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Abstract—Several methods are presented for highly efficient ing the advantages of innovative technologies. For this reason,
calculation of substrate noise transport in integrated circuits. recently a serious effort has been made to model substrate

A three-dimensional Green's function-based boundary element . ico sources and transport mechanisms, thus allowing de-
method, accelerated through use of the fast Fourier transform,

allows the computation of sensitivities with respect to all substrate S!Qnefs,to .detect potential problems before fabrication. S.pe-
parameters at a considerably higher speed than any methods Cific guidelines have also been drafted for more aggressive,
reported in the literature. Substrate sensitivities are used in a substrate-aware design practices.

number of physical optimization tools, such as placement and At a macroscopic level, substrate noise is characterized
trend analysis. The aim is a fast and accurate estimation of the Im- ,, iyyringic and switching noise. Intrinsic noise is a back-

pact of technology migration and/or layout redesign on substrate d . . | oriai di . d ive devi
noise and, ultimately, on the circuit's overall performance. The 9round spurious signal originated in active and passive devices

suitability of the approach is shown through industrial-strength ~ through various physical phenomena, namely thermal, shot,
mixed-mode integrated circuits fabricated on a standard CMOS and flicker noise. Switching noise originates mostly in digital
process. blocks where frequent state transitions, occurring in gates
Index Terms—Boundary element methods, convergence of nu- across the chip, result in current pulses absorbed from and
merical methods, discrete Fourier transients, integrated circuit transmitted to supply/ground lines through direct feedthrough
noise, noise, noise generators, noise measurement, numericahnq |oad charge/discharge. Such pulsing currents are partially

analysis, numerical stability, optimization methods, phase noise, . . . . .
sensitivity, semiconductor device noise, switching circuits, switch- injected into the substrate through impact ionization and

ing transients. capacitive coupling.

Generally, switching noise is by far the most destructive
of all substrate noise types. It can be broadcasted over great
distances, acting on all transistors by modulating threshold

NCREASED chip size, device density, and feature miniaoltage and gain, and directly coupling with signal voltages,

turization, as well as overall higher frequencies of oper#éhus increasing the average delay of digital blocks. Switching
tion, have made the problem of substrate noise critical in theise has an especially detrimental effect on analog and mixed-
design of integrated circuits. signal circuits. In these circuits the presence of sensitive

Accurately characterizing substrate noise is problematic fstructures and large noise injectors on the same chip makes
various reasons. The noise results from superposition ofitaimperative for the designer to accurately and efficiently
large number of local and remote sources, each attenuaégtimate the strength of substrate noise at various locations.
and delayed in a unique way. Modeling signal attenuatidgividently, CAD tools able to provide accurate injection and
and delay individually may be extremely time-consuming arglibstrate transmission models are key to successful design
would require accurated hoc characterization of all the flows. Furthermore, efficient substrate analysis, coupled with
sources, which is in itself a hard problem [1]. The interactiolyout optimization, provides higher guarantees to reduce the
of substrate noise with sensitive devices is often difficult t@esign cycle, while ensuring satisfaction of tighter perfor-
evaluate due to the complexity of the effects of noise on panance specifications.
formance, especially with erratic noise waveforms. Moreover, Anisotropic substrates were first studied by Fukahori [2],
reduced distances between high-swing high-frequency noigho discretized the space into a resistive/capacitive mesh.
sources and sensitive circuitry exacerbates the problem, ts/steady-state analysis was carried out by direct solution of
making the design task even more challenging. the system of simultaneous thermal and electrical equations.

To combat the effects of substrate noise, heavily oveTransient analysis was performed by using variable time-step
designed structures are generally adopted, thus seriously linipezoidal integration techniques. In the dc analysis, direct LU

factorization was later replaced with the incomplete Choleski
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niques are versatile and general in nature, since they danan be used as a quality factor for the selection of the best
handle lateral and vertical resistivity variations and arbitraigost-effective technology on the basis of a class of circuits
substrate geometries. However, to obtain accurate substi@te wants to fabricate with given specifications. Furthermore,
characterization, a fine mesh is required, thus making storagee can characterize thteend of circuit performance when
and computational efforts often prohibitive. To overcome thengineering changes are performed on substrate geometry,
formidable computational complexity of the problem, spardgechnology parameters, or design. Third, the technique can
nonuniform grids are often used. The grid size is made fine lie¢ used during optimization to help the decision process pro-
areas close to substrate contacts and coarse in distant regiddisig guidance to the best possible improvement. Hence, the
[5], [6]. The use of nonuniform or coarse grids, howevegeffects of technology migration/scaling can be carried out effi-
involves speed-accuracy tradeoffs, which are often difficuttently for a given chip without the need of performing a large
to evaluatea priori. Boundary element methods (BEM’'s)number of complete substrate extractions. Fourth, sensitivities
can also be used for parasitic and substrate extraction.cln be used to build performance models accounting for
[7]-9], the use of the Green's Function was proposed faliscrete parasitics as well as substrate effects. We show how
a finite uniform medium and later for a multilayer substratéhese models can be efficiently built and used in demanding
with zero normal electric field boundary conditions, exploitingptimization algorithms at little computational cost.

the technique of the separation of variables. Image-chargeThe paper is organized as follows. In Section Il substrate
based concepts have been used, in order to avoid the seeiealuation techniques based on a DCT accelerated BEM are
computation involved in the method. described. Section Il outlines the techniques used for sensi-

Traditionally, the analysis of substrate noise has been p#wity analysis and sensitivity-based optimization. A number of
formed after the completion of physical design as a verificatigtesign optimization problems are presented in Section IV. In
step. Experience has shown the extreme time complexfgction V the suitability of the approach is illustrated with a
required to accurately model substrate and to estimate perfimedium-sized mixed-signal IC designed using substrate-aware
mance degradations due to switching noise. In many desigptimization and fabricated on a standard CMOS process.
problems, however, dynamicsubstrate noise analysis would
be prefer_a_ble, since it could drive the design tqward solutions Il. MODELING SUBSTRATE TRANSPORT
more resilient to substrate noise. Recently, this problem was
addressed by a number of.autho_rs who proposed heurlsncsAFoProblem Formulation and Solutions
speed up substrate analysis during physical assembly phasés,

e.g., [6] and [10]. The approaches have in common the usdn general, silicon substrates are composed by one or more
of an FDM for the evaluation of the electric field on dightly doped epitaxial layers and a highly doped “core.”
coarse grid spanning the workspace, combined with AWE fbtence, differently conductive areas are present in the vertical
an efficient solution of the resulting system of simultaneog&ction of the chip, while lateral resistivity variations are
algebraic equations. A potential problem with this approaé¢hie to device and well implants as well as other integrated
is a strict requirement of a|ignment between gr|d and |ayogpmp0nents. The latter are jUnCtionS with the SUbStrate, and, in
objects. Thus, unless specific tessellation [11] or analytid®@ny cases, they may be considered equipotential. There are,
approximations [12], [13] are used, iterative algorithms bas&@wever, situations in which this assumption is not adequate;
on progressive and Often minima| modifications may not fu”V] these cases it is advisable to partition such structures into
take advantage of the algorithms. separate contacts. Calculating resistances between any contact

In this paper we propose a set of fast semi-analyticl&lcations on the substrate requires the computation of electric
techniques for substrate analysis, which have been furti@itential®(z,y, z,t) atany locatior{z, y, z) in the bulk. From
accelerated for use within optimization loops. The algorithifaxwell’s equations one can show that
at the heart of the substrate analysis package SUBRES, is 9
a Green's Function-based BEM for multilayered substrates —V ¢ V&(z,y,z,1) +ca(V0V<I>(a:,y,z,t)) =0 (1)
accelerated using the discrete cosine transform (DCT), which
is efficiently computed via the fast Fourier transform (FFTholds, wheree and p are, respectively, the local dielectric
SUBRES generates a network accurately modeling contact-permittivity and resistivity of the substrate. In the electrostatic
contact resistances in arbitrarily-shaped doping regions. Tewse, (1) reduces to the Laplace equation
method can be further accelerated if accuracy can be traded off
for circuit complexity. We show how upperbounds to accuracy Ve =0 2
degradation can be computed exactly.

Sensitivities of all the network components with respe
to a number of technology parameters are computed us ) X X X
analytical manipulations of the Green’s Function expressiond ved using Green’s Function-based BEM's [14].
and coded directly in the FET, thus allowing fast evaluations -6t ®(r) be the potential at point = (z,y,z) resulting

on demand. Computing sensitivities of substrate coupling '[9™ @ localized charge densip(r’), and¥(r, ') the poten-

useful for a number of reasons. First, it allows the evaluatid{@! @t due to a point charge placed at a paihtThen, &(r)
of the |m_pac_t of slight imperfections in the faprlcgtlon ProCesSipyrichiet conditions impose a given potential, Neumann conditions a given
on the circuit’s performance and, ultimately, its yield. Seconéiectric field.

(\ﬁ/ith either Dirichlet or Neumarinboundary conditions or a
qunbination of the two on the surfaces. Equation (2) can be
Vi
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Fig. 1. Substrate boundaries and contact resistance modeling.

Fig. 2. Multilayer doping profiles.

can be expressed as . . . .
result of averaging all internal contact partitions. Hence, using

B(r) :/ () r/)dgr/—l—cj{ 992 _59%) ,s  (6), the potential of contaci can be derived ash; =
v ’ s\ On on % Iy [y piG dvj dv;, V; and V; being the volumes of con-
(3) tactsi andj andp; the charge distribution op. If a uniform

. o . charge distributiorp; = @;/V; is chosen ovey, we obtain
where -/8n symbolizes the derivative with respect i the

unit outward normal vector to surfaceenclosing volumé’. P, — Q; G dv. d

e , . , . . i s Uy AU;. (7)
¥(r,r') is calledGreen’s Functionlf the Green’s Function is ViVi Jv, Jv,

known, (3) allows one to determine the potential at any poin

in the volumeV due to a known arbitrarily distributed charge-ﬁ]e solution to (6) for each contact pair yields tuefficient of

density. Image-based techniques and the method of separatRtiéntialmatrix P. The relation between matrik and vector
of-variables (SOV) are two different approaches for evaluatiry 1€ @verage potential at each contact, &ndthe charge
the Green's Function. The methods are described in detaildrisociated with all contacts, is described as
[15, Ch. 3]. $=PQ and Q=cd ®8)
In the electrostatic case, the problem of computing the
resistance between a substrate contact and all the otherswhare c = P~! is called coefficient of inductionmatrix.
be translated into that of computing the charge at the cont&cir a contact, the capacitance to ground; and all mutual
when set at a potential of 1 V, while the other contacts and thapacitance€’;; are characterized as
backplane are grounded. The reason for this is the following. N
Ca_pacﬂanceCij between conﬁacts andj is _deflned as the C;, = Z cij,  Cij = —cij 9)
ratio of the charge on contagtto the potential of contact, —
or C;; = Q;/®;. By Stokes Theorem !
1 where N is the size of matrixc [15]. Using (4) and (5)
Cij = —j{E.ﬁds (4) in combination with relations (9), all mutual and ground
€Js resistances can be easily derived.
wheren is the unit outward normal vector to the surfae
which encompasses the contagt.is the electric field in the B. Computing the Green’s Function in Multilayered Substrates

medium. Similarly, the resistance between contacts is definedry,q 1| derivation of the Green’s Function for multilayered

as problems can be found in [15] and [16]. Here, we shall
-1 1 &, outline the basic steps to justify the sensitivity analysis and

R.=Y7l—=|_ Eetid - _ - =t 5 oo . . : .
ij =4y = |79 g nas| =--- Q; some optimization techniques proposed in this paper. Fig. 2
) ) o ) shows the multilayered structure for which a Green’s Function

where o is the medium conductivity. Note that in both thenyst be computed. The figure shows for each layéts

resistive and the capacitive cases the potential satisfies ga@ductivity o; and the permittivitye; associated with the

Laplace equation, thus the problems can be interchanggd;ivalent electrostatic problem. Consider the case in which

freely. _ the point-charge at = (x,%,0) and the observation point
At frequencies up to 4-5 GHz, substrate susceptancegis,” — («/,y/,0) are localized to a layer with dielectric

typically much smaller than the conductance, hence it may Bermittivity ¢y. The Green’s Function corresponds to an

ignored and all substrate impedances may be considered rganite series of sinusoidal functions

Consider the problem of computing the resistance between o oo

contactsl and2, and toward ground in Fig. 1. This represents G(r,7') = Golaewr—o + Z Z FnConn COS(”““)

a mixed-boundary problem, since zero potential in the chip’s a

backplane is assumed (Dirichlet condition) and vanishing <
X COs

m=0n=0

/ /
e Cos(@) cos( 22Y. (20)
a b b
whereC,,,, = 0form =n=0,C,,, =2form =0 or
®(r) = / p(r)G(r,r') d®r (6) n =0, butm # n, andC,,, = 4 for all m,n > 0. Parameters
v a, b, and d are the dimensions of substraten y-, and z-

where V' is the chip’s volume region and? the Green’'s direction (see Fig. 2). Formulae for ter%|.—..—o and f,,,,
Function. The potential of a contact is computed as tlwan be found in [15] and [17].

normal electric field on the other faces (Neumann condition).
Under these conditions, (3) simplifies to
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From (7), adapted for surface contacts, one can derive an | ' 2 Lo

expression for the average potential at contadue to the T i S g
charge on contact. Consequently, the entgy;; of matrix P, /
computed as the ratio ab; and @;, becomes A O

N

z

b, 1 / /
= — = G(s;,s;)ds; ds; 11
Pij Q; SiS; s.Js; ( . i) 7 (11) Fig. 3. Discretization of nonabrupt doping profiles.

where S; and S; are the surfaces of the contacts.
Replacing (10) into (11) and integrating, one obtains
explicit formula for p;; The DCT of k,,, is computed for each location in a
Manhattan grid covering the whole substrate surface. To
> & generate matri®, it is necessary to compute the parameter
pij = Gols=w=o + Z Z K for all the pairs of partition elements composing each contact.
m=0n=0 If no scheme is used for its reduction (see Section II-D), the
[sin(mr %) —sin(m7%)]  size of P and c is

a%‘ Substrate Extraction Algorithm

a1

[Sill (m7r z ) —sin (m7r o

a
N [sin(mr%z) —Sin(mﬂf)

)
Jlsin(rar ) —sin ()] PI=N=37P,
) o1

(12) where N, is the total number of contacts arR] the number
of partitions in contact.
with Due to the dense nature &, the inversion is the most
a6 f,,.C. time-consuming operation of the whole algorithm. Several
— inversion techniques, both direct and iterative, have been
implemented by us and in [15]. Among the direct methods,

Parameteréa, , az) and(by, b,) are ther- andy-coordinates of @n LU decomposition-based algorithm of complexiyN?)
nodes, and(as, as) and(bs, b) those of nodg. Appropriately has been used for relatively small configurations of less than

rewriting the second term of (12), after proper scaling, as@pproximately 1000 partitions. Larger circuits required the use
cosine series we obtain of various accuracy-driven simplification schemes.

After the computation o€, the actual resistive or conductive
== a1 o+ asy by o+ b3y networksR and Y are calculatedR and Y are N, x N,
Z Z kpmn cos| mam——= } cos| nm——=—=] (13) - . : . -
a b matrices. Assuming appropriate scaling@fone can easily
show that a direct relation exists betweeandY via mapping

which is a compact representation of a sum of 64 terms

krnn =

m2n2nd

m=0n=0

forming all possi_ble combinations of_signs and indexes. By - _ XTeX, with X =[er, ez, - en.] (15)
replacing the ratios of contact coordinates and the substrate

dimensions with ratios of integerg, ¢ and summing over wheree; = [0,---,0,1,---,1,0,---,0]". The indexes of the
finite limits P and @, term (11) becomes nonzero entries af; are associated with the contact. Due to the

o structure ofX, (15) only involves(N — 1)? summations. The
P-14-1 . . . _ . _
K(.d) = Z Z b coslomr Y cosmn (14) elements of math ar_e_computgd simply using the rglan_on
p,q) = mn P 0 R;; = 1/Y;;. For simplicity but without loss of generality, in
m=0 n=0 what follows we will assume tha¥, = N, i.e., every contact
is modeled in terms of one partition.

1

a two-dimensional (2-D) DCT ot,,,. Hence, the compu-
tation of p;; ultimately requires only a simple DCT [15], o )
[16]. Several techniques exist for efficient computation of tHa- Schemes for Efficient Solution of Large Substrate Problems
DCT, e.g., FFT-based techniques only require a computationMany authors who have dealt with the substrate problem
complexity O(PQ log, PQ). Note that the value of,,, is have also proposed methods for the reduction of its size to
solely dependent on the properties of the substrate:-in improve the overall computation efficiency and to reduce the
direction. Hence, for a given substrate structure, the DGQGilesh of extracted parasitics. A classical approach consists
needs be derivednly once Any modification in the relative of creating active extraction windowsround each contact
position of one or more nodes is captured completely by temcompassing all the structures which aret ignored in
Fourier transform, thus only matrif needs be calculatedthe computation of the resistive network associated with the
and inverted. However, due to the relatively small sizdPpf contact. However, it is not clear how inaccuracies can be
typically 50-5000, this process does not require a significambunded by a particular selection of window size and shape.
CPU time. Nonabrupt doping profiles can be analyzed at lowlIn [16] an alternative method was proposed. The aim of the
CPU cost by simply discretizing isdirection with a gradually method is to make matri¥ sparse, with bounded accuracy
changing value of permittivity as shown in Fig. 3. reduction. Consider the scenario depicted in Figa 4ontacts
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Fig. 4. Direct and indirect current-flow paths.
R=ar
, . Frar Rar
are laid out on the substrate surface. Each coritastloaded Fear
with impedanceZ;.. Suppose that contagtis grounded while Frar N
¢is at 1 V and that the rati®;; = I,;/V; is sought. IfZ, =0, R, Frar
Yk # 4, then the direct path dominates in the computation of R = 5
Y;;, thus it cannot be ignored. On the contrary, wh&n# 0, “’
for somek # ¢, then a bound on the conductances associated R,
with & can be derived for which the direct path can be ignored,
without violating predetermined accuracy constraints. (b)

L_et matrix P be known. By (9) and (4Y' i.e., the matrix Fig. 5. (a) Simplified substrate extraction scheme. (b) Partitioning of sub-
which relates the voltages of all contacts to the currenisate.

flowing out of them, can be easily derived. L¥t;, be the
vector of the load admittances at each contact, for simplicitije super-contact are

assume thatY; is purely resistive, i.e.lmag{Y.} = 0. Tleft + Tright Yiett + Uright
Equation (16) represents the effects of loading on the circuit Tse =5 5 Y= T 5
[Y + diag(Yp)]V = 1. (16) e = EP: b (e
g Far

V and I are the vectors of contact potentials and current®here zics; rignt aNd Yiegi/righe are the left/rightz- and y-
respectively. One can show that if condition coordinates of the partition boundary, respectively. Fourth, a
simplified equation is derived for the subjettThe original
N
> YiVa > Yyl Vo (17)
k=1 hki k]

equation is replaced as follows:
is met, componentj; can be set to zero. Note thaf is V\{hereYj_ denotes'thg‘th row of m.atrixY, YJ i§ a vector of
normalized to 1 V. For each component ¥f set to zero, a SiZ€5 < |Y'| resulting from replacing the required number of

precise value can be computed for the lost accuracy of gfntacts by super-contact.is the vector of the potentials on

currents; [15]. Hence the process can be applied until thie remaining contacts and super-contacts. Potential véctor
cumulative inaccuracies reach a predetermined value. is evaluated and the iteration proceeds to the next subject. The

The procedure is most suited for an iterative solutioflgorithm terminates when every contact has been considered.

scheme. Fig. 5(a) shows the complete extraction schemel© Obtain some bounds on the maximum attainable simpli-

Consider each contact separately, caitibject First, a par- fication rate, _consider the following extreme cases: 1) every
{ition Prea: is defined around the subject containing all sucfPntact satisfies (17); 2) no contact satisfies (17). In case 1),

contacts whichdo not satisfy (17). Second, larger partitions! Near = @, hence only super-contacts exist and the size of

Pra;, CONtaining the remaining contacts, are created wifR@lix Y is reduced by one or the size B is decreased by
geometrically increasing siZeSee Fig. 5(b). the number of partitions internal to the subject. In 2), ma¥fix

Third, all contacts contained in each partitidf.. are is not simplified, and neither iB, hence the complexity of the
replaced by a single contact, super-contagtplaced in the problem remalns_that of invertinB. However, this is gener- _
center of the partition and with an area equal to the sum @Y not the case in real substrate problems, where complexity
the areas of all the original contacts. The location and area’§FUCtion in schematics is typically a factor of ten [15].

YV, eV=I1-Y eV=I (19)

2The formula for the computation of the size is the followinl;, ; = lll. SUBSTRATEAWARE OPTIMIZATION

a(dy ), wherea = 5 in our prototype. Since in these partitions all the contacts In thi ft. f | d high C b
satisfy (17), the growth criterion does not affect the accuracy in any way and [N thiS paper we often refer to low- and high-resistivity sub-

it was chosen so as to facilitate partition computations. strate. The distinction is necessary for two reasons. First, these
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umf  p0.1Q-cm 1“"'i p1Q-cm Using the definition ofc;;
i 10um p 10-15Q-cm
N 8% _ 1 8QZ (24)
400um p 20-50 Q—cm 300um p+1m Q-cm T, ®; Ty
wheredQ); /9T, is computed using (23). Now, only the deriva-
| S - tive 9P /8Ty, i.e., [Op;;/8T¢)i j=1,.., v, remains to be com-
() (b) puted. From (12), assuming zero-depth contacts And#

Fig. 6. Typical IC substrates: (a) high-resistivity and (b) low-resistivity. €N d,a orb

Opij I'nBn — Ty n i ik
substrate types are used mainly in BICMOS and CMOS app7; ~ abey x> mn

cations, respectively. Second, switching noise transport mech-
anisms are substantially different in the two substrate types, x

m=0n=0

[Sin(mw%) — sin(mw‘%)] [Sin(mw%“) — sin(mw%g)]

thus resulting in different design guidelines to obtain isolation. (a2 — a1)(as — as)

Typical substrate implementations generally used in IC fabri-  [sin(n7%) — sin(mm )] [sin(mr %) — sin(mr%2)]
cation are shown in Fig. 6. Injection of switching currents into X (by — b1 )(by — b3)

substrate follow similar mechanisms. For a full description of (25)

injection and reception mechanism, see [15] and [17]. . ) )
where I'y = 81“N/8T4, /31\’ = 8/3N/8T4, and ko =
A. Sensitivity Analysis Ok /T Expressions fol'y, By, k., for all-depth con-

The relation between circuit performankeand technology, :ﬁg: szebze;nugsr:xe%: A[\ti]enTc:i calculation of the deriva-

via substrate-related parasitics, is obtained using the foIIowmgThe first term of (25) can be easily calculated from the

expression: formulae in the Appendix, while the second term can be
AK = Z g—KATé, with 9K _ Z K 0Yi (20) efficiently computed using the DCT by replacirg,,, with
£ @,

o1y 9Y;; 01y Emr in (14). The DCT can be computed for each location
in the grid and repeated for all paramet&is/ =1, .-, N,
where(s, j) represents a contact paif,; the substrate conduc- yhere ;- is the number of technology parameters considered.
tive coupling between andj, and7; a technology parameter. Notice that this calculation need be performauy once for
Hence, assumingy’% exists® AK can be easily evaluated as & given substrate structure.

linear function of technology parametéfs provided thatterm 1o generate matricee/dZ; and 9P /91T, it is necessary
o7, has been computed. Assume that the capacitive problegtompute sensitivitie8p;;/97; anddc;; /T for all pairs of
has been solved and that the equivalent resistive network hagtition elements composing each contact. Every sensitivity
been Computed from the coefficient of induction mateix measure requires additional x N Storage_ As an examp|e7
Furthermore, letc be scaled in such a way that the nodeassumenN; = 10, i.e., ten technology paramete§ are

to-node conductanck;; and the ground conductandg; can considered; moreover, assume that a grid of 1624024

be computed directly using points is used. Then the total storage needed by our approach
N is 41.9 MByte, which is relatively low considering that aufr
Y;; = Zcij, Y, = —cij. (21) resolution would be achieved on axL1 mm chip size.
j=1

Let us defineY as anN x N matrix consisting oft;; on the B. Constraint Generation for Substrate Parasitic Effects

diagonal and’;; everywhere else. Let us cdllY /91, the sen-  Constraint generation in a strict sense requires that parasitics
sitivity of matrix Y with respect to technology paramet&r. be entities associated with one or more physical structures
The components of the sensitivity matrix are terés; /07, of the layout. In the case of switching noise, the physical

on the diagonal and@Y;; /9T, everywhere else. The terms ardocation and transmissions paths through the substrate may not

computed using be known before floorplanning. For this reason, the constraint
N generation process cannot take place before the layout is,

9Yi; - Z 9cij and 9Yi - _ 9 . (22) at least in part, generated, i.e., when constraints are mostly

T =t T T T needed. To address this issue we introduce the concept of

Recall that NV is the size of matrixe. In order to derive local noise generatorsA local noise generator is defined as

dc;;/0T;, (8) is differentiated on both hand-sides and solve% voltage or current source producing the equivalent of the

. . = . cumulative noise contributed to by the real noise generators
xghorgfaﬁ)gd (@Q/IT;. Using the fact thab®/JT; vanishes, located in the substrate. The generator should simulate as

closely as possible the waveform felt at an arbitrary location,
@ — _p1! <8_PQ> (23) including distortions, attenuations, and group delays which
1y 9Ty transformed the original noise signal.

3This term can be computed numerically in an efficient manner, during ConS|dersenS|ng node. (See F'g- 7)- Let gs Cayn(tvﬂ) a
circuit simulation. waveform felt at, wheret is the time andl is a vector of all
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Fig. 7. The principle and modeling of local generators.

the parameters relevant to it. Let us defi®g as a local noise Fn(ns)

generator producing wavefor@),. Due to the diverse nature —_ i'j’ﬂ N

of its parameters]I can be split into its basic components — =2 ———

I = [WT GT T Vp]¥. W represents process-dependent e i=1 e V2Y

and G layout-related parameterq; is the temperature, and Viot(t) = f ity d) V3@
Vo the local substrate potential. One can also define vector = i R

AIL = [AWT AGT AT AVp]T as the variation ofI from

nominal. Consider performance measuteg, its degradation
from nominal is given by the product of th&h row of

sensitivity matrixSy; and vectorAIl

Fig. 8. Evaluation of constraint violations.

Using the same formalism of (26) and considering all the
sensing nodes: in the circuit, we can define the matrices
(Sima)” (AIT ()T
Sim = : and AIl' = :
< T 1 T
Sim All'py
where vectorS; 1 = [S;.w Sic Sir S|’ represents the (Sirsi) ( ) (28)
sensitivity of K; with respect to all the parameters of interest.
Suppose now that the exact waveform felt.as not available, Thus, the degradation of performanKe is expressed as
and only an estimate can be derived. Moreover, suppose that B )
a range can be set fdd such asIT(™i») < IT < II(max) AK; = trace(S; ;p AIl'). (29)

Assuming thasS; iy exists and has been computed, bounds _ - .
all parameter variations\II>*»»d) can be calculated usingff'—_nquatmn (29) models the contributions of all sensing nodes

for example, constrained optimization as shown in [18]. Henc%r,]to perfarmancek;. Bounds on the parameters associated

; (bound) ;
the amount of noise at the sensing nodes can be constraiWét@ ea_ch sensing nquH" . can be comp_uted using
a priori, without a precise knowledge of the structure of th onstrained optimization provided that conservative upper and
layout l':)eing built ower bounds on the realization dl are also available for

Let us now generalize the problem by considering a Iar&‘?Ch sensing noos. e -
number of sensing nodes. From a theoretical standpoint, % he use of worst-case sensitivity matrB i has the
each receptor a different waveform could be felt. Howeve?: vantage of re_duc_l ng the parameter spacéloMoreover,
since the size of the analog section of a mixed-signal Circmpnlmear behavior in a certain range of performance can be
is small compared to the distance to the noise sources, ita&;urately modeled.
C

assumed that all the substrate nodes are reached by an identi pe to the mechamsm of noise modeling obtained using I.O'
waveform at different times. Supposé sensing nodes exist cal generators, constraints on noise parameters can be derived

each of them connected to a local generafdy,(t — independently of a particular IC process. Hence, constraint
1L,.), With m = 1,---, M, where 7, is the prlopagar'g(Sn generation is requirednly once for a given circuit. During

delay between nodes. Due to the highly nonlinear dependelﬁ’ si(_:al ‘?‘Sse”_“b'y- process-dependent substratg e>_<tractiqn, in
of performance on phase, an additive linearization aroun gmbmauon with estimates of the sources of switching noise,

nominal value could inaccurately model the parasitic effects used to gnforce the bounds. Furthermore.’ the effect .Of
of substrate. substrate noise can be evaluated locally, taking into consid-

The problem can be effectively addressed by deriving a Seﬁfaltion neither the exact floorplan nor the actual position of
of worst-case sensitivities as described in [19]. dall the the noise sources. Once the substrate has peen extract ed, a
array of all design parameters for whidk; is not strongly transfer function;,(uns;) can be cpmputed relatlng ea_ch noise
nonlinear andS the corresponding sensitivity matrix. HenceSOUrCens: [0 receptorn. Assuming that approximations or
the total linearized worst-case variationJsf, due to noden exact waveforms are known for each noise source, waveform
is derived as i " gu(t,11,) and the corresponding parameldy, can be easily
evaluated for each node Thus a simple check can be per-
) . formed to verify that constraintATI{"***Y and consequently
AK;|m = (S@H,m) ATl ,,. (27) the original specifications have been met (see Fig. 8).

AK; = (S;m)' ALl (26)
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Template

Actual circuit

Fig. 10. Computation of update matrixc based on contact displacement
relative to template.

Fig. 9. Sensitivity of resistive macro-model from transformation of a com- .
ponenet and its contacts. define the vectoV,Y to be

V.Y=[A BJ*

where A = 9Y /dv,, B = 9Y /dv,, andv = [v,v,]T. The
Due to its “global” effects felt everywhere in the chipcomponents of matrixA are defined asd;; = IY,;/0v,,
substrate noise cannot be translated into a compact analytip@lse of B as B;; = 9Y;;/9v,. Recall that, sinceV, = N,
model accounting for the entire substrate area. Hence, evgn is defined as the mutual conductance between contact
if a small incremental modification is performed on the chipartitions: and j for a given substrate configuration and that
the whole substrate analysis needs to be reevaluated. Unlikeis the ground conductance of The minimum step size
traditional approaches based on FDM’s, SUBRES exploits tlye - and y-direction corresponds to a unit of the grid of the
locality of incremental changes avoiding the resolution of theCT. Hence, matrixdY /dv, can be approximated by first
entire substrate at each optimization iteration. The techniqugsmputing differencesp; ;41 andép;+1 ; using
proposed hereafter are designed for very fast estimation of
variations and trendswithin computationally expensive algo-“Pi.j+1 = Pi,j£1 = Pi,js and 8pix1,; = pix1,j — pij- (31)
rithms. _ _ _ Then, each componerY;,/dv, is calculated by replacing
The first technique exploits the fact that small adjustmengs;m ¢i; With 6¢; ;41 in (4), (5), (8), and (9). Notice that term
in the cpnfiguration_ qf layout elements results in a smagtjiiﬂrl is derived directly from matrix: andép; ;41 using the
change in the coefficient of potential matrR. Let P’ be  gherman—Morrison formula. Moreover, the direct replacement
the potential matrix associated with the new configuratiogg c;; in the equations is legitimated by the fact that all
Note that inP’, only row » and columnc will differ from  manipulations are linear. The same method is used to derive
P. Let 6P, be therth row and&P.c_ the_ c_th colum_n of P/, JY /dv,. The time complexity of the operationd3(/V2) since
thenP’ = P + 6P . + 6P,.. For simplicity, consider only {he Sherman—Morrison formula needs to be repeated for all the
the modification due t&#P,.. Using the Sherman-Morrison contacts or partitions involved in the move.
formula, P'~* can be computed directly as Let us assume thalY /v, anddY /dv, have been com-
c.(c6P,.) puted at the zeroth step of our incremental algorithm. Call
“T1sP.c. (30) [9Y/dv,], and[IY /duy], these matrices. Assuming that the
e moving partition, contact, or collection of contacts remains
wherec.,. is therth column ofc. The computation of the entire close enougho its position at step 0, then the conductance
resistive network is dominated by the Sherman—Morrisanatrix at stepsl < n < k can be approximated as
update, completed i®(N?) time for each contact partition

C. Substrate Transport Evaluation in Iterative Algorithms

=P l=c+68c, with c=

being moved. [Y]. = [Y]o+ [g—Y} Av, + [g—Y} Aw,
The second technique, known @sadient Based Methqds Y=lo Yylo
based on the concept eénsitivity to relocationSuppose that =[Y]o+ [VvYT] AV (32)

a contact or a collection of contactsis to be relocated on
the substrate surface from locatioy to x; going through
intermediate locationsky,---,x;_1 (see Fig. 9). One can
easily show that

whereAv = [Av,, Ay, ] is the vector representing the move
of contact or partitionz from step 0 ton.

The Green’s Function and its DCT are well behaved func-
tions everywhere in the workspace [15]. Hence, necessarily

k termsép; j+1 < oo and ép;+1 5 < oo. No “high-frequency”
[c]x = [c]o + Z[éc]n components are present in the function, making it an ideal
n=1 candidate for a highly accurate use of a gradient-based method.

ated" fact, in our experiments the method has shown a 1%
accuracy when the move occurred in the vicinity (less than five
steps away) of the position at step 0, while a 10% accuracy was
reached when the move was up to one-tenth of the chip size.

where [c]o is the coefficient of induction matrix associ
with locationxg, and[éc],,+1 = [¢]n+1 — [¢]n iS the(n+ 1)th
update ofc. The update$éc],+1 can be computed using the
Sherman—Morrison formula i®(N?) time.

To further speed up the computation, one can exploit the .
“gradient” information of resistive and conductive network®- Teémplate-Based Substrate Extraction
R andY, contained in[éc];. Assume that a single contact In Section Il a technique was presented to speed-up the
z is relocated in directionv by an amounfv| — 0. Let us extraction process and to simplify the schematic based on the
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¢ ] 0y : B
‘ Eliminate non critical contacts-l : : : - : : : : : :
\v [} y » | | [ ] L] n [ ] | ] | |
¢ nEw ' EEm mEn sanm
‘ Select template } - -y A - w . =
\l/ n ‘m m! " = " m | I |
[ ] L | I | L | - =
‘ Update ¢ matrix l
{ Compute clactual)  (actual) l [ contact being transformed X contact being eliminated
Fig. 11. Block diagram of the template-based substrate extraction algorithm. _-@ ! C‘i.
alx omoa x4
. . ) . LK, LI ] X X
knowledge of contact loading. In this section we discuss a nmml xxx oxxx
method for further reduction of the extraction time of large g' x mom  x x
circuits that share a set of recurring contact patterns. g x =2 xx
Fig. 11 illustrates the technique through a block diagram.

First, a set of templates withV. or more contacts, for which
an extracted schematic exists, is compared to the sample
layout. Among the available ones, a template is selected argl 12. Speed-up mechanism for the extraction of large substrates.
its precomputed coefficient of induction matre¢termplate)

is used to compute(actual) ' the matrix associated with the

B Unchanged contact

actual circuit. Each proaressive undate masiis comouted modified template-based substrate extraction algorithm is de-
' prog P P scribed in Fig. 14. For simplicity but without loss of generality,

i _ T
based on the displacement= [Av, Av,]" of each contact let us consider only one performance functih Assume

nonoverlapping exactly with a corresponding contact in ﬂ}ﬁat the matrixSy,, of the sensitivities of{’ with respect to
(%)

template, as shown in Fig. 10. Finally, the partial conductang ; - .
matrix Y@ctual) is computed directly frome(@etual ysing & partial conductances;; has been computed or estimated.

(15) Moreover, assume that estimates exist for the maximum values
of all substrate conductancéslsing a fraction of the specified

ylactual) _ ¢ T (actual)x (33) maximum degradation of( as threshold, all conductances,
whose cumulative effect on performance is lower than the

Fig. 12(A) shows an example of physical layout being exhreshold, are eliminated from the schematic. All nodes con-

tracted. The template selected for this circuit is shown ifected to one or zero conductances are also eliminated as

Fig. 12(B). The procedure of eliminating and aligning somglustrated in Fig. 13. The resulting substrate configuration

of the contacts of the template onto the actual circuit is showiiust be then compared with a set of templates and the

in Fig. 12(C). In order to derive bounds on the time complexityest template must be selected. This problem is solved using

of the procedure, consider the following cases. First, assumtimization. A by-product of the selection procedure is the

the worst-case scenario, i.e., no contact exists which overlaps D of all contacts that need be extracted in all details. The

exactly with a contact in the template. In this cadeupdates displacements of the contactsih relative to the selected tem-

are needed for complete substrate evaluation, the resultifigte, are identified, and updates needed for the computation of

complexity is thereforeD(N?). This case is equivalent to ac(a<tual) gre computed using the Sherman—Morrison formula.

full inversion of matrixP, hence no improvement is achievedPartial conductance matri (2<tval) is finally derived directly

over the nonsimplified substrate extraction. Second, considgim c(actual) ysing (33).

the case in which the sample and the template are identicalHereafter, the template selection procedure is illustrated.

In this case no computation is needed, hence the extractiast us consider matrix updatg|, representing the move of

complexity is zero. The second scenario, or one as neargaitact; from its location in the template to that of the actual

possible to it, is most desirable. circuit. The coefficient of induction matri@<tual) associated

Since the complexity of computing an update of maitix with the actual circuit is computed as

is independent of the transformation involved, an effective

criterion for selecting the template is one aimed at maximizing

N,, the number of contacts exactly overlapping a contact in clactual) — cltemplate) 4 %" s¢ (34)

the actual circuit layout. Consequently, assuming fiak vV ieD |,

contacts differ in location from corresponding contacts of a

template, the complexity of the procedure could be a fractigthere D is the set of all the contacts whose locations in the

of that needed to inverP. template and in the actual circuit are nonidentical and hence

In real circuits, however, a large number of contacts rareheed to be extracted in full detail. Combining (34) and (33),
overlaps to those on the template. To cope with this problem,

we propose a criterion based on performance sensitivities fo
prop P k ough estimates of the maximum/minimum value of substrate conduc-

the template S.eleCt!on and the_m'n'm'zat|on of updatgs nequﬁfes can be easily computed from a simple set-up of two contacts located
for full extraction given predefined accuracy constraints. The chip edges or in close proximity.
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Fig. 13. Elimination of all noncritical conductances and contacts.

@ inexactly estimated. The weighted extraction inaccuracy is
‘ Eliminate non critical contacts! expressed as

i |AK|+ ¢, + €
’ Select template ‘ A = + (38)

W v

‘ where ¢, and ¢, are the errors due to inaccurate parasitic
] and performance models, respectively, dngdis the nominal
‘ performance value. Moreover, (38) reducesAg = 12 K]

} Derive D

K,
if ¢, + ¢+ < |AK]. Suppose now that a constraint on the

(actj[al) ylactual) ' weighted accuracyly has been set
Ag < Ag. (39)

! Update ¢ matrix

|
I Compute ¢

Fig. 14. Block diagram of the modified template-based substrate extraction

algorithm. Then, (38) and (39) can be used as a criterion for selecting
the appropriate template Problem (40)gisaranteedto have
one obtains
minimize D
Y(actual) — y(template) 4 3" XTscl X (35) all templates (40)
icD ; subject to
Ak < Ag.

where Y (template) — X T(template)X s the precomputed
partial conductance matrix of the template. Let us define the
error matrix, i.e., the update needed to transhgtéemplate)
into Y (actual) " 5g

a solution, since a template with at lea$t contacts, all of
them not overlapping with the actual circuit’'s contacts, exists
by construction. Hence, arbitrarily small values4f can be
(36) achieved by simply extending to include all the contacts
i i, 1 < 4 < N,.. Problem (40) is solved by exhaustively
calculating the minimum seb needed for each template for
a given inaccuracydy. The procedure of calculatingl g
and D has a time complexity o(N?), while the overhead
of computing Sy, is generally not accounted for since the
1:evaluation is performed beforehand during circuit synthesis.
nce, a circuit withV, contacts and a specification ofy
39) can be extracted i@([ Nz + |D||N?) time, whereN7 is
the number of template circuits andd| the size of setD.
® €>e (37) The final issue to be addressed is the efficient calculation
of estimatee|,, which can be computed exactly from update
éc|, using mappingX of (35). However, a more efficient
computation ok|, can be obtained using the approximation of
(32). Consider all the contacts= D, assume that the locations
of 4 in the template and in the actual circuit alese enough

e = Y(actual) _ Y(template) — Z e
iCD

wheree|, = XTéc|,X is the error matrix due to the dis-
placement of contact in the actual circuit relative to the
template? Assume one could calculatd,, Vi € D a priori.
Using the sensitivit§of performancek’ with respect to matrix
Y, performance degradatiod X' due to the displacement o
contacts in the actual circuit relative to the template can
calculated as

K
AK =e”
© <3Yz‘j

wheree is anN x 1 unity vector such that = [1,---,1]%. The
® operator is defined as follow&k = B ® C < a;; = b;j¢;.
Combining (36) and (37), one obtains

oK Then, a 2-D Taylor expansion fek|, can be constructed as
AK:ZeT<ay.®6 )e 8y P 5 |
ieb N ‘ bc|, ~ 8—c Av, + a_c Av, = Vyc|,Av|, (41)
Yz | Yy l;

Let us defineweighted extraction inaccuracyi of an ex-
tracted schematic with respect to performaticas the relative where vectorAv|, = [Av, Aw,]T represents the displace-
amount by whichK varies if some or all parasitics arement needed to bring from the template location to the
L P — [P, Be | T
5Assume all the other contacts aret displaced. !Ocatlon in the ,aCtual circurt. Terw"c|,i - [3% v duy, |Z]
6The sensitivity ofi” with respect to matri is anN. x N. matrix, whose is calculated using the Sherman—Morrison formula as in (32)

terms in theith row and;jth column are given by the expressié&’/9Y;;. and is valid forsmall displacements of contagt Assume
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Fig. 15. (a) Displacement of contactsand j in a single landscape. (b) g,
Partitioning of substrate to minimize the number of different contaacts for

which Vve need be computed explicitly. Fig. 16. (a) Two-dimensional scaling in redisign. (b) Three-dimensional

scaling in technology migration.

now that there exists a contagtin the vicinity of ¢ which

is displaced byAv]|,, where|Av|,| is alsosmall Assuming e —— - - O ee design D’
that the surrounding objects’ relative distances fromind j ! % i " design D
are similar, one can estimate the cumulative effects of the ! n |
displacement of the contacts as ! a |

ocl; ; = Vye|,Av|, + Vyc|,Av|, (42) ! 3 EEE.I: Avy

1 n, Vy

where vectorsAv|;, and Av|; relate to the displacements ettt - \\
of ¢ andj as shown in Flg.. 15(a). Ideally, one would III(eFig. 17. Scaling inz- and y-directions. Relocation of contacts and area
to be able to compute|, using (42) for each contagt = scaling.
1,---, N.. However, far contacts “see” a completely different

landscape, which causes tebi, to change by moving within Suppose now that conductance mafi®) has been cal-
the workspace. To improve the accuracy of (42), one could

" X o cfulated for a set of parametél¥™’. In addition, assume that
partition the workspace in order to minimize the number g " . . .
an array of parameter®'~ /), associated with a new design
/

contacts for which a new,.c needs be computed. Fig. 15(b)D is also available. Define thiy. x 1 vector AT(PP) —
shows such a partitioning. Notice that only one contact PRfD) ) r

partition, thepole, is used for the computation &f . designsD andD’. Conductance matri¥ (P"), associated with

The problem of minimizing the number of partitions o . . .
. . . ; ; . .~ the new design, can be computed using a first-order Taylor
Fig. 15(b) can be time-consuming, since it requires the estlma-gansion as

tion of each contact displacement to select the best candidaté
for the partitions and its poles. The complexity of this par- , Nt oy
titioning would nullify the efforts for an efficient substrate YP) Y™ +Z [ﬁ}
extraction. In addition, the needed parasitic estimate accuracy =1 el
¢p In (38) is not high. Hence, in our experiments a singlgrovided that design® and D’ are close enoughi.e.,
contact was used to estimate|,, Vi with an error of 50% or InaX[HATé(DD’)VTé(D)} is small. Consider next scaling in
less. Moreover, this error could be modeled as tegrim (38)
and hence accounted for while determinibyg

—TP) as the variation of technology parameters across

ATPP) (a3)

(z,y)-direction. Assume that a contaétin design D is
located at a pointzi(D) = [vs,vy]%, while a contact’s position

in design D’ is vi(D,). Furthermore, assume the contact’s
area is not significantly changed across designs. Suppose that
conductance matriy(P?) has been calculated for desigh

and that vectorSri(D) andvi(D,) are givenvi =1,---, V.. Let

Let us consider the scaling or technology migration for gvi(DD’) be the change in location for contacas illustrated

given design (see Fig. 16). Redesign generally involves scalipg Fig. 17. Using (32), one can approximate mati¥x as
in z- and y-directions, while technology migration involves;,ows:

a three-dimensional (3-D) scaling. Hereafter, we propose a N,
gengrahzed technique that can be used for both 2-D and 3-D YP) 4 Yy® | Z[VVY]TAU(DD’)' (44)
scaling. !

Consider first scaling ir-coordinate. Using (22)—(25),and
the expressions in the Appendix, one can efficiently compug&luations (43) and (44) can be combined so as to account for
matrix 9Y /9T%. Let us define a number of technology param3-D scaling realistically.

IV. APPLICATIONS

A. Scaling and Technology Migration

i=1

eters for some desigR, T[(D), £=1,---, Ny, which include ) o
layer thicknesses or profile discretizatiofys & = 1,---,N, B- Technology Selection Based on Nondeterministic Data
in Fig. 3 and permittivitye,, k¥ = 1,---, N.. Call T(®) the In the above discussion, we have assumed that the values of

Nr x 1 vector whose elements are tﬁép) terms. technology variationg\7; and geometric displacementsu;
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are of a deterministic nature. Suppose on the contrary that we va(),
are given the statistical behavior of all or some technology P el y o om
parameter\T;, V£ =1, ---, Ny. Assume that the term&7; e /T Tog 71 5 e @ F
; ; ; 2 /
are random variables with mean anq variancer;, moreover - 'mgm ’ va(t) Aﬁ B
suppose that al\7} are statistically independent ‘ Vi / ? AN T
Then, the mear®(Y;;) and variances*(Y;;) = E(Y;3) — facn wans f/ ‘“‘":_:i_h’am
E2(Y;;) of each entry of conductance matriX can be — :
computed as Fig. 18. Modeling noise injectors in the placer.
(D) dYi; i L : .
E(Y;) = Y; Z [3T5L<D> The first provision is implemented in the placer using the
) (45) conventional SA move-set. The second issue is generally
5 Nr, Yy 5 solved by extending the search space, allowing the annealing
o"(Yij) = Z Ty | peo to choose from a number of alternative implementations for a
=1 p)

module, including one with a guard-ring implemented around
where [0Y; /8T5]T<D> is the sensitivity of entryY;; with it. In this paper we restrict our attention to the first option,
respect tdl; related to the original desigh. where our Green’s Function-based substrate analysis method is
Our sensitivity-based method for the computation of meatsed for the evaluation of the substrate at each annealing step.
and variance ofY can also be used for the selection of In order for a placer to be effective in preventing violations
a technology which is most suitable for a certain circulo performance specifications, the following features must
and its associated performance specifications. Suppose, lferimplemented in the tool. First, a model for each noise
instance, thatV, constraints on all critical substrate couplingnjecting module must exist. The model should characterize the
RE}"’““‘D have been computed using the techniques presentéaveformand thespatial locationwhere the noise is injected
in [18]. Furthermore, assume that a number of technologi@s precisely as possible (see Fig. 18). Second, a compact
T is available and that all relevant parametgregﬂ are Mmodel of substrate transport should be available and efficient
identified. Suppose, however, that for some or all technologigélbstrate current evaluation should be possible, independent
a number of parameters are not known precisely and orflf/the circuit configuration. Third, a model for substrate noise
rough estimates with uncertainty exist. Assume that estimaesorption and its effect on performance should be defined.
and uncertainty can be modeled into each parameter in term&or the purpose of physical assembly or schematic design,
of its mean and variance. Then, by computing the mean agiitching noise is often modeled as a simple signal, generally
the variance oR for a set of parametefEé(T)' one can derive Synchronized with the clock, if one is present. A number

the probability with which constraint®! """V will be met  Of examples of this modeling style can be found in the
“ literature [6], [10], [22]. Alternatively, one can extract the

RZ(F’O“““) — N(Rij)> actual noise waveform associated with a given logic circuit
i7)

using event-driven simulation combined with a lookup table
for the precise representation of every injection current. The
method is explained in detail in [1]. In this paper we will use

provided thatZ{”’ is Gaussian. Notice thatf(z) is defined the results of this work applied to our examples.

here as the mtegral of a normal distributia¥i(0,1) from  FOr €ach noise injecting modulg, a model is created
minus infinity to z. The problem of selecting a technolog))Nh'Ch accurately reproduces substrate-injected noise, taking
most likely to satisfy all constraints is equivalent to maximizINto account both impact ionization and capacitive coupling
ing Pr over all critical constraints. Due to the efficiency othrough devices and interconnect lines. The mddglLl;) is

our techniques for the calculation of means and variances, #gsed on a bank of independent current noise generators with
problem can be solved by exhaustively computitgu(R;;), @ unified set of parameters, represented by veElpr The

Py [y, 0% (i) B = erf<

(46)

o2(R;;), R(bound)] for each technology . problem of evaluating the effects of substrate on performance
‘ is approached in the following way.
C. Placement Problem 1) Compute constraints for node of noise-sensitive mod-
ules.

A substrate-aware placement methodology has been ImZ) Generate resistive network associated with substrate.
plemented in a simulated annealing (SA)-based framework3) Quantify violations to constraints.
with analog constraints, called PUPPY-A [20], [21]. The
annealing, fully characterized by search space, cost functidie Sensitivity of a given performandg; is computed with
move-set, and cooling schedule, is described in detail igSPect to the parametels; related to each noise sourge
[17, ch. 4]. Improvements on the performance degradati@fting on every node in the analog modules being placed.
due to substrate-induced switching noise can be achievadstep 1), a set of bounds"™"¥ is generated for a
by placing noise injecting and noise sensitive modules $tibset ofcritical nodes n.. usmg constrained optimization
a certain distance or by creating special structures, suéghniques [23] and the specification on the maximum positive
as low-resistivity guard-rings, around noise injectors [15and negative performance degradatlmK . Subsetn,. is
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(€Y (b)
when high-temperature [Fig. 20(b)] and low-temperature
s " nmmm [Fig. 20(c)] contact perturbations occur during the unfolding
s mmm " m of SA. On the other hand, only when changes in the edges
2w m == =m of Gs(V, E) reflect a significant change in any performance
= m = mm measurek;, should the entire substrate network be evaluated
- - 2 = m along with the estimate of performance degradativi;.
- = : .- m o When a new temperaturd}, is reached, the full graph
Gs(V,E) is solved, i.e., all the edges i are evaluated

exactly, using the Sherman—Morrison update to obtain the
(© ) .
Fig. 20. (a) Initial contact grid, (b) reshuffling of contacts at high temper n—eW mqtrle . Alter a nequw movemk and the aSSOCIat-Gd
tures, and (c) resulting grid at lower temperatures. "frans!atlonAv = [Aif“{ Avy] is selected by the annealing
algorithm, the sensitivity of the edges d@¥s(V,FE) can
be efficiently computed using the techniques outlined in

generated from the cumulative impact of all parasitic noisgection I1I-C. Suppose subset of all critical receptors has
sources acting on each node as in [23]. been derived for the circuit; moreover, let be the subset

In step 2) a given placement configuration is mappest all noise injecting nodes. L€fY.],, be the conductance
onto a fully connected grapli’s(V, &), whose vertices’”  matrix of all the nodes im. and inn, and let{AY.],, be
are the substrate contacts and edgesire weighted by the its update. By (32), terAY.],, is estimated as
conductancé’; or resistance?;; between the corresponding
verticesi and;‘. Fig. 19 showsj the mapping procedure. The [AYc]m, ~ [V"YT]OAV (47)
techniques for the evaluation of the edges have been descrit@re tern|V, YT], is defined as in (32) for matriy ... After
in detail in Section Il. The calculation of all violations inupdatingY., the resistive network is solved and paramdler
step 3) to the given constraints is carried out by solving tlwan be evaluated for all critical nodgs By comparingIl;
circuit underlying Gs(V, E) and evaluating the appropriatewith the boundHEbound), one can obtain the corresponding
parameters at each critical node. violation. If a violation to specifications has occurred, then

At each stage of the annealing, only steps 2) and 3) needa@recise extraction step must be performed, and the precise
repeated, since step 1) is carried out only once for each chiplue for the violation is used to drive the cost of the annealing
The efficiency of a Green’s Function-based substrate simula-a manner similar to [20]. Otherwise, the contribution of
tor, though high, is still insufficient for such computationallysubstrate noise to nodg in degrading performancé(; is
intensive algorithms as SA, hence, appropriate heuristics mastisidered negligible, and the cost function will not take it
be developed. In SA, at high annealing temperatures, cdnto account. The cost relative to the remaining analog-specific
siderable reshuffling is allowed on the components of ttfg@nstraints, as well as area and wiring length, will, however, be
layout. Hence, the locations of switching noise generators ag@mputed. The placement algorithm is proved to converge to
receptors can be significantly modified. At lower temperatures global minimum under the same conditions of [24] and [25]
on the Contrary, modules move by lesser amounts in averag/@_en it is modified to account for noise substrate transport
Hence, the edges afs(V, E) change with lower frequency €valuation [17].
and by a lesser amounts.

As an illustration, consider a regular 36-contact grid V. CAse Stupy
shown in Fig. 20(a). The plot of Fig. 21 shows the average The circuit used in our experiments is a 140-MHz monitor
variation of the resistive components of the substrate netwatlsplay controller (RAMDAC) including three D/A converters,
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foreach temperature T de_b ~yvdd
evaluate_substrate_network_exactly; // use Sherman-Morrison to | Rdd ;
update —_—= B
// configuration at equilibrium BIAS b
repeat
my, = select_move; - Cx | !
estimate_network_change(my); // use gradient based method ¢ i Q"f\t
forcach node j € n, BIAS B ‘
IT; = estimate_cumulative noise; \ " - Z 4 Z Cout
. oun 1 SS = = = = out—
if o; > H;b d) i N\ \ \
evaluate_substrate_network_exactly; JMSS_b Vss substrate receptors
go-to_next_node; . " .
evaluate cost_function: Fig. 24. Interconnect parasitics and substrate noise receptors.
accept_or_reject_move;
until equilibrium reached TABLE I
. o . . ) CoNSsTRAINTS OBTAINED FROM PARCAR
Fig. 22. Heuristic for the combined use of Sherman—Morrisonn and gradi-
ent-based methods. Critical Parasitic ] Constraint { Extracted value
Cout+ 12.34fF 11.60fF
Cout— 12.34fF 11.60fF
0.57MHz C, 15.84/F LI12fF
1A |1 LPF+ veo el Volvco 110mV 109mV
| 1k ’T«‘ PFD | ) }"’*Dﬂ no Volepr - -
| 4 ; : % of all the parasitics need be
__— . / 35-140MHz Note: only about 10% of p :
14MHz ﬂjﬁ 140MHz constrained. The remaining 90% cannot be higher

than the upper-bound ensured by the technology.
Fig. 23. PLL schematic.

TABLE | based model of the PLL could be constructed relating the PLL

PLL SPECIFICATIONS jitter performance to the level of the noise voltage peak-to-

| Conditions I peak present at some 85 critical locations in the VCO. All

Measure | PLL input freq. [n | VCO freq. | Specs critical substrate noise receptors were identified in the delay
Stability 0.56 MHz 100 1 56 MHz Yes elements and in the two bias circuits using SPICE simulations

250 | 140 MHz Yes ti f both i ti izati d iti I

Titter AT 1056 ML 550 | 140 Mz | <0007 accounting for both impact ionization and capacitive coupling.

Ph. Margin R > 45° Interconnect parasitics and IR drops were also identified (see

Fig. 24). Sensitivities with respect to all parasitics (RC for

a phase lock loop (PLL) frequency synthesizer, and digitmterconnect a_nd/o for substrate receptors) were computed.
control logic. The circuit was integrated in a Mosis HRuh | €N, constraint generator PARCAR [23], [19] was used to

CMOS technology. The substrate parameters used by SUBR(E%ive a minimal set of constraints on the maximum admisgible
are similar to Fig. 6(b) with a discretization matching thd0ISe voltage in each one of the receptors and on the maximum
exponential doping curve. The converters were generated u values for the interconnect parasitics in the VCO. The

dedicated silicon compilers [26]. The PLL needed particul&P Y time needed for the sensitivity analysis and constraint

care due to its extremely high sensitivity to thermal noise aff@iculation was in total 2545 s, the results are shown in
spurious signals originated within the chip. Table II. Interconnect parasitic constraints were exploited by

The PLL architecture, shown in Fig. 23, was derived frorft constraint-based module generator VCOGEN to synthesize

[27]. Device sizing was performed using a modified versiof€ VCO: TIMBERWOLFSC-4.1 was used for the internal
of the supporting hyperplane algorithm and SPICE for circuftivider. The module generation step required a total of 163 s

evaluation [28]. The circuit consists of a digital section, i.e2N @ DEC AlphaServer 2100 5/250.

three divide-byr modules and a phase-frequency detector | N€ next step was the placgmeﬂt Qf the component blocks
(PFD), and a number of analog components, i.e., an anaf?;fgthe PLL and of f[he other_cwcwts in the RAMDAC.. The
low-pass filter (LPF) and a charge pump (CP). The interfa@@ceme”t was carngd out using PUPPY-A. In the cwcwt.there
between analog and digital sections is represented by fHgSt thrée major switching noise injectors, corresponding to
voltage-controlled oscillator (VCO), which generates a digitdi€ dividers. In order to accurately verify if the constraints
output at a frequency proportional to the input voltage. TypicQ! e maximum admissible noise voltage were violated, an
frequencies of operation are shown in the various branches?furate model was constructed of the Injectors using the
the circuit in Fig. 23. toql SUBWAVE [1]. SUBWAVE generate; _S|mpI|f|eq substra}tg
The specifications for the PLL are summarized in Table 101S€ models, accounting for currents injected via capacitive
The jitter 27 is defined as the ratio between the variatiof®UPling and impact ionization from active device areas and
from nominal of oscillation period\Z’ and periodZ’. Due to SUPPIY lines. For the capacitive coupling models used in

the time-variance o%, it is generally measured in terms ofSUBWAV,E' we refer to [15] and [1]. o
its peak-to-peak or RMS value. Assuming that the substrate shows a purely resistive be-

havior, the calculation of the peak-to-peak voltage at each
node of the surface can be carried out by performing a
simple dc analysis on the positive and negative peak values

The jitter performance of the PLL is entirely dependent oof the current of the injector. The placement was performed
the jitter produced by the VCO. Using this fact, a sensitivityasing the heuristics summarized in Fig. 22. The constraints

A. Physical Design
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Fig. 25. Estimated switching noise signal amplitude resulting from cumula-
tive divider injection during SA. The signal was normalized with respect to
the lowest constraint over the entire 10201000 xm chip. Violations at (a) Fig. 27. Placed PLL within the RAMDAC.
high, (b) medium, and (c) low temperature.

TABLE I
Errorf 600 T B E— PLACEMENT StATISTICS OBTAINED ON A DEC ALPHASERVER 2100 5/250
(o] i Fiﬁ
Vielations [%] [ / Mode [[CPU (sec) | Area (X?) [ Est. Jitter
50.0 , / | 7 Manual - 5637 x 6481 -
il \ | Vol Parasit. 406.74 | 6765 x 6528 0.1
40.0 — f % ’;“ Subst.+Parasit. 885.20 7322 x 7716 0.005
\\ / \ /(c)
300 i
TABLE IV
20.0 NOISE INJECTOR AND RECEPTORSTATISTICS IN THE COMPONENTS OF THEPLL
® Component || Number of receptors | Number of injectors
10.0 divider - 152
T e PFD - 23
e vCO 85 -
10.0 15.0 T LPF 5 -
Fig. 26. Error in substrate injection estimation using (a) combined heuris- Total | 136 [ 175

tic and (b) gradient-based method only. All substrate violations using (c)
combined heuristic and (d) no substrate control.

the CP, VCO, and LPF. On the contrary, the sensitivity of
on the maximum admissible noise voltage at each node {BfS€ components with respect to the switching noise produced
the VCO were used in the cost function of the annealidgy divider & is small, hence it could be placed accordingly.
in a manner identical to [20]. Fig. 25 shows the estimatdc?" dividerm, the placer had to perform a tradeoff between
values of switching noise voltage at each location in thtge st.r.englth of the switching noise received by 't. and the
chip at different temperatures during the annealing. Fig. 25 rasitics mtroduced when large interconnect capacitances are
shows the substrate noise distribution at the end of the roduced. Using the same performance model employed in

. L e constraint derivation, along with noise estimation tech-
run. As expected, the algorithm successfully minimized tr}ﬁ

. ) ) gues outlined in Section I, the jitter performance predicted
noise present in the substrate underlaying the PLL (compfﬁgethe PLL is summarized in Table Il

layout in Fig. 27). The plot of Fig. 26 shows the impact of
estimation algorithms on the relative error in substrate noig Trend Analysis and Technology Scaling
measured at the receptors during the annealing. All relatives| e potential sources of switching noise in the PLL are

errors are obtained by comparison with an exact method, igealized in the dividers, while the receptors are in the VCO,
the Sherman-Morrison update. Curves (a) through (c) ap$ and LPF. Injection occurs by impact ionization through
(d) show how the constraint violation is driven toward zerghe active areas of NMOS devices (in an N-well processes)
depending on whether or not the proposed substrate injectigid by capacitive coupling through junctions and interconnect.
control is used. Fig. 27 shows the final placement perform@éceptors are in the active areas of sensitive devices and
using PUPPY-A. As expected, dividerwas placed at a large supply lines. Table IV lists the main sources and receptors
distance from the sensitive components of the PLL, namady noise in the various components of the design.
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Fig. 28. Ri3 sensitivity with respect to (a) epitaxial doping levels, (b) contact depth, and (c) epitaxial depths.

P : T - TABLE V
SUppose one is interested in flndmg the Change of J'tt‘éfbu TiMES ON A DEC ALPHASERVER 2100 5/250FOR THE TREND ANALYSIS FOR

performance if a new lightly doped substrate is t0 be US@Gk proposepEXPERIMENTS ON THEPLL wiTH 311 NoISE SOURCEJRECEPTORS.
instead of the low-resistivity substrate for which the circuit wagHe CPU Tives INCLUDE DCT, PARAMETER, AND SENSITIVITY COMPUTATION.

. . : AT FoR THE CALCULATION OF 311 GONTACTS, THE INVERSION MATRIX P
designed. In this case performanteis the expressiorry . Was PERFORMED IN 1525.0 S. Tie SiZE OF P Was 1244 x 1244
Since senS|t|V|ty8T/8Yij is known, expressiodY;; /9T, _ i _
.. . . . . Experiment || CPU times (sec) ] Jitter trend
Vi,  remains to be calculated. Note that in this cAsés a par- — - —
. . . . . Epitaxial doping 3038.88 1.34
ticular doping level associated with the layer of interest. The Contact depth 2858.83 095
plot in Fig. 28(a) shows the values of the sensitivities of entry Profile change 4005.46 0.55
Ry3 = 1/Y13 at various nominal doping levelgy, -, t3).
Substrate impedanck,; 3 was chosen as an illustration due to < e TABLE I;/R| v
. e e . . . BSTRATE TRACTION IN ESENCE OFV ARYING
Fhe_ high sensmwty_ of jitter with regpect to it. The |mpedan_ce TECHNOLOGY PARAMETERS USING METHOD | (FULL EXTRACTION)
is in fact responsible for approximately 20% of the noise AND METHOD Il (SENSITIVITY-BASED EXTRACTION)
generated in dividen and picked up by the VCO. [Tethod T | method T |_ecrror
Consider now the dependence of impedangg, as a Riz || 8154.03 Q | 8098.60 2 | 0.67 %
function of another technology-specific parameter, namely the Ryg || 186615 | 1848.10 © [ 0.96 %
layer depth. See plot in Fig. 28(b). Line&, - - -, ¢ Ty § 87856201 ] 3743809 | L18%
contact layer depth. p Fig. 28(b). SEPREER Y Rio || 893859 | 893080 | 008 %
in Fig. 28(b) represent the sensitivitiesBf3 at several values Rao || 46040 Q | 458590 | 039 %
of ¢ as computed using the formulae in the Appendix. Let us Ryo || 690.770 | 68859 | 0.31%
now consider the effects of changes in the doping profiles configuration of Fig. 13
in Fig. 2. Assume that the number of layers stays constant J contacts [ method T | method 1T [ max. error
but the epitaxy expands toward the ground-plane while the 100 | 738scc | 98sc | 3%
underlaying layer shrinks. The plot in Fig. 28(c) shows the - uniform 10 x 10 contact grid
sensitivities(¢1,¢2) of R;3 as a dependence of the thickness
of the epitaxial layer. Table V reports all CPU times for the # conects | method I_| method Il | max. error
sensitivities computed in the experiments and the estimated 2500 ] (’j‘"" ;"?";"’“_""ddl Rl - ]_t 5%
trend of jitter performance degradation calculated using (20). industrial mixed-signat cireul
C. Accelerated Extraction and Technology Selection times are referred to a DEC AlphaServer 2100 5/250 and

Table VI lists the values of matrixY using full and relate to all computations except for the Green’s Function,
sensitivity-based extraction for two configurations. All CPWvhich is performed once for a given substrate structure. The
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TABLE VII
MEAN AND VARIANCE OF THE ENTRIES OF MATRIX R AS A FUNCTION OF DEPTH
VARIANCE. ALL VALUES ARE REFERRED TO AMEAN DEPTH OF 1 pm. THE
ExecuTioN TIMES ARE REPORTED FOR AUNIFORM 10 x 10 CoNTACT GRID

[ wR) ] 7*(R)

| #lc) = 1um | 0%(c) = 0.25um” | 67(c) = 0.1um”
Ri» 8066.33 Q2 0.0270 Q2 0.0109 €2
Ris 1836.69 Q 0.0040 Q2 0.0017 2
Ras 3716.29 Q 0.0324 Q? 0.1296 Q2
Rio 892.11 Q 2.5x1077Q% 107707
Rag 456.35 Q 107%Q7 4x1075Q7
Rso 685.69 Q2 2.25x107%Q? 9x 10777

configuration of Fig. 13
# contacts ] #(R) l UZ(H)

100 I 73.8 sec ] 16.0 sec
uniform 10 x 10 contact grid

TABLE VIII
SELECTION OF MOST SUITABLE TECHNOLOGY BASED ON THE PROBABILITY OF
SATISFYING ALL CONSTRAINTS ON SUBSTRATE COUPLING RESISTANCES

RG] Pr(u(c)[um)/o® (<) [um?)
T1:0/01] 75:1/0.25
Ris 8066.5 2 | 0.849569 0.948270
Ria 1836.8 2 | 0.959005 0.996184
Ras 3716.4 Q2 0.729437 0.620028
Rio 893.0 @ 1.0 1.0
Ry 457.0Q 1.0 1.0
Rao 685.8 Q 1.0 0.999877
Total - 5.538011 5.564359

error is reported for all configurations. Note that a large circulf
with 2500 contacts could not be handled unless an extractio

acceleration scheme was used.

Consider now Fig. 13 and a uniform 18 10 contact
grid. Table VII lists the mean and variance of the entries
matrix R as a function of depth variance®(c), assuming
u(e) = 1 pm. The execution times for the extraction of th

mean and variance @& are also reported. For the example of

Fig. 13, suppose that all six substrate resistadtgsand Ko

were critical and that constraints on each resistance were set as

listed in Table VIII. Clearly, technolog{, is more likely to
meet the above specifications and hence it should be sele
as best candidate.

VI. CONCLUSION

Novel techniques for the acceleration of substrate noi %3%
analysis in an optimization loop are described. A bound M
element method is used to characterize the substrate. Mu- " 1

tual and ground resistances are efficiently computed usin

Green’s Function for multilayered substrate via the discrete
cosine transform. Efficient sensitivity analysis of substrate
performance with respect to geometric features and technology
parameters is used to accurately assess effects and trends due

to design modifications. We have shown the usefulness of

techniques in a number of optimization problems, specifically

targeted toward technology migration, selection, and scali

In particular, the approach has been demonstrated through a
medium-sized mixed-signal IC on which a complete analysis
of the impact of substrate was performed before fabrication.
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APPENDIX
SENSITIVITY DERIVATIONS

The termGy|.—.-—o is computed as

1 I'y
abGN /31\7 )

Go | z=z'=0 — (48)

The termsl’y and 3y are computed recursively as follows:
Br| _ e 0|Br-1
Iy (% — 1)dk 1| M1

where the recursion begins with the valyigs= 1 andl'g = d.
The term f,,,,, is computed as follows:

(49)

Fon = 1 Oy tanh(vmnd) + Ly
mn ab’YmnCN /31\7 + 'y tanh(fymnd) (50)
mm\ 2 nw\?2
Timn = \/(T> +(5)"

The termsgy and 'y for m # 0 or n # 0 are computed
recursively as follows:

L cosh?(6y,) — sinh?(6;,)
[ } B (=2 — 1) cosh(6r) sinh(6y)
(- T) cosh(6;,) sinh(63,)
dis

cosh?(6y,) — et sinh?(6y,)
herel < k < N, 0, = vpmn(d — di), fo = 1, andTy = 0.
AssumeTl; = ¢, then alll’;, and 3, will not depend ore,
wﬂeno < k < ¢, hence
aT(
Ty
LoT,

Br
Iy

€k—1

Br—1

Chs (51)

}:0, VO< k< /.
of

eConsider first the case in whidh= ¢. Equation (51) becomes

g—% 1| —cosh*(6y) —cosh(6y) sinh(6,)
SLe | 7 " |cosh(6r) sinh(6y) sinh?(6;)
/35—1}
52
% [n_l (52)

cted
wherel',_; andg,_; are already known, whil&; = ~,,,,,(d —
dé) and’)/rnn = (77;_77)24‘(%)2
Second, consider the case in whith= ¢ + 1. Equation
(51) becomes
COSh2(94+1)
|:—COSh(94+1) sinh(6ey1)

cosh(f¢41) sinh(fey1)
9 & Co+1 —Sinh2(94+1)

B
X T,
_% COSh2(95+1) — Sillh2(9[+1)
the N (GZI — 1) cosh(f¢41) sinh(6p11)
(1= =) cosh(feq1) sinh(fe41)
ng. cosh? (fr41) — o sinh?(f41)
“00: +
x Si} : (53)
LoT,
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For/+ 1<k < N, 9p,/8T, andal', /9T, are computed as slightly modified, (57), expressions can be easily derived for
Skt Cosh2(9k) — sinh2(9k) Ty = d or ey.

€k ] Finally, consider the sensitivity of terpy; with respect to
95, (%=t — 1) cosh(6y) sinh(6y) : o
[31?‘ } — . ex k k contact depthe. Expressions for termp;; in presence of zero
T, (1 - )COSh(ek)Smh(ek) depth are shown in (12). Formulae for nonzero depth can be

cosh?(6,) — %=2 sinh®(6y) found in [17]. Assume that all contacts have identical depth

(54)

9Br—1
aTy
x [ark‘l }

Ty

then sensitivitydp,; /dc is computed as follows:

recursively, whered3;,_1 /0T, and 01'y_, /9T, are obtained de

directly from (53). The recursion (54) ends whé8fiy /9T,
and dT" /8T, are found.

Next, assuméy = dy, the layer thickness. Using a similar
reasoning as before, consider first the case in which /.
Equation (51) becomes

Ipij _ 2 By Ok
_gabq\rﬁ]\r r;mz:o
N [Sin(mw%) — Sln( )] [Sln( —) — Sin(mw%)]
(a2 — al)(a4 — ag)
 Jsn(nr) — sin(mn )] [sin(mn ) — sin(mn )]

(b2 = b1)(bs — b3)

58
o8 2sinh(fy) cosh(fy) (58)
| _ f-1 gy cosh(26;) where the terndk,,,,/dc is computed as
& - Ymn _ h 29
o 9, cosh(26,) ok 22
—2sinh(6;) cosh(6;) mn @ 1 (59)
dc " m2n274 2abey
Be-1 (55)
Loy whereC,,,,, is defined in Section II. Due to the linearity of the

DCT, it is possible to compute the sensitivity of the coefficient

wherel',; andg,_, are already known, whilé; = v,,,,,(d—
d[) and Ymn = (%)2 + (%)2

Second, consider again the case inwhich1 < £ < N,
0P /0T, and 8, /0T, are computed as

Ck—1 COSh2(9k) — sinh2(9k)
% B (E‘E—:‘ — ) cosh(8y,) sinh(6y,)
% Tl 1) Cosh(ﬁk) sinh(6y)
cosh?(Bx) — %=L sinh® ()
IBr_1 *
X [a?fﬁl}
oTy

(1]

(56) 2

recursively, wheredsy._1/97; and dT'y,_, /0T, are obtained
directly from (55). The recursion (56) ends whégiy /0T,
and dl' /9T, are obtained.

Consider now the sensitivity of the terky,,, with respect
to parameterl;. k., is defined in (12) and (50); after full
expansion of its terms, it becomes

(3]

(4]

(5]

k _ abcrnn ﬁN tanh(’yrnnd) + 1_‘N [6]
e m2n27r477nn€]\7 [3]\7 + ]-_‘]\7 tanh(’}/nlnd)
mm\2 nm\2
= — — 7
oY+ () "

Hence, assumindy is either a doping level, which results in [g]
differente,, or a layer thicknesg,, the sensitivity of,,,,, with
respect tol;, VO < ¢ < N is computed as

Ok bCn 1
T, [Bn + [y tanh(v,,,d)]?
x ([Bx tanh(ymnd) + TN][Bx + Ty tanh(ypmnd)]
— [Bn tanh(ymnd) + T ] [/31\’ +Ty tanh(ymnd)])
(57)

El

m2n27r477nn €N (10]

[11]

where the termd"y = 0y /9T, and By = 9Py /OT, are [12]

computed from (54) and (56). Similarly, using (54), (56), and,

of potential by simply calculating...., and by performing the
DCT on it. Several DCT's related to a variety of different
depth can be stored and used for the efficient calculation of
the effects of technology on a particular circuit.
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