Global Stacking for Analog Circuits

Bogdan G. Arsintescu
Delft University of Technology
Mekelweg 4, 2628CD Delft, The Netherlands
Bogdan@CaS.ET.TUD€lft.nl

Abstract

A flexible and efficient method for analog circuit parti-
tioning and transistor stacking is presented. The method
is based on a noved algorithmdealing with analog specific
constraints and on a set of heuristics for stack generation
using a pattern database. An enhanced set of stacksis ob-
tained with respect to placement constraints. Experimental
results show the effectiveness of the methods described.

1. Introduction

In the last decade, some attempts have been made to de-
velop automation for analog circuit layout design[1, 2, 3, 4].
Sincetheconstraintsfor analog and digital design are differ-
ent, thetechniquesfor digital circuitscannot beeasily ported
to analog design. Anaog physica design has to ded with
special requirementsfor matching, symmetry, parasiticsand
for the variety of transistor sizes. The layout objectivesin
analog design target layout symmetry and device match-
ing. Typica techniques in analog layout are large device
folding, interdigitated structures for symmetrical pairs, ge-
ometry sharing and device chaining for neigbouring devices
(see Figure 1). All these methods are referred to in liter-
ature as MOS transistor stacking. In [5] a design styleis
proposed for fully-stacked layout of analog circuits. That
is, dl the transistors in a circuit are stacked and a layout
moduleis generated for each stack. Thegod of thisstyleis
to decrease stray capacitances and to improve the layout of
analog circuits.

In this paper we propose a new automated technique for
transistor stacking in analog MOS circuits. Our aim isto
obtain an enhanced set of stacks for placement and routing.
Since we do not have placement and routing information at
this stage of the design, we will generate an enhanced list
of stacks including trade-offs of the same stack. Among all
these stacks we can choose a suitabl e set according to layout
specific constraints.

In[1], an algorithm for the automatic generation of full-
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stacked layoutsin analog CMOScircuitsisdescribed. Inthat
work, circuit partitioningin stacksis made on a"same bulk"
criterion, i.e. with the same substrate potential. Additional
constraints (symmetrical pairs, matching groups) should be
explicitly enforced by theuser. Firstly, circuit partitioningis
done and transistors are split into segments. The algorithm
of [6] is used for abutted stack generation, i.e. optimal
transistor chaining. A single set of stacks is generated,
claimed optimum with respect to a sum of critical parasitics
and device area minimization. No placement constraints
are considered. The method described in [1] is based on
stray capacitance minimization. Therefore it will produce
stacks with a big number of transistors (long stacks). The
method will fail to generate useful stacks when the sizes of
thetransi stor groupsare rel ative prime numberswith respect
to grid size. This may result in tall stacks (equal with the
size of a transistor not folded). Both long and tall stacks
will be difficult to handle by the placer.

Our stacking method attempts to resolve al the short-
comings mentioned above. We propose a flexible method
for generating an enhanced set of stacks, with form factor
(W/ L) trade-offsfor every stack. By dlowing small device
size variation, we can avoid generation of tall stacks. Based
ontheset of stacksobtained, better placements are expected.

We propose an automated method for groupi ng symmet-
rical pairs and current mirrors. Transistors are split into
paralld transistors(called segments) and arranged in astack
according to predefined patternsfor al groupsof transistors
inacircuit. Thisinitial list of stacks is enlarged by con-
catenation or by merging stacks in order to create al the
stack candidates needed for a good placement. We allow
device size variation during stacking, within the limits of
circuit specification. By allowing size variation, our ap-
proach solvesthe problem of transistor stacking irrespective
of initial sizes, while preserving the critical circuit parame-
ters.

Very wide transistors can generate a poor layout, even
when stacked. To avoid this, our program can split one
transistor in two different stacks, adding more freedom for
the placer. This feature is also used for symmetrical pairs,
where centroida twin stacks can be made. In a centroidal
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Figure 1. Examples of Stacks. (numbers indi-
cate transistor gate connections)

pair of stacks, each of the twin stacks contains half of the
stack segments (see figure 3.b). These structures are useful
insmall offset applications.

The full list of stacks is generated together with several
cover sets. They can serve to find a globally optimum set
of stacks according to placement and global routing con-
straints.

This paper is organized as follows. Section 2 is an
overview of the global optima stack generation method.
In Section 3 we describe the algorithmused for circuit parti-
tioning. Thestack generation method isexplainedin Section
4 and 5, for initid stacks and for the entirelist of stacks re-
spectively. Experimental resultsare shownin Section 6, and
conclusionsare drawn in Section 7. The Appendix liststhe
definition of several terms used in this paper.

2. Global stacks generation

The generation of MOS Transistors (MOSTSs) stack is
achieved in four steps, as follows:

1. Inthefirst step, thecircuit is partitioned by finding all
the symmetrical pairs and matching groups of transis-
tors. The remainder MOSTs are singletransistors.

2. Aninitia set of stacks is subsequently generated by
using the elements of the partition, the symmetry in-
formation and the compatibility between transistors.

3. The complete set of stacks is then generated by com-
bining each existing stack pair, provided they have
compatible sizes and the two stacks do not contain
the same MOSTSs.

4. Findly, several stack covers for the circuit that can
lead to a good layout are found.

For Step 1 we devel oped an agorithm that finds all sym-
metrical pairsand current mirrors, based on circuit topol ogy
information in a bipartite adjacency graph. One set of ver-
tices is the set of circuit nets and the other one is the set
of MOSTs terminals. An edge between two vertices exists
if the corresponding net of the start vertex is connected to
the corresponding MOST terminad vertex. The adjacency
graph isobtained by parsing a net-list file with transistor di-
mensions and technol ogy information. This graph structure

helps extracting circuit topology information. Based on the
results of the algorithm, we create a partition of the circuit
containing transistor pairs and matching groups identified
by the algorithm and single transistors not included in the
previous categories.

All the groups in a partition are stacked separately in
Step 2. For each group we use a set of appropriate stack
models, taken from a user-definable database that contains
the generally used patterns (i.e. stack models) in analog
layout design.

During Step 3 the stacks are merged starting from this
list of initial stacks. We enhance the initial set of stacks
with stacks containing three or more MOSTSs. These stacks
decrease parasitic capacitances of the nets abutted in the
stack and improve matching between devices. Theresulting
stack is evauated in terms of circuit performance, prior to
insertioninthelist.

A circuit evaluation is done in order to test whether the
circuit updated with the generated stack(s) dimensions and
electrica characteristics can lead to acircuit that performs
according to the design specifications. Due to the fact that
MOSTs sizes are changed during the new agorithm, par-
asitics bounds as in [7] are not applicable. An automated
approach for generating the circuit equations (symbolicsim-
ulation) asin[8] or adirect e ectrical simulation can be used.
We however fedl that this circuit dependent analysis has to
be user definable, i.e. based on the specific circuit equa
tions, for reasons of speed and because auser rarely laysout
acircuit that she cannot model.

An optimum circuit cover by stacks can be found during
Step 4, subject to a cost function as described in [1]. The
quality of theresulting cover may not be satisfactory during
placement and routing. Our solutionisto find several covers
using a greedy algorithm. Firstly we apply a circuit evalu-
ation cost function to theinitia circuit and the sized stack.
A new stack is selected at each step if it minimizes a cost
function of circuit evaluation together with the previoudy
selected stacks. The sizes of circuit elements contained in
it are updated in the cost function caculation and a new
greedy step is performed. The greedy a gorithm stopswhen
cover conditionsare met. Starting from this cover and the
global stack list, further optimization will take place during
the placement phase.

3. Symmetrical and matching groups

An agorithm capable of recognizing symmetry inafully
symmetrical electronic network graph was proposed in [9].
Analog circuit design seldom leads to fully symmetrical
circuits (i.e. aperfect mirrored circuit structure relative to
an axis). We proposean algorithmthat findsall symmetrical
groups with respect to topology patterns specific for analog
circuitry in general circuit structures.



Algorithm: SYM
INPUT: circuit bipartite graph
FOR A = every net in the circuit graph
FOR B = all MOSTs connectedto A
Mirror-Group = WBM(A, B, Cost-Mirror)
Symmetrical-Group = WBM(A, B, Cost-Symmetry)
IF (Symmetrical Group # 0)
AugmentPath(Symmetrical-Group)
END-IF
SAVE Mirror-Group, Symmetrical-Group
END-FOR
END-FOR
OUTPUT Mirror-Group(s) and Symmetrical-Group(s)
END_main

AugmentPath(S)
FOR all A =the net pair connectedto S
FOR B = all MOSTs connectedto A
Symmetrical-Group = WBM(A, B, Cost-Symmetry)
IF(S #£0)
Augment(S)
END-IF
RETURN Symmetrical-Group
END-FOR
END-FOR
END_augment

Figure 2. The algorithm flow

The following patterns are used:

« Smplecurrent mirror pattern: aset of MOSTswith
the gates connected to the same net and the sources
connected to the same net accordingly.

o Symmetrical pair: a pair of identical MOSTs con-
nected with the same terminad to the same net, or to
corresponding terminals of another topologica sym-
metric pair.

Thealgorithmisdescribed in Figure 2. We use Weighted
Bipartite Matching (WBM) agorithm in a bipartite adja
cency graph structure. The bipartite sets of vertices corre-
spond to the list of nets and to the list of MOSTs terminals
respectively. An edge connects avertex in thefirst set toa
vertex inthelatter if an electrical connection exists between
the corresponding net and MOST terminal. The WBM ago-
rithmwill return a nonempty set of MOST only if a pattern
isfound. The heuristic functions C'ost Mirror and Cost-
Symmetry determine the edge weights according to the
patterns definitions. WBM results of cost zero are not inter-
esting, since they do not imply a pattern match. Thedesired
MOSTs groups are derived from the WBM results.

The Augment Path function will recursively search for
new symmetrical pairs connected at the same termina of
an already found symmetrical pair. The depth of the re-

cursive procedure is limited to n /2, where n is the number
of MOSTs in the circuit in case the circuit is completely
symmetrical. Our agorithm avoids duplicating symmetri-
ca structures. The maximum number of Augment Path
calsisthereforen/2. A “clean—up” procedure is necessary
to remove the MOST’s included in both symmetry groups
and matching groups, by removing them from thelatter type
of groups. In this way symmetrica pairs are preserved as
much as possible.

4. |nitial set of stacks

The heuristicsused in generation of theinitial stacks nar-
row the big number of possible solutionsdown to a smaller
number of stacks useful for good layout [1]. The maximum
number of transistors stacked at thislevel istwo (symmetri-
cal pairs). The number of patterns in database will, hence,
be small.

We build the initia set of stacks for each element of a
partition according to the following heuristic rules:

«+ A stack can have no more than 5 segments per MOST,
except for large form factor (1W/ L hereafter). Stacks
with more segments per MOST will be very long, con-
sidering aso that they have to be linked with other
stacks.

+ the segment size is bounded between a minimum size
and a maximum size. At least one stack is made if
all attempts are out of bounds. These bounds help to
preserve the form factor of resulting stacks.

+ ThesingleMOSTsaresplitinsimplefolded stacks (see
Figure 3.c). If the width of asingle MOST exceeds a
certain limit, it can be split in two paralel connected
transistors, stacked separately (see Figure 3.d). This
kind of structures can be used to complete a L-shaped
layout to arectangle.

+ Thesymmetrical pairscan have an interdigitated struc-
ture, i.e. single(see Figure3.a) or twin (see Figure 3.b)
or a normal folded structure, separated by an insulat-
ing dummy segment. The dummy segment is either a
MOST hiased in its off state or a space between diffu-
sions. The choice depends on the design rules.

+ The folded structure with dummy segment is allowed
only if the MOSTSs to be stacked have no direct con-
nection between sources or drains.

« The mirror groups are stacked transistor by transistor
and the resulting stacks are merged if possible.

+ Each stack istested by the circuit evaluator prior to list
insertion.

For each element of the partition (transistor or group of
transistors) we search in the database for a class of appro-
priate patterns. Stacks are generated for al these patterns
and according to the above mentioned rules.



Figure 3. Examples of Stack Patterns

At least one stack is generated for each element. That
is, if the size of the MOST is smdller than the lower bound,
a stack with one segment per MOST is generated. If the
MOST size exceeds the upper bound, then a stack with 5
segments per MOST isgenerated. A special casearesingle,
large W/L MOSTs. These MOSTs will be split in two
stacks.

The pattern database contains a collection of patterns,
selected by analog design experts. The user can add or dis-
card patterns to/from the database. Examples of patterns
used are given in figure 3. We use the Euler Path algorithm
and the heuristics mentioned in the beginning of this sec-
tion in building the database. We add dummy edges in the
multi-graph corresponding to the dectrica structure of the
pattern until it becomes an Euler graph. Dummy edges will
be dummy transistor segments in the resulting stack. Any
Euler path in this graph is equivalent with an eectricaly
correct stack. The selection of proper solutions among all
the possible ones is made at the end of the algorithm.

Other solutions were considered for building initial
stacks. The algorithm described in [1] generates all the
cliques. Another possibility wasto find all Euler pathsin a
multi-graph[10] G(V, E) whereV istheset of netsand E are
the transistor segments. This algorithm proved to be faster
than using cliques. The chosen solutionswere not different
from the patterns from the database. None of the trade-offs
that were presented in this paragraph can build twin stacks
for full centroidal design. They cannot have the freedom to
split a very wide transistor in two and stack the two parts
separately. The agorithmic approach proved to be sower
and less flexible that the pattern database search.

As stated before, our approach does not preserve exact
initial transistor sizes. When splitting a MOST, the size of
the segments have to fit the technology grid. Considering
only an integer grid, we change both sizes of theelement in
thisstep as follows:

W,
Wsegment = RoundInteger(ﬂ)

%% +x*nNn
Lsecgment = RoundInteger(Lyros * —_fegment -
Wharos

where W, I are the transistor dimensions of the segment or
MOST astheindicesindicate, n isthe number of segments
per MOST and RoundInteger(a) is afunction returning
theinteger closest to . In case of aninteger grid, forn < 5
the size (Ilength and width) variation is at most 8% (at 5
segments per stack). This variation should be acceptable
with respect to specifications of correctly designed circuits.
The stacks are evaluated interms of circuit performance. In
case size variation is unacceptable, they are rejected.

This procedure preserves W/ L almost invariable. Small
variation in the form factor can occur because the sizes are
rounded to an integer value. The theoretica variation is
maximally 4%. In practice, an average variation of 1.5% is
observed.

By alowing size variation we increase the flexibility of
the stack generation. Without size variation, the solution
set obtained by stacking will be small and uninteresting for
placement, unless “friendly” sizes are imposed during the
circuit sizing phase. Our approach can build correct stacks
irrespective of initial transistor sizes, without changing the
critical circuit parameters.

5. Extended set of stacks

Starting from the initial stack list we try to merge pairs
of existing stacks using the following set of rules:
1. Bothstacksmust have the same typeand the same bulk
connection.

2. None of the two stacks have segments from the same
MOST.

3. Thewidthsdifference of the stacksin apair is accept-
able.

For the first rule we check whether we can place both
stacksonthesamediffusionisland. Thesecondruleprevents
overlapping, i.e. the same MOST should not appear twice
in the same stack.

A pair of twin stacks existing in the initial stack list
are referred to as native twin stacks. Native twin stacks
are excepted from the second rule, because a combination
between them will produce an already existing stack. Once
one stack in a twin pair is merged with another stack it
becomesdigiblefor merging withitstwin or itsdescendants.
Two dimensional centroidal structures can be obtained only
by two stacks, each of them containing one or both native
twin stacks.

Rule 3 checks if the relative differencein size (i.e. seg-
ment width) between thetwo stacksisacceptable. A relative
size variation of 10% can generate stacks that are usually
accepted by the circuit evaluator.

The new stacks are generated in 3 ways: (1) by concate-
nation, (2) by insertion or (3) by re-generation. Concatena
tion is applied in case two externa segments of the stacks
are connected to the same net (figure 4.8) and by inserting
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Figure 4. Examples of stack merging

a dummy segment between the two stacks. Insertion of a
stack in another is used in case the dummy segment in one
stack can be replaced by the second stack. Insertion can be
also used in case the connecting net isin internal positionin
one stack and in external position at both ends for the other
stack (figure 4.b).

Real life cases are generaly resolved by the first and
second method. Regeneration usesthe Euler Path algorithm
for thetrail generated by the graphs of the two stacks.

We modify the sizes of the segments in the new stack
choosing a suitabl e combination of the following methods:

o keep each segment at either L = constant or a

W/L = constant and

« modify thefirst, the second or both input stack sizes.
The newly generated stack isoptimistically evaluated by the
circuit evaluator. That is, the cost function evaluates thecir-
cuit with the transistors obtained from the new stacks. All
other transistors have their original sizes. If the specifica
tions hold, then the new stack is accepted, and inserted in
thelist.

This procedure is iterated severa times, until no new
stack is generated or a maximal iteration count is reached.
All our tests were convergent after at most three steps (i.e.
no new stack was generated).

6. Results

Our new method of transistor stacking was implemented
inthe Atlast (Analog Transistor LAyout STacking) program
using the “C” programming language. The stack pattern
database was generated automatically and then improved by
analog designers. The circuit evaluator, which depends on
circuit topology, isdescribed by the user usinga“C” library
targeted for circuit modelling. This approach will probably
be changed in thefutureto an equation evaluator, even if the
current solution leads to short run time.

Atlast program was run on severa medium size circuits
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Figure 5. Stacking Results for a Two Stage
OPAMP

(10...20 MOSTs) and the resulting sol utions were placed
using heavy stacking and centroidal patterns. The solutions
were tested, when possible, against manual layout. Onetop
covering stack set wasidentical to the manual solutioninall
Cases.

Figure 5 shows some results generated by Atlast for a
16 MOSTs, folded, two stage OPAMP ( 5.8) from a low
voltage circuit. In the cover shown in figure 5.b , one can
notice a stack that contains all NMOS transistors and two
dummies. Thiswas possible by transistor size modification
during the run even if the greatest common divisor of the
transistor widthsisone. The resulting stack widthis 20um.

Theinput pair MP1, M P2 can beplaced using acentroidal
scheme using thetwo stacks at middle-left. TransistorsMP7
and MP8 were laid out separately dueto their different bulk
connection. TheMP11 MOST was splitintwo stacks (right-
top) so that, together with the missing components. Cl1,
RP1 and RP2, it can offer higher flexibility in the placement
phase. The pair of stacks for MP1-MP2 MOSTS, the pair
for MP11 and the NMOS stack can be now generated with
our method. The previous approach of [1] can not handle
such structures due to limitationsin terms of initiadl MOSTs
sizes and stacking strategy.

Table 1 summarizes some of the electrical characteristics



Electrical Pessmigtic  Optimistic ~ Optimistic Final
Parameter initial initial final simulation

simulation estimation  estimation

(SPICE) (Atlast) (Atlast) (SPICE)

Gain-Bandwidth
Product[M H =] 1.30 1.50 141 1.38
Phase Margin[deg] 62 75 68 67
Noise Corner
Frequency [k H =] 10.1 6.1 75 82
Slew Rate
[V/u — second] 13 15 14 13

Table 1. Comparative Electrical Characteris-
tics

of thecircuit as simul ated with SPICE and estimated during
the Atlast run. The estimator used a code based on hand
design and modelling procedures.

The initia, pessimistic simulation was done using max-
imal source-bulk and drain-bulk capacitances. Thisis a
usual, pre-layout procedure in theindustry. Optimistic esti-
mation takesinto account minimal or real node capacitances.
One can see that there is room for performance degrading
during the routing phase before the pessimistic smulation
results are reached.

7. Conclusions

An original approach for generating stacks of MOStran-
sistorsfor analog circuit layout design was presented. Using
the new, heuristics based method it is possible to generate
stacks similar to the manual analog layout. These contain
2D centroidal structures, folded devices, chained devices
and large devices that are split in two stacks.

The method is based on a symmetry finding algorithm,
pattern based stack generation, stack merging and cover
finding. The eectrica circuit characteristics are checked
at each new stack using an optimistic evaluator. A circuit
example has been reported showing the flexibility of the
results that can be obtained with this method.

The authors would like to thank (&) their Internet
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(b) their friends - analog designers. This research has been
partialy supported by STW contract no. EEL 33.3157 at
TUDdft and grant no. TB-63/5001C by Romanian Ministry
of Education and Science.

Appendix

Thefollowing aredefinitionsof several termsusedinthis
paper.
Definition 1 ( segment) isalayout entity corresponding to
a part of a MOS transistor layout. A transistor is splitin

some transistor segments connected in parallel. If asingle
MOST is split in n segments (hereafter Sg), then we have
thefollowingrules:

Lsg. = Lyos and Y i1 Wsy, = Waros

where Ws,, isthewidth of ssgment ¢ and L isthe length
of the MOST or of the segment, as given by the indices.

Definition 2 (stack) a chain of segments which partially
builds an dectrically correct layout for a set of MOStran-
sistorsinthecircuit. (see Figure1)

Definition 3 (cover) aset of stacks S of agiven circuit with
the set M of MOST, each M € M splitin segments Sgas
isacover if:

VSgm, € S1,59m, € S2[S1# S2=> My, # My ]
non-overlapping condition and

YM € M,35 € S [VYSgm € M = Sgu C S]:
injectivity condition.
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