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Gate Sizing Of Multiple-paths Circuit

Seungho Lee' - Jongkwon Chang"

ABSTRACT

Logical Effort [1, 2] is a simple hand-calculated method that measures quick delay estimation. It has the advantage of reducing the
design cycle time. However, it has shortcomings in designing a path for minimum area or power under a fixed-delay constraint. The
method of overcoming the shortcomings is shown in [3], but it is constrained for a single logical path.

This paper presents an advanced gate sizing method in multiple logical paths based on the equal delay model. According to the results
of the simulation, the power dissipation for both the existing logical effort method and proposed method is almost equal. However,
compared with the existing logical effort method, it is about 52 (%) more efficient in space.
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1. Introduction

The method of the logical effort [1, 2] is an easy way
to estimate the delay in a CMOS circuit. The simplicity
and clarity of the logical effort model have allowed many
studies to accurately adapt the model to different design
conditions, For example, reference [4] introduces an
extension of the logical effort model that considers the
1/0 coupling capacitance and the input ramp effect, and a
simple model that calculates transistor sizes of an
asynchronous control circuits with circular paths is shown
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in [6]. The logical effort extension model that considers
temperature and voltage variation is also introduced in [6]
and its application to FPGA interconnect driver sizing is
well discussed in [7].

The logical effort model has shortcomings in designing
a path for minimum area or power under a fixed-delay
constraint [2]. It is proposed to overcome the above
shortcomings by optimizing energy-delay efficiency using
the equal delay model in [3]. However, their results were
achieved by handling the gate sizing problem in a single
logical path. In comparison, this paper presents an
advanced gate sizing method in multiple logical paths
with multiple fan-outs in series based on the equal delay
model.

This paper is presented in the following. Chapter 2
introduces the equal delay model proposed in [3]. Gate
sizing problems in multiple paths are discussed and their
solution is proposed based on the equal delay model in
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chapter 3. In particular gate sizing method is extended for
the general circuits with multiple fan-outs in series in
chapter 4. In chapter 5, through the example of two
different circuits, we compare the logical effort with our
proposed technique to obtain the simulation results using
Hspice. We summarize and conclude our proposed
technique in chapter 6.

2. Overview of logical effort and equal delay model

The logical effort assumes an equal effort delay per
stage of the circuit while our equal delay model assumes
an equal delay per stage.

Gote | | Gate?2 | Gated ———
Input capacitance  C, Cs C; 7= el
Logical effort B g £
Parasitic effort M P )

Fig. 1. A three-stage logical path

Fig. 1 shows the circuit driving a load on the logical
path, which is composed of 3 stages. Each gate is
characterized by four parameters: delay (d), logical effort
(g), electrical effort (h) and parasitic effort (p). The effort
delay (f) of the logic gate is the product of between
logical effort and electrical effort. We assume that there
is no delay and load between signal lines connecting
gates. D is defined as a delay needed for driving load
(Cuas) in the logical path where input capacitance is
limited to a certain value.

In this paper we choose the minimum-sized inverter
with a P-to-N ratio of 2 as the standard inverter. We
also express the delay of each element in terms of (1)
and capacitance in units of (k), the input capacitance of a
standard inverter as shown in [5].

If the delay per stage in the logical path is the same,
each stage's delay is given as d; = d» = d3 = D/3. Thus,
we can establish the following equations on the basis of
the overall delay, logical effort, electrical effort and
parasitic effort in the above three-stage logical path,

D

& =3=fi+tp =g P (1)
D :

dy=73=fatp, = goha + s (2)
D

dy = 3 f3+p3 = gshs +ps (3)
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In the case of no branch, the input capacitance of the
next stage is the load of the currently processing stage.
So, we can substitute hy, he, and hy with C/C , CG/C
and Cwe/Cs, respectively. This delivers the following
equations.
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With the above equations arranged with respect to the
input capacitance, respectively, the following equations are
derived.
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With expansion of these equations for n-stage circuits,
the input capacitance of i-th stage is derived as in the
following equation.

k=i _
A Py

mn
Ci= Cioual [ 75— (10
[=-»]

This equation is directly applied to compute input
capacitance in a logical path with stage number and Ciud,
and is analogous to the capacitance transformation
equation for logical effort model [2], which is used to
compute input capacitance backward starting at the end
of the logical path.

Here, the value of D/n should be larger than the
largest parasitic effort value. Because the input
capacitance of the first stage (; is the input capacitance
in the logical path, it must satisfy the constraint condition
of input capacitance in the logical path.



3. The method of gate sizing in multiple paths of
being only one fan-out.

3.1 Multiple paths gate sizing based on equal delay model

Fig. 2 shows a logic circuit with two paths. Path 1
drives Ciay through C; and C;z while path 2 drives
Cioar through Cs. Assume that path 1 is the longest and
thus, is a critical path with delay D under the given
delay constraint.

The previous paper [3] showed that, for optimal power
dissipation, gate sizing should be made for the total delay
of a single path to be close to the maximum delay
constraint in a logical path. This paper will also show
that, even in multiple paths, the total power dissipation of
path 1 and path 2 can be optimized with gate sizing
under the total delay of path 1 and path 2 to be close to
the given delay constraint in a logical path.

——— 1] ]

IC:I C]md:
b Path2

Fig. 2. A logic circuit with paths

Let delay of each stage along path 1 be equally
distributed as in the following equation.

D= dc;n+dcq.+d('lz (11)
With applying equal delay model to path 1,

de = d(,“ - dt“m = g (12)

However, this circuit is composed of multiple paths

(two paths) and G, drives both Cj; and €. Therefore, it

is not guaranteed that the delay of G, stage equal to

that of Cj stage driving Cpz or that of Cp» stage driving

Ciaar. If the delay of C, stage is x times that of Cy
stage or that of Cp» stage, then

de, =zde, =zde, (13)

If we denote the delay of Cj; stage or C» stage as d;
(delay of path 1), then

de, =xdg =xd, = zd, (14)
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In path 2, if we assume that the delay of G, stage is
v times that of Cy stage and denote the delay of Cy
stage as d2, then

de =ydg, = ydy (15)

With equal delay model applied to the circuit of Fig. 2.
The basic equation that models the delay through a
single logic gate, in units of (1) D=g*¥hip where g is
logical effort, h is electrical effort, and p is parasitic delay.

Path 1:
(Cii+ Gy)
xzd, =gC‘...—“c. & +pg, (16)
d =g &+p (17
1 Cy C” Cy
qoadl
d, = Pe (18)
1 Cyy 6'12 Cy
Path 2:
(Cll + C’EIJ
yd, = gan+ Pe, (19)
qoad?
dy, = + (20)
2 gc:l 02] pczn

The logical effort is defined so that an inverter has a
logical effort of 1 and a typical value of Py, the parasitic
delay of an inverter is 1.

The above equations can be rearranged with respect to
C as in the following equations.

Path 1:
- Oy + Gy
Cin = = (1)
¢
Cu=7 fl 22)
qnad]
Cp = E-l—_l (23)
Path 2
Cloada
CQ] = d20_'1 (24)
_Gut Gy )
mn yd2_1
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In pathl, D = xd;+d;+d;. This leads to di=D/(x+2).

In path?, D = vdotds In (14) and (15) |, xd;=vd-.
Therefore,
Path 1:
D
d, = gy (26)
Path 2:
dy = D—xd, (27)

For the given [? value and the arbitrary x value, we
can determine gate size along the logical paths using the
above (21-27).

Table 1 shows gate size and total gate size for
arbitrary x value, under the constraint of delay (=15 (1))
and Cmm o) C:.mcf = 64 (k).

Fig. 3 shows the (i, value and Fig. 4 shows the sum
of total capacitance corresponding to x value, respectively.

From the results in both Fig. 3 and Fig. 4, G,
becomes the minimum at x = 140 while the sum of total
capacitance becomes the minimum at x = (040.

Therefore, for the gate sizing for minimizing the total
power dissipation, we have to find the x wvalue which
meets the sum of total capacitance at the minimum,
under the constraint of input capacitance.

Table 1. Gate size corresponding to arbitrary x value

x value | 0.20 0.30 0.40 0.50 0.60 1.00
Cll 1.89 2.10 2.32 2.56 2.81 4.00
C12 11.0 116 12.2 12.8 134 16.0
C21 5.06 5.31 557 582 6.07 7.11
Cin 19.1 7.1 526 4.19 361 278

o5

X value I i ! : I
Cl1 471 550 593 346 16.0 284
C12 17.4 188 195 233 32.0 42.7
C2l 7.64 8.18 845 9.85 12.8 16.0
Cin 2.67 264 2.65 282 3.60 494
Sum 32.4 35.1 36.5 44.4 64.4 92.0

Fig. 3. Cj, corresponding to arbitrary x value

X valie

o as a4 as ok 1 3 s 13 Ed L] .
% value

Fig. 4. Sum of total capacitances corresponding to arbitrary x
value

If the constraint of input capacitance is 300 (k) < G,
< 500 (k), we can gate size to dissipate the minimum
power with x value between 0,40 and 0.50. In addition, if
the constraint of input capacitance is 260 (k) < G, =
270 (k), we can gate size to dissipate the minimum
power with x value between 1.00 and 1.20.

3.2 Formalization of gate sizing for multiple paths based on
equal delay model
Fig. 5 shows a circuit that is composed of n-multiple
paths and each path is composed of my - stages loading
Gloadk:

-— — Cy Cy Crot Cim Ciwty  Path 1 m stages
Ca

Cu Ca (o) Com. Cioaz  Path2 m; stages

C Cia Cimel Cun 7 Cusn Pathk my stages

Cy Caz Comt Com, Ciutny  Pathn m, stages

Fig. 5. n-multiple paths and each has my-stages along the
logical path

Let Mainea - Stages denote a number of stages in a
critical path and each stage have an equal delay of daitica
Ciy stage drives n-multiple paths and thus, the delay of it
can be different from of dqitqs. Therefore, in a critical
path, the delay of G, can be expressed as Xdaiica.

The following equation can be derived in a critical
path.

D= (3’,’ +mcrslimf)df.‘rt'h'm! (28)

This equation can be rearranged with respect to
deritical and thus,
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When the i-th stage inverter drives (i+1)-th stage
inverter in the random path k, if we apply equal delay
model to the path, then equation (30) is derived in the
following.

Ckm.n

dk = __é"k,—+ 1 (30)

The equation (31) can be derived by rearranging the
above equation with respect to the i-th stage capacitance.

G =gy (31
In (31), Gonies = Ciouar if M = my
The total power dissipation can be minimized if we set
the delay in random path k to be equal to the delay in a
critical path. Therefore, the equation (32) can be derived
which states the relation of the total delay in random
path k and equal delay in each stage.

D= md“mm; + mkd& (32)

This equation can be rearranged with respect to d;.

D— Idt'ritiml
d=——"— (33)
my,
The substitution of (29) into (33) results in (34).
Meriticatl
dk = (3‘;]

my (I =} Meritical )

The equation (35) can be obtained by applying equal
delay model to C, stage.

201

Zdoritioal = o ! (35)

T

This equation can be arranged with respect to C, and
thus,

C;ﬂ

pIe
- wd"‘ (36)

critical — 1
8.3 Algorithm

Under a constraint delay value D and a constraint
input capacitance value and a given random x value, the

[E =242 22| AGIE 37| 283 ¥ 107

next algorithm will determine the gate sizing for the
minimum power dissipation in the circuit with multiple
paths.

Algorithm 1

/My = Set of random x values

//M¢in — Set of constraint input capacitance values
/lold temp - the minimum sum of total capacitances

initialization temp= 0, old temp=co
for all x € M, do
for every paths do
Calculate delays in all paths by (29), (34)
for every stages do
Calculate all capacitance values by (31)
end for
end for
Calculate of input capacitance value by (36)
if C,“ (= Mun then
for every paths do
for every stages do
temp = sum of total capacitances
end for
end for
end if
if temp < old temp then
old temp = temp
end if
end for

4. The method of gate sizing in the multiple
paths with multiple fan-outs in series.

Fig. 6 shows that the circuit is composed of seven
inverters and two fan-outs.

Path 1 is assumed to be a critical path in the circuit
and to have its delay D. The delay of each path should
be "maximum delay D" to determine the gate sizing for
the minimum power consumption. Let's assume that the
delay of G, is x; times the delay of C;; and the delay of
Cir is xz times the delay of Cp.

| & | G e  Cpun Pathl
“ Ca I
| L™, .
> . Cuuy Path2
|
L iR = -
Cy ol F Ciss Path 3

Fig. 6. The circuit composed of seven inverters and two
fan-outs
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Then, the following two equations can be derived from
the above assumptions.

dg, = mdg, (37)

de = xod,, (38)

11 12

With the equal delay model applied to the above
equations, the total delay of path 1 becomes
D=dg +dg +dg, +dg,. If we assume

dg,=dg, =d;, the delay of path 1 becomes

D= (z,xy+x,+2)d;. This equation can be
rearranged with respect to d; as:
D
d=—"
v et 2 )

With the equal delay model applied to path 1, the
following equations are derived for each stage.

B Oyt Gy
Cis + C.
dg. =2,d, = gc“%+ Pe, (41)
Ciy 1 g("lz Cl? pCIZ
C;andl

d'ffm =d, = 9e, C. +pe, (43)

And. the total delav of path 2 becomes
D=dg +dg +dp, . If we assume dg, =dy, the

delay of path 2 becomes D= (z,z,+x,)d, +d,. This
equation can be rearranged with respect to ds ast

dz =) — ($1I2+$2)d| (44)

With the equal delay model applied to path 2, the
following equation is derived.

di =ds= g qourﬂ +p (45)
o 2 Ca Gy, s
In path 3, the total delay becomes

assumption of
path 3  becomes

D=dg +dg +dc,. With
d,:le = dcn =d,, the delay of
D= a,x,d, +2d;. This equation  rearranged with

respect to dj as!

D — z,24d
dy = o> S i ) (46)
2
With the equal delay model applied to path 3, the
following equations are derived for each stage.

de, =dy = QCS.E+ Pe, n
o o qoadS
dg, =dy=g¢, Csr TPc, (48)

Using the equation (37) through equation (48) and
arbitrary x; and x» value, we can calculate all the
capacitance values in Fig. 6.

In Fig. 6, the critical path is assumed to be assigned
to the path with two fan-outs in series. The driving
gates of the fan-outs are assumed to have a x; and x»
times larger delay respectively than the load gates of the
fan-outs at rear. In case of finding x; and x» parameters
that meet the design constraint and minimizing the total
capacitances in the circuit, gate sizing for the minimum
power dissipation can be obtained.

It is possible to intuitively expand Algorithm 1 to
Algorithm 2 which can be applied to the circuit with n
fan-out branches. In addition, the equations in Algorithm
2 can be intuitively induced from the topology of the
circuit. ' When a single fan-out branch exists in the
circuit, critical stage delay is computed using equation
(29), and when double fan-outs exist in series, critical
stage delay is computed using equation (39). Therefore,
critical stage delay of the circuit (with n fan-outs in
series and m stages after the final fan-out node) can be
induced from the above two cases as in the following
equation (49),

D

- 49)
dy Ty Tgee B, + TpTygouiT,, o t-2,_x, +T, +m (

In a similar manner all other equations can be easily
derived from the topology of the circuit.

5. Experiment and Result

In this section we compare the logical effort method
with our proposed method in terms of gate sizing
obtained by applying them to the two different circuits

At first, we experimented the circuit in Fig. 7 which is
composed of inverters with a single fan-out. Secondly,
we experimented a 1-bit full adder which is composed of
static CMOS gates with many fan-outs inside,



Algorithm 2
/My, — Set of random x; values

//Mx — Set of random x; values

/My, — Set of random x, values
//Mecin — Set of constraint input capacitance values
//old temp - the minimum sum of total capacitances

initialization temp= 0, old temp=c
for all x; = My do

for all x; & My do
for all x, & My, do
for every multiple paths do
Calculate delays in all paths
for every stages of multiple paths do
Calculate of all capacitance values
end for
end for
Calculate input capacitance value
if Ciy € Mgy, then
for every multiple paths do
for every stages of multiple paths do
temp = sum of total capacitances
end for
end for
end if
if temp < old temp then
old temp = temp
end if
end for

end for

end for

5.1 An example of multiple paths composed of inverters

with single fan-out

Fig. 7 shows a circuit composed of three paths with
the input C, and the output Cpu(=64 (k)). We can
assume that path 1 (having four stages) is a critical
path and has a 16 (1) delay. Let each output load have
a size of 64 (k) and C;, have the value of equal or less
than 4 (k).

Table 2 shows the results of gate sizing obtained by
applving the algorithm to the circuit of Fig. 7. Tahle 2
also shows the C, and the sum of gate sizes according
to the increment of 0.1 (k) in x value. We can observe
that the total sum of gate size is minimized between 0.4

= =ElEE 329 Z0IE =371 #€F &Y 108

| — Cii " Cja Cn Cu 64
Cin
(_,;| Cn C}B 64
Cy Cy ] 64

Fig. 7. An example of three paths circuit

(k) and 05 (k) in x value, under the constraint of Cj,
< 4 (k.

Table 3 shows that the total sum of gate size is
detailed by the increment of 0.001 (k) in x value, starting
from 0.460 (k) to 0465 (k). According to Table 3, x value
(=0461 (k)) drives the minimum sum of gate sizes and
in addition, meets the minimum power dissipation.

Table 4 shows the simulation results of logical effort
and our method, respectively. Both methods are applied to
the circuit of Fig. 7 under the process of 1.8 (v) and 0.18
(zm) using Hspice. According to the results of simulation,
our method is 18 (%) more efficient in power dissipation,
compared to that of the logical effort.

Table 2. Ciy and sum of gate sizes according to the increment
of 0.1 (k) in x value

X value 0.40 0.50 0.60 0.70
Cin 5.38 350 2.78 243

Cin 3.7 402 4.29 459
sum 158 165 174 182

Table 3. C», and sum of gate sizes according to the increment
of 0.001 (k) in x value

X value | 0460 | 0461 | 0462 | 0463 | 0464 | 0465
Cin 4014 | 3998 | 3983 | 3968 | 3953 | 3938
sum 6600 | 6601 | 6602 | 6604 | 66.05 | 66.06

Table 4. Results of simulation using Hspice

Technique Power dissipation (m watts)
logical effort 0.17
Our Method 0.14

52 An example of A 1-bit full adder

Fig. 8 shows a 1-bit full adder composed of NOT
gates and NAND gates. It can be observed that multiple
fan-outs exist in series from input to output. We assume
that each output load has a size of 64 (k) and G, has
the value of equal or less than 4 (k). If input A in Fig. 8

KIPS Tr. Comp. and Comm. Sys.
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Fig. 8. A 1-bit full adder

is assumed to drive two loads (C;, ) with the other
two inputs (input B, input C) having a fixed logic value,
then input A goes through 10 gates. We calculated these
gate sizes in paths from input A to two loads (C;, &)
using logical effort and our methods. Afterwards, we
simulated using Hspice under the process of 1.8 (v) and
0.18 (pgm). Table 5 shows the results. According to the
results of the simulation, both methods are almost equal
in power dissipation, but our method is 52 (%) more
efficient in space, compared with that of logical effort.
The greater power of driving re-convergent gates used in
our method has likely delivered similar total power
dissipation for the two methods.

Table 5. Results of simulation using Hspice

Technique Total size (k) | Power dissipation (m watts)
Logical : i
effort 106 139

Our Method 51 13.8

6. Conclusions

We introduced the technique of a multiple-paths gate
sizing for optimizing power-delay under a fixed-delay
constraint. This technique is based on our previous work
and has been extended for multiple logical paths.

For further research, we plan to expand our technique
to handle situations where a re-convergent gate exists in
the given circuit. Namely, we will develop the method of
reducing power dissipation in proportion to size reduction
of total gates.

We also envision broadening our research to a point
where a known fixed load in a circuit along the path
exists and can be measured. As explained in [8], the
branching effort does not handle the case where a node
has a fixed capacitance value, which is referred to as a
side load.

References

[1] Ivan E. Sutherland, and Robert F. Sproull, “logical effort:
Designing for Speed on the Back of an Envelope”, IEEE Adv.
Research in VLSI, MIT Press, 1991.

[2] Ivan Sutherland, Bob Sproull, and David Harris, “logical effort:
Designing Fast CMOS Circuits”, Morgan Kaufmann Pub.,
1999,

[3] Seung Ho Lee and Jong Kwon Chang, “On a Logical Path
Design for Optimizing Power-delay under a Fixed-delay
Constraint”, KIPS, Vol.17-A, Nol., 2010.

[4] B. Lasbouvgues, S. Engels, R. Wilson, P. Maurine, N.
Azemard, and D. Auvergne, “logical effort model extension
to propagation delay representation,” IEEE Trans. on
Computer-Aided Design of Integrated Circuits and Systems,
Vol.25, No9, pp.1677-1684, September, 2006.

[5] Jo Ebergen, Jonathan Gainsley, and Paul Cunningham,
“Transistor Sizing! How to Control the Speed and Energy
Consumption of a Circuit”, Proceedings International
Symposium on Advanced Research in Asynchronous Circuits
and Systems, [EEE Computer Society Press, 2004.

[6] Chun-Hui Wu, Shun-Hua Lin, Herming Chiueh, “logical effort
model extension with temperature and voltage variation”,
Thermal Investigation of ICs and Systems, 2008,

[7] Haile Yu, Yuk Hei Chan and Leong, P., “FPGA interconnect
design using logical effort” Field Programmable Logic and
Applications, 2008,

[8] David A. Hodges, Horace G. jackson, and Resve A. Saleh, *
Analysis and Design of Digital Integrated Circuits”,
MecGrawHill Pub., 2004.

0]l & &

e-mail : cornsilk@ulsan.ac kr

2000 et A7 AT (A

2003 oista HFel PR g3 8
(FE4 AL

20009 &atdgtaw HFEAR T T
(A R)

20009 ~ 20108 SA4be b A7) a2 g algs

011 ~# 2| EAkoishn Wr)Feht o At

Aok VLSI AA 9 AE, vlola2Z2AN &

354

=
e-mail : jkchang @ulsan.ac. kr
19901 The University of Texas at
Ausitin, d7] FE(F5 2AY
1914 ~8 A &4ddiga A7) FEy
AT
Pl E-oF: VLSI A2 2 A4, 347E

72 %





