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An Optimized Output Stage for MOS Integrated Circuits

HUNG CHANG LIN, FELLOW, IEEE, AND LOREN W. LINHOLM, MEMBER, IEEE

Abstract—An output device for optimizing propagation delay and
minimizing chip area is described. An optimum means of tapering the
output stages to minimize propagation delay is determined. The mini-
mum delay is a function of the capacitive load to node ratio, the
number of output stages, and the interstage propagation delay. The
effects on area are also presented. A figure of merit which is a function
of area and propagation time is defined which is of use in designing
output stages. An optimum exists which can be considered the best
compromise between further decreasing propagation delay and in-
creasing chip area. Data are also presented which allow a designer to
determine the minimum chip area once the capacitive load and the
maximum allowable delay are known.

INTRODUCTION

N iterative MOS integrated circuits, the output transistors
Ishould be large enough to drive the required load capaci-

tance. The last output transistor will load the previous
stage and slow it down. To improve the propagation time, the
driver for the output stage should also be entarged. Obviously,
if every stage is enlarged, excessive area will be consumed.
However, if the drivers are made progressively smaller than the
succeeding stage, the total area can converge to a reasonable
value. This paper is an analysis of such a tapered output stage
for optimizing propagation time and chip area. This technique
is applicable, in general, to MOS integrated circuits where a
high output drive capability is required.

OuTtpPuT STAGE DESIGN PRINCIPLES

In order to drive typical load capacitances required in an
integrated electronic system, the output transistors in an inte-
grated circuit should be of suitable size to provide large
charging and discharging currents. Unfortunately, large output
transistors load the previous stage, which decreases its operat-
ing speed. To improve this situation, the driver for the output
stage should also be enlarged.

Consider the output circuit such as the shift register shown
in Fig. 1. If the load capacitance, Cy, is equal to M times the
interstage node capacitance, Cy, and the MOS devices are of
minimum sizes, the propagation delay (which is proportional
to load capacitance) through the last two stages is:

(M

tpL =(M+ 1) tpO
where
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Fig. 1. Cascade MOS stages.

tp1 = propagation delay through the last two stages
Ipo = propagation delay at the low level interstage
M =Cr/Cy

C;, =load capacitance

Co = interstage node capacitance.

The propagation time can be reduced by enlarging the sizes
of the MOS devices of the last stage, I;, by m times. The
driver stage, I, is slowed down because the output transistors
now see an m-fold increase in capacitive load. The propagation
delay of the driver and output stages becomes

@)

M
Z‘pL = ;n" (tpO) +m (tpo)-

To find the minimum ¢#,,, we differentiate the above with
respect to m and set the differentiated equation equal to zero.

ﬂ%=(%+ 1) =0 3
or

m=M1?
and

tp (min) = 24 12 Ipo. 4)

For shorter propagation time, it is better to enlarge the sizes
of the last few stages. For instance, one may increase stages
I, by m, times, increase stage I, by m, times, I3 by m times,

etc. Then the propagation delay for the last four stages
becomes

tp4=(%+%+%+m3> tpo- &)
By differentiating 7,4, we find

my=M¥* my =M my =M )
and

tpa =4MMA . (7

The propagation delay of every stage is
tor, = M1, ®
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Note that the propagation time per stage resulting from en-
larging the last three stages given in (8) is shorter than that of
enlarging just the last stage. Also, the optimum sizes of the
device decrease monotonically as M4, M?/* and MY* times
the minimum interstage sizes.

From the last two equations, one may generalize that for an
output device of N stages, the propagation time per stage is

tps =M1/th0.

€)

A computer analysis of a ten stage output device utilizing a
two-phase ratioless logic interstage was made. The results of
the analysis showed good agreement of the predicted propa-
gation delay to the computed delay to within the accuracy of
the program used.

AREA OPTIMIZATION
From the above derivation, one can see that the optimum
device size should decrease on the order
m; = M(N'l)/N, my = M(N—2)/N

m3 :M(N—3)/N’ e e MN—I =M1/N

mN=1.

When a number of stages are connected in cascade, the area
is the sum of all the stages. When the stages are tapered to
optimize the speed, each preceding stage is reduced by a factor
1/m. If there are N-1 enlarged stages, the area of the last N
stage is

Ay=Ao(Q+m+m?> +md + - - mM 1)

(10)

where A, is the area of the standard stage (not enlarged).
This summation is equal to

Ay =‘%-“. )
But since
M =mV (12)
M-1)
AN=;;mV?IAo. (13)

This is the ratio of the enlarged area to the standard cell area.
Equation (13) is plotted in Fig. 2 for M =100. Also plotted is
the propagation time of stage f,5, which is normalized.

tosltpo = MYN.

(14

From Fig: 2 we find that the increased area ratio is of the
order of the load capacitance to node capacitance ratio, M;
the area increases as the number of enlarged stages N increases;
and the propagation time per stage decreases as the numbers
of enlarged stages decreases.

OrTIMUM STAGE DESIGN

The optimum design is a compromise between speed and
area. The choice is based on economics. We can choose a
figure of merit, F, defined as
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M=100

tps/tpo=M"N

2 4 6 8 10 2 ®
NUMBER OF STAGES N

Fig. 2. Normalized propagation delay, normalized area, and figure of
n?erit F versus number of stages for M =100, K = 2.

A t,5\X
(2)(2)
A() tpO

where K is a weighting exponent. If K is greater than unity,
it means more weight is placed on speed than area. Substi-
tuting (13) and (14) into (15)

M- 1
=A(41/N_)l (M 1/N)K-

(15)

F (16)

The minimum F can be found by differentiating F with respect
to V.

MI/N =L

-1 amn
For instance, if K =2
MV =2,
This has several implications. From (14)
tpsltyo = MYN.

The minimum area and propagation delay is achieved when

tpsltpo = 2. - ag)
The optimum area is
Ap (opt) = (M~ 1) Ao. (19)

Fig. 3 is representative of how the figure of merit varies for
several load to interstage capacitance values. Below the opti-
mum value, £, ¢ decreases more slowly than the area increases;
above this value f,g increases more quickly than the area
decreases.

At some point, however, a large increase in propagation
delay occurs. As seen in Fig. 2, the area-propagation delay
square product increases drastically for small values of V.
This is not the case for larger values of N. Within the design
constraints of a particular circuit, the designer pays a smaller
penalty in the area propagation delay square product by in-
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Fig. 3. Normalized propagation delay and area-propagation delay
square product F versus number of stages.

CAPACITIVE LOAD RATIO C,/Cq
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Fig. 4. Optimum number of enlarged output stages for different load
to node capacitance ratios.

creasing the number of stages beyond the optimum point than
decreasing the number of stages. Also, since

MV =2 (20)
M =m
An optimum condition exists when
m=2 2y
or when the capacitance ratio per stage doubles. Simply

stated, the best compromise between area increase and the
square of propagation delay decrease exists when the output
device is designed such that each required stage in the output
circuit doubles in size or capacitance between the last inter-
stage circuit and the load. Fig. 4 shows the number of stages
required for a given load to interstage capacitance ratio for
optimum performance.

From a design standpoint, it is most economical to minimize
the area. If the entire integrated circuit consists of B number

[+
1
t

NORMALIZED PROPAGATION TIME PER STAGE, tps/tpo

0 100 200 300
NORMALIZED STAGE AREA Ay/A,

Fig. 5. Minimum propagation delay obtainable for a given area and a
fixed load to node ratio of 100.

of cells, of which N stages are enlarged, the total area is

A=(B- N)Ao + Ay (22)

assuming each cell occupies Ay area. In most instances, Bis
large. The enlarged area A does not add any more bits but
merely improves the loading and speed capability. Thus, a
compromise exists between speed and area. If (B-N)>>
Ap[Ag, the addition of enlarged area is insignificant. If Ay
becomes comparable or larger than (B~ N)A,, the enlarged
buffer can add substantially to the area and cost of the inte-
grated circuit. In this case, the design engineer may choose to
commit some fraction of the total chip area to an output
device. Fig. 5 represents the minimum propagation delay
obtainable for a given area and a fixed capacitive load.

CONCLUSIONS

A means of optimizing propagation delay for an output
inverter stage has been described. It is applicable in general to
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MOS integrated circuits where a high output drive capability is .

required. Depending on the capacitive load to node ratio, an
optimum point exists for designing an output device with a
minimum propagation delay in a minimum area.

The data presented also give the design engineer a means of
determining the minimum propagation delay for a given area
and what tradeoffs are available when optimum conditions
cannot be achieved. Also, if the capacitive load to node ratio
and the maximum allowable delay are known for a given cir-
cuit, the designer can now determine the minimum chip area
required to meet these constraints.
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