Generalized Constraint Generation Generalized Constraint Generation for Analog Circuit Designfor Analog Circuit DesignEdoardo Charbon, Enrico Malavasi*, Alberto Sangiovanni-VincentelliDepartment of Electrical Engineering and Computer SciencesUniversity of California at Berkeley* Dipartimento di Elettronica e InformaticaUniversit� di Padova, Italy

OutlineOutlinellObjective and BackgroundObjective and BackgroundllConstraint Generation ProblemConstraint Generation ProblemllModeling Performance Dependence on Modeling Performance Dependence on ParasiticsParasiticsllModeling Performance Dependence on Modeling Performance Dependence on TechnologyTechnologyllResultsResultsllSummarySummary

ObjectiveObjectiveSpecificationsSpecificationson Performance on Performance ParasiticsParasiticsTopologyTopologyParasitic Parasitic MismatchesMismatchesLayout Layout Constraint Constraint GenerationGeneration

ObjectiveObjectiveConstraints shouldConstraints shoulduube general enough to be used at each stage of be general enough to be used at each stage of layout synthesislayout synthesisuuallow maximum flexibility of each layout tool allow maximum flexibility of each layout tool ParasiticsParasiticsTopologyTopologyParasitic Parasitic MismatchesMismatcheslayout ayout synthesissynthesis final layout

BackgroundBackgroundllLayout synthesis fits in top-down, constraint-driven design Layout synthesis fits in top-down, constraint-driven design (CICC 92) (CICC 92)High-level specificationsD/ALogicAnalog circuitsintermediate design levelsConstraint mapping final layout layout constraint generation layout synthesis

Use of Layout ConstraintsUse of Layout ConstraintsSchematicSchematicLayoutLayoutPlacementPlacementRoutingRoutingCompactionCompactionLAYOUT SYNTHESISLAYOUT SYNTHESISGeneralized constraints

OutlineOutlinellObjective and BackgroundObjective and BackgroundllConstraint Generation ProblemConstraint Generation ProblemllModeling Performance Dependence on Modeling Performance Dependence on ParasiticsParasiticsllModeling Performance Dependence on Modeling Performance Dependence on TechnologyTechnologyllResultsResultsllSummarySummary

Constraint Generation ProblemConstraint Generation ProblemClasses of layout constraintsClasses of layout constraintsllParasitic constraints = Parasitic constraints = Bounds on the absolute value of parasitics Bounds on the absolute value of parasiticsllMatching constraints = Matching constraints = Bounds on the mismatch of parasitics Bounds on the mismatch of parasitics llTopological constraints = Topological constraints = Constraints on the relative position and orientation Constraints on the relative position and orientation of layout objects (device matching and symmetry) of layout objects (device matching and symmetry)

Parasitic Constraints Parasitic Constraints Problem formulation (Choudhury 91)Problem formulation (Choudhury 91)llGiven a set of performances Given a set of performances {W{Wii}, i = 1, ... N}, i = 1, ... Nww and a set and a set of parasitics of parasitics {p{pjj}, j = 1, ... N}, j = 1, ... Np p llFind suitable Find suitable p pjj(bound)(bound), s.t., s.t.if if ppjj £ p £ pjj(bound)(bound) , , for all for all j jllThen it is guaranteed thatThen it is guaranteed thatD WD Wii £ D W £ D Wii(max)(max) , for all, for all i i where where D WD Wii(max) (max) is the maximum degradation is the maximum degradation D WD Wi i of of performanceperformance W Wi i ..pj

Matching ConstraintsMatching ConstraintsProblem formulationProblem formulationllFind a suitable Find a suitable D pD pjj(neg_mismatch)(neg_mismatch) and and D pD pjj(pos_mismatch)(pos_mismatch), s.t., s.t. if if D pD pjj(neg_mismatch)(neg_mismatch) £ D p £ D pjj £ D p £ D pjj(pos_mismatch)(pos_mismatch) , for all , for all jjllThen it is guaranteed thatThen it is guaranteed that D WD Wii £ D W £ D Wii(max )(max ) , for all , for all i i pjpk

Topological ConstraintsTopological ConstraintsProblem formulationProblem formulationllfind a suitable distance find a suitable distance ddjkjk(bound)(bound) and a relative and a relative orientation orientation rrjkjk(bound)(bound) between device between device j j and and kk, s.t., s.t. if if ddjkjk £ d £ djkjk(bound)(bound) , , r rjkjk £ r £ rkk(bound)(bound) for all for all j,k j,kllThen it is guaranteed thatThen it is guaranteed that D W D Wii £ D W £ D Wii(max )(max ) , for all , for all i i

OutlineOutlinellObjective and BackgroundObjective and BackgroundllConstraint Generation ProblemConstraint Generation ProblemllModeling Performance Dependence on Modeling Performance Dependence on ParasiticsParasiticsllModeling Performance Dependence on Modeling Performance Dependence on TechnologyTechnologyllResultsResultsllSummarySummary

Modeling Performance Modeling Performance Dependence on ParasiticsDependence on ParasiticsEffect of parasitics on performanceEffect of parasitics on performancellLinearize performance around its nominal value Linearize performance around its nominal value DW DW ++ = � = �jj S Sjj++ p pjj and and DWDW -- = � = �jj S Sjj-- p pjj llDW DW +/- +/- = pos. / neg. performance degradation = pos. / neg. performance degradationllSSj j +/- +/- pos. / neg. sensitivity of pos. / neg. sensitivity of WW wrtwrt p pjjll+/- dropped for simplicity from now on but always +/- dropped for simplicity from now on but always implied implied

Modeling Performance Modeling Performance Dependence on ParasiticsDependence on ParasiticsEffect of parasitic mismatch on performanceEffect of parasitic mismatch on performancellFor a set of For a set of nn mismatched parasitics mismatched parasiticsNominal value:Nominal value:p = (1/n) �p = (1/n) �jj p pjjMismatch between Mismatch between ppjj and and ppkk : : DpDpjkjk = p = pjj - p - pkkllThen Then DW = SDW = Spp p + � p + �(j,k)(j,k) S SDpjkDpjk Dp Dpjkjk llSSpp : sensitivity of W: sensitivity of W wrtwrt nominalnominal parasitic pparasitic pjjllSSDpjkDpjk : sensitivity of W: sensitivity of W wrtwrt mismatch mismatch Dp DpjkjkllSSpp and and SSDpjkDpjk obtained by simple manipulations of obtained by simple manipulations of original sensitivitiesoriginal sensitivitiespjpk

Generating Parasitic ConstraintsGenerating Parasitic ConstraintsRange of parasitic componentRange of parasitic component ppjj(min)(min) £ p £ pjj £ p £ pjj(max)(max)Range of parasitic mismatchRange of parasitic mismatch ppjj(min) (min) - p- pjj(max)(max) £ Dp £ Dpjj £ p £ pjj(max)(max) - p - pjj(min)(min)llNon criticalNon critical parasitics eliminated based on their parasitics eliminated based on their negligible cumulative effect on performancenegligible cumulative effect on performancellCriticalCritical parasitics automatically generated using parasitics automatically generated using constrained optimizationconstrained optimizationllObjective:Objective: maximize flexibility of layout tools maximize flexibility of layout tools

OutlineOutlinellObjective and BackgroundObjective and BackgroundllConstraint Generation ProblemConstraint Generation ProblemllModeling Performance Dependence on Modeling Performance Dependence on ParasiticsParasiticsllModeling Performance Dependence on Modeling Performance Dependence on TechnologyTechnologyllResultsResultsllSummarySummary llTechnology parameters, e.g. Technology parameters, e.g. ttoxox, , NNAA, etc. , vary , etc. , vary within the wafer along irregular patternswithin the wafer along irregular patternsllIf chip is sufficiently small, gradients can be If chip is sufficiently small, gradients can be assumed constant in the x- and y- directionsassumed constant in the x- and y- directionsllTechnology parameter Technology parameter P(x,y) P(x,y) can be modeled as can be modeled as P(x,y) = P(0,0) + G P(x,y) = P(0,0) + Gxx x + G x + Gyy y = P(0,0) + DP y = P(0,0) + DPModeling Performance Modeling Performance Dependence on TechnologyDependence on Technologyy, Gyx, Gx(0,0)P(x,y)

Modeling Performance Modeling Performance Dependence on TechnologyDependence on TechnologyllDegradation of performance Degradation of performance WW due to all due to all technology gradients acting on device technology gradients acting on device DDjj DWDWDjDj = � = �i i SSj,Pij,Pi DPDPii where where S S j,Pij,Pi: sensitivity of: sensitivity of WW wrt technology wrt technology parameter parameter PPii acting on acting on DDjj llExample: mCox, NExample: mCox, NAA, N, NDD fifi MOS devices MOS devices polysilicon thickness polysilicon thickness fifi resistances resistances

Modeling Performance Modeling Performance Dependence on TechnologyDependence on TechnologyllPerformance degradation due to mismatch of devices Performance degradation due to mismatch of devices DDjj and and DDkk DWDWDj,kDj,k = �= �i i S S j,k,Pij,k,Pi DP DPii where where S S j,k,Pi j,k,Pi : sensitivity of : sensitivity of WW wrt mismatch of wrt mismatch of technology parameter technology parameter PPii acting on acting on D Djj and and DDkk llAssuming statistical independence of technology Assuming statistical independence of technology parameters parameters ss 2 2 ( DW( DWDj,kDj,k ) = � ) = � ii | | S S j,k,Pij,k,Pi || 2 2 ss 2 2 ( DP( DPii))

Topological Constraint Topological Constraint Generation: Device MatchingGeneration: Device MatchingllAssuming linear relation between technological Assuming linear relation between technological parameters mismatch and distance parameters mismatch and distance ddjkjk and relative and relative orientation of device pairs orientation of device pairs rrjkjk (Pelgrom 1989), (Pelgrom 1989), ss22((D PD Pjkjk) = A) = Ajkjk d djkjk + B + Bjkjk r rjkjk Example of Example of DPDP : : DK�DK�, , DVtDVt for a pair of MOS transistors for a pair of MOS transistorsllThen, Then, s s 2 2 ( DW( DWDj,kDj,k ) = � ) = � ii | | S S j,k ,Pij,k ,Pi || 2 2 (A (Ajkjk d djkjk + B + Bjk jk rrjkjk ) )llConstraints on Constraints on ddjkjk andand r rjkjk are determined using our are determined using our constrained optimization approach constrained optimization approach

Topological Constraint Generation: Topological Constraint Generation: Device and Interconnect SymmetryDevice and Interconnect SymmetryllMatching constraints alone guarantee Matching constraints alone guarantee performance performance llWith device and interconnect symmetry, can With device and interconnect symmetry, can achieveachieveuuhigher flexibility of layout synthesis higher flexibility of layout synthesis uubetter efficiency of layout toolsbetter efficiency of layout toolsuubetter robustness of the general approachbetter robustness of the general approach

Topological Constraint Generation:Topological Constraint Generation:Device and Interconnect SymmetryDevice and Interconnect SymmetryllCandidates� to symmetrization areCandidates� to symmetrization areuumatched devices matched devices uumatched interconnect, i.e. nets with matched interconnect, i.e. nets with matched parasitics matched parasitics uuinterconnect of fully differential signal interconnect of fully differential signal pathspathsllThese requirements have been used to drive a These requirements have been used to drive a symmetry-constraint generating algorithmsymmetry-constraint generating algorithm

Symmetry Constraint Symmetry Constraint Generating AlgorithmGenerating Algorithm Definitions:Definitions:llVirtual groundVirtual ground = = signal independent node signal independent nodellReconvergent pathReconvergent path = = path into which fully path into which fully differential paths merge differential paths mergellDegenerated pathDegenerated path = = devices on a search path devices on a search path are matched to devices on are matched to devices on an incompatible path an incompatible pathllSemi-degenerated pathSemi-degenerated path = = a node is at both sides of a node is at both sides of the symmetry axis the symmetry axismatchmatchmatchmatchvirtual groundreconvergent pathsemi-degenerated pathdegenerated path

Symmetry Constraint Symmetry Constraint Generating AlgorithmGenerating Algorithmschematic fi graphsearch pairs of differential signals in matched devicesselect starting nodesdegenerate path?reconvergent path?stop at real groundmerge searchendregular path?

Symmetry Constraint Symmetry Constraint Generating Algorithm: ExampleGenerating Algorithm: Examplematchmatchmatchmatchstarting nodesM1M2M3M4M5M6M7M8M1M2M3M4M5M6M8

OutlineOutlinellObjective and BackgroundObjective and BackgroundllConstraint Generation ProblemConstraint Generation ProblemllModeling Performance Dependence on Modeling Performance Dependence on ParasiticsParasiticsllModeling Performance Dependence on Modeling Performance Dependence on TechnologyTechnologyllResultsResultsllSummarySummary

ResultsResults*) The program is written in C and runs under the UNIX *) The program is written in C and runs under the UNIX operating system.operating system.Constraint generation (Parcar-m*, Mksym*)Sensitivity analysis (Senscalc*)Layout synthesis and parasitic extractionSchematicFinal layoutSpecificationsTechnology

Class AB AmplifierClass AB Amplifier14mV14mV500MHz500MHz106 deg106 deg28 dB28 dBVVoffoffUGBUGBPMPMLFGLFG-8mV / +2mV-8mV / +2mV-/+ 3MHz-/+ 3MHz-/+ 3deg-/+ 3deg- 3dB /- 3dB /¥¥Perform.Perform.NominalNominalSpecificationSpecificationscmos1.6scmos1.6m m 1515Devices Devices TechnologyTechnologym1m1m2m2m3m3m4m4m5m5m8m8m7m7m6m6m11m11m9m9m10m101414551313101011116677VddVddVssVss3344

Generated ConstraintsGenerated Constraints4 - 64 - 610-gnd10-gnd3 - 93 - 911-gnd11-gnd62.41 fF62.41 fF80.97 fF80.97 fFNet pair Net pair Net pairNet pairConstraintConstraint Maximum capacitive mismatch Maximum capacitive mismatchVdd-m12.sVdd-m12.sVss-m9.sVss-m9.s0.1 W0.1 W0.1 W0.1 WBranch Branch ConstraintConstraint Maximum resistive mismatch Maximum resistive mismatchVdd-m14.sVdd-m14.sVss-m10.sVss-m10.sBranch Branch 0000200 200 ll200 200 llm12-m14m12-m14m9-m10m9-m10DistanceDistanceRotationRotationDevicesDevices Device matching constraints Device matching constraints0011 Symmetry Constraints Symmetry Constraintsm1-m2; m3-m4; m7-m8; m9-m10m1-m2; m3-m4; m7-m8; m9-m10m12-m14; m13-m15; m5-m6m12-m14; m13-m15; m5-m6AxisAxisSymmetric devicesSymmetric devicesToolTool CPU (DECstation 5000/125) CPU (DECstation 5000/125)Parcar-m / SenscalcParcar-m / SenscalcMksymMksym 7.4 seconds 7.4 seconds 0.1 seconds 0.1 seconds

Clocked ComparatorClocked Comparatorscmos1.6scmos1.6m m 2525Devices Devices TechnologyTechnology

LayoutLayoutscmos1.6scmos1.6m m 442 .9 seconds442 .9 secondsCPU time for constraint-CPU time for constraint-driven layout synthesis driven layout synthesis TechnologyTechnology70 parasitic constraints70 parasitic constraints24 symmetries24 symmetries6 device matching 6 device matching constraintsconstraints

PerformancePerformance*) Performed with Spice3 (level 3) on fully extracted layout.*) Performed with Spice3 (level 3) on fully extracted layout.1.0mV1.0mV2 .49nsec2 .49nsec2 .42nsec2 .42nsecVVoffoffttLHLHttHLHL+/-0.5mV+/-0.5mV+/- 0.25nsec+/- 0.25nsec+/- 0.25nsec+/- 0.25nsecPerform.Perform.NominalNominalSpecificationSpecification1.4mV1.4mV2..69nsec2..69nsec2..63nsec2..63nsecExtracted data*Extracted data*

Analog BenchmarksAnalog BenchmarksllConstraints generated for a set of industrial circuitsConstraints generated for a set of industrial circuitsBenchmarkBenchmark# devices# devices# parasit. # parasit. # symmetry# symmetry# matching # matching CPU (DEC5000125)CPU (DEC5000125)fastcompfastcomp2525707024246610.910.9philipsphilips272759459414 14 161621512151abab1515211211141413132.62.6compcomp262624241414880.10.1opamp1opamp113137979554411.911.9ota731ota731222238338311112020198.4198.4

ConclusionsConclusionsllA generalized methodology for generating A generalized methodology for generating uuparasitic constraintsparasitic constraintsuubounds on parasitic mismatchbounds on parasitic mismatchuudevice matching requirementsdevice matching requirementsuutopological symmetry constraints topological symmetry constraints llSensitivity analysis and constrained optimization used to Sensitivity analysis and constrained optimization used to find quantitative bounds on layout geometries and find quantitative bounds on layout geometries and parasiticsparasiticsllEffect of parasitics and parasitic mismatches on Effect of parasitics and parasitic mismatches on performanceperformancellInfluence of technology gradients on performance Influence of technology gradients on performance

Future WorkFuture WorkllRefine modeling of technology induced Refine modeling of technology induced performance degradationperformance degradationllExtend the methodology to distributed Extend the methodology to distributed parasiticsparasiticsllApply the methodology to the extraction Apply the methodology to the extraction process process

BackgroundBackgroundllComplex mixed-signal systems are in simpler Complex mixed-signal systems are in simpler sub-componentssub-componentsllTop-down approach driven by specifications Top-down approach driven by specifications generally adopted for digital circuitsgenerally adopted for digital circuitsllTop-down, constraint-driven methodology for Top-down, constraint-driven methodology for analog and mixed-signal circuits (CICC92)analog and mixed-signal circuits (CICC92)DSPcontrollerA/D

Top-Down, Constraint-Driven Top-Down, Constraint-Driven Design MethodologyDesign MethodologyAt each design levelAt each design levelllMapping higher-level onto lower-level design Mapping higher-level onto lower-level design constraintsconstraintsllDesign optimizations and architecture selectionDesign optimizations and architecture selectionIntermediate design levelsHigher-level constraints required by previous design level Constraints imposed to the next design level

Top-Down, Constraint-Driven Top-Down, Constraint-Driven Design MethodologyDesign MethodologyConstraint generationPerformance specifications from previous design level Layout synthesis