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Abstract

Since the relative imponance of interconnections in-

creases as feature size decreases. standard-ceU based syn-

thesis becomes less effective when deep-submicron tech-

nologies become available. Intra-cell conneCtivity can be

decreased by the use of macro-ceUs. In this work we present
methods for the automatic generation 0/ macro-cells us-

ing pass transistors and domino logic. The synthesis of
these ceUs is based on BDD and ZBDD representations

of the logic functions. ~ address specific problems as-
sociated with the BDD approach (level degradation, long

paths) and the ZBDD approach (sneak paths. charge shar-

ing. long paths). We compare performance of the Inacro-

cells approach versus the conventional standard-cell ap-

proach based on accurate electrical simulation. This shows
that the macro-ceUs perform well up to a cenain complexity
of the logic function. Functions of high complexity must be

decomposed into smaller logic blocks that can directly be

mapped to macro-cells.

custom cells, and their cost parameters can be infeJ'red from
the U'ansistor topology. The use of maao-cells gives us two
advantages: first, the number of primitive elements to be in-
stantiated and connected deaeases. Second, the relative im-
portance of inte1'Connection between such blocks decreases
as well. Consequently logic synthesis is at least partially
relieved from the burden of managing a huge number of in-
stances of small atomic primitives, and from some of the
uncertainty caused by the high relative impact of wiring-
related costs.

We want also to have some insight in the internal con-
necting strucblre of the macro-cells. To this end we leverage
the close affinity between absU'act structures known as Bi-
nary Decision Diagrams (BDDs) and Zet'o-suppressed Bi-
nary Decision Diagrams (ZBDDs) and U'ansistor-level im-
plementations based on pass U'ansistor logic.

Several approaches to direct synthesis of pass U'ansistor
networks have been proposed. In their pioneering work [1],
Yano et al. proposed a BDD-based pass U'8Dsistor syn-
thesis tool. More recent work [2] proposed FBDD-based
pass U'ansistor synthesis, but no experimental results on
transistor-level implementations are provided. Konishi et aI.
iD [3] proposed a BDD-based synthesis tool for low-power
pass transistor logic.

DiffereDtly from the work iD [1][2][3] we focus OD syn-
thesiziDg ODe logic block at a time, and we do DOt assume
that BDDs should be used to represent the complete spec-
ificatiOD. No weak pull-up devices are used to restore the
level of degraded signals, iDStead the use of an asymmet-
ric threshold tecbDOlogy to mitigate level degradatioD is be-
iDg explored. Based OD accurate electrical simulatioD the
relative performance of several alternative implemeDtatioD
styles are compared.

1. Introduction and motivation

Logic synthesis has been an enabling ~bnology for the
design of Very Large Scale Integration (VLSI) circuits and
systems. The logic absttaction of a circuit is usually in
terms of logic gates (later mapped into cells). Most current
synthesis tools assume that the key cost metrics (i.e.. de-
lay. area and power) depend mainly on the cells. and model
interconnect 3$ a parasitic effect affecting the cell perfor-
mance (i.e.. delay and power).

As deep-submicron ~hnologies become available. the
cell-based design style loses modeling precision: active cell
area shrinks and the relative importance of interconnec-
tions increases. The cost mettics are domin~ by para-
sitic effects. Therefore it is increasingly difficult to opti-
mize interconnect-domin~ circuits at the logic level of
abstraction.

In this work we investigate a design style that exploit au-
tomatically generated macro-cells based on pass ttansistors.
Such macro-cells may have a larger size Ulan usual semi-

2. BDD-based syndlesis

Given a multi-output Boolean function of n inputs,
f(x) = [h(x), f2(X),"', fno(x)], we can represent f with

a multi-rooted BDD, as shown in Figure 1 (a). The BDD is
level~ and there is a one-to-one correspondence between
levels and input variables.

We can map the BDD of r to a pass ttansistor circuit with
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in a multiple-fanout node. For example. tbe circuit shown
in Figure 7 (a) contains two fanout nodes. but there are no
sneak paths. As shown in Figure 7 (b). when th«e is no by-
path of tbe fanout node P. we do not have to insert a ooff«
at P because all the paths from the root node F to GND
should pass through P in the ~ direction. This condition
can be checked simply by the fonnula F%P = O. where 0J0

means tbe remainder of tbe algebraic division of tbe cube
sets F and P. This formula indicates that the cube set P
is exactly a factor of F. in otbel' words. every cubes in F
includes one of the cube in P. So. every path of F should
pass through the node P. Notice that algebraic division can
be executed quickly exploiting ~ve ZBDD manipula-
tion [7]. If the circuit has multiple outpUt functions. we can
omit buffer insertion if the formula is satisfied for all the
output functions which are relevant to the node P.

and produce SPICE netlists. The ZBDD mapping proce-
dure uses ESPRESSO [9] as a preliminary optimi7.Ation step
before mapping. Accurate circuit le\'el simulation was per-
formed using HSPICE. We used delay estimation to gener-
ate input patterns for the BDDs that would reveal the b'Ue
maximum delay of tbe circuits. Delay estimation is also
useful for aitical path analysis. and can be used in lx1ffer
insertion algorithms.

In order to get an idea on the relative performance
of BDD- and ZBDD-based circuits we compared the
performance with a commo-ciaU y available tool using a
simple standard-cell containing 12 basic gated primitives
and lx1ffers. The netlist generated was replaced by tbe
transistor-level implementation (static CMOS) of each gate.
We used the ~ CMOS ~bnology for all the ttansistor-
level implementations (a O.51! CMOS ~bnology). We used
asymmetric thresholds for the BDD-based implementation.
once with minimum sized and once witb double sized pass
ttansistors. The values for Lm4Z and FOm4z are 6 and 4
~tively. Olarge sharing is prevented by using a con-
servative internal precbarge scheme: Lprc = 2.

F

(.)(b)

Figure 7. (a) An example when no buffer is needed
(b) Conditioo fCX' buffer elimination

Table 1. BOO size and perf~ance measures
The above condition does not cover all the cases where

we can omit buffers. However, testing the additional cases
is more involved and the current implementation of our
mapper does not support advanced ooff~ elimination tests.

After cb~king the buff~ ins«tlon condition, even if
tha-e no multiple fanout nodes, we force ooff~ insertion
to split excessiwly long chains ofb'aDSistors. Finally, in or-
der to minimize charge sharing problems, we insert internal
precbarge transistors every Lpre transistors in series.

As for BDDs, variable ordering bas a sttong imp~t on
the size of ZBDDs. Howev~, in the current implementation
we use the same ordering for both decision diagrams.

I

4. Experimental resul~

We have implemented the BDD and ZBDD mapping
pr~ure described in the previous ~tiODS and tested
them on a small set of benchmarks. Macro-cells with 8-
SO inputs and 1-40 outputs are used. Note that most cur-
rent semi -custom library cells have 2-20 b'ansistors and that
9()411 of the cells have 1-8 inputs and a single OUtpuL For
BDD mapping we used a BDD p~kage developOO at Uni-
versity of Padova. Italy, while ZBDD mapping was built on
top of CUDD [10]. Both mapping tools read slit files

I

I

I

Table 1 summarizes the results for the BDDs. For each
benchmark we report the number of inputs and outputs, fol-
lowtXl by the number of internal nodes in the BDD afta'
reordering. The delays for both minimum sized (D7) and
double sized (DT2) pass b'ansistor circuits, and the delays
for the standard-cell implementation are rqJOrtM.

It appears that the node count is a good measurement
for the complexity of the BDD: for a node count up to at
least 500 the direct mapping of BDDs to layout seems fea-
sible. Generally functional blocks of this complexity would
be mapped in sev~al standard cells. With our approach a
single macro-cdl will be gena-ared. For higher node counts
decomposition into smaDer blocks is required for optimal
results.

When using double-sized pass b'ansistors the results are
sometimes betteJ', 1H1t not always. This indicates that the
optimum size for the pass transistors is not always the min-
imal size, rot should be chosen ~rding to the perfor-
mance/area trade-off.

Table 2 shows data on ZBDD mapping. The columns
report the number of literals in the flattened and min~I

4
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