
CARNEGIE MELLON

Latchup-Aware Placement
and Parasitic-Bounded Routing

of Custom Analog Cells

Bulent Basaran

1993



Latchup-Aware Placement

and Parasitic-Bounded Routing

of Custom Analog Cells

Bulent Basaran

Department of Electrical and Computer Engineering
Carnegie Mellon University

Pittsburgh, Pennsylvania
May 7th, 1993

Submitted in partial ffdfillment of the requirements for the degree of Master of Sci-

ence in Electrical and Computer Engineering,, This work was supported by the

Semiconductor Research Corporation and IBM.



Abstract

This thesis, presents new results in constraint-directed placement and

muting of device-level ar~alog cells. We describe the first algorithm for

latchup-aware device placement ’,Hat guarantees sufficient placement of

well/substrate ,contacts by simultaneous placement of latchup protection

geometry and devices. A novel cost-to-target predictor for best-first cost-

based maze routing is presented, which is shown to be highly effective in

multi-layer multi-terminal routing problems. The predictor and a new

scheme for pruning evolving palhs that violate user-supplied parasitic

bounds, combine to allow faster, deeper, more optimum and tightly-

constrained routing of analog signals in dense placements. Experimental

results suggest the strategy avoids the artifacts of crosstalk-for-length

trade-offs seen in earlier algorithms, and adlows users more fine-grain

control of the routing of dense, high-performance cells. An

implementation of these ideas in the tool set KA III is used to derive

improved layouts from several analog cells.
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Chapter 1

Introduction

1.1 Analog Cell Layout
Mixed signal designs are becoming more of a substantial l~ortion of the microclectronics industry; espe-

cially those for application-specific integrated circ~aits (ASICs). Digital parts of such designs dominate the

chip area but r~ot the total design effort. The reason for this is the relative immatttrity of CAD tools for ana-

log circuit synthesis and layout design with respect to their digital counterparts. The performance require-

ments for the analog sub-systems of a mixed-signal ASIC have a rather wide range; rendering the available

analog cell libraries of inadequate coverage. Consequently, a subset of the critical analog cells are left to be

designed by hand, either for unusual analog functionality, or for especially tig:ht performance specifica-

tions. The work in automating the analog cell level layou~ is primarily motivated by the need to shorten the

time-to-market for mixed-sign~ ASICs.

1.2 Previous Work
Early work in automating analog layout inherited many features from "blocks-and-channels" place-and-

route approach of macrocell digital IC layout (e.~,~., ILAC [22]). However, this structured layout style

which is so successful in system-level digital and analog design (e.g., [19]) limited the desired level 

fine-grain optimization at the level of individual devices (i.e., transistors). To see ::he reason of this inherent

limitation, we note the distinguishing set of assumptions for analog layout:

¯ Since the complexity of analog cells is not so high as digital ICs, neither the slicing-s~.le place-

ment nor the gate array placement is necessary (or .crucial) to be able to track the problem.

¯ Signal routing is not restricted to c~annels between placed objects.

, Minimizing area and wirelength is ru)t the unique concern, nor is it the most important.

The next generation of analog layout tools achieved higher levels of optimization through adopting the

aforementioned assumptions for analog.
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KOAN-ANAGRAM II [7] has been first tool set to address in depth the analog nature of the problem. Sup-

porting the following features, it derives rnanual-quality layouts for analog cellm

¯ Symmetric placement and routing for differential circuits

¯ Device merge and abut for betterperformance and higher density

¯ well generation after placement, bulk staples after routing

¯ over-the-device wiring for higher density

¯ crosstalk avoidance

integrated ripup-reroute (required for completing routing of very dense circuits’)

Most recently, the emphasis has shifted toward layout tools that support perf)rmance-guarantees: they

strive to meet hard bounds on parasitics that can be estimated during layout. %ols such as KOAN/ANA-

GRAM II rely on minimizing weighted-sum cost-functions whose terms quantify the impact of undesirable

layout decisions, e.g., parasitics between sensitive and noisy wires, or lost oppo.~unities for merging com-

patible MOS diffusion geometry. However, the approach has been to minimize one lumped measure of all

these layout disturbances, in contrast to minimizing the deviation from hard bounds for critical distur-

bances. [4] is a good recent ex~krnple of this, which extends KOAN’s merge-as-much-as-possible device

placement style to a merge-what-impacts-performance-most style.

¯

1.3 Research Focus

In this report, we present new algorithms t0r two problems in constraint-based analog device placement

and device routing:

¯ Latchup-aware placement

Parasitic-bounded routing

An important placement constraint is to ensure that a CMOS cell is protected against latchup. The common

solution that is ~tsed in manual designs is to insert sufliciently many contacts after the placement (to opti-

mize for performance and area) is done. KOAN also supports this strategy but without guaranteeing that

every device is protected and all the contacts are wireablc to the appropriate power rails. Since a few con-

tacts can easily cover small cells, this ad hoc solution works for smaller problems. But for bigger problems

where the cell area is rather big compared to the protection zone that a contact has, the placement sr.cp has
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to constrain the usual optimizations it carries out in order both to prevent latchup and not to sacrifice too

much area and performance:.

Crosstalk-sensitive analog touters (e.g., ANAGRAM II [7], ROAD [17]) have to date relied on some vari-

ant of maze-routing with a cost-function comprised of four terms: a material term (to minimize length,

vias, bends), a crosstalk penalty (to minimize proximity to deleterious signals), routability tema toesti-

mate how easily this net fits into the layout, and a ,cost-to-target predictor (to accelerate search in the style

of Rubin’s best-first scheme [23,] and A* [21 ]). Crc, sstalk optimization substantially degrades the efficiency

of any area router because of the overhead of checking proximity effects at the head of each evolving par-

tial path (which is unavoidable), and because crosstalk ~)bstacles are impossible to predict and frequently

require deep path search to avoid. We restructure this :[brmulation for parasitic-bounded routing: rather

than aggregating crosstalk and material te~ms in a single lumped path-cost function to be minimized, we

instead prune parasitically nonviable paths as the search progresses. The virtu,z of this scheme is that it

does not make artificial tracle-offs betwec.a wirclcngth and crosstalk; instead, it can efficiently find the

cheapest path that does not violate hard parasitic bounds supplied by the user.

As to date, the maze routers that has been used in routing of circuits, employed a simplistic cost-to-target

predictor to improve the aw.-rage run time of the search. Such predictors are w:~’ry effective in structured

environments where there is only one routing layer (or perhaps two having the sz.mae cost value) arid a sin-

gle target cell to search for in~ each connection. Such is not the’. case for the analog (and possibly also lbr the

digital) cells, hence the effect c,f a simplistic predictor is low. We need a new predictor for the general

problem of path tinding in multi-layer multi-terminal and cost-based environments.

1.4 Organization

We have extended (1) the KOAIN analog d,zvice placer with latchup aware placement and (2) the 

GRAM II analog device router with a good cost-to-target predictor and parasitic-bounding routing. In this

report:, these new tools are jointly referred as KA III. The rest of the report is orgaaized as follows. Chapter

2 describes the latchup-aware placement. In Chapter 3, fa~.t path linding with efficient cost-to-target predic-

tion is presented. Chapter 4 describes the parasitic-bounded routing in KA III and finally Chapter 5 con-

cludes and gives some directions for future work.



Chapter 2

Latchup-Aware Placement

2.1 Introductien
Latchup is a major concern for standart CMOS processes. The basic problem :is the presence of parasitic

bipolar transistors, which is unavoidable in any CMOS circuit. If sufficient measures are not taken to pre-

vent it; latchup can cause so large currents to flow that the MOS structure is destructively damaged [24 1.

Unfortunately there is no standart methodology that completely eliminates the susceptibility to latchup. To

make matters even worse I0r the designer of a CMOS circuit, any protection scheme that can be deviced to

reduce the probability of latchup sacrifices chip area and performance. One common industrial practice

advocates the use of guard rings around each device. This method not only increases the silicon usage but,

since it interferes with critical diffusion merges [8], also reduces the performmace of the circuit. ¥i.,,t another

disadvantage is the need to connect the guard rings for each device to the appropriate power rail. In an

environment where circuil:s are placed and then routed, each additional guard ring increases the wire space

that the placement phase should reserve for successful routing; hence further reduction in the density of the

cell.

There are certain advanced CMOS manifacturing processes that handles the latchup problem through pro-

cess improvements rather than through layout modifications to aclqve large scale integration [lg]. Such

processes are not always available, and even when available, are rather costly, hence not very desirable.

2.2 The Latchup Protection Problem
A less conservative method to prevent latchup is employed in custom manmd designs: First, the, devices

(i.e. transisitors) are placecl in such a way to minimize area and wirelength that also respects analog con-

cerns (symmetry, matching, etc.). Then, well and substrate contacts or so-called "plugs" are distributed

over the entire chip area [13]. These plugs are connected to Lhe appropriate power rails. Electrically, plugs

reduce the lateral resistances that bias the base-emitter junctions of the parasitiic Iransistors 1724].



2.2 The Latchup Protect:ion Problem

Since accurate electrical analysis of the effects of placing a particular contact in a particular location

requires detailed 2-D or 3-D semiconductor device simulation, cunent industrial practice rests on the con-

servative, simplifying assumption illustrated in Figure 2.1.

Figure 2,1 Latchup protection zones from well/substrate contacts.

Protection Zones

//
Unprotected

Each well or substrate contact is assumed to provide a "zone of protection" for a][1 compatible devJices in its

shadow. The protection shadow is, to a first approximation, a halo of constant radius around such a contact;

this radius is part of the dc,:~ign rules for a given process. A .device is considered protected if no part of its

active region falls outside the (possibly overlapping) shadows of some set of nearby contacts. More accu-

rately, the radius of the halo also depends on the magnitude of the current that flows through contacts [24].

The halo radius R)r a contact carrying higher currents is required to ~e smaller for the same degree of pro-

tection, since for a given value of resistance, higher currents would result in larger voltage drops over the

base-emitter junctions; being more likely to forward bias them and cause latchup. However, we will only

consider the first-order constant-halo model here.

The latchup protection problem is now more simply stated: place well/substrate contacts so that every

device is completely in the shadow(s) of some (possibly set qf) contc~ct(s). It is now clear that for smallish

cells, picking the right "spatial frequency" [13] for such contacts is not especially difficult, since each con-

tact may cast a protection ~;hadow that covers a substantial portion of the entire cell. In such case:~:, adding

latchup protection after device placement (but before device routing-recall that each contact, must I)e wired

to the appropriate power rail) is not especially hard. The problem, however, comes when we have large,
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dense cells with many d,~vices, or cells with extremely large individual devices as is frequent in custom

analog. In such cases, ~’ hoc placement of the latchup protectioa indcpe~tdent of the placcn:tent of the

devices themselves is difficult: it becomes problematic (sometimes impossible) to insert sufficieat contacts

in dense layouts to cover all devices, and still have space le12 for the extra biasing wires now ne~,dcd.

We suggest the right strategy is to place the well and substratc contacts simuh~aneously with th~z devices.

This would allow the placer to carefully consider the latchup constraints in the iterative improve~ent loop

while optimizing for the placement objectives (e.g. arca, wirelcngth, analog specific concerns, eta:.) We use

the KOAN analog device placer as our starting point.

2.3 Placement in KOAN
KOAN [8] is a tool for device-level placement of analog circuits. With features like diffusio~ merging,

gate abuttrnent, symmetr.~ and matching, it creates near manual-quality placements. KOAN relics on a

three-step placement strategy:

1, Device Generation: for each device we procedurally generate a suite o~ device layouts, called variants,

that represent alternate layout shapes (i.e., foldings) for this device.

2. Device Placement: a Gelatt-Jepsen style 1114] annealing algorithm places the devices arbitrarily in the

plane, allowing them to c,vcrlap as placement progresses. Devices appear a~’; collections of rectangles to

KOAN, with all internal s :ructure visible. Such overlaps allow KOAN to detect desirable opportunities for

geometry sharing (gate abutment, diffusion sharing). The cost function includes cell area, wirclcvtgth, ille-

gal overlap (that causes E~’~C or DRC errors), and "unused" mergable device area (minimization of which

maximizes geometry sharing). Several forms of device placement symmetry are enforced constructively i~

the annealer’s move-set.

3. Well Generation: a separate set of computational geometry operations (shrinks and expands) trans-

forms the space left under each device by KOAN into actual well geometry. The KOAN placement step

respects the necessary spacing rules for wells, but does not actually place final well geometry.

It should be noted that the strategy here is to keep the procedural device generation phase as simpl,~ as pos-

sible, to allow the placement step maximum flexibility in combining devices, l’.n particular, the device gen-

erators do not put in final well geometry, or latchup protection gcom~ztry, since such fixed geometry would

strongly interfere with geo~aetry sharing optimization during placemznt.

2.4 Latchup Protection in KA III
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An important decision re, garding the substrate/well contacts (so called latchup protection geometry) is

where to allocate the responsibilities for (1) generating it and (2) placing it among the devices.

Note that, since KOAN :inserts contacts in a post processing step, it can not guarantee that there will be

enough room to place the contacts optimally (i.e. maximum coverage with minimum area usage and less

burden on the routing step).

In KA III, we choose to let the device generators create the actual physical geometry for the well and sub-

strate contacts. However, .just as we require the generators to create a palette of device variants to account

for the multiple shapes a device may take, we now require the generators to create in addition a palette of

alternative placements of well/substrate contacts for each device. Our two central simplifications are that

(1) each device may own a set of adjacent contacts, zmd (2) these contacts each run along the length of the

edges of the rectangular t~mnding box of the device.

Figure 2.2 shows eight such variants for one medium MOS device in one folded shape. In this example, the

four left-most layouts each show substrate contacts located at an appropriate design rule distance :from the

edges of the device. One contact on one long edge is sufficient to protect this device; but for the narrow

edge, multiple contacts on opposing edges are needed given the size of the protection halo. The I0ur right-

most layouts show a particular low-level optimization available, assuming that the body mad source temfi-

nals of the device are connected. This so-called abutted contact allows placement of the substrate contact

closer to the source terminal of the device (avoiding the usmd DRC separation rule) since the two;, are elec-

trically common. Such optimizations may seem minor, but play a su;prisingly critical role in achieving lay-

out densities approaching hand-crafted designs.

Figure 2.2 Device Variants with Alternative Latchup Protection Geometry

(a) 4 variants for well/substrate contacts
when MOS body terminal source

(b) 4 variants tbr well/substrate contacts
when MOS body terminal = source

Of course, requiring each device actually to retain a well/substrate contact is ow~’rly conservative. The key

problems are (1) to select a subset of devices and (2) then select particular well/substrate contact locations

for each of those devices that best protects the overall cell. Note that some devices may not need adjacent


