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A Unified Theory for Mixed CMOS/BiCMOS
Buffer Optimization

Takayasu Sakurai, Member, IEEE

Abstract—A simple yet realistic gate sizing theory is pre-
sented to optimize delay of a cascaded gate buffer. The theory
is based on the fact that CMOS/BiCMOS gate delay is linearly
dependent on fan-out f, that is, the delay can be expressed as
Af + B, where A and B are coefficients. The optimum fan-out
Jopr is shown to be approximated as ¢ + B/1.5A for a gate
chain. The theory covers various BICMOS/CMOS gate types
such as NAND’s and NOR’s in a unified framework. The existence
of spurious capacitance is shown to increase the size of all tran-
sistors compared with the case without the spurious capaci-
tance.

I. INTRODUCTION

ATE sizing is one of the key techniques to improve

speed of VLSI’s. A simple theory [1] shows that the
delay of cascaded gates is minimized when the size of the
gates is tapered by a factor of e(= 2.718). This principle
is widely used in the initial design stage of memory
VLSI’s [2], macro designs, and ASIC’s. This rule, how-
ever, is too simplistic in the sense that it neglects zero
fan-out delay of logic gates and hence the accuracy is not
practical. Since the theory does not cover various gate
types, it is not applicable to cascaded gate buffers includ-
ing mixed BiCMOS/CMOS gates and including various
gate types such as inverters, NAND’s, and NOR’s. On the
other hand, there are CAD tools to do the gate sizing [3]
but the tools are based on the RC equivalent of MOSFET
circuits and are not applicable to BICMOS circuits. More-
over, CAD tools use numerical programming, which is
not intuitive to designers.

In this paper, a new speed optimization theory is pre-
sented which is simple yet realistic and covers various
BiCMOS/CMOS gate types within a unified framework.
First, in Section II, notations are summarized and a delay
model for logic gates used in this paper is described. In
Sections III, IV, and V, the following cases are treated
sequentially: the case where the number of gates in a
buffer is fixed, the case where all gates in a buffer are the
same type, and the case where certain logic gates are buff-
ered by cascaded inverters. These cases cover most of the
cases met in the real VLSI designs. The effect of spurious
capacitances are considered in Section VI.
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II. DELAY MoDEL oF Locic GATES

In this paper, t,5 (f,5) is defined as the delay from
the time when a specific input crosses 0.5V, to the time
when the falling (rising) output crosses 0.5V, and Ipq @s
(o + tprn) /2. t« signifies either 2,5, t,14, or £,4. The
size of a gate, w, is measured by size units (SU’s). The
input capacitance of one SU gate is equal to the input ca-
pacitance of a certain gate, for example, the CMOS two-
input NAND gate in this paper. The input capacitance of
one SU gate is called one load unit (LU) and all capaci-
tances are measured in LU’s.

Fig. 1 shows measured delay characteristics of CMOS/
BiNMOS gates together with gate symbols used in this
paper. ,. can be well approximated by Af + B even for
BiNMOS gates as seen from Fig. 1, where 4 and B are
constants and fsignifies fan-out. The BINMOS gate shown
in Fig. 1 was first introduced in [7]. The measurement is
carried out using a 0.5-pm BiCMOS channelless gate ar-
ray (Fig. 2) [7], [8]. Although BiNMOS gates are used in
the measurement, the present theory can be applicable to
ordinary BiCMOS logic gates, too.

Considering that £,. can be written as a linear combi-
nation of input transition term and a load capacitance term
[4]-[6], A’s and B’s for a gate can be calculated from
SPICE simulation by using the circuit and the method
shown in Fig. 3. The output of the gate under test (node
2) is connected to one typical gate of 1 SU which acts as
a monitor and one more typical gate of f — 1 SU which
acts as a load capacitor. In this paper, the typical gate is
chosen to be a two-input NAND gate. The input of the gate
under test (node 1) is driven by a step voltage. Delays
from node 1 to node 2 (1 — 2 delay), and delay from node
1 to node 3 (1 — 3 delay) are simulated with varying load
capacitance ( f). Suppose that 1 — 3 delay can be ex-
pressed as p + Af and 1 — 2 delay can be expressed as
q + rf. Then A4 is obtained from the slope of 1 — 3 delay
dependence on f. Next, B can be calculated as B = gA /r.
The detailed derivation is found in the Appendix.

By using this method, the effect of output voltage slope
on the delay of the subsequent gate can be approximately
incorporated in 4 and B. If node 2 is very capacitive, it
slows down the voltage response of node 2 and this in turn
slows down the gate response of the next gate (‘‘monitor’’
in the case of Fig. 3). So the capacitive load on node 2
not only degrades the performance of the gate under test,
but it further degrades the speed characteristics of the sub-
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Fig. 1. Notations for (a) CMOS and (b) BiCMOS gates, and (c) measured
delay dependence on fan-out for various CMOS/BiNMOS gates.
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Fig. 3. Circuit and method for calculating A’s and B’s.

sequent gate. Since the subsequent gate is not always a
two-input NAND gate, there is an approximation but an
overall approximation is much better than just neglecting

the slope-dependent delay effect. The explanation of the
slope-dependent delay effect is found in [5] and [6]. The
validity of the above-mentioned method can be verified
by the overall success in the following sections. A’s and
B’s for various gates in 0.5-um BiCMOS technology are
tabulated in Table I, as an example. Values for A’s and
B’s can be found for example in the document supplied
by ASIC vendors, though the calculation method for these
constants might be different from organization to organi-
zation. The method described in Fig. 3 is not related to
any specific organization. '

III. Case 1: WHEN THE NUMBER OF GATES IN A
BUFFER IS FIXED

By using the delay model described in the previous sec-
tion, the total delay D of the gate chain can be written as

D=<B0+A0m>+<Bl+A1&>+"'
Wo Wy

Wy
>- 0Y)
Wn—1

w,’s are sizes of gates measured in SU’s. By differentiat-
ing with respect to w;’s, it is easy to show that D is min-
imized when

+ <Bn—l + An—l

Wi W Wn
Ay— =4, == =4, =71 (2
Wo Wy Wn—1
By multiplying all the terms, we get
n wn
Ty =AgAy Ay
Wo
= T VaA A, r= @

Therefore, the total delay D is rewritten as
n-1

_;0 (B;) + nt,

D

n—1

2 (B) + n(od - A DV @)

fl

Formula (3) shows a strategy of gate delay optimization
for a cascaded gate buffer. When Y is given, 74 can be
calculated, since all 4;’s are known. Then, the size of
gates, w;, can be calculated by using (2) as follows:

W_TWO w—7'wI w—TW'."l
1 = Ta 2 = Tqa s " i — Ta
AO, Al’ ’ H Al_l, I
W, _2
Wn—lzTAA ‘ (5)
n—2

An application example of this theory is shown in Fig.
4. The theoretical values based on (1)-(3) are indicated
by arrows, which show good agreement with SPICE sim-
ulation. In this example, t,, is optimized but the optimi-
zation is also possible for the rising or falling input case
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TABLE 1
CALCULATED A AND B FOR 0.5-pm CMOS/BiCMOS GATES

torn

tone Lpa

Cell
Name Description A(ps) B(ps) fopr

A@s) B{s) forr APS) B(PS) forr

INV CMOS Inverter 42 .4 37.9 3.3 21.0 33.0 3.7 31.7 35.5 3.5
ND2 CMOS 2NAND 42.1 53.0 35 33.3 68.5 4.1 37.7 60.8 3.8
NR2 CMOS 2NOoR 72.6 124.2 3.8 21.1 57.8 4.5 46.9 91.0 4.0
BINV  BiNMOS Inv. 11.4 93.7 8.2 19.2 32.1 3.8 15.3 62.9 5.5
BND2 BiNMOS 2NAND 10.6 104.9 9.3 18.2 90.4 6.0 14.4 97.7 7.2
BNR2 BiNMOS 2noR 12.3 178.7 12.4 13.0 36.9 4.6 12.7 107.8 8.4
wo w1 wWn-2 wn-1 10
I g S __D_DO_I— ;
SN—— —_—— J;wn )

n logic stages (n and all gate types are given)

(a)

Simulated Delay 153 (ps)

500 L 1 L L 1 1 1
1 2 3 4 5 6 7 8 9
w : Size of Inserted Gate (SU)

(b)
Fig. 4. (a) Notations and (b) an example for size optimization of a mixed
buffer.

in a similar manner, and it will give a different set of op-
timum gate sizes.

IV. CasE 2: WHEN ALL GATES IN A BUFFER ARE THE

SaME TypE
When all gates in a buffer are the same type, Ay = A,
='"=4, ,=AandB, =B, =---=B,_, =B

hold. All tapering factors f, such as w,/w,, w, /wi,
* , W, /W, _ are the same and can be written as f- Con-
sequently, D can be simplified to

D=<B+Aﬁ>+<B+Aﬂ>+---
Wy wq

Wa

+ <B+A > = n(B + Af). ©6)

W1

Since f* = w, /wy = Y, nequals In (Y) /In ( f). Then the

Fig. 5. Exact fopr and approximate formulas.

total delay D is expressed as follows:

n InY
D=n@B+AVY) = B + af) 2. %)
In f
By differentiating in terms of f, the condition to give
minimum delay is derived. f should be a root of the fol-
lowing equation:

B

~1 = —,
n eA

e

LAN

®

It is impossible to analytically solve this transcendental
equation but approximate formulas for the optimum 5
Jopr, are expressed as follows:

1/, .B\| 1/, B
~ - ) in = 2

or

B
fOP’I‘ =~ ¢ + m (10)

A graph of the exact root and the approximate formula is
shown in Fig. 5. The expression fopr = e + B/1.54 is
quite simple and useful in the initial design stage. When
B is set equal to zero, the fopr becomes e, which coincides
with the simple theory [1]. An example for this case is
shown in Fig. 6, where good agreement is observed be-
tween the theory and SPICE simulation.
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Fig. 6. Simulated delay dependence on fand the theoretical fopr (indicated
by arrows).

V. Case 3: WHEN CERTAIN LoGiC GATES ARE
BUFFERED BY CASCADED INVERTERS

We often encounter the case where a certain combina-
tion of logic gates is buffered by cascaded CMOS/Bi-
CMOS inverters as is shown in Fig. 7. In this case, the
last k terms in the delay expression (1) have the same
value:

m—1

D= 2

i=0

W m+k—1 W
<B,~ + 4 ~ﬁ> + 2 <B,,, + Ay, —+—‘>
i=m W,

i i

(1
By differentiating in terms of w;, D is rewritten as follows,
which corresponds to (4):

m—1

D= ZO B + kB,

=

Fm+ Ry Ay AT (12)
Here, it is possible to introduce 7,:
Ta= (g Apo 1 Au?)'/HE (13)

and differentiate D in terms of k. The condition to mini-
mize the delay is

aD
Ec" = Bm + TA + (lnAm - ln TA)TA = 0.

(14)
If a quantity 7,/A,, is written as f,,, the condition for f,,
to minimize the total delay is

]:'Elnfﬂ = ﬁ (15)
e e €A,

This equation is identical to (8) and the root of the equa-
tion, f,.opr, can be calculated by either (9) or (10). The
optimum number of buffer stages, kopr, can be calculated
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Fig. 7. Notation for buffered logic gates.
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Fig. 8. An example of buffer optimization for CMOS and BiNMOS case.

by solving (13) in terms of &, and kopr is given as follows:

AO Am—l
In ({22 +InY
“(Am A, > tn

Korr = In fopr t
Now that the number of gate stages gets determined and
all gate types are given, the case is reduced to case 1 in
Section III. An example of the optimization is shown in
Fig. 8. In this case, ¥ = 1001, and kgpr’s for CMOS and
BiNMOS case are calculated as 1.9 and 3.7, respectively.
It is observed that when the gate sizings deviate from the
theoretical values, the total delay is deteriorated. It is also
seen that the speed advantage of BICMOS gates is about
20% over CMOS gates after the optimization in this ex-
ample.

(16)

VI. CONSIDERATION ON SPURIOUS CAPACITANCES

Spurious capacitances as shown in Fig. 9 are usually
small and negligible compared with gate capacitances in
a buffer, but there are cases where the spurious capaci-
tances are not negligible. The effect of such capacitances
on the optimization procedure is considered qualitatively
in this section. The total delay D for this case is written
as

e L+ C
D=<B0+A0w—1—~'>+<B,+A1w—2,—2>
Wy w

1
W
+ +<B,,_1+A,,_1 = >
Wp—t

an
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Fig. 9. Effect of spurious capacitances. (a) A buffer without spurious ca-
pacitances. (b) A buffer with spurious capacitances.

where C; is the spurious capacitance on node i measured
in LU’s. By differentiating D with respect to w/,we have

!

’ '+ .

Ai—z@ =4,_, b > 4 Wi

Wi_» Wi Wiy
G=2,"--,n-1. (18)

Consequently, the following relations hold:
wi w3 Wi

A—>4,—=> >4 _ 19
0 Wo 1 W{ n—1 W,;_l ( )

On the other hand, in the case without the spurious ca-
pacitances, the following equations hold which are the
same as (2):

w) Wy
AO - = Al —_— =
Wo W

= Al e Q0)
W,

n—1

If (19) is divided by (20) term by term, we have the fol-
lowing inequalities if w;/w; is written as 7;, and wh (=
wp) and w,, (= w,) are introduced:

wi/w Wﬁ/Wz w,/w,
! 1 ' > ’
WO/WO Wl/wl wn—l/wn—l
MMy Ly T
Mo T Nn—1
T =1, = 1. 21
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Taking the logarithm of each term, we have

Ing, —Inngg>Ilng,—Ing > --- >Inyg, —Iny,_,,

(22)

A graph of 7, is shown in Fig. 9. If there is a line like line
A in Fig. 9 and In 5; gets negative, then to the right of
line A there should be another line like line B which pulls
up the value at least to zero from a negative value, since
In 7, should be zero. The existence of line B to the right
of line 4 is contradictory to (22) because the slope of line
B is larger than line A.

This means that the curve of In 7, should be convex
with both ends being fixed at 0. This in turn demonstrates
thatallln (w/ /w;)’s (i =1,2, - ,n— 1)are positive.
In conclusion, it has been shown that w| > Wi, Wi > w,,

*,and w,_; > w,_,. An important message is that
if there are spurious capacitances, the optimized transistor
size in a buffer is always larger than that without the spu-
rious capacitances.

Ing, =1Ing, = 0.

VII. CoNCLUSIONS

A simple yet realistic buffer optimization procedure is
proposed. The theory covers BICMOS and CMOS mixed
cases in a unified framework and is applicable to a buffer
including various gate types. Optimum tapering factor is
found to be e + B/1.54 for cascaded inverters. This re-
duces to e when B = 0 and in this sense the proposed
theory is an extension of the simple e-tapering rule. Good
agreements are seen between theoretical calculations and
SPICE simulations.

The effect of spurious capacitances on the optimization
is also investigated. It is shown that the spurious capaci-
tances increase the size of all transistors in an optimized
buffer.

APPENDIX
OBTAINING A’S AND B's

Think about a system as shown in Fig. 10. The total
delay is expressed as

Total delay = {(Potyo + Qo(C o + Co0)}

+ {(Pitw1 + Q1(Cy, + Co )} + -+
(A1)

In the expression, subscript J and O stand for junction
capacitance contribution and output load capacitance con-
tribution, respectively. P’s and Q’s are coefficients which
do not vary even if the load capacitance condition varies.
t;y is input signal transition time. P; is independent of the
gate size but is a function of the gate type (see [5] for
more detail). C, ; is an increasing function of the size of
the gate i, and C, ; is an increasing function of the size
of the gate i + 1. Q, is inversely proportional to the size
of the gate i. The important point is that P’s and Q’s are
not a function of fan-out f.



SAKURAI: UNIFIED THEORY FOR MIXED CMOS/BICMOS BUFFER OPTIMIZATION 1019

.~
—-l__ Coo C:?,:; ,J;

Co,2

Fig. 10. Notation for logic gate chain.

The following delay is assigned to gate O:
Delay assigned to gate O
= Qo(Cro + Co.0) + Pitiv
= Qo(Cj0 + Co.0) + PR (Cy0 + Co0)
(Qo + P\R)Cyo + (Qo + PiR)Co0
By + Ayfp- (A2)
On the other hand,
Delay (0 = 2) = Qo(Cj0 + Co.0)

+ (Pitvy + Qi (G + Co 1))

((Qo + PiR)Cyo + O1(Cyy + Co1))
+ (Qo + PR ) Cp o

= py + Aofo (A3)
Delay (0 = 1) = Qy(Cro + Co.0) = Qo Cy0 + G Co.0
= qo + rofo- (Ad)

It is seen from these relationships that A, can be obtained
from a slope of the delay (0 — 2) and B, can be obtained
as

O, + PR A
By = (Qo + P\R))C; = Q()CJ,O—O——‘_I‘1 = C]o—o-
Qo Iy
(AS)
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