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Technology Mapping for SOl Domino
Logic Incorporating Solutions for
the Parasitic Bipolar Effect

Shrirang K. Karandikar and Sachin S. Sapatngkaliow, IEEE

~ Abstract—We present a technology mapping algorithm for problem in the context of SOIl. We present an algorithm that
implementing a random logic gate network in domino logic. The maps an arbitrary two-input logic gate network to domino
target technology of implementation is silicon-on-insulator (SOI). logic in a manner that eliminates the “parasitic bipolar effect”

SOl devices exhibit an effect known as parasitic bipolar effect . . .
(PBE), which can lead to incorrect logic values in the circuit. Our (PBE) [1], [2] by applying transformations such as reordering

algorithm solves the technology mapping problem by permitting transistor stacks in the gate, altering the structure of the gates
several transformations during the mapping process in order to to reduce their susceptibility to PBE, and inserting pMOS

avoid PBE, such as transistor reordering, altering the way that predischarge transistors at appropriate points in the circuit.
transistors are organized into gates, and adding pMOS discharge We take an approach of using metrics for area and delay that

transistors. We minimize the total cost of implementation, which il IV b table f SOl imol tati Th
includes discharge transistors required for correct functioning. wilt generally be acceptable for any implementation. 1he

Our algorithm generates solutions that reduce the number of corresponding loss of detail is compensated by the reduction
discharge transistors required by 53% and reduces the size of the in complexity of the algorithm. The mapping step can be
final solution by 6.3% on average. We compare our results with a followed by a postprocessing step that is specific to a given set
modification of a current technology mapping algorithm for bulk ot 51 technology parameters, possibly including transistor
CMOS domino logic that reduces the cost of the final solutionand _._. - . -
find that our algorithm outperforms this method. sizing, Wh'Ch our v_vo_rk does not address. _Durlng the mapping,
the algorithm minimizes the cost of the implementation: for
example, for an area objective, it would minimize the total
number of transistors, including predischarge transistors. The
techniques that we use to control PBE operate by ensuring that
the body voltage of the SOI device never becomes very high, so
. INTRODUCTION that PBE is never triggered. This yields an added side benefit

S THE scaling of bulk CMOS proceeds along théf reducing .the t!ming hysteresis exhibited by.SOI circuits
A roadmap, interest in silicon-on-insulator (SOI) as an flue to \{an_atlons in the body voltage. In narrowing the range
ternative technology has increased. In addition, manufacturifigPermissible voltages for the body (to reduce the PBE), we
processes have matured enough to allow large circuit impf@2ke the timing behavior of the circuit more predictable.
mentations in SOI at acceptable defect levels. However, current NiS paper is organized as follows. We briefly introduce SOI
algorithms used for implementing circuits in bulk CMOS ar@nd domino logic, and present problems typical to SOI imple-
inadequate for SOI. The best approaches and traditional desi@ntations and solutions to these, with emphasis on overcoming
techniques from bulk CMOS could be disastrous if applied f8BE. We then present our algorithm, which performs the tech-
SOI. An example is the use of precharge transistors in buMe!0gy mapping specifically taking PBE into consideration. We
CMOS, to offset the charge sharing effect. As we will show i@llso present a simple alteration to the technology mapping algo-
Section 111-B, if precharge transistors are used in SOI, we wiilthm currently used for mapping into bulk CMOS domino logic
possibly obtain circuits that do not function correctly. Currerffat reduces the number of discharge transistors required. The
EDA technigues too do not adequately address the needseficacy of our approach and extensions to it are shown in the
SOl design, and there is a requirement for new algorithms afRpults section (Section VI), wherein we present cost functions
tools targeted toward SOI designs, since simple modificatiof¥@t minimize the area and delay of the solution. We conclude
to existing algorithms by adding postprocessing steps leatfgh directions for future work.
to solutions that are suboptimal, as shown in Sections 11-VI.

This paper addresses the libraryless technology mapping Il. BACKGROUND

A. Silicon-on-Insulator (SOI)
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Drain Gate Source B. Domino Logic

Domino logic [20] is a favored approach for implementing

timing critical circuits due to their high performance. The basic
s ~ L S structure of a domino_ gate is_as shown in Fig_. 2(a)._During
T __’_Z TL i‘rl:rlllc"}:" precharge, the dynamic node is charged to a high-logic value,
T Lolation and the output of the gate is set to logic zero. During the evaluate
I n Pyt ™ I phase the-clock transistor switches on, and depending on the
Buried Oxide . inputs to the pulldown network, the dynamic node is either dis-
o charged or retains its charge. If the dynamic node switches, the
* Transistor output of the gate goes to a logic high valog.logic function-
Body ality is obtained in domino by connectingtransistors in par-
Fig. 1. SOl transistor fabrication and presence of the parasitic bipolg‘lllel In the pulldown network' Slml|ar|)AND fuqctlonallty can
transistor. be obtained by connecting-transistors in series. More com-

plicated logic operations are obtained by combining these basic

operations. An example circuit, shown in Fig. 2(a), implements

the logic function(4A + B + C) * D.
tion, due to reduced capacitances, SOI devices consume lesgote that the:-clock transistor shown in the figure is only re-
power [9], [10]. Moreover, since transistors are isolated froguired for domino gates connected to primary inputs. The out-
each other by an insulator, they require smaller area. In spiigts of domino gates change only during the evaluate phase
of being smaller, faster, and consuming less power than bigkthe clock cycle, during the precharge phase they are held
CMOS, SOl has not found widespread use in the VLSI commigw. Hence, anyn-transistors driven by these outputs will be
nity until recently. However, recent advances in manufacturirgf during precharge. For a domino gate, this means that if its
processes coupled with a realization of the limitations of bullkputs are coming from another domino gate, the pulldown net-
CMOS technology have led to a renewed interest in SOI. Igrork will not switch on during precharge, and hence there is
creased understanding of how SOI devices behave, and possiieed for am-clock transistor. Such a configuration is some-
solutions to their quirks has lead to a wider acceptance of SOkjmes referred to as footless domino.
the VLSI community. Recently, SOI has been used in a number
of high-end microprocessor designs, e.g., IBM Power PC [11], [1l. PARASITIC BIPOLAR EFFECT INSOI
[12], HP-PA 8700 [13], and others [14], [15], as well as othe'&
high-performance logic circuits [16]—-[18]. :

The manufacturing process of SOl is very similar to that of The advantages of SOI listed in Section Il come at a cost.

bulk CMOS. One of the processes used for SOI fabrication Rfominent among these are the hysteréficvariation [21],
SIMOX [6]. The preliminary step is to implant a layer of sil-in which the behavior of a transistor varies according to its
icon dioxide beneath the surface of the silicon wafer. This pevious switching history. Another serious problem associated
the “insulator” in silicon-on-insulator. Transistors are createdlith SOI devices is the PBE, described in more detail in
by masking and doping exposed regions on the layer of silic&ection 11I-B.
above the silicon dioxide. Once transistors are fabricated in this
manner, they are isolated from other devices by another Iaﬁer
of silicon dioxide, called shallow trench isolation (STI). This PBE occurs in certain circuit topologies and switching pat-
structure is shown in Fig. 1. Due to this structure, the bodies @fns, such as stacd®-AND structures. The topology typically
individual transistors are electrically isolated from the rest of thevolves an off transistor situated high in the stack, with the
circuit, unlike bulk CMOS circuits where the body is identicabource and drain voltages in thagh state. Over a period, this
to the substrate or well, which is connected to a supply nodmuses the body voltage to heggh. When the source is sub-
Hence, the body potential in SOI is free to seek its own levekquently pulled down, either by the clocked evaluation tran-
[19], and is determined to a large extent by the voltage levelssastor in dynamic circuits or by an input signal, a large forward
the source and drain of the transistor, due to leakage curreisdy bias is developed across the body-source junction, causing
Changes in the gate voltage also affect the body potential chipolar current to flow through the lateral parasitic bipolar tran-
to capacitive coupling. Thus, if the gate is held low and drasistor (shown in Fig. 1). The parasitic bipolar current and the
and source are at a logic high for an extended period of tinfeT current (caused by noise and aggravated by thé/dwe-
charge accumulates in the body due to leakage current and guk in a loss of charge on the dynamic node.
pact ionization [8]. This causes the body potential to increase.This can be illustrated by an example from [1]. For the circuit
This variance in body voltage is the main source of problenshown in Fig. 2(a), consider a steady-state condition with inputs
associated with SOI. The change in body voltage of a deviece = 1, B = 0, C = 0, and D = 0. TransistorA is on,
results in different switching speeds at different time instantand the othen-transistors in the pulldown logic network are
Also, switching speeds across a circuit can vary due to differesff. Hence, as the dynamic node charges to a high value during
devices having different body voltages. Another problem thafpgecharge, node 1 is charged to a potentidV gf — Vinreshold-
high-body voltage can cause is called the parasitic bipolar effégcall that transistorB andC are off at this point. Under this
(PBE), and is described in more detail in Section IIl. set of conditions, the bodies of transistéysB, andC charge

Issues With SOI Implementations

Parasitic Bipolar Effect
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Fig. 2. Domino gate structure, and modifications applied in bulk. (a) CMOS and (b) SOI technologies.

to ahigh value over a sufficiently large period of time. Now if

signal A switchegow, the potential at node 1 remains at its high

logic value since transistdD is off. Moreover, the switching
event onA sets the body voltage for devideto be low (due

to strong capacitive coupling), but leaves the body voltag®s of

andCto be high. In the evaluate phaseDifs switched on (with

A, B, andC off), node 1 is suddenly pulled down. This causes
the parasitic bipolar transistor to switch on, since the base and

pacitance that it presents at the dynamic node and partic-
ularly at the output node.

2) Body contacts connected to the ground lines in the case

of nMOS, orV,4 in the case of pMOS transistors can be
added selectively to some devices in the circuit, but this
results in anincreased area and input capacitance, and is a
choice that is generally avoided by SOI circuit designers

[5].

collector of the parasitic transistor are high while the emitter has 3) If the cost is acceptable, parallel stacks can be broken up

been pulled low, and a large current can flow through transistors
B andC. If this current is large enough, it can pull the voltage at
the dynamic node to a level small enough to switch the output
of the gate to digh value. Thus, even though the output node

should have evaluatedliomw, it ends up as high. In this manner,

the PBE can result in a wrong evaluation if not accounted for in
an SOl implementation. This value will eventually be brought
to its correct value by the keeper, but this is liable to take time

by transistor replication. For examplel + B 4+ C) * D

can be reimplemented asx D + B+« D + C x D (D

is replicated three times in this example). If this imple-
mentation is connected to ground, there are no paths for
transistor bodies to charge high, since parallel stacks have
been eliminated. A drawback of this approach is the cost
requirement of duplicating logic for each finger of a po-
tentially wide parallel stack.

and may cause erroneous circuit behavior temporarily, or even4) The stack of transistors in a gate may be reordered to re-

permanently if any state bits are altered in the interim.

It is interesting to note that this is a typical configuration in
bulk CMOS implementations that requires the use of precharge
transistors, as shown in Fig. 2(b). In bulk CMOS, charge sharing
is a significant problem and precharge transistors are used to
ameliorate its effects at the cost of a slight performance penalty.

If any of the transistor#\, B, or C are on during evaluation,

duce its susceptibility to the PBE. For the gate in Fig. 2(a),
if the parallel stack of transisto/s B, andC is moved to

the bottom of the gate, so that the sources of all three tran-
sistors are connected to ground, it will not be possible to
excite the PBE. This approach exploits the reduced charge
sharing effect and reduced delay dependency on stack or-
dering in SOI technology.

with transistorD off, charge on the dynamic node may be dis- 5) The above procedure works only if there is only one par-

tributed to node 1, and the potential on the dynamic node may
drop low enough for the output inverter to switch erroneously. In
Fig. 2(b), a precharge transistor controlled by the clock connects
node 1 toVpp. This transistor charges the intermediate node 1
to a high value during precharge, and redistribution of charge

allel stack per gate. If this condition is not met, it may be
possible to remap the Boolean logic to the gates to ensure
that each gate contains no more than one parallel stack,
which can then be reordered within the gate to connect it
to ground.

does not occur. SOI circuits, however, exhibit much lower drain 6) Intermediate nodes in a stack may be predischarged in
and source capacitances, and charge sharing is not as problem- every clock cycle. In Fig. 2(c), a clock-driven p-discharge

atic as the parasitic bipolar effect. Using precharge transistors
rather than predischarge transistors as in the example above, will
almost guarantee breakdown of correct circuit operation even
without the sequence of transistor switchings described above.

C. Solutions to the PBE

There are a several solutions for handling the PBE, and we

will enumerate these as follows.

transistor has been added to the circuit. Such a transistor
can be used to connect intermediate points in the circuit
(such as node 1) to ground. Thus, during every precharge
cycle these intermediate nodes are discharged, and the
bodies of transistors in the pulldown network are not per-
mitted to charge to a high voltage level. The drawback of
using p-discharge transistors is the additional load on the
clock network.

1) The keeper pMOS device can be sized up to provide some7) Complex domino structures with the output inverters re-

resistance to the PBE, but such a choice comes at the ex-
pense of a performance penalty due to the increased ca-

placed by staticlAND or NOR gates may be used to break
up large parallel logic trees [7].
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One approach to performing these optimizations is to staat starting from an initial decomposed network consisting of
with the original design in bulk silicon, analyze it to identify2-inputAND—OR gates and inverters, the unate network thus ob-
potential sources of the PBE, and apply the above transforntained will only consist of 2-inpudND-OR gates, since all in-
tions to eliminate them. The main criticism of such an approaekrters have been removed in the unating process.
is that the solutions obtained are local in nature. For example,Technology mapping has traditionally used library based
while a particular mapping may be optimal for bulk CMOS, itnethods. In [23], the authors presented a library-free al-
becomes nonoptimal if it requires a large number of p-dischargerithm for technology mapping. Library-free approaches
transistors. A better approach would be to perform the mappihgve the advantage of searching a large solution space, while
from logic gates to the transistor levikeping the requirement library-based methods are restricted by the size of the libraries.
of p-discharge transistors in minth Section V, we propose an Since nMOS pulldown networks for domino gates can be larger
algorithm that performs such a mapping. than their static counterparts, any precharacterized library can

In this work, we avoid the first three transformations obnly explore a fraction of the exponential number of possible
sizing the keeper, adding body contacts and splitting paraltgte functionalities. A parameterized library overcomes this
stacks using duplication, since they can cause significdimitation, although, it is restricted by the use of more approx-
cost increases, and instead focus on the rest. We perfdmate delay models. Parameterized libraries have been used
our procedure at the time of synthesis, prior to circuit sizinguccessfully to design industrial circuits, e.g., in [24].
and note that the transformation that sizes the keeper is mor&he algorithm of [23] uses a dynamic programming based
appropriately applied after/or during the transistor sizing stegpproach. A set of tupleésof {W, H,C} (width, height, and
In applying the remaining transformations, we will penalizeost corresponding to a pulldown network configuration) are
the addition of clock-connected transistors and additionassociated with each logic gate of the network. The cost here
transistors required due to gate reorganization, since thepay be the number of transistors, the number of logic levels, or
represent a cost-increasing transformation. Reordering chantpesdelay. The values of maximum gate width and height de-
delay, but since diffusion capacitances are relatively low, wermine the number of tuples associated with each gate. The

ignore them as a first order approximation. input network of 2-inputAND-OR nodes is traversed from pri-
mary inputs to primary outputs, and subsolutions for each node
IV. TECHNOLOGY MAPPING FORDOMINO LOGIC for all possible configurations ofW, H} are calculated based

on the subsolutions of its inputs. Note that, depending on the

Synthesis of domino circuits is more complicated than thFHputs a gate may not have all combinations{&F, 7} and
of static circuits. The added complexity is due to the monotoniiﬁ pra,ctice only a fraction of¥ < H tuplés are as-
nature of domino logic, which forces it to implement only nonin: ’ mex .

i f . Theref domino logi v b Sé)ciated with each gate. When calculating the subsolution of
verting functions. Therefore, domino logic can only be mappeg node, all permissible configurations of the input nodes are

to a network of noninverting functions, where needed logic iré—n
versions must be performed at either primary inputs and/or pri
mary outputs. Any random logic network can be transform
into a network of noninverting functions by finding a unate ne

umerated, and the best ones are selected. Once all valid tu-
es for a node have been calculated, fhel} tuple is con-
ructed by selecting the best (lowest cost) subsolution for that
. ‘bgic gate, and converting this partial structure into a domino
work repre_sentatldn . . ate by adding the clock transistors, the output inverter and a
Generating a unate netwprk .from.a binate rangic_)m logic n%éeper transistor. Thus, the cost ofla1} configuration is the
W(.)rk may require logic duplication since both_posmve _anc_i Newest cost among all other configurations plus 5. The basic op-
ative signal phases may be needed. An algorithm for finding t Fations for combining input tuples to form the tuples of the cur-

minimum logic duplication necessary when transforming a bll- nt node areNnD andoRr. These operations are as follows. An

nate random logic network into an inverter free unate netwo/&ﬁND operation requires a series connection of inputs. Hence, the

h"?‘”S bteen dte\éelog)ledt;]n [22]. Bln?tef—to.—u'natlel ngtwor{iﬁc;nvgrs;m/h Hy} and{Wh,, H,} solutions of the input nodes are com-
will at most double the amount of original logic (with typicaly; o 14 form the{max(Wy, Ws), H; + H»} solution. Simi-

overheads being much smaller) and will notincrease the numli)grrly (W, H,} and{Ws, H,} solutions of the inputs can be

of logic levels. combined ag W, + Wy, max(Hy, Hy)} foranornode. A more

. However, in order to av0|q the complexity of [22], we use Qetailed explanation of combining inputs ofam andornode
simple bubble pushing algorithm to generate the unate netwo ongwith our enhancements) is presented in Section V. The

In our implementation, we simply attempt to push inverters ?gorithm is described above illustrated briefly in listing 1. For

far back as possible (i.e., toward the primary inputs), by ARirther details, the interested reader is referred to [23].

plying DeMorgan’s laws where necessary. If inverters Cannot ;g algorithm guarantees optimal-cost solutions. Note that

pe pushed through a gate, e.g., when bOth positive :_ind NEPR best subsolution of a input node may not necessarily end
tive phases of a signal are required, logic duplication is necegs as part of the final solution. Thus, local optimal solutions
sary. After a unate network representation has been created, {| '

work then be technol 4 1o domi i Na avoided if they are not globally optimal. Finally, at the pri-
hetwork can then be technology mapped to domino gates. Pr]igry outputs, the best solution in terms of the cost function is

selected. This specifies a domino circuit that implements the
1A unatenetwork is one where all signals transitions occur in one direction
only, either high-to-low or low-to-high. For domino logic to function correctly, 2An n-tupleis simply a set of. ordered elements. In [23], 3-tuples are used
all inputs to a domino gate can only make a single low-to-high transition durirag explained in the text, in our work we associate 6-tuples with intermediate
the evaluate cycle. Hence, only unate functions can be mapped to domino log@utions as explained in Sections V and VI.
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Fig. 3. Technology mapping for domino logic.
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input network logic with minimum cost. The cost functionintheend for

above algorithm has been taken to be the total number of transi§t, 1} =

convert configuration with lowest

tors in the implementation, but this may also be modified to mincost into a gate
imize the maximum number of levels from primary inputs to priend for
mary outputs, in order to reduce the maximum input-to-output

delay of a domino implementation.

in an AND operation to form the tuplé¢2, 1,2}, for which the

This algorithm is easily illustrated with the help of an exyransistor structure is as shown. Since there is only one tuple for

_ample. Consider the c_ircuit in Fig. 3, and ;_assume_that the mayis gate, it is used to construct the tuple correspondin® te
imum number of transistors allowed in series and in parallel ajer; — 1, {1,1} The two solutions for each of thenb nodes

4. This simple circuit consists of &ND nodes and DR node.

can be combined in four possible ways, but due to symmetry

The AND node_s are driven by _the primary inputs, which havge have only three unique combinatiods -2, 16}, {2, 1,10}
only one possible tuple associated with therh;1,1}. These (repeated twice) andi2,2,4.} Note that when ajatefrom an

can be combined

Algorithm 1: Technology Mapping for Domino
Circuits

{Process each node in topological order
from inputs to outputs}

for each node = whose inputs have been
processed do
for each {W,H} configuration of the in-

puts do
if m is ORthen
{Wne'w-/Hnew} = {Wl + Wz./max(Hl,Hz)},
end if
if n is AND then
{Wnﬁm: Hnew} = {max(Wl, WQ), H1 + HQ}
end if
if {Wiew,Hnew} is valid configuration

then
COSlpew = coSt1 + costs
end if
if cost,e, IS better than the orginal
cost then
update cost for configuration {Whew, Hnew}
end if

input node is used (corresponding to thie 1} solution), an
extra transistor is needed in the next level. For ¢irenode,
the {2, 2} solution is clearly the best, and it is used to form the
correspondind 1, 1} solution, with a cost of 9.

We use this basic approach in our algorithm with modifica-
tions to the cost function calculation in order to properly account
for the PBE.

V. AN ALGORITHM FOR SOI MAPPING

We follow the basic algorithmic framework of [23], presented
in brief in Section IV. As before, each node in the input network
is associated with a set of tuples corresponding to{d#ieH }
solution of the subtree rooted at the current nodeand H
represent the width and height of the pulldown network of the
domino gate; the maximum values are user specified.

Our objective in this work is to reduce the number of dis-
charge transistors required to avoid PBE. An area objective (in
terms of number of transistors) follows logically from this as the
cost function to minimize. Hence, we choose our initial cost as-
sociated with each tuple to be the number of transistors required
to implement the logic correctly, as well as to avoid PBE. A
delay objective can also be used as the cost function; in this case
the actual cost function is a combination of delay and number
of discharge transistors used.
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charge this point. However, if it is connected in parallel with

A another configuration (as shown in the figure), this point be-
[ comes a potential discharge point for tbe tuple too—which
- B | e will have to be discharged if ther configuration is not con-
e | nected directly to ground. Intermediate pointOR structures
B N have to be discharged because of the following possible sce-
D | p- nario. Whend = 0, B = C = 1, there is a path form the top
Potenial Discharge Pr g F —|[ of the stack to the drain of transistér The source and drain
E | of transistorA can now potentially gdiigh, causing the body
voltage ofAto increase and, thus, leading to PBE.

b Now consider a more complex case. Let us assume that
@ (b) two structures of the form shown in Fig. 4(a) have to be
Fig. 4. Potential discharge points and p-discharge transistors. ANDed together-A«B+C and D+ E+ F. Each of them has
1 potential discharge point, at the junction 4fand B, and
D and E. The AND operation will introduce one more poten-

In addition to the cost associated with each tuple, we al§a! discharge point. However, when these two parallel stacks
store pqis, the number ofpotential discharge transistoree- are connected in series, the structure on the top will never
quired by the configuration, anpar,, which tracks whether be connected to ground. Hence, its potential discharge points
or not a given tuple has a parallel branch at the bottom of #éwvays have to be discharged by the addition of p-discharge
structure. The potential discharge transistor count is usedtfansistors. In addition, the intermediate point introduced by
guide tuple combination and gate formation. Depending on tHte AND operation also has to be discharged. This is shown
actual operation performed (i.@ND or OR), pa;s is converted in Fig. 4(b) To sum up, for amnD operation we need to
to actual discharge transistors, else its value is propagated®@sform the following:
the next level. SinceR is the only operation that introduces

parallel stackspar, is set to true in aror operation and is Pdis =Pdisbottom
propagated in aaND operation depending on the combination discharge transistors =pgjgtor + 1
of input tuples (this will be explained in greater detail shortly). cost =costhottom + COStip

As mentioned in Section IV, the solutions of the input gates are
combined to form the solutions for the current node. In case
of multiple solutions being available, the lowest-cost solution pary, =paljbottom,

is selected. Ties for the lowest cost solutions are resolved by ) )
] Note here, that theost of a particular tuple includes not
the pq;s Values.

We now explain the conceptsafi; andpar,, which are cen- only the cost of implementing the logic, but also the discharge
tral to our algorithm. The parametes,. is used to account for ransistors required for avoiding PBE. Thus, when we select a

the discharge transistors that will have to be added to eliminA4/eSt-cost solution from various available solutions, we obtain
the PBE. From the explanation of Section I1I-B, we see that t3¥ implementation that minimizes the cost while simultaneously

PBE can be excited only in the presence of one or more pg?/_oiding PBE. The cost may be area, measured in terms of the

allel stacks. This provides a path for the bottom of the stad@tal number of transistors required to correctly implement the
uired functionality, or the delay, in terms of the number of

to get charged to a high value (the top of the stack is chargéd

via a path from the precharge transistor). Additionally, at lea&VelS traversed by an input signal.

one transistor is required beneath a parallel stack to excite thd Nis Ieads to gnother interesting optimization that is use_d in
PBE: when this transistor switches on, the common node for tAg" &lgorithm. Since our aim is to minimize the cost of the im-
stack will be pulled low, possibly resulting in the PBE. Hencé),lementatlon as well e}s thetot_al n_umb_e_rc_)fd|scharge transistors
the bottom of a parallel stack is one potential discharge poitfE€d: We can use the information implicigi, andpar, to de-
The parametepar, keeps track of whether a given intermediat&rmine which input

structure has a parallel branch at the bottom or not. In the final

solution, if this point is connected to ground, no discharge traAlgorithm 2: Algorithm for Mapping SOI

sistors are required. On the other hand if in@t connected to Circuits

ground, all intermediate points as specifiedihy, will have to for each node n whose inputs have been

be discharged. Hence, in @R operation, we separ, to true  processed do

in order to account for the presence of a parallel stack. For aifi 7 is OR then

AND operation, it is set to the value of the tuple being placed atcombine_or(input) ;

the bottom of the stack. In addition, we conditionally incrementend if

pais by one for amND operation, since the intermediate pointinif = is AND Then

a series stack may have to be discharged. In Fig. 4(a), the seriesombine_and(inputs);

connection ofAd x B has introduced an intermediate dischargeend if

point. If A « B were converted to a domino gate, or combinedf multiples tuples obtained for the same

with other transistors in series, there would be no need to did¥, H then

+ discharge transistor
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Select tuple with lowest cost

if costs are equal  then E_
Select tuple with lowest Puis A—] . Pot Dis Pt
end if
end if —L A—
Create_domino_gate B _| bjk Pot Dis Pt
end for B
combine_or _|
W = Winputl + Winputz;

H = InaX(Hinputl y Hinpuh)% . _| b—-Clk

o8t = COStinput; + COStinput,;

Pais = Pyiginvuts + Pyiginvuty;

Parpg = true; Fig.5. Switching transistor stacks, with potential discharge points highlighted.

Combine_and

if  Paryinpu; & & Paryinpwi, then
top = min(Py;ginputy , Pyiginputs );
bottom = max(Py;ginputy , Pyiginputs );

For anoRr operation, we only need to add thg, values of
the input tuples, and set thar, parameter tdrue

else
top = input with(par, == false); Pais =Pgignruts + Paiginrans
end if cost =costinput, + COStinput,
W = max(Wiop, Whottom ); Par, =true.
H = Hiop + Hpottom
total dis trans. = Pgisor + 1 Note, that though thgg;s seems to function in an identical
cost = CoStiop + COStpottom + total dis trans; manner, foror andAND structures, their interpretation is quite
Pyis = Pyigrortom; different. In both casegg;s refers to the number of points that
Pary, = Paryporiom; must potentially be discharged.
Create_domino_gate However, in case of aAND, these points will have to be dis-
Select tuple with lowest cost charged only in case of apr operation, foror they will have
Add p-clock transistor, output inverter to be discharged only if the stack is not directly connected to
and feedback transistor ground.
if tuple has primary inputs then The algorithm is presented in listing 2. Each node is pro-
Add n-clock transitor cessed in topological order, from primary inputs to primary out-
end if puts. This ensures that the inputs of the current node being pro-

cessed have been processed previously, and the corresponding

subsolutions for the inputs are available. We then combine the
tuple is on the top in the series connection and which is on thmputs of the node being processed in functi@esbine_or
bottom. If only one input has a parallel branch, we place this at combine_and, depending on the functionality of the node.
the bottom, in the assumption that it could potentially be cofhese functions carry out the calculations presented previously.
nected to ground. However, if both inputs haxe, == true, In addition, combine_and also determines the order of its in-
i.e., both inputs have parallel branches, the tuple order is defputs in the series stack as a function of the input valugs.of
mined bypa;s. We select the tuple with the largey;s to be atthe andpga;s. For multiple solutions for a givefiW, H } pair, we se-
bottom of the stack since this introduces fewer discharge trdeet the tuple with the lowest cost (which includes the number
sistors (of course, all of these calculations are made under tifalischarge transistors). Ties on cost are split according to the
optimistic assumption that the bottom of this stack could potemalue ofpg;s.
tially be connected directly to ground. If this does not happen, A final comment on the algorithm is that we need to maintain
the ordering of parallel stacks in series is irrelevant). Considevo costs for each tuple. The first specifies the optimal cost if
the circuit shown in Fig. 5, whereiA x B + C is to beanDed the partial structure is connected to ground, and the second if
with E. If the structure on the leftis used (withat the bottom), it is not. At the time of gate formation, the appropriate value
we have to add two discharge transistors. However, if the circistused in determining the optimal cost. For convinience, these
on the right is used (witl&y on the top, and the parallel stackdetails are omitted in the pseudocode in listing 2.
on the bottom), we have two potential discharge points, but noThis algorithm is an example of a dynamic programming ap-
immediate discharge transistors. If this structure is then cgproach to solving an optimization problem. Each node stores
nected to ground, the potential discharge points will not haveatl possible solutions, with associated costs, as defined by the
be discharged, as explained previously. Note that this switchiogst function. Locally optimal solutions need not be part of a
of stacks can also be done for ciruits mapped for regular budlobally optimal solution, however, by enumerating all possible
CMOS. As we will show in the results section, using this tectsolutions at each node we are guaranteed an optimal solution
nique as a stand-alone optimization is not as effective as @irthe output. This assertion holds for all cost function that are
algorithm. monotonic increasing as we proceed from inputs to outputs. The
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TABLE |
COMPARISON OFDOMINO_MAP AND REARRANGE_STACKS_MAP
Circuit Domino_Map RS_Map Reduction in Ty;scn || Total Reduction
Tlogic Tdisch Ttotal Tlogic Tdisch Ttotal ATdiSCh % ATtatal o
cm150 73 19 92 73 15 88 4 21.05 4 4.35
mux 73 21 94 73 18 91 3 14.29 3 3.19
z4ml 127 16 143 127 12 139 4 25.00 4 2.80
cordic 199 38 237 202 23 225 15 39.47 12 5.06
frgl 244 78 322 239 43 282 35 44.87 40 12.42
b9 365 87 452 367 57 424 30 34.48 28 6.19
apex’ 663 124 787 662 106 768 18 14.52 19 241
c432 655 167 822 675 128 803 39 23.35 19 2.31
c880 1163 198 1361 1182 153 1335 45 22.73 26 1.91
t481 1448 232 1680 1458 193 1651 39 16.81 29 1.73
c1355 1856 130 1986 1856 86 1942 44 33.85 44 222
apex6 1889 319 2208 1896 275 2171 44 13.79 37 1.68
c1908 1924 208 2132 1924 171 2095 37 17.79 37 1.74
k2 2425 345 2770 2441 278 2719 67 19.42 51 1.84
c2670 2467 422 2889 2481 341 2822 81 19.19 67 2.32
c5315 5498 830 6328 5510 603 6113 227 27.35 215 3.40
c7552 8088 1082 9170 8138 760 8898 322 29.76 272 2.97
des 9069 1416 | 10485 9097 929 10026 487 34.39 459 4.38
Average ” ” | 2541 ” ] 3.44
TABLE I
COMPARISON OFDOMINO_MAP AND SOI_DoMINO_MAP
Circuit Domino_Map SOI_Domino_Map Reduction in Ty;scn || Total Reduction
ﬂogic Tdisch Ttotal Tlogic Tdisch Ttotal ATdisch o A]wtotal o
cm150 73 19 92 73 15 88 4 21.05 4 4.35
mux 73 21 94 73 15 88 6 28.57 6 6.38
z4ml 127 16 143 127 12 139 4 25.00 4 2.80
cordic 199 38 237 206 18 224 20 52.63 13 5.49
frgl 244 78 322 245 20 265 58 74.36 57 17.70
fS1m 297 71 368 309 31 340 40 56.34 28 7.61
count 333 71 404 365 22 387 49 69.01 17 4.21
b9 365 87 452 367 29 396 58 66.67 56 12.39
9symml 424 107 531 440 39 479 68 63.55 52 9.79
apex7 663 124 787 667 59 726 65 52.42 61 7.75
c432 655 167 822 706 99 805 68 40.72 17 2.07
c880 1163 198 1361 1223 81 1304 117 59.09 57 4.19
t481 1448 232 1680 1495 54 1549 178 76.72 131 7.80
c1355 1856 130 1986 1856 46 1902 84 64.62 84 4.23
apex6 1889 319 2208 1928 183 2111 136 42.63 97 4.39
¢c1908 1924 208 2132 1949 109 2058 99 47.60 74 3.47
k2 2446 348 2794 2527 114 2641 234 67.24 153 5.48
c2670 2467 422 2889 2498 244 2742 178 42.18 147 5.09
c5315 5498 830 6328 5510 474 5984 356 42.89 344 5.44
c7552 8088 1082 9170 8164 637 8801 445 41.13 369 4.02
des 9069 1416 10485 9122 581 9703 835 58.97 782 7.46
Average ﬂ H | 53.00 || ] 6.29

cost functions that we address in this work are area and delayall cases, we chose the maximum width and height of the
metrics, which also include the number of discharge transistgugll-down network of a domino gate to be 5 and 8, respectively.
that have this property, and hence, the final solution obtained3ach a large value for a pulldown network is valid for SOI
optimal. due to the reduced source and drain capacitances. Since SOI
has lower source/drain capacitances than bulk CMOS, charge
sharing is not a major problem and can be handled by the weak
pullup. By adding at most one p-discharge transistor at each
The algorithm presented in Section V has been implementedde, we minimize its detrimental effect on charge sharing.
in C++ and has been tested on ISCAS benchmark circuitwhile circuit performance does degrade slightly when com-

VI. RESULTS
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TABLE Il
COMPARISON OF THENUMBER OF TRANSISTORSUNDER DIFFERENTWEIGHTS OFpa;s

Circuit k=1 k=5 %Improv
CZ—‘logic [ Taisch l Thotal l #G l Tetock Tlogic | Tuisch | Ttotal | #G | Tetock
cm150 73 15 88 3 21 73 15 88 3 21 0.00
mux 73 15 88 3 21 73 15 88 3 21 0.00
z4ml 134 13 147 9 39 134 13 147 9 39 0.00
cordic 222 19 241 14 52 217 19 236 | 13 51 1.92
frgl 283 20 303 | 19 58 277 21 298 | 18 57 1.72
count 374 22 396 | 28 77 374 22 396 | 28 77 0.00
b9 367 29 396 | 29 87 373 26 399 | 30 86 0.11
c8 331 42 373 | 26 94 325 42 367 | 25 92 2.12
f51m 405 42 | 447 27 104 391 38 429 | 26 98 5.76
9symml 571 57 628 | 34 132 482 36 518 | 33 106 19.69
apex’/ 739 67 806 | 54 175 733 67 800 | 53 173 1.14
x1 825 63 888 | 65 193 816 60 876 | o4 188 2.59
c432 799 93 892 | 52 197 804 89 893 | 53 194 1.52
i6 1155 67 | 1222 | 67 201 1155 67 | 1222 | 67 201 0.00
c1908 992 117 | 1109 | 77 259 957 111 | 1068 | 78 254 1.93
481 1916 77 | 1993 | 132 325 1927 70 | 1997 | 135 316 2.77
c499 2016 46 | 2062 | 130 440 || 2016 46 | 2062 | 130 440 0.00
c1355 2016 46 | 2062 | 130 440 || 2016 46 | 2062 | 130 440 0.00
dalu 2073 182 | 2255 | 158 446 || 2065 177 | 2242 | 158 441 1.12
k2 3127 109 | 3236 | 195 481 3142 107 | 3249 | 195 475 1.24
apex6 2418 206 | 2624 | 158 520 || 2516 185 | 2701 | 160 504 3.07
rot 2520 290 | 2810 | 174 627 || 2449 262 | 2711 | 172 595 5.10
c2670 2608 247 | 2855 | 162 642 || 2614 244 | 2858 | 163 641 0.15
C5315 5755 535 | 6290 | 433 | 1501 || 5754 515 | 6269 | 439 | 1491 0.66
c3540 6659 634 | 7293 | 427 | 1501 || 6377 552 | 6929 | 412 | 1393 7.93
des 9818 600 | 10418 | 594 | 1581 || 9390 493 | 9883 | 586 | 1453 8.09
c7552 7519 584 | 8103 | 582 | 1853 || 7376 508 | 7884 | 580 | 1759 5.07
Average 3.82

pared with having a precharge transistor, this is a minor cost$ection V. The solution obtained is listed in the columns
pay to avoid circuit malfunctiof. For comparison purposes,underRS_Map. We found an average reduction of 25.4% in the
we have implemented a bulk CMOS mapping algorithm thaumber p-discharge transistors, and a 3.44% reduction in the
maps circuits without regard to potential discharge pointstal number of transistors. As can be seen, simply reordering
This algorithm is referred to a®omino Map. p-discharge transistor stacks leads to some decrease in the number of
transistors are added in a postprocessing step. We comparedfygharge transistors.
solution with different approaches to mapping circuits for SOI,
including our algorithm with area and delay cost functions.

B. SOI_Domino_Map
A. Rearrange_Stacks Map

The first three columns next to each circuit name in Table | The results of applying algorith80I_Domino_Map of listing
show the cost associated with the solution obtained fro&i0 the benchmark circuits are presented in Table Il. Comparing
Domino_Map, specifically listing the total number of dominothe results obtained frombmino Map andS0I_Domino_Map, it
transistorg Tigic), the number of pMOS discharge transistorts clear that though the number of domino logic transistors re-
added(Tyiscn) and the sum of these two, which is the totafiuired in SOl may be more, this increase is more than compen-
number of transistor§7;.:.1). We then ran our algorithm sated by the fewer number of p-discharge transistors required,
without regard to potential discharge points a®émino_Map, thus saving on the total number of transistors used. The average
but added a postprocessing step that rearranges series steggigction in the number of discharge transistors is 53%. The
(generated by\ND Operations) SO as to move para”e] sectiodgst two columns list the reduction in thetal number of tran-
with a large number of potential discharge points closer fstors required for the implementation. We obtain an average

ground. The reasons for doing this have been discussedr¢gduction of 6.29%, even though the number of logic transistors
(without p-discharge) has increased.

_ . , , _ Thus, while a simple reordering of series stacks does result
3Another option to avoiding the detrimental affect of the p-discharge transis-

tors is to remap the logic, avoiding PBE-inducing structures. However, this will So_me cost benefit, it is still Only half the reduction of our
result in a larger number of domino gate levels, leading to an even larger delaigorlthm.
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TABLE IV
DEPTH AND DISCHARGE TRANSISTOR OPTIMIZATION
Circuit L Domino.Map SOI.Domino-Map Reduction in Tg;scn, || Reduction in L
Tlogic 1 Taisch | Tiotal 1 L Tlogic ! Taisch l Tiotal [ L ATdisch | % AL 1 %o
z4ml 16 182 22 204 7 176 12 188 6 10 45.45 1 14.29
cm150 10 268 35 303 9 193 20 213 7 15 42.86 2 2222
mux 10 268 35 303 9 193 19 212 7 16 45.71 2 2222
cordic 12 373 40 413 9 310 19 329 8 21 52.50 1 11.11
f5Im 30 534 75 609 | 25 598 49 647 | 20 26 34.67 5 20.00
c8 11 591 80 671 6 564 44 608 6 36 45.00 0 0.00
frgl 14 607 102 709 | 12 503 52 555 11 50 49.02 1 8.33
b9 10 659 106 765 9 537 47 584 6 59 55.66 3 33.33
count 21 741 76 817 7 672 56 728 9 20 26.32 2 -28.57
c432 34 981 125 1106 | 26 || 1229 107 1336 | 25 18 14.40 1 3.85
apex7 17 974 139 1113 | 11 1111 82 1193 | 7 57 41.01 4 36.36
9symml | 21 1038 174 1212 | 14 800 70 870 | 12 104 59.77 2 14.29
c1908 32 | 1292 251 1543 | 16 || 1625 167 1792 | 14 84 33.47 2 12.50
x1 12 || 1490 233 1723 | 9 1364 106 1470 | 8 127 54.51 1 11.11
i6 6 2109 237 2346 | 4 2143 133 2276 | 4 104 43.88 0 0.00
cl1355 20 || 2640 244 2884 | 7 2456 44 2500 | 7 200 81.97 0 0.00
481 23 || 2794 196 2990 | 17 || 3301 97 3398 | 16 99 50.51 1 5.88
rot 27 || 2768 514 3282 | 11 || 3259 320 3579 | 14 194 37.74 -3 -27.27
apex6 21 || 3816 584 4400 | 15 || 4222 315 4537 | 12 269 46.06 3 20.00
k2 21 || 4181 324 4505 | 13 || 3847 143 3990 | 12 181 55.86 1 7.69
c2670 31 || 4052 521 4573 | 16 || 4207 281 4488 | 14 240 46.07 2 12.50
dalu 23 || 3795 786 4581 | 10 || 2747 249 2996 | 12 537 68.32 2 -20.00
3540 42 || 7675 1341 | 9016 | 19 || 9021 | 601 9622 | 20 740 55.18 -1 -5.26
c5315 36 || 8216 | 1074 | 9290 | 17 || 9409 493 9902 | 17 581 54.10 0 0.00
c7552 42 || 10374 | 1172 | 11546 | 29 || 10747 | 501 11248 | 22 671 57.25 7 24.14
des 26 || 14068 | 2653 | 16721 | 14 | 21313 | 944 | 22257 | 14 1709 64.42 0 0.00
Average 49.76 6.36
C. Penalizing Clock Connected Transistors percentage reduction in the number of clock-driven transistors,

Realizing the effects of loading on the clock network, we thef? average we reduce this figure by 3.82%. An interesting ob-
applied algorithmS0TI Domino_Map to the same circuits, as- servation is that the number of clock connected transistors does

signing a cost for the clock-driven transistors thak times the not change significantly asis varied. Also note that not much

cost of a regular transistor, whekrés a user specified value. ThelMprovement is obtained for circuits that have a relatively small
clock connected transistors include p-clock and n-clock transfémber of clock connected transistors. This is to be expected,
tors in the domino gates along with the p-discharge transisto?g?ce there is less freedom to choose between different solu-
On the one hand, the effect of including the cost of the p-clo&?_”s- Larger circuits, on the other hand, provide the algorithm
and n-clock transistors of the gate is to make gate formati¥fith & greater number of options, and we obtain more improve-

operation more expensive (the cost of thie 1} solution for Ment for these.
each tuple makes it less likely to be selected), and the algorithm S
prefers to include as many transistors in each pulldown netwdpk Depth Optimization
as possible. Incrementing the cost of the p-discharge transisyve now address the minimization of tdelayof an imple-
tors, on the other hand, pushes the algorithm toward formifigentation. As an approximation of the delay, we set the cost
domino gates early, so as to avoid the overhead of the p-dignction to be the depth, i.e., the maximum number of levels
charge transistors. As the results show, our algorithm choosestalomino gates that a signal passes through from primary
result balanced between these extremes, and as the cost of cjgglits to primary outputs. A more accurate delay model
driven transistors is increased, the solutions reduce the nUM@@ild require characterization of every possible pulldown
of gatesand p-discharge transistors, along with an increase Ketwork, and this is not feasable for a libraryless approach.
the total number of transistors required for the implementatig®s hefore, Domino_Map reduces the number of levels required
(see Table Il The columns labeledioq is the number of for an implementation, and discharge transistors are added
transistors connected to the clock network. This figure is os a postprocessing step. $0I_Domino_Map, the number
tained by adding the number of p-discharge transistors 10 W discharge transistors needed is included as a part of the
clock transistors in the domino gates. The last column shows #st. The results of running each of these algorithms are as
4The figures in Table Ill represent the number of transistors, not thé?rresemed in Table IV_' The second column next to each circuit
weighted cost. name shows the maximum number of 2-inpNb—OR gates in
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the original network that a signal passes through, from primary

inputs to primary outputs. The columns un@emnino_Map list

the number of transistors required for implementing the logic .,
functionality, the number of discharge transistors added in the
postprocessing phase, the total cost of the solution, and the
number of levels in the solution. The corresponding columns,
unders0I Domino_Map are similiarly calculated using the new
cost function, so that the discharge transistors are included?!
during the mapping phase. Reducing the number of levels in
an implementation drives a solution toward favoring complex [4]
gates. As in Section VI-B, trying to reduce the number of dis-
charge transistors drives the solution in the opposite direction{s)
i.e., toward smaller gates. As can be seen from the results
algorithmS0I Domino Map reduces the number of levels for a
few circuits, and increases them for others, in comparison with[7]

Domino_Map. The key result, though, is that tsemof number

of levels and discharge transistors is reduced. We obtain an
average reduction of 49.76% in discharge transistors requirec[l

and a 6.36% reduction in the number of levels.

VII. CONCLUSION AND FUTURE WORK

We have presented an algorithm that maps gates in a Iog[&l]
network to a domino implementation suitable for use in SOI cir-
cuits. As the results in Section VI show, the lowest-cost solution
for domino mapping in bulk silicon technology is not an effec- !
tive solution in the context of SOI. Our algorithm minimizes
a specified cost function, which includes the discharge transi
tors required. This cost function can be as area cost or a del
cost. We also show how we can apply the algorithm by skewin
the cost of clock transistors in order to reduce the load on the
clock network. A similar approach can be used to derive a so-
lution with as few gates as possible, by increasing the relative
cost of gate formation. In fact, this technique can be applied t
mapping for bulk CMOS too, in order to reduce the load on the

clock network.

A further improvement is from the observation that the 10
n-clock transistors are required only for gates that have prim
inputs. Gates whose inputs come from other domino gates
not need these transistors, since these inputs are always low
during precharge, and footless domino may be used instead8l
Hence, the pulldown network will never be switched on during
precharge. The big advantage of using this scheme for SOI is
that even if a parallel stack has potential discharge points, 9
these are connected to ground it is not necessary to actually

discharge them.

Our mapping algorithm assumes the worst case scenario, in
which particular structures susceptible to breakdown have t1]
be discharged correctly. However, breakdown will only occur
for a particular sequence of input logic values. We have nofy
taken this into account in our algorithm and incorporating this
information could lead to better solutions. Once a transisto 3
netlist has been obtained from the logic level description o
the circuit as presented in this paper, a followup technology-
specific optimization step can be used to obtain further delay[/24]

improvements.
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