lyout

can be generated by solving the updted template.

32 Parasitic-Aware Template-Based Layout Retargeting

Layout parasitics significantly influence circuit performances. Analog/RF circuit
performance is actally a function of layout porasitics. To ensure desired. circuit
‘performance, parasitc resistances and capacitances must be optimized when retargeting

‘anslog circuis. M must be

handled when retargeting RF circuits besides traditional parasitic resistances and

capacitances. Thus, parasitic-aware template-based layoul retargeting refers 10 the

“The parasitic-aware layout retargeting low for IPRAIL is ilustrated in
Figure 32, As shown in

Figure 32, the retargeting system is composed of two modules: the template

extractor and the ayour Firstof all,
active and passive devices, detects device matching and symmetry, and extracts device
connectvity and net-topology from the original layout in Caliech Intermediate Format

(CIF) [46). Then users can add additional consiraints such as target design rules, new

&




‘The layout generator solves the complete template and generates a set of geometry
solutions. These solutions are mapped back to construt a target layout in CIF. Ths,this
flow relizes analog IP reuse by effectivly incorporating the embedded expertse in the

original layout ino the arget-layout generation process.



Figure 3:2 A parasitic-ware analog retargeting flow.



321 Layout Template Extraction

Anslo IP reuse i invitble when retartng existing analog/RF designs fornew
technologes or pdated peformance.speificaton. Macrocllbased plcement and
routing methodologies have dificltics i incorporating the ayout designers’ expertise
into target ayout gencration processes. and thus usually gncrate wors targe lyouts
compared to handerafed ayots. To ovrcome his disadvantag, templae based ayout
atomaton has ben proposed i (4], This methodology exiracts @ symbolic emplate
inchuding forplan, symmetry. and devicswirng ligament information fom the
isinghigh-qualty layout. Mathematicaly, th symbolc empat s a5t of constaints
on the target layout geometry. Usemposcd constraits can be incorporated o the
extracted templat to form a compicte template which can be solved 0 geneat a rget

layout

322 Parasitic Constraints

Device parasitic models are simply extracted once the deviee identification is
completed following the device identification method advocated in [47). For the
extraction of interconnect parastics, the current flow direction must be determined for

resistance calculation (9], The algorithm in (48] is adopted in our spproach for this

purpose. their

For

multi-inger transistors (cither gate-connected or diffusion-connected), resistance and

capac pper



To obtain successful analog circuit performance, parasitic resistances and
capacitances must be restricted within their upper bounds. Thus, the formulation of
purasitic.ware reargeting s & gencral layout compaction poblem aong with some
seometic constmiots duc 1 purasitic bund. 1 is worh mentoning e te parsitc
expremions of resistance and capacitnce are poslincar unctions o layout geometries
{avolving both bocizonal . vertical dimensions. The goometric consraints doc 1

parautics hav the general form of
Px.y) < spperBound )

-
r— 7)for parasitic

resistance and wirc-substrate. capacitance, epesively. Morcover, parssitic matching

PR ‘%""" +Roy SUByy 36
S xlemscwid + 36, x2xlens Cupy Uy, an

L Afzniraen]

69
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where UBess and UBc are the upper kounds of parasitic resistance and wire-coupling.

reapectivel

capa
4 layou e, respectvely, s s the sheet resistance pr i engh, ¢, is 3 st
copocitance per it a1 .. wire subsrae cpacitance pe it kngh, R efrs 10
e passitic resstance fo mult-finger Wansisons, R e 1 comtact esistane, nd

Core s o parasitic capacitance for malt-finger ransistors.

programming o gemerste 3 sct of corstants a5 the right-hand-side of related fincar

constrints. These lincar constraints are sxown 35

AR Y RO, @
R Sbot =Y SO, @
VY mhe, o
e 3,004 dy ol

eometrc parameters i vertical direcion, and s and y, are geometric. parameters
representing symmetry axs i horizonial and verical directons,respectively, and const
efers 10 a bound. (3.10) and (3.11) refer o linear consraints due 10 lower and upper-

In PBRC, the parssitic bounds ssed in right-hand-side of (36) and (37) are
generatcd by manually or semisstomatc simulations which are not directly related 1o
layout geometries. These predicied bounds are pot accurste and may bring over-

@




constraints 10 the formulation. Morcover, the correltion among all parasitics is not

considered in a gobal way.

323 Layout Compaction

ayout i 'y
wo-dimension festues of parasitic bousding constraios a5 shown in (3.6)3.9). Figare
3.3 shows the two-dimensional layout generation flow. The integration of new design

path aigorithm are conducted simply fllowing the techniques shown in [4]. Aftr the
symbolic templatc is updstod by nonlinear parastic constraints as well as symmetry
constrains, a nonlincar probleeis formuated.

S A
S rarmie Comramtt




“To improve the computational speed, graph compaction techniques arc adopted to
Soavuntlases oo P oh I graph s formed by,

convrtng all lincar constrsints in the updated Iayout template (¢ minimum width
consrints).

However, since nonlinear expressions or 4-parameter equatons are not allowed in
‘raph tchniques,thes constaints like parasiic constraints s shown in (3.6) - (3.7) or
symmelry constrains a5 shown in (3.12) ae kep as equationsinequalies which are
handlod latcr in the reduced-graph solving phase. In Figure 3-3, the layout solving.
includes three seps: (1) generation of the reduccd graph from symmetry and parastc

constaints; (2) solving the reduccd graphs with nonlinar programmit

; (3) solving the

‘complete constraint graph with. longest-path algorithm. Here, & reduced graph is a

raph but
nodes and arcs. To ensure the cquivalence between the original graph and the reduced

(e.2. Bellman-Ford algorithm in this work) from each core node to the other core nodes

in the reduced graph. A set of new are weights s then obtained and the updated core

- horizontal
and vertical converted linear constainis with the nonlinear parasitic consiraints and 4-
parameter symmetry/matching constraints, the complete reduced graph s then
constructed. This consiaint graph can be salved by a nonlinear solver (e.z., IPOPT [49]
i this dissertaton).

The complete core graph may contain thousands of linear consiraints and a very

small number of nonlinear parasitc constaints for medium or large sized designs. It is

as



slow to handle all

To 3

. desgnod.Inthe frst phase, & -
(i, consideing only parsitc and symmetrymalching consrin) i sohved wsing

combined programming. In the sccond has, a
linesc.only compaction i conductd with gaph-based optmization and  longstpah

agortm. he it
1o seprste the scarching effn fom a complete LP (.., lincar programming) 1 8
complete NLP (ic., nonlincar programming). This scheme gratly. improves the
efficency of the parsitcawae ayou soving.

A set of optimal solutions is found by the nonlinear solver as a set of new arc

ieh

1 graph, hich form, is

formed

that forms a target layout

3.3 Experimental Environment

“The coding work for the proposed algorithms (as presented in Chapters 4, 5, and 6)
was conducted in C/C+-+ under UNEX system on a Sun Blade 100 server.

Circuit netlists and simulation scripts were obtained from Cadence [30) Analog
Design Environment, The simulators involve HSPICE [10], SPECTRE [S1] and SPICE3

[52] for snalog cicuits. For the double-ended LNA as shown in Figure 6-11, we took the



advantage of Cadence Ocean Script (53] to run multiple simulations across different
sweep variablesin alimited number of terations. Morcover, HSPICERF [11] was used as
the simulator for the NMOS LNA as shown in Figure 4.6

The solvers of MOSEK (4] and LINDO [55] were involved as the linear
programming solvers for the experiments in Chapter 4. Moreover, IPOPT [49] was used
s the nonlinear and MINLP solver for the experiments in Chapter S and Chaper 6

3.4 Summary

I this chapter, the preliminary template-based layout retargeting algorithm was
presend. The fundamental flow of templae extraction and layout compaction were
illustrated. The parasitic bounding constrsints were: discussed. The implementation

environment for the rescarch in tis

dissertation was laid out. In the following chapters,
the improved layout design algorithms for analog and RF layout retargeting will be

presented.



4. Generation of Parasitic Solutions for Analog and RF Circuits

“This chapter introduces an algorithm for gencrating parasitc solutions with the aid
of performance sensitivitis. The proposed flow is composed of three steps: parasitic
bound gencraion, sensitivity computation, and parasiic solution generaion (8], A
biscarch algorithm i developed to automaically generate parasitic upper bounds from
simulations. Sensitivty computation techniques arc analyzed. The parastic-consirant
sencration within this chapter regards parasitic parameters as design variables, without
considering layout geometris relaed 1o these parasitics. The proposed flow has becn
implemented in a C+-+ package that automatcaly call circuit simulaors and linear

s exhibit ind eficiency in

‘generating parasitic solutions fo several analog/RF circuits.

4.1 Introduction

were introduced in [56] [57) [58]. This chapter introduces an improved algorithm that

automatically generates parasitc solutions for analog/RF circuits. The performance of

ansiog and RF i s device sty
and inerconnect parasiis. The parasiis, which inlude resisances and capacitances,
must be optimized by enforcing some bounding consirsnts or  parasitic-induced
performance-deviation thresholds. I the proposed formultion for his chapter, the



parasitc bounds are automatically gencrated by using  biscarch algorithm that calls a
series of circuit simulations. With the aid of sensitivity techniques, performance
sensitiviy is caleulated to represen the parasitc impacts on circuit performances. The
performance deviation is then modeled as the product of parasitc parameters and their

performance sensitvites. This deviation is restrcted within certain thresholds, in the

(1) Upper bounds of unmatched and matched parasitics are automatically genersted

difference performance sensitivities are applied;

(3) Morcover, a performance-consiained formulation, which can be readily solved

by any standard LP solver, is constructed.

“The rest of this chaptr is organized as follows. Section 42 presents the problem

definitons. Section 4.3 introdu

algorithm. The formulation of the proposed parasitic problem and the design flow are

P . 3

this chapter are definedin Table 4-1.



‘Table 4-1 Notations list for Chapter 4.

Symbol Deseription

[

B AP g

Th seuitivityof W, with respect 0 F,

aw, Wi e 10 porasitcs
AW Masrmsm allpwed deviron for W
P

e A wpper bownd of P,

Pion A feasibic lower it of P,

Pinm 4 fosible spper it of

4.2 Problem Definitions

421 Parasitic Solution Generation

Parasitic solution generation (.., generation of parasitic constraints) refers to the
generation of n set of optimal parasitc solutions towards desied circui performance.
“These solutions may involve parastc resstances, capacitances and inductances. These
Solutions are in the form of (4.1) fo solutions of non-matching parasitics, and (4.2) for
the solutons of matching parssiics.

@n

. =)
where Py and Pus are two member parasitics for 8 matching pair, 3nd 7, is 3 non-

matching idivadual parasiti.



be limited I par

improve certain circuit performances. However, a layout tle physically has three

‘parasitics including its resistance, capacitance and inductance, and these three parssitics

AC gain but its capcitance counterpart degrades the AC gain). Thus, all individual

Parasitic matching is @ significan issue in circut optimization, especilly f circuits

have differentil pairs. Parasitic mismatch can severely degrade circuit performance or
even lead 1o a performance loss for analog/RF products. Since some devices or
interconnects are required to function identically, matching parastics within a matching

@2 M. value of a

matching pair must also be restricted within an upper bound. Thus, matching parsstics

P

422 Performance Sensitivity

Performance sensitivity is used to quantify the dependence of crcuit performance
with respect to parasities. The sensitivity of performance I, with respect to parasitic 7,

can be mathematicaly represented as

@3




‘The sensitvity technique, which applies performance sensi

ities on net parasitics
for analog routing problems, was initally advocated in [S6). In that work, SPICES
simulations are first conducted to generate performance gradicnts with respect to ircuit

tage and respect o parasites

are then modeled as functions of circui-parameter gradients and certain independent
variables (¢:g, frequency and time). However, that sensitivity calculation method is
strongly dependent on the expertse of using SPICE3 and has high computation
complexity.

To obtain fast evaluation of performance sensiivties using any circuit simulators,

we deploy direct calculation of sensitvity gradients in the proposed algorithm. This

layout are cxtracted and a circuit netist including variable parastics s set up for
simulaton. Muliple performances can be obtained by varying parasitcs in a number of
simulations. Let I, () represent the simulated performance of I, when a parasitic of £,
has a value P (PE (LB, UB), the sensitivity of I, with respect t  can be caleulated

using finite-difference approximation as:

5

W, (L)W, (UB) (LB ~UB), “h

WionP, s,
However, this approximation loses accuracy when the domain (LB, UB) is large since

performance sensitivities can vary with changing parasitics. To obtain accurste




10 cenral-difference spproximation as:

S, =W,(P +3)-W,(P -8))/2a, @s
where 4 is & minimem incroment (2. ASO04xUB in the thesis rescarch). This
cxpression s sccursic caough when cakulating performance sensiivioes around &
parasitic valoe. Thercfore, (4.5 is adoptad n the proposcd algoritn. Here, upper bounds

423 Performance Constraints

Iayout parasitc parameters and related performance senstivitic. This function must be
restricted within the maximum alloved performance deviation. To. simplify. the
implementation without too much compromising the accuracy, linear spproximation is
adopted 10 expand the total performance deviation {nlo 8 linear summation of
performance deviation due to cach parasitc. These performance constrainis without

considering layout geomelries have a general form of (4.6),

AW, $8W e, @8

where AW, reresents the performance deviation due 10 & certain parsiic, and AW,

refers 10 the mavimum allowed perfcrmance deviation duc 1o all purasitics. With




performance sensitivitis, 8 certain perfcrmance deviation AW, due 10 3 parasiic £, can

AW, =5, %P, @n

Lincar spproximation is adopicd o expand the total performance deviation o 3
linear summation of performance devistion due 1o cach parasitic. The expanded
performance constrasnts can be representad a5

EET L an

where

43 Parasitic-Bound Generation

A biscarch algorithm is designed to aulomatically generate & set of parasitic upper
bounds as shown in the pseudo-code of Figure 4-1. Two poiniers called lef and right
(lines 2:3 of (a)) are defined. Simulations are always called 1o scarch a possible upper

bound in the middle of the domain (le, right). Concretely, an itration of simulation is

poi
left and right (ines 2-3 of (b). An inita iteration of simulation i frst conducted (lines

23 in (3) to generate & set of starting performances. Based on strting performances,

domain of (lft. righ. The upper bound is finally detected when performance




boundGeneration

Begin
iniialization fapperbound. le.right] <= (0. 0. initil):
siemalase (lcf. right):
While (spperbound = 0) Do.
f (all performances meet specifications &4 current = iitial)
wpperbound <= inital:
else if (more than ome performance fails 10 mest specification)
right <= carress.

smulate (ic. Fght):

While (W, = its specification) De.
0. s s pociicsion)
i <= corret;
simubate (lef. right).
el i (W, is bt than s spcification)
i <= crrent:
simuate (icf. right).

upperbound - - currens.
endy
else
Lt <= curren:
simulate (ef, right):
-l
End

@

il

2 current <= (letright)2;
3 simalate the netlis given P, = current:
End

®
Figure 4-1 A biscarch sigorithm: for parasitic upper bound gencration.



a5 & set of performance specifications. This flow is simulation-based, which takes
advantage of the resdable performances from circuit simultions using any simulator of

the designer’s choice:

g@

Parasitic Bound Generation

Figure 4.2 Design flow of parasitic-solution generation.

‘With the circuit netist incorporatng variable parasitics, a bound-search engine is
activated 1o conduct @ set of simulations using any standard circit simulator. For
different scenarios defined in the biscarch algorithm a8 shown in Figure 4-1, 3 sct of
simulated performances are sctup. These simulated performances a5 well as. the
performance specifications are incorperated into @ sensitivity cagine for sensitivity



‘computation. Central-difference performance sensitvities with respect (o parastics are

then ger y in Section 422
used to consiruct a s of performance constraints while the generated upper bounds are

used 1o construct a set of bounding constrsins in the formulation. The formulated

problem is finally solved by an LP solver and a se of parasitc solutions are eventually

obtained.

Parasitic-Problem Formulation

‘The formulation of the parasitic-soluion problem is shown in (49) - (4.12). The

objectve of the optimization s to maximize parssitics as shown in (4.9) while mecting

complicated layout structures, which in tum provides layout solving with wider

flexibility. It can be seen that the formulation sbove is a linear programming problem.

Duc to the lincarity of ts objectve function and constrsints, the formulated problem can
be readily modeled and solved with a standard LP solver.

“The objective function is modeled as linear summation of all parsitic parameters

lmited 49) e (P i8

P function

are designed to ensure that @ elatively large parasiti solution is generated if it upper
bound s relatively large. For matching parasitics, a single parameter is used 1o represent
the identical value for a pair of matched parasitis in the performance constrainis of

@10



Masimize 3% (1B, )P, 9

Subject to:
$sersamnn =
KashSho wm
3 @
A Pt

maimum solving flexibility 3 shown in (4.12). Howeve, our desired fexibility must

usable, minimum and maximum feasible parasitic values (£, .0 P, .. in (411) for s

 layout due 10 the following reasons: First, completely eliminating parastic effeet (1.

) layout; second, reach finite

Targe values due 0 Fnite 1ayout geometre 1 7 s S g A1Wys hold).

4.5 Experiments

. called P-
implemented in C++ language under UVEY system. The commercial solver MOSEK s
s 5 our LP solving engine. In this section, we present the resuls of sensitivity-based

pansitic-solution generation on several analogRF circuits: 3 rwo-stage Miller-



compensated operaional ampie (cled opamp hreafer) s shown i Figure 44, 3
single-ended flded-cascode opamp 3 shown i Figare -5 and 30 NMOS cascode LNA
a0 shown i Figure &6, The thre ciruits are desigd in TSMC/S techaology.

To superior PiPLm
sltermative approach (called P-UC hereafir) is sctup wsing UC-Berkeley semsitivity
computation techniques in [36] followiag the flow introduced in [57]. P-UC spprosch

froquencytime with the 3d of 2 specified simulator SPICES. In contras, P-LP festures

using any simulstors. An RC x-model [£9] as shown in is sl 1 reresent iterconnect
parasitic in the cicut nelsts or analog desgns. The ncts of semsitve parasitics are
ndicated in the schematcs. HSPICE s wsod as the simulaor for both opamps s
HSPICERF forthe LNA

HSPICEMSPICERF is one of the most powerful anslog/RF simulators. These
simulaors festure effective and fast evaluation of readable Transint, DC and AC

performances.

y ®
[T MW——0
- L‘.J!T TG

v v

Figure 4-3 An RC x-model for a parasitc interconnect.
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Figure 4-4 A two-stage Miller-compensated opamp.

Figure 4-5 A single-cnded folded-cascode opamp.



Figure 46 An NMOS LNA.

Fistofal gencrted by P-LP and PUC
amplifcs, With the same arasiic upperbounds,sensivity computation was condusted
wing the aforementoned.cenralfifeence scheme (witin P-LP) compared 10 the
adional snsitvty techniques wihia P-UC. The comparisons of some geneted
performance sensitvies and simulsted crcit perfomances e rporid in Table 42
To simplify the comparison, anly the performance of AC gain is considered and
sensiiviies of the ritcal paasitic ae repored. The observations ar (1) sensitiviies
seneraiod by both methods s closely comelte (¢, almost proporionaly: ) P-UC

sensitivities are generally much smaller than P-LP oncs. meaning 3 worse case of

o



sensitvity ted using P-LP

AC gain achieved by P-LP solutions meets the specificaion (i, gain > 60) for both

-UC prod: (gain=575)

“This performance loss may result from the seting of a special threshold which was used
in (58], In that paper, there is no clue how 1o set a proper threshold for different

applications. Therefore, th dircet sensiivity scheme was adopted in P-LP.

‘Table 4-2 Sensitvities and simulated performances for P-LP/P-UC.

- e
Bes ) P-LP P-UC
=

iy [ =

T R2c
| _Rse | 000t |

| o

z

“Then, the P-LLP algorithm was used to conduct parasitic-solution generation on the

considercd for both opamps. RF performances of S-parameters and noise figure are
considered for the LNA. Performance specifications, nominal peformance values and

‘maximum allowable performance deviations are lsted in Table 4-3, For instance, the AC

@




i specification of the two-stage opamp is 60 dB, its nominal gain (without parastic

impacts) s 64.5 dB, and its maximum allowed deviationis 4.5 dB.

‘Table 4:3 Performance Requiremens.

Gan | Bamaian | e
4B) MHz) ©
P T T T

ol g o
. AWinax | 45103 13 -0.5290
o T T T

Coee [t | s el
o AWiman | 06473 M -1.1924
o

. s | smam | e
ol S i
v o | ows | nm

79990 T T M

The parasiic upper bounds, performance sensitvities and generated parasiic
solutions for parasit resstances and capacitance ar reportedin Table 44 or the two-
sage opamp, Table 45 for the cascode opamp and Tabl 4-6 for the LNA. For insance,
in Table 4-4, the matching parsstc of Ria=Ric comesponds 1o the shared parasitic
resistanc inthe diffrtial pai, which has an upper bound of 16.2 Q. The sensitvites
O AC gin, bandwidih and phase margin with respec 0 this parasitc are 0032 B/ -
048 MHZIR and -0.0086 */4, respetively. The genersicd parastc soluton for this

parasiicis 16.2. Moreover, in Table 4-6, the individual parasitic R has an upper bound

1

Cl



f 50 €0 The sensitivities of 512, 521 and noise igure with respect to this parasitic arc

00025 A, 00013 dB, and 0.0002 B, respecivly. The generatd solution of
this parasiic is 50 . It is worth observing tha, some parastics can improve ceiin
iruit perfonmance since thei reportd. performance. sensiiics e positive. For
cxample, the bandvidth sensitivity for RI0 is 04 MHZE a5 shown in Table 6.

Performance sensitivities of wire-substrate capacitances are also included in the tables

-
esitances and capacitances for the to-stage opamp.
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resistances and eapacitances for the cascode opamp.

Bounds Sens. Sems.
ersstt | 0.y (Bandwidth) | (Phase Margin) | S50
Rib=Rab | 200 [ 0
Ric-Réc | 200 o 1 200
R3b=R3c | 14| 0009 | 002 36

= 117 39 ‘
0| 859 559
da 200 200
tia 200 200
Rsa | 200 200
& | 200 s
RS | 200 ]
mSd_| 200 57
RSe. 200 6
Rsa | 200 200
RS | 200 200
Tb=Cih | 276 7
Cle=cic | 276 276
G-cie | 171 7.1
cco | 2w
a | 567
Yo | 507
da | 342
“Sa. B
s
Cse. 5
osi .
CSe. .
Ca .
s
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Table 47 Time efficiency statstcs for P-LP.

Cireuits Time (5)
T Stage OPAMP
Cascode OPAMP.




4.6 Summary

In'this chapir, an slgorithm of sutomatc purasitcsolution. generation was
presentd for anlog R ciruits. An atomatc parsite-bound genrtor was desgned.
Sensiiviy computation techiques and  perormance  consrsint models were
demonstrated. The proposed flow was implementedin €+ + lguage nd experments of
three anlog and RF iruits were conducted. The efficiency and efectivencss of our

proposed approach were reported.

Although the parsitc ppes od by this

algorithm can be further used in the layout generation problems, the slgorithm proposed

-
physicaly relate paraitic parameters 1o ther layout geometries. To achieve a geometry-
involved layout optimization flow, parasitic parameters wil be expanded into geometric
structures in Chapters 5 and 6 to directly link the performance constraints with layout

‘geometries for analog/RF designs,



5. trained it

Analog Layouts

This chapter presents 3 femplate-based algorithm that conducts  automatic
performance-constrained parasitic-aware retargeting of analog layouts. As a further
extension of Chapter 4, which only considers variable-based parasites (3., no

scometries involved), layout geometries are incorporated into the formulation of analog

layou retargeting. The algorithm appl
relted layout geometris by directly constructing performance constaints subject 10

maximum allowed performance deviation 6], The formulated problem is finally solved

using programming. The
algorithm has been incorporated into IPRAIL (7). It i demonstrated o be effectve and
efficient when retargeting analog layouts fo. new technologies andor updated

specifications.

5.1 Introduction

“The preiminary work in [9] presents a parastic-aware optimization flow ss an

lfctivesoluton to analog ayou etargeting n that work, et of prsii boundsare:
manualy eximatd through simalations before ayou genration. Thse bounds ae sl
o consrain comesponding geometric parsite cxpessions. However, the purasiic
bounds are obsind from crcuit simulations without comsidring layout geometrics

o8



Moreover, each parastic bound is enforced in certan separate parasitic constrints. This
scheme fils o consider the correlation and/or cancelltion among all the parasitcs that

Ths,the control of

‘manner. More important, the bounding limits may over-constrain the problem or even
render it infeasible.

To achieve a global performance optimization with accurate parasitic contro, this
chapter presents i Jgorithm. This
approach features direct performance  constraints in o geometry-based global

Compared 1o the bound-

based retargeting method (9] (PB. hercafir within this chapter), better solvability is

“The rest o the chapte is organized as follows. Section 5.2 introduces the proposed
design flow. Section 5.3 discusses the mathematical modeling scheme in our approach.
We introduce the piccewise sensitivities in Section 54 The parasitic-problem
formulation is provided in Section 5.5, Section 5.6 reports the experimental results

followed by & chapter summary made in Section 5.7

5.2 Design Flow

Figure 5-1 shows the proposed performance-consirained layout retargeting flow.




extraction and the layout generation. This flow handles process migration as well as

performance retargeing for analog layouts with the capability of incorporating user-

Figure S-1 A performance-constrained analog layout retargeting flow.

Aer o netist is cxacied from an original layout, et echnology and
performance requirements are incorporated 1o form an updated et A sensiivity
engine then sutomatically conducts a seres of simulations 1o generat.piecewise
perormance seniiiis with respct o varisle parasites i he updaied netlist. The
sencrted pecewise sensiviies re e 1 consiruct MINLP perfomance consiints

Given the original technology design niles, a layout template extractor automaically

which is composed of a set of linear constraints. This template is further updated by
incorporsting MINLP  performance constraints, new device sizes, and new

symmetry/matching consiraints. A layoat generator can then solve the updated layout



Tayout
proxinity and performance consraints, The formulated layout-generation problem is
solved by using graph-based techniques [60] combined with mixed-integer nonlinear

programming.

5.3 Mathematical Modeling

53,1 Interconnect Parasitics

Layout parasites considered in this chapter involve parastc resistances and wire-
substrate capacitances. A layout tle is a -ectangle on & layer within a layout. Each circui
net includes a setof tles (i, rectangles) and the total net-parasitic i the sum of is tile-

and (o).

. Assume the fength and width of & ile are represented as (x-

pa
respectively, where (v, ) and (5, ) are lefi-bottom and right-top comer coordinates of
the tle. The parasitic resistance and wire-substrate capacitance for a tile can be

mathematically represented wih is geometries as

R=pax x| (), (e
Cut=ea X (xx) % (291) + €% 2 %(x3), 52)
where py ength, arca,

and . is wire-substrate capacitance per unt engh

“The analytical formulae above are epplicable for lumped interconnect models. Very
accurste interconnect RC estimations typically require the use of expensive EM field

Solvers. Even thouugh these estimations are accurate, it might take days for EM solvers 10

n



umcceptable for our layous problem since the maimum execution time of 3 layout
processis within minotesas reporid i this dissertation.

For analog design such 25 wire szing and global routing. lumped intreomoect
models [S9[61](62] re advocated doc o theie amalyicl closed-form expresions. fst
computation speed, and good fdelity with respect 10 smulation. Lumped iterconmect
models ypiclly underesimse the iterconnect delay by & worst-case of 16% [61] for
submicron layouts. This accaracy (i, > $4%) is acceptabe in our spplications
‘considering the sigificant rodoction of inerconnect solving time (1., from days 0

seconds). Ths,

532 Performance Constraiats

Performance sensiivties are calcalated 1o represent the dependence of circuit
performances with respect fo interconacct parasitcs. The product of a performance.
sensitvity and its corresponding parasiic (cither resistance or capacitance) is used o

In ddition,

ssme performance. In order to ensure centain desired circuit. performance, the total
performance deviation must be resrcted within & mavimum allowed tolerance.

Thercfor,

TS xR )+ TS Caln) SAN, . 3

n




where R(x. ) and Cuuls, 3) refer 10 geometric expressions for parasiic resstance and

wire-substrate capaci d for Rex. )

and Cos, ) and y represent relted horizontal and vertical layout geometries.

53.3 Parasitic Matching Constraints

Matching parasiic consrsinis are. indispensable for the parasitic-aware layout

Mismatch of parasit 5

performance. Ths, fora & pai o

identically as shown in (5.4),

Pur(59) = Puz (5.), 54

Wwhere Pu (5, ) and Pu (x, ) are two geometric paasit expressions 0 be nforced as

identical

5.4 Sensitivity Computation

5.4.1 Central-Difference Sensitivity Approximation

As discussed in Section 43.2, central difference sensitvities can approximate the

=W, (B + )W, (B ~A)1/2A, 69

where bound of Pand Jl interval. Here, the worst-

ity is calculated around a parasitic upper bound due t0: (1) a small parasitic




increas over its uppe bound may resultin 3 perormance loss: (2) around an upper
Bound, the absolte value of performance senstiy nomally reaches the largst and
herefure this s the worst case.

Lesssenstive and insensiiv parasics have smallr perormance senstviies
hich cotrbutc merely  smal portion of he otal perormance deviation. Thus, the
centrlifernce approsch can be used to gencrte plin wors-case snstvites 10
approimae thse parsitc mpacts. Howeve, for senstv nt, the scnsitities are

large and may significantly vary along with changing parasitics. Moreover, parasitc

Ths,
represent the impact of sensiive parastics.
5.4.2 Piecewise Sensitivity Approximation

Piccewise sensitivities are modeled 1o better approximate the dependence of
performance on sensitive parasitcs. Firsly sensitivity analysis s conducted to identify a

setof Jations. Then, the feasible range sensitive.

parasitc s divided into a number of small segments. A feasble range is defined as the
maximum scope that the value of a parasitic can cover. Worstcase performance

sensitvity (called segmental sensitivity hercafier) is calculated to represent a parasitc

impact for each segment,
binary-integer variables and segmental sensitvities 10 represent the total performance

dependence on asensitve parasitic



proper number of segments needed for a sensitive parssiic should be determined
considering solvability and efficiency. The number of segments for a sensitive parasitic

is modeled as a function of two sensiivity-related factors (., S 0d ) as show in

(5.6) and (5.7). Here, th is i smallest
Segmental sensitvites (i, S a0d Spas drived from simulations) for cerain parasiti,
10 represent the fluctuation ofis segmental sensiivitis.

@ S/ S, 56

Nog = N (@ S 57

where N s the determined number of segments for  parasitic.
In this way,  reasonable accuracy can be achieved by moderately increasing the

number of segments, wheress the unnecessary number of binary-

teger variables for
redundant segmental sensitivities s reduced 0 @ minimum, 1t s 1o be noted that,
piccewise sensitivities ore only generated for sensitive parasitcs, which is especially

important when applying the piccewise scheme in handling a huge mumber of paras

for larger designs. Morcover, it is not worthwhile 1o segment insensitive parasitics at ol

pper

geometries can hardly achieve even without an opimization

With aset o segmental sensitivitis, we have adopted a binary-integer (0-1) method
[63) to incorporate them into the formulation. In our formulation, 0-1 variables are
appled o construet the piccewise sensitvity model as shown in (5.8), which is a lincar

function of @ set of binary

feger variables limited by corresponding segmental

s



sensitvites. Binary-integer variables function as enable disable switches for the selection
of effective segmental sensitivity. Let (8, By, .. By be a set of binary integers (ic., B,

{0, 1}, 15 <N), and (S, S: ... Sy} asthe corresponding segmental sensitivites for a

scasitve parasitic, the piccewise scheme can be applied by incorporating the consirsints

n 10) a5 forapes W 2
Sas. . o

$5,=F5-1.8¢l1) 9

(P-P.)> 088 B,(P-P.) <0, 610

N/ Nog refers 1o

the number of scgments for @ parasii rsistance capaciance, and the domain (.1 P.)

represents the segment where 8, = lcan hold.

(8185 . B}
can be *1” whereas others ar al 0s,as shown in (59). The se of (B, Bs. . Byeg)
cormesponds 10 the set of parastc segments Where (51, 5 ., Suee) is caleulted. Thus,
iration

only one effective segmental sensitvity in (51 5. . Sy} is enablod in the of

Besides, we must ensure that an effective segmental sensitvity is enabled only when a
parasitc is accordingly bounded within that segment. This bounding is applied using
(5.10), where B, should be a I i and only ifboth (1 x (P~ P,)> 0) and (1 x (P~ P.) <

0) bold (i€, Py< P < Po). At the same time, (5.10) s an invariant ‘TRUE" when B, is

0", By incorporating the pi as shown in (5.9, the

performance constaints are represented as shown in (5.11).

7




S BSI P NS AW, sm

5.5 Problem Formulation and Layout Solving
S5.1 Problem Formalation

The performance-constrainnd piecewise-based parastic probiem i formulated 25
shown n (5 12)45.16),

Minimize (% —x0) * (= Y2,

512)
Subject To
ST BSIR ) BBSIC xS AW,
LA - (5.13)
Pyxy) = Pa(x), 14
Ya,=28,=1.8¢01) 515
B.(P-Py) >0 && B, (P-P) <0, (516

WhETE (¥ iy Yo Vi) Tepresents the boundaries of a layout, za.s. and

refer 10 the piccewise performance sensiivitics with respect 10 parasitc resistances and

‘wire-substrate capacitances,respectively.




Rather than generating a set of geometric constraints with parastic bounds, the
intrinsic relationship between performance and parasitcs is modeled s & mixed-integer

nonlinear function of layout geometries restrcted within the maximum allowed

. Besides the per 0 individual parasites,

14) are also included in ©

avoid undesirable ciruit performance loss.

Due to the nonlincarity of parasti expressions as shown in (5.1)-5.2) and binary-

integer sh 13), the o

a mixed-integer nonlincar programming problem [64]. IPOPT [49] is selected as our

MINLP. facts. IPOPT o
omvex constraints involving binary-intcger (0-1) design varisbles. Morcover, it not only
features promising local convergence for nonlinear scarch, but also guarantees global

convergence by using a filte-based line sarch strategy.

552 Layout Generation

“The layout gencration flow is shown in Figure -2, The layou generaton includes
thre steps: (1 generton ofreduced graph rom symmety matching and performance
constrints for o ayout; (2 solving th educed graph with MINLP: (3) saving the
complete LP consrint graph with longestpath algorthm. 1t s 1o be oted that,
horizontal and vrtical constsint gaphs ae gencrted and solved seprsiely withi the

flow. To improve the searching cfficiency of the MINLP solver, a two-phase solving

MINLP-only p areduced graph (.,



considring only performance and.symmetrymatching constint) is solvd using
mixeineger nonlincar programming. 11 the scond phase, & lincse.anly compaction of
an LP complee constrsint graph is conducted using graph-based optimization combined
withlinca programming. The soutons out ofthe frst phase provid the sat poins of

the second phase to separate the searchiag effort from a complete MINLP (0 a complete

LP.

i Now Dosen e
i SETor Trmtor o
Fasive Deviee Res

i [ cops conaes]
R iy

‘Solving Reduced-Graph
with Miséd Ineger Nonfn
Gptimization

‘Solving the Complete Graph

Tndividual Rectangies
‘Minimization

Figure 5-2 A performance-driven layout generation flow.

‘With the cntire st of consirants,lsyout gencration s conducted 10 salve the layout
problem. The layout generato is @ template-solving engine that enforces the constaints

related 1o extracted expertise from original ayouts, symmetry/matching, performance



requirements, new device sizes and new technology design rules. To enhance the

lincar equations
o incqualities into 3 graph form. A reduced graph is & simplified gaph which is

and arcs. A small parasiticincludod laycut is shown in Figure 5-3 a5 an examle, and its
aph-based layout-generation sicps are shows in Figure $-4.

An original graph as shown in Figure S-4(a) can be derived by converting ol incar
constraints (¢, mimimum-widh constrints)in Figure 5-3 into a graph form. However.
since MINLP performance consirains (<., the constraint in Figare S-4(b-1) or Figare
54(8-1)) or symmetry/matching constraints (¢ the constraint in Figure S-4b-2) or
Figare S4(d-2)) arc not allowed in graph techniques, these comstaints are kept a5

’E F mi.m 5

Figure S5 An example layout with parsste tles.

Figure $-4(s) shows an original constrant graph consisting of 17 podes and 22 arcs.

Figre S4(c) anly 11




E

areinvolved the original graph and
weights of arcs between nodes are calculted by applying any longestpath algoritim
(.. Bellman-Ford algorithm in this work)from each core node 0 the aher core nodes
in the reduced graph For exampl, thearc weight from 27 0 P has a longes path of 6
hat i derived from the original graph. The core graph with longestpath re weights is
hen converted 10 a st of equatons andor inequaliis. By combining the converied

lincar consiraints with performance and symmetry constraints, the complete reduced-

To form a complete LP graph that includes all needed constraints, we must
incorporate Figure 5-4(d) to the original graph. Thus, these 4-parameter and MINLP.
constaints must be converted into combinations of two-variable consirained cquations.
To fuciltate this conversion, the optimum distances for symmetry/matching constraints
and the solutions of performance constaints must be obtained by solving the reduced-
raph constraint set which includes the consraints of both Figure 5-4(c) and Figure
S4().

After & set of optimal solutions is exported by the MINLP solver, the solutions
related 1o symmetry/matching and performance constraints construct the optimal arc
weights for the 2-variable converted performance/symmetrymatching constaints as
shown in Figure 5-4(e). By incorporating these optimal arc weights into the original

h, Figure 5-4(1) et LP form. This

be solved using any lo h algorithm. The solutions
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reduced-sized equivalent core graph. (1) a complete graph.
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5.6 Experimental Results

‘The proposed algorithm has been integrated into IPRAIL. In tis section, we report

results of layout retargeting on two analog circuits: a fwo-stage Miller-compensated

shown in Figure 4-5. The retargeting was conducted from a 0.25um CMOS process to @

0.18m €

sensitive individual and matching parasitcs. For clarity, the crtical parasitics are

The RC Figure 4.3 is used in the

circuit simulations. For the two-stage opamp, individual parasitcs of 3b, n2a, and n2c

were found sensitive and a sensitive matching parasiic of 3a & nic was detected, a5

depictedin Figure 4-4.

n3b & nic, nle & nde, an2

After the setup of piccewise performance. sensitvities, parasit

ware layout
retargeting was performed using our proposed performance-constrsined mixed-integer

method (called PMI). To demonstrate the superior effcctiveness and effciency of our

method, bound-based parasitic-aware retargeting (9] (called PB) was also conducted. In
ddion, 0 show that piccewise sensitvities obtain higher accuracy over simple central-
difference worst-case sensitvites, we set up a similar flow (called PS) of using single

worstcase sensitivities (non-piccewise) supported by nonlincar programming. All these




Performances of AC gain, bandwidh, phase margin, and gain margin were
considrad in retargting. Here, to detemine the mumber of segmens for seniive
prastics with a good rade-off, e ables were deigned as shown i Table 51 for
parasi resistances and Table 52 for parasi capacitances. In Table -1 and Tabe 52,
the first to columns repor the riterion fo the maximum sgmental sensiiviics (1.

15, me) and the fuctuation ratios (., ) with respect to parasiic rsistances and wire-

substrate capacitances, respectively. The last column lists the determined number of

Segments for a considered parasitc. o instance, in the fourth row of Table 5-1, 06, 0.8)

s domain When the
wors-case segmental sensitvity for @ parasiic resistanc is within (0025, 005)and its
luctuation s within [0, 0),the e ofscgments or this prastc s determind a3
2. An observation is tha,the criterion for wire-subsrte capactances re much casicr
{han those of parasitc esistancs. This is because, the performance sensitites with
respect o wite substate capacitances are generaly very small fo analog rtagetng at
Tower fegueney, compared 10 those fo prsitic esstances,

for listed in Table

51 for the two-stage panp and Table 54 fr the cascode opamp. Fo exampl, fo the
R3b in Table 53, we have 5, = 00GSE[005, 0.1)and [ = 063E[05, 0.7, The
number of segments for the parsii of n3b s then determined as 3 according 10 the
i in the cighth ow of Table S-1. Duc to space limiatio, inormation of nly

ain for




of only sensitive wirc-substrate capaciances regarding phase margin for the cascode
‘opamp are reported.

resbtance. o
o] ]
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Any RLIL
[ paon
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In Table 5-3 and Table 5-4, the PB bound and PS worst-case sensitivitis are lsted

The last

where distinet O-1 variables (ic., B) are assigned o enforce effective segmental
seasitivities. For instance, scnitive parasitc esistance R2c has a PB bound of 19 0. 3 PS
worst<ase sensitivity (regarding AC gain) of -0.14 dBAL and a PMI piccewise

sensitivitis of {-0.115, 0,128, -0.132, £.145) dB/ Q comesponding 1o the sct of parastic




segments (0, 475 @), (475 Q. 95 O, O3 , 1425 Q) (1435 0, 190 Q)
respectivly. Morcove,parasies within 3 matching pai (s one optimizaton object in
our formulation) are forced 1o share the same se of -1 varisbles and segmenal
snsitviies to cnure the same sclection o an effctive segmental snstviy during

optimization (e.g, R3a & Rie share (8, ).

R | 1B L PMI-Piccewin Sensitiviies

@ | P | Sy (@B0) (B 01 variable)

Re LY 002 |  -00098,0002B,:0.0528, |
R | a1 [ oo | oomboomm, |
&3 | 4 | 06 G043B,-0.0528,0 0685;

Rz 250 | oo 00318,

Rz | s02 | oo0r 3

3 19 | 014 | 0113B01385,0.1326,01458,,
Rz | 1129 [ oo 00018,

margin with respect o parasitic capacitances for the cascode opamp.

Cap. | PB Bound | PS Scasitivity | PMI-Piccewise Sensitivities
() | (degree! (F) | (degreeifF) (B
cib 7 0043
cab .7 0083
[ 7 0083
cic 7 0081
cib 17.0 -0.008
Cie. 1] 0008
=] 0 00014
<] 0 00014




After i tcs of the target layout
are reported in Table 5-5 and Table 56 From these tabls, we observe that, mast of the
extracted parasiics by PS are not around their upper bounds where their worst-case

sensiivities are caleulated whereas all the extracted parasitcs by PMI fall into their

expected segments. For instance, in Table -5, PS sensitivity of AC gain to R2c is
caleulated within a tiny domain of (189 Q, 19.0 ) around its upper bound, but s

exteacted parasitc is only 3.43 €, which i far away from its supposed segment where s

2070 fillsinto

475Q), Similarly, in Table 5
matching pair C2 & C6 reaches 1.1 {F for PS, which is fur outsde its sensitivity-
calculation domain of (7.9 fF, 8.0 ), but the extracted parasti from PMI i 2.7 F that

its the righ 40 ). It

‘generated by using PB method (from handerafied simulations) may not be equl to their

in Figure 4-1). Thus, the extracted parasiics for PMI retargeting are not required to be
restrited by the PB bounds. For example, the matching parasitc of R3a & Ric in Table

55 achiey is 6020, are both larger

398, bound of 108 0.

Postlayout simulations were conducted and the simulated perf for distinct

methods are summarized in Table 5-7. The target layouts by PMI have smaller arca than

those of PB or PS (by 8.5% and 3.6% f  as well a3.1%

for the cascode opamp, respectively). By applying piecewise sensitvites in the PMI

formulation, performance constraints are correctly enforced in the  optimization.

5




‘Therefore, better circuit performances were achieved for PMI compared to PB or PS as

eportd in Table -7 For xample, PMI abained  beter AC gan of 64 345 compared
0 64008 by PS fo the two-siage opamp. This improvement i sronely relsted o the
smalle degradaton (., product of parasit value and snsitiviy) caused by a smallr
extacted parastc (e, 2.07 @) of R2c and s smaller effctive segmental snsitvity in
absote vale (., 0.115 dBIC) by P, compard o the exircted parasiis obisined
by PS (e, 343 0 and -0.145 dBIEY),Similrly, phase margin s improved n the cascode
apamp duc 1 the accurate extrcted parasic and ffctive segmentl sensiiviy of o
matching parasitc C2 & C5. As reported in Table 57, PMI layous achieved the best

circuit performances with the least layout areas over PB or PS although all three methods

ayouts gencrated by PMI are depicted in Figure 5-5 for the two-stage opamp and Figure

56 for the cascode opamp. In the target layout of Figure 55(b), the nterconnect wires,

especilly pir of nets nia & n3c, are compared 0
those in the orginal layout of Figure 5-5(, This observation is due o the lger
oxtracted R & R3c by PMI i, thimnr wires of fixd length have lrgerresistnces)as
Shown in Table -5, as compared to the exracted R3a & Ric by PB. These lurger
extractd parasites (while till mecting performance goul) provides loosened parasitc
roquirements fo the retargeting problen, which i tum widensth soving fleibily of
the layout generator

The exceution times (running o o Sun Blade 100 workstation) of PBPSPMI arc
summarized in Table 55 for bth lyouts. The layout gencrtion timesspent by PS and

PMI were less than those of PB on both opamps. In paricula, the parastic solving time

8



by PMI s 22% less than that of PB for the cascode opamp, and 6% les for the two-stage

opamp. For time.

the PMI method

able 10 significantly reduce the execution time compared 1o PB method but effectively
‘manage analog retargeting. Moreover, modest time increase is needed by PMI compared

toPSas

. PS, and
PMI, and rlated PS/PMI parasiic segmeas.

B e [ s [ SemiiRanes | gy [ Seviii Segmans 1
R3a_| 398 | 391 ,41) 609 4,109
R3c_| 398 | 301 .41) 602 (54,108
R _| 610 [398 (93,294 | 66l ©1,98)
Raa_| 278 [279] (239240 | 273 )
R | 252 [246] (501,502) | 235 ©,502)
R2e 3 (189,190 | 207 (©,475)
R |37 (128,1129) | 390 ©.1129)
Cop | v | s | SR | gy | Sy Segmcnts
<t 0. G6.27) 033 . 1.35)

ca 0. ©6.27) 0. X

clc ©6.27) I

cic 6.27) ©.135)

Cib (70.17.1) X3

Cic (7.0,17.1) B

a 79,80) @0,40)

[ (79,80 (20.40)




For & regular anslog design, the circuit iz s normaly ot vry bi .. dosens of
iransistos or devices). However, the layou time may be more than tens of hours if
designers manually manage the layout retargeting to it 3 small-feature technology
proces. Morcover, it is normlly diffclt fo cnsurs th satisfaction of prformance for
the retargetd layout. Therfor,the propasd algorithm, whih s (0 utomate thelayout
retargeting withthe fll considration of parasitis, s worthwile for the analog layout
desin. Futhemors, 3 lrgesize complicaed analog. desgn normally delogs @
irrchical design paradigm, which divides the entr circit 1o several mediumsize
blocks and focuses on th layou of ach block bfore intgration. Du 0 the trative
alls of design sutomation for smal or medium-ize analog blocks,the tm cfficency

improvement gained from this thesis would be influential to the large-size complicated

analog design.
ain

(aB)

Specification | 600

65

stage [} I
opamp. Ps 640
Py 3

Specification | 600

Folded- 601
ca [ 606
opamp rs 606
P 606




Table 5-8 Summary of time efficiency for PB/PS/PMIL
[ Two-Stage Opamp | Cascode Opamp
vB | ps | P

™

Figure 55 (a) Original and (b) targst layouts of the fwo-stage opamp by PML






5.7 Summary

In this chapter, 8 performance-constsined parssitc-aware layout retrgeing
algoritm was preseted. Diferent from the conventonsl seniiity analyss, we
deployed central-dierence approximation that uses any. simulators for segmental
snsiivity computation. A pecewise sensitvity model was designed 1o quantfy the
performance dependence with respect t0 a snsi
Morcover, mixedinteger performance consraints duc 1 parasitics were inclded in the

parasitc with improved accuracy.

formulated MINLP problem rather than through indirect parasiic-bound constraints.
‘Graph techniques and mixed-integer nonlincar programming are effctively combined to
solve the formulated parasitc-sware problem. Our experimental results show that the

proposed algorithm achieves effective retargeting of analog circuits with smaller layout

formulation, which ineviably degrades its effectiveness for layout retargeting at

higherRF fr equency,
wite-coupling capacitive impacts become more. significant in affecting RF. circuit

e parasitics must be controlled

performance. Thus, inductive and wire-coupling capac

10 avoid malfunction of RF designs if only considering parasitic resistances and wire-

. an RF is handied

in Chapter 6 considering complcte RLC parasitics.



6. Layout Retargeting for Radio Frequency Integrated Circuits

Resistive,inductive, and capacitive (i, RLC) parasitics are all significant for high-
performance RF designs. At lower frequency, the resistive parasitic is the major
contributing factor 10 the parasitic-induced performance degradation, compared 10 its

capaciive and inductive countrparts. However, at radio frequency, RF performance

becomes very sensitive 10 inductive and wire-coupling parasitics. These parasitcs must
be considered in parasitic-aware. RF layout optimizationiretargeting (5], besides the
parasitc resistances and the wire-substrate capacitances that are typically considered in

RF

been demonstrated to be effective and cfficient for retargeting RF layouts with updated

performance specifications.

6.1 Introduction

‘With bigher clock frequencies and faser transistor risefull time in modem VLSI
cireuits, long-signal wires exhibi transmission line effeets 65]. Currently, inductances
have besome more significant for high-speed VLSI circuits because of the following,

VLSI trends [66]: First, development of lower permeabiliy dielectrics increases the

relative importance of parastic inductances compared 1o that of parasitc resistances.

Second, longe RF I b

rge. For




instance, the wire-coupling capacitance at radio frequency can be much larger than its

sructures. Moreover, the
mutual inductance fo a pai of wirescan be comparable o isselfinductane, de o the
advocatod longer.and-tinner wire styk and the shrnk spacing. Th parasitic inductance

he : Therefore,

interconnect parastics of self inductances, mutual inductances and. wire-coupling
capacitances must be optimized in RF retargeting in additon 10 the resistive and wire-
substrate paasitcs, to ensure desired RF circut performance.

“The rest of the chapter is organized as follows. Section 6.2 introduces the proposed
RLC interconnect model as wel as the applicable RLC formulae. Section 6.3 discusses
the extraction and calculation of mutual inductances. The extraction of wire-coupling
capacitances is detiled in Section 64. The RF retargeting algorithm is introduced in
Section 6.5. The experimental resuts are reported in Section 6.6 followed by a brief

summary drawn in Section 6.7

6.2 An RLC Interconnect Model

Iductve components can b excluded from the intrconncet epresentation when
circuits operate at ower frequency because the inducive impact on performance is far

smaller than it resistive counterpart. However, in the high-frequency domain, parasitic

e
In decp-submicron high-frequency IC designs [39], simple RC interconnect

modeling ignoring inductive components can bring errors of up to 30% in the total



propagation delay compured 1o complete RLC interconnect. modeling. Due 10 the

it Morcover, the mutal

In onder to obtain quick evalustion of RLC parasitics withost compromising
sccuracy, a lumped RLC intercomnect =-model as shown in Figure 6-1 is sdopeed 10
model.

sel inductance s computed by layout geometnics besides net-based parastic resistance

1) - (63) [9), whike long-wire seif-inductance s calculaicd with (6.9) [65]. The
mutual inductance formulse are inirodueed in Section 6.3.1 since mutual inductances

have very complex formula for different scenarios.

R=pax (eex) | ey o)
Cor=6a% (620 % (V) + € % 2 X(5mx0), ©2)
Coaup = €% (5) / distance, ©3)

023w
T

L= fimy 050 032%) ©9

where u is the technology-specific imer-layer material permesbility. . is coupling.




“The thicknes of a layout e (e 0.59 um for 7SMCI) i ignord as it is far
smalle than the length of e that cauics an appreciable indutance. The ypical widh
of a smallsized RF ayout i mostly over 100 ym, and & noticesble inductance can arise
whenthe lngthof a wie i over 10 jum. Th thickness of 0.53 am is oy sround 120 of
00, Thas,the ticknes s not worh handing i our RF retareting considering it

added 3D solving effort

Figure 6-1 An RLC Interconneet 7-model.

6.3 Mutual Inductances

631 Mutual Inductance Caleulation

Due to the growing operating frequency, interconncets in high-speed ICs exhibit
transmission-line effects, which make the analytcal inductance ealculation harder. There
are three oveilable caleulation techniques for on-<hip inductances [32]: EM solvers,

nd

“The EM solvers [68] apply the numerical solutions of Maxwells equations. This is
the most aceurate approach 10 evaluste 3D inductances in muldlayer RF layouts.
However, these simulations may fake days or even weeks (o complete, which is

unpractical for our RF retargeting, even though they are accurate. Moreover, these.



simulations require designers” expertse of using specific simulators because detaled

Another approsch i to model  mutul indoctance s 3 transmision line network
and use  distrbuted parastc model (69)70], Mutual inductance ca be calulated by
asscmbling st of segmental indoctancs. Howerer,due t the complexity of wiing-
couplng structre, even cach segmentl inductance has  vry complex inducance

expression. Thus, these segmented calculation schemes of mutual inductances still

o uper plexity of . which leads to

“The third approach is to spproximate mutual inductances in a lumped RLC model
with applicable analytical formulac for distnct paralel-wire scenarios [65)(67]. In [67],

for different

a pair of wires). However, the classification criterion is so dense that, unacceptable

exccution time may be caused for a nonlincar-programming solver 1o simuliancously

handle 29 complex In (65}, mutul induct for

7 cases of wiring structure as shown in Figure 6-2. Distinet formulae are developed for

st evaluat luctances Ths,

these formulae are generally adopted for evaluating mutual inductances with @ good

rade-off between eficiency and accuracy. For instance, (6.5 is used fo estimate mutual

Mg 2
M=LpixinE)-1+d)
2 d s ©5)




However, RF layouts may have considerable parallel wires with uncqual length.

M ot aded The

1 induct its segments. n cases

27 of Figure 6-2, the mutual inductance for an unequal-length pai is caleulated as an
slgebraic sum of the mutual inductances for it segments. Each segment s treated as an

‘qual-length pair and its segmental mutual inductance is estimated using (6.5). Thus, a

P unequal
by calculating al its segmental mutual inductances with (6.5). For instance, the mutual
inductance formala for case 2is consiruted a5 shown in (6.6).



-, M), ©6)

peometics s shown i (67).

M2 (MDD mp o
r= & P ? T . &N

where L m. & p and g arc relsted symmetry parameters as indicated in Figare 62

©%)

“ Lemos o Lemes | dsmen) o
s n- &

©9)

fixiy

Yeme

M!-M7-—[(!~1)v{n{ ""’").nlmm%“ ©10)

Mﬂ::—,(lxh‘l'")‘n-h(“') a) ®1)

‘As reported in [65], the worst-case error of the formulac as shown in (6.7H6.11) is




(. 1, m or d), self inductances and mutual inductances for all 7 cases are calculaied
(1, Ly and MI1-M7) using the formulae of (6.7)46.11),as reported in Table 6-1.
In Table 6-1, Luy refers to the self inductance and MI-M7 refes to the motual

inductances of cases 1-7. The self inductances for all the scenarios are 102.7, since this

inductance is calculated for @ base wire with fixed length i, = 30) and width (., w =

1) The ge and d,

of a base wire, the length of the inducing wire and the separation in between these two

wires. The N/As in Table 6- indicate tha, some inductance formulac become inval

for
certain scenarios. In the las four columns, we defincd four fluctuation rtios called E1,

E2, E3 and EA that are calculated as shown in (6.12) - (6.15),respectvely,

B (max(M2, M3, M4) ~ min(M2, M3, MLy (©12)
E2 = [max(MS, M6, M7) - min(MS. M6, M7 L. ©13)
3 = max(M3 - M2, M3~ M4V (©14)
4= max(M6 - M|, M6 - M7y ©13)

where max(M2, M3, M4) and min(M2, M3, M) reer 10 the maximum and minimum
among M2, M3 and M4, and max(MS, M6, M7) and min(MS, M6, M7) refer 10 the

MS, M6 and M?. Thus, E1

M2, M3 and M4, and E2 reflects the fluctuation among M5, M6 and M7, with respect to
Self inductance Ly Moreover, 3 reflects the worstcase ratio of the fluctuations
betuween M3 & M2 and M3 & M, and E4 reflects the worst-case atio ofthe fluctations.

betuween M6 & M and M6 & M7, with respect 10 selfinductance L

101
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In Table 6-1,the dimensions of m and d (ic.,m € (16, SU6) and d € (16, 203) are

used because these conditions reflect the geometries of mutual inductances for our

R ” for parallel wires

(1) mutual for short-length
to their se-inductance counterparts because the magnetic flux linking the wires in such

wehave o
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esort 1o expensive field-solver calculations because no analytical formulae thus far can
ive reasonable estimation of mutual inductances for such cases; (3 since interconnect
wires in analog layouts are mostly long compared o the distance between wires, the
considered cases (., with the threshold of /> 2d) already cover all appreciable mutual
inductances in our applications.

For all scenarios as shown in Table 6-1, EI and E2 are both within 8% when /> 24
(e,d = (5, 10, 15)) and within 10% when I < 2d (e, d = 20). More important, E3 and
E4 are both within 7% for all the scenarios. These observations shows that the difference
among M2, M3 and M4 (with same geometries) is very small compared o self
inductance, and 50 i the difference among MS, M6 and M7. These cases are not worth

especially for

Targe-sized layouts that have huge number of interconnect wires, Thus, we approximate
M2 and M4 by M3 (i, the simplest amang thes three), and approximate M$ and M7 by
M6. As shown in Figure 62, cases 2 0 4 are approximated by case 3 (as nframed in the

figare), mad 07 Therefore, mutual ind forall

wiing structures can be estimated by using three analytical formulae of M1, M3 and Mo,

“Thus, geometric parameter of p, g and s in (6.7), (69) and (6.10) can be excluded from

which g

632 Mutual Inductance Extraction

An appreciable mutual inductance arises when two parallel long wires with current

flow are placed

103




with each other. Different from coupling capacitances that only consider overlapping
parts of two wires as discussed in Section 6.4, in theory all geometries of paralel wires
are required in the mutualinductance formulae as shown in (6.7)(6.11). Morcover, the

formula.

itstwo

member wires. As shown in Figure 6-3, a tle (cither horizontal or verical) deploys
eometrc. coordinates for its botiom-leRt and top-right comers within a layout. For
example, the coordinate of (v, ) epresents the bottom-left comer of Tile_a in Figure
6-3. These parameters have fixed values in an extracted layout template o represen the

ayout geometries for tils. These fixed values can be used to consiruct a st of scenarios

of posi par 3.1, the type "

7 cases
ofa pir of wires, a set of logic conditions are designed as shown in Figure 6-4. It s o be
noted tha, the relative positions of layou tles are preserved in retargeting as much as

possible since the original layou s expertisc-embedded. Thus, the mutual-inductance

Iy hod etor,
i and s  rtretng.
(x..,y..) O
e
—_— T H
- o l o)

Figure 6-3 The geometric parameters of horizontal and vertical tles.



In Figure 64, each pair of interconnect tiles, which is considered in mutual

2,4,6,8,10,12and

14 fllowed by ther deteined wiring types 35 wellas mutual inductance formalse s
shown inthe ins of 3, 5,7, 9, 11, 13 and 15, respectively. For example, n lne 4, the
Togic condion s (5 > & > 5 & (%ol - ) > 0 ad any pai f tles that
mets this conditon shoukd abviously beclasified nto case 4 and ts s inductnce
will be approximated wsing M3. As 8 whole, any parlel wiring strctre can be
casiia ito one of the 7 cases, and it mutal inductance can be calculstd wing
formula M1, M3 o M6

Morcover,once the type of 3 wiring sructure s determined, the parametes of [,

and d uscd by (6:5)(6.11) must be represented with related tile geometris. Figure 6-5

shows an example of representing After verifying the

s shown in Figure 6-4, this poi is lassifed 1o case formul

H

are represented with tile-geometry parameters (e 8. ¢ = O - y). By applying these

5. the mutual or this pi ina
Tayout-geomery form. Othe cases of parlel wites rathe than cse 4 can be derived
iy Thus, ol the mutul inductances can be extractedand represened s geometric
exprssons. These expressons are then incorporsted into the. parsitcsware RF

formulation.
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“mEiracion

Begin
1 Forany pairof paralel il mamed Tie_a and Tie_b Do

2 feummdn =i

3 Wiring sye belongs o case 1 sing M1 for mutl inductance.
4 el x> x (a-x)(xa -3 > O

s Wiring sye belongs o case 4 wsing M3

6 el xdx > xd (a5 x)

7 Wiring sye belongs o case 3 using M3

8 e (x> 0)

9 Wiring stye belongs o case 2 using M3

0 i)

n Wiring stye belongs o case S using M6

2 e

3 Wiring sye belongs o case 6 wsing Mo

e
15 Wiring stle belongs o case 7 wsing MG
endif

17 Endfor
Eni

Figure 6-4 An algorithm for the mutual inductance extraction.
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6.4 Extraction of Wire-Coupling Capacitances

The wire-coupling capacitince Gy arises when two paallel wires (cg.
interconnect tiles) overlap with cach other. As shown in ($.3). coupling capacitance

distance. 1t is 1o be notod that, an ffective wire-coupling capacitor is only the

a5 shown in Figare 6-6(a) or distinct layers 2s shown in Figare 6.60b). The distance in

Figure 6-6(b) can be calculated as:

dist=d_ver +d_hor | .

where d 1 and laper 2,4
distance between il 1 and il 2, and dist is the cffective distance for the coupling
capacitance.




One parasitc tle may overlap with another tle or other multiple tiles in complex
wiring structure. For the extraction of these coupling capacitances, all tles that overlap.

with  stating tile within certain distance can be detected using an algorithm called

overlapSearchl Figure 6.7
shown in line 1, al the parasitc tles that overlap with this starting tle are found for

“This algorithm hat th ofintermediate

ties s ignored in considering a pai of tles tht overlap with each other. For example, in
Figure 68, the existence of rile_2 is ignored (i.., regarding this tile as an cmpty one)
when scarching file_4 from tle_I. I this example, more than 4 tles are found to overlap

with tile_I using overlapSearch.

“This algorithm has  complexity of O(n") where  is the total number of parasitic

tiles for a layout. However, it is not correc 1o ignore the impact of intermediate tiles

h wire. Moreover, nesded d

10 the excessive number of extracted coupling capacitances by overlapSearchl. As a
‘mater of fact, the coupling capacitance for @ airis very small when other metal tiles are
placed in between. These coupling cases are not worth handling in the RLC iterconnect
evaluation when considering both the correctness and the solving effciency. Ths, the

overlapSearchl is an infeior algorithm for the coupling search,

modified to an algorithm of overlapSearch? as illusirated in Figure 6-9. The impact of
intermediate ties is taken into account in this algorithm. For any parasitc i, once an

found e, disabled

i the next iteration of coupling scarch. As shown in the lines of 3-6, after the first
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overlap is detected (.., between tle_ and e 2), a e fake il called dummy_1 s

I

ile 2.
oaly for the tiles that overlsp with diemmy_I. The process ends when 3 base e i

N




“overlapSearch?

Begin

For any starting e clled l_I) € fparasitic e Do
Search the nearest tile (called tile_2) to.
Extract the overlap between tile_I & tile_2:
Define a dammy e caled dumny_1 s the remalnder of eI
Search the second nearest tile to tile_1, say tile_3;
Etrac the avelap beween dummy_1 & il 3;
Define a dammy e caled dummy_2 as the remainder of .
Repeat searching until tile_I is completely overlapped;

Endfor

End

Figure 6-9 Pscudo-code of overlapSearch?

Figure 6-10 shows an example of the coupling scarching using overlapSearch?. In

this example, le_ isthe base il and rle_2 - ile_4 are the tiles that overlap with ie_.

Firstof al,rile_2 is detected s the nearest tle that overlaps with ie_ (i, overlap! in

Figure 6-10). Ho 1 . 1. Then

tile_1 s defined s o

10 detect ife_3 and overl lacly, le_4 and 3 are detcied

be found becaus il is now compltey covered. With the same wiring sructures a5
Figure 68, verlapSearch2 found 3 e for coupling capacitances compared to over 4

tiles found by overlapSearchi.

o



The overlapSearch? has 3 worst-case complexity of O(n’) where n is the total
umber of parastic tles of 2 layout. The complexity i reduced 1o O

v, since (v <

) ifthe worst

for 8 layout. As a whole,

aking unt
impacts.
6.5 Retargeting Algorithm Design

Therefore,

the RF performance constraints can be represented as-

TS xR 0+ TS )+ TSy *Cor0)+ TS < Lr 1) SN, (615



where R(x. ), Cusl. ). Coml. ) 30d L. ) rfer t0 geometic expressions of parasitic

resistance,
FEpetively. Sun S S 20 . espect
o parsitic resisancss, wire-subsiate capacitances, wire-coupling. capacitance s
parasitc inductances, respectively.

With the RF performance consrains 25 shown in (6.15).the parsitic-sware RF
problem 23 speciiod
in (6.161620), besides basic consrts for devign roles and symmery. In this

formulation, geometric expressions of parasitic inductances and wire-coupling
capacitances are intograted 35 shown in (6.17) to ensble the capability of RF layout
2

retargetng.
Minimize (%= i) % (=Y ©16)
Subject 1o

XTI TURNS SO 05 ORISR TS X MV ICR B
RaL

=Pl (©.18)

Pu(xy)

$a, <180 (©19)

B.(P-P.)20 && B, (P-Pu) <0, (620




6.6 Experimental Results

I this section, we

operational ampifier 15 sbown in Figuse 44, a single-ended folded cascode opamp 3
Fame

6-11. The LNA (operating 2t 5.6 GHz) was retargeted 0 meet new specifications in

0.18ym MITLL SO technology process.

Figure 6-11 A double-ended LNA.
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First,

the super
for wire-coupling extraction. Table 6-2 reports the number of extracted wire-coupling
pairs and parasti solving times for both algorithms, and Table 6-3 reports the reuits of

postlayout simulations. For example, in Table 6-2, the mumber of exiacted coupling.

pairs for the LNA is i

M is

3sby InTable 6:3, using both

algorithms meets the performance specificaion for the opamps, but overlapSearchl

rgeting for the LNA works. From the
above observations, overlapSearch? produced much fewes extracted wire-coupling pairs
(. 50% fewer for the LNA) and significant reduction of parasitc solving time
compared to overlapSearchl. In paricula, overlapSearch? realized a 33% reduction of
parasitic solving time for the two-stage and cascode opamps, whercas overlapSearchl

TwoStage| 34 2 6405 035
Cascode 3 31 13755 9925
LA 16 s unsolvable 12685




Gain P GV | Aren

wn) © (')

Specification 600 -

TOSALE | tapSearch] B[Is

opamp

15

Folded- | _Specification -

cascode | overlapSearch 700

opamp [ overlapSearch 3190

SI | NoieFigure | Gain | 1IP3 | Area

(dB) (dB) @B) | (@B) | (um’)

T Speciicasion | <150 | 20| >100 [>90] -
[everipSearchi Compleely led

[ 2030 [ 108 1561 [576 [061s

The performance sensitivities with respect to. wire-coupling capacitances are
reported in Table 6-4 for the opamps. For cxample, in the sccond row, the C2d Ze refers
10 the coupling capacitances between the nets of n2d and n2e, and the sensitivity of
bandvwidth with respest to C2d_2e is -0.105 MHZ/F. To demonsirate the superior
effectiveness of the proposed layout retargeting with wire-coupling capscitances

considered, a retargeting flow called PM-RCC was setup. PM-RCC considers parasitic

resistances,

RCC as well as PM-

RC (e,
The postlayout simulations for PM-RC and PM-RCC were conducted and the
results are reported in Table 6-5. The obscrvation s that, both methods achieve

satsfactory circuit performance while PM-RCC obains a moderste improvement of

ns



bandwidih as wel as layout area. In paticular, the achieved bandwidth by PM-RCC is

1064 MHz by 190 i by
PM-RCC compared to 2201 m’ by PN-RC. Thus, the consideration of wire-coupling.

capacitances can improve the quality of target layouts even for lower-frequency ansiog

dengns.

EH]

100
167
167
100
104
104
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Before the RF retargeting on the LNA, performance sensitvities and upper bounds
for parasiic resistances, wire-coupling capacitances and inductances were generated
through simulations. These simulations with varisble parasitcs were conducted using

L 6 GHz. The lumped RLC

interconnect model as shown in Figure 6-1 is applied in modeling RF interconnccts. RF

1, Noise Fi

Here, o
on the riterion as shown in Table 6-6, besides the citeron for parasitc resistances and

. spect

parasiic resistances, inductances and wire-coupling capacitances are reported in Table

6. For exampl
f 0.0069 nH and  piecewise sensitvity of (2.58;+4.18;) dB/H with respect t0 power

gain as shown in Table 6.7

ments for pa
inductances.
[P 7] N,
<10 An
Any ~0s
10,1001 ©.035]
103.05]
(100,150] o)
S50 Any
‘Any ©.01]




Table 67
resistances and wire-coupling capacitances for the LNA.

@i | SensSIL | Sens-NF | Sens-Gain | Sens-IP3

Las-i26 | 152145, | 156185, | 25418 | 017
Lis-Lis | 508,518, | 0021
L | 0
L35-134 | 218,338 | 031820318,
o
0.031 ). [ o0 |
S [ on | oseni0m | oo |
[03B 057|025 | 058,218,
Gl [ooBomB ] 0 | 0 |
cis [ on Soor o
s | oo oot 0 o005

Then we conducted RF retargeting on the LNA using the proposed RF retargeting
‘method (called PM-RLC). To demonstrate the superior effectiveness of RLC retargeting

compared to traditionl retargetng (3., only considering resstive parasitics for an RF-

layout, R was setup. The PM-R RLC retargeting

Both methods
were usd for retargeting the LNA and thei resuls wee compard. The poslayout
Simulations were conducted fo thetarge ayouts generated by PM-R and PA-RLC. The
simulated performances are summarized n Tabe 5.

A ey obsrvation of Table 67 i that, noisefigure senstviies with respect o all

parasitc resistances are positive (i, degrading/increasing the noise figure due 1o




negative (i, improvingieducing the noise figure due to increasing parssitic
inductances). This actually accounts for the obvious noise figure improvement of PM-
RLC over PM-R (ic. 1.08 < 1.2) in Table 6-8. A similar performance improvement for

poner
inductances wheress all the counierpart sensitvities with respect 1o resistznces are

‘negative. Thas, PM-RLC opt achieves

A Longer
wires can be observed in the target layout. The longer and thinner interconnccts in the
target layout result in larger parasitc incuctances for L35 & L26 and L14 & LIS, which

improves noise figure and power gain, respectively.

11| NoiseFigure | Gain
@B) | (@B | @

Specifcation | <150 | 20| _+100
PMR 00| 18 | 1195
PMRLC | 2020|105 | is6l

Exccution time is reporied in Table 6.9 for RF retargeting using PM-R and PM-
RLC. PM-RLC effectively manages the RF retargeting within 6 minutes of CPU time.

However, the execution time of PM-RLC is 45% more than that of PM-R due 1o the.




Table 69 tight

for IPOPT.
LNA )
PR P
146 136
Layout Generation 20 35
I 365 1268
RLC,

IPOPT must be applied to shrink the execution time of PM-RLC. This threshold defines

the solving effort of IPOPT. Table 6-10 reports the realized objective functions and

times for different “The first colum lists

the thresholds ranging from 1+10% to 510, and the middie two columns record the
achieved objective functions by PM-R/PM-RLC. The lat two columns report the IPOPT

In our RF retargeting.

the layout area s designed as the objective function and this function should be
minimized by IPOPT in an optimization process. It is worth mentioning that, optimal
solutions can be found by IPOPT only when the error tolerance is reduced below its
threshold. As shown in Table 6-10, the best objective function and longest execution time
are caused by using a very tight threshold of 110", while worse objective functions and
shorter exccution times are caused by using loosened thresholds. To reduce the parastic
solving time of PM-RLC without compromising the quality of solutions, 3 trade-off
threshold of 1x10* was adopted for the RF retargeting. As shown in Table 6-10, very

similar objective function is achicved using a threshold of 110 compared to 110, but
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threshold. By using the tradeofT threshold, the exccution time of PM-RLC retargeting as

The updated time cfficiency is reported in Table 6-11

here o sppreciable time

P

NA

Table 610

worT.

E LR

Table 6-11




Figure 6-12 (3) Original and (b) target layouts of the LNA by PM-RLC

6.7 Summary

In this chapter, & performance-consrained parasitic-aware RF layout retargeting

algorithm was presented. Different from previous methods, parasitic inductances and

formulation, which enables an RF capabilty of the proposed approach. The experimental

ficctive reargeting of RF layouts,




7. Conclusions and Future Work

7.1 Conclusions

Recently, anslog designers till have to spend disproportionate time and cffot in
conducting handerafied analog layout design, due to insuficient support from availble
analog CAD tools. This manual design stle leads 10  tedious and erorprone layout
process in order o cnsure a good tradeofT among design aspects, such as layout arca
‘minimizaton, perormance optimization, noise reducton, power minimization, cte. The
lsyoutgoometry (e symmeiry, maiching and. parasitics) induced performance.
degradation challenges the automation of andlogRF layout design. Several current
attempts for analog RF layout automation fallino two gencral paters: macrocell-based
hysicalsynthesis and template-based ayout compacion.

An improved templtc-based analog/RF layout automation algorthm was presented
in this diseraton for parasiic-aware process migration andior performance update (7]
{81, The proposed.pecformance-consirained reargeting flow was intgrated into an
automated ayout 0ol called IPRAIL [6], The implemented IPRAIL efficenty conducts
effcive layout genertion for process migration andor performance retargeting on

several analog/RF layouts (each layout contains thousands of rectangular geometris).

saged within 3 minutes

2



Various innovative techniques were proposed for analog/RF layout sutomation,

including putation, mutusl "
couplng capacitance extraction, and the parsstic-sware reargeting formulation using
‘minedinteger nonlincar programming. Morcover, o make the proposcd methodology
capsbleof handling RF reargeting. alumpod RLC nterconnect model was applied in RF.

interconnect solving. Global and accurate parasitic control were achieved by directly

the aid of piecerwise sensitvites. Analytical equations of mutual inductances and wire-

Piccewise sensitviies are more accurate compared to single numeric performance

with changing parasitcs. Using single sensitivities, the gencrated parasitc solutions arc
usually outsde of the domain where these single sensitvites are calculated. In the
piecewise formulation, different segments of a parasitc are always matched with their
scgmental performance sensitviies so that the optimized parasitic solutions always fall
into. their applicable segments. To ensure a good trade-off between accurucy and

efficiency, the number of segments is determined according 1o the proposed criterion

tables.

Performance constraints are modeled as the performance deviations due 10 all

interconnect resistances, self and mutual inductances, wire-substrate capacitances, and

wire-coupling capacitance. The parasitc expressions are limited by their piecewise

. their contributions By

incorporating all RLC-interconnect impacts into the performance consiraints, the
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corelation and cancellation among all parasitics are achieved in a global optimization
towards satisfactory performance of target layouts.

‘The capability of RF-layout retargeing is another important contribution of this
dissertation [5). A lumped RLC interconnet mode is designed to incorporat inductive
impacts o the performance optimization besides resitive/capacitive impacts. An
cquation of self inductance for that model is represented with its related geometric

parameters. for

e Jyzed and then while sl

are applied in the interconnect calculations. Morcover, wire-coupling capacitances are

also included for RF formulation since they become very active in affecting circuit

applying. well s 2 set
of RLC equations into the proposed anslog formulation, an RF retargeting formulation

was constructed and successfully solved.

M

integer
technique for enforcing logic conditions within the retargeting formulation. It is

ineffcient 10 solve the complete constraint set which usually contains a very small

portion of MINLP performance constaints (i, the number of these. constraints is
actually just the number of performance goals). Thus, a two-phase solving scheme was
applied in the layout generation process and its efficacy is demonstrated in our

‘experiments. By using this scheme, the 4-parameter symmetry/matching consiraints as

And the completc constraint set an be solved in the second LP-only phase.
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“Traditional analog/RF layout design methods typiclly requie tedious erations of
simulations and. handerated re-designs to meet updated performance specifications
andlor updated process technologies. As an_ improvement, the  parsiic-aware
performance-constrained retargeting method, proposed in his dissetation, considerably
improves the eficiency and effectiveness of analog RF layout automation. As a whole,
the IPRAIL updated with the proposcd template-based methodology cnsbles analog RF
designers 10 generste high-performance minimun-area layouts within minutes of CPU

time.

7.2 Future Work

IPRAIL, with the proposed agoritms ncorprstd, handies anlog RF retrgtig
for bulding block ayouts such as multstage operational amplifics. As futre work,
furher development o IPRAL can be conducted towands retrgeting lager ayouts
inchuding ierrciclly organized maliple building blocs. For arger sized analogRE
Jayout, the extracion of layout templte would be more complicated and the layout
solving with hundrods of thousands of consraitsare more challngig. The proposed

algorithms can be extended to handle multi-block layouts if hierarchical decomposition

Figure 7-1 shows an example multi-block layout with hierarchical structures. A
multi-block layout i frst analyzed and decomposed into building blocks (ic., functional
units). For example, the layout in Figure 7-1 s decomposed into 4 building blocks. The

performance specification for the layout can then be translted into the performance



requirements for cach building block. As shown in Figure 7-1, the building blocks of
blockl, block2, block3 and blockd have their own specifications of specl, spec2, spec3
and specd, respectively. For cach building block, the implemented IPRAIL in this
disseration can conduct automati retargeting to gencrate 3 target building block. With
all

‘connect al the target building blocks and form a target layout.

i~

ot Tt

Figure 7-1 Prospect IPRIAL retargeting flow for multi-block layouts.

27



Moreover, customized solving schemes can be developed 10 solve larger-sized
layout formulation, .2, using the C++ interfaces of IPOPT or other standard nonlinear
solvers. The configuration of thresholds is very important for the process of IPOPT

solving. For example, coding can be conducted to interact with IPOPT through a C++

terface o achicve dynamic conirol of the solving process.
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of IPRAIL Layout Retargeting

Appendix 1Tuto




. layer map, intial and target design rles. The snapshot

Step 3: Load the technolog

DesignRude: ~prail/binidemo,input/UWisme18_updated seck
Note: Please make sare the files are loaded correctly by checking the command line
messages

Step 4: Load the original layost design

Load->Layou (CIF): ~Gpraillbinidemo_input/2stage.if

Now, the orginal layout sppears as shown below




Step 5 Load piccewise performance sensitivities and maximum allowsd

performance deviations.

Note: This info il is textusl which specifies the performance scusi

mavimum allowed performance deviations.

Extract-> Parasitics->ExtAccToTxtF e
Here, the command line terminl displays the loaded performance deviations and







specd

input complexity. The retargeting is finished when the command line terminal shows a

success as shown below:

....:«;m 4 i

O et il st

Step 7: Review properis of target layous, rtargeting time tatistics as wellas
1POPT soling informatin. The informaton includes extracod parsiics from trget
layous, IOPT solutions of tareet ayout geometics. IPOPT input seipts and IPOPT
soling proces log

e targt CIF layout i genrsod ina CF file:
~lprailbinresize_reporvsg_outcf




You can check thetime satstcs in:~/iprailbin rsize_reporutimestampxt as:

=rr- ]




from the. layout can

~/iprail/bin/COIN_optimization/ TD_par SIF
~prail/bin/COIN.apiization/TD_par SIF rpt
~iprail/bin/COIN_optimization/ COIN log.

the solution
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