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Design of Tapered Buffers with Local Interconnect Capacitance
Brian S. Cherkauer and Eby G. Friedman

Abstract—This paper presents a design methodology and an-

i i i i : Stage #0 #1 #2 #3
alytic relationships for the optimal tapering of cascaded buffers
which consider the effects of local interconnect capacitance. The
method, constant capacitance-to-current ratio taperingC*RT), is b b 0 0
based on maintaining the capacitive load to current drive ratio CoEC e L e L
constant, and therefore, the propagation delay of each buffer e T D e ”_—E T

stage also remains constant. Reductions in power dissipation of

up to 22% and reductions in active area of up to 46%, coupled Fig. 1. The split-capacitor model of a tapered buffer.

with reductions in propagation delay of up to 2%, as compared

with tapered buffers which neglect local interconnect capacitance,

are exhibited for an example buffer system. for optimizing the design of tapered buffers assuming local

interconnect capacitance. This topic is described in Section IlI.
Experimental results verifying this sizing method are presented
ARGE capacitive loads are common within CMOS inin Section IV. Finally, a summary with some conclusions is
tegrated circuits, particularly at output pads and on-chjgresented in Section V.
circuitry driving large fanout and/or long interconnect lines.
Drivers are therefore required to source and sink relatively IIl. BUFFER DESIGN NEGLECTING
large currents while not degrading the performance of the LOCAL INTERCONNECT CAPACITANCE
signal path by placing too large a capacitive load on previousLin and Linholm first introduced the CMOS tapered buffer
stages. In CMOS, a tapered buffer system is often usedito1975 [1]. This structure consists of a series of CMOS
perform this task, particularly when the load is predominantiyiverters, where each transistor channel width is a fixed
capacitive [1]-[4]. multiple, F, larger than that of the previous inverter. Lin
Standard practice in CMOS tapered buffer design is #nd Linholm show that for a buffer system consistingNof
assume negligible internal local interconnect capacitance leascaded inverters, the minimum propagation delay through
tween stages. However, in circuit implementations whetke buffer system is achieved when the output current drive
large capacitive loads must be driven, such as in glohal output capacitance ratio of each stage in the buffer remains
clock distribution or cross-chip data paths, local interconnefitxed. For this case, each inverter stage has equal rise, fall,
capacitance between buffer stages may significantly alter #aed delay times. Assuming a simplified capacitance model
performance characteristics of the tapered buffer system.itnwhich the interstage capacitance is directly proportional to
design methodologies based on channel routing, such asthie size of the input capacitance of the following inverter,
gate array or standard cell circuits, local interconnect capagach stage is a fixed ratio larger than the previous stage, a
itance between buffer stages may be on the order of tatenfiguration referred to asfixed-taper buffei(FT).
to hundreds of femtofarads. Even physically abutted bufferiImmediately following [1], Jaeger proposed a modification
stages in structured custom design methodologies may ha¥ehe optimization process which considers only speed op-
tens of femtofarads of local interconnect capacitance betweagnization [2]. He demonstrated that the minimum system
stages. A tapered buffer system optimally designed assumiiglay is achieved when the ratio between transistor channel
no local interconnect capacitance may be suboptimal whesdths, W;, in adjacent stagesl’, is exponentially tapered
stage-to-stage interconnect capacitance is considered, everfifer, ' = ¢), and the total number of stages in the buffer
those cases where the local interconnect capacitance is snggttem, N, is In C/Co, where Cy, is the load capacitance
This paper presents a design methodology to determine thing driven by the tapered buffer system, @hgis the input
transistor sizes within a tapered buffer system which mingrate capacitance of the minimum sized buffer stage.
mizes propagation delay while reducing the power dissipationJaeger’s optimization scheme was enhanced with the de-
and physical area once the local interconnect capacitancevétopment of the split-capacitor model [3], [5]. This model
determined. provides greater accuracy than the single capacitor model
The paper is composed of the following sections. loriginally proposed by Lin and Linholm and by Jaeger. With
Section Il, standard techniques for the optimal design tie split-capacitor model notation presented in [3], the load
tapered buffers neglecting local interconnect capacitance aepacitance of th&? stage of the buffer(';,, numbered from
summarized. The focus of this paper is the sizing technigtiee input stage as illustrated in Fig. 1, is

I. INTRODUCTION
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input gate capacitance of a minimum sized inverter, Anid K is related to the rise and fall time of an inverter, as shown
the tapering factor. in (6).

The capacitive load to current drive ratio of each inverter
stage is constant, as shown in (2) whéges the current drive
of a minimum sized inverter, ensuring that the propagation
delay of each stage is also constant [1], [3].

T=KVpp (6)

As the local interconnect capacitances between stages are in-
dependent of the transistor dimensions, it may not be assumed

Cr, C.+FC 5 that the geometric width of each stage of the buffer should

L I, (@) pe a fixed ratio larger than the previous stage. Therefore, a

) . geometric size ratio$;, is defined for each stage as the ratio
The number of stagesy, calculated from the split-capacitoryf the channel width-to-length of the transistors in

model developed by Ligt al, in [3], is stage to the channel width-to-length of the initial minimum
In Sz sized inverter (stag@) of the tapered buffer system, as shown
c .
= Y in (7).
N=1— (3) (1)
. - . . w w
The tapering factor for minimum delay is determined from the (f) =5; (f) @)
transcendental relationship i shown below [3]. i 0
C, Thus, the current drive of théh stage is
Fln(F) - 1] = &* @
y I; = 51, (8)

These equations are used in Section Il to develop an initial . b .

design of a tapered buffer system in order to estimate the lo&R the capacitive load of thé" stage is
interconnect capacitance between buffer stages. _ [8:Cy + Si41Cy + Cintsy, 0<i< N

Cr. = {Sicm + 0L+ Cins  i=N, ®)

[ll. BUFFER DESIGN WITH LOCAL

where C;,;, represents the local interconnect capacitance at
INTERCONNECT CAPACITANCE :

the output of the' stage, and’;, is the load capacitance of

In a buffer system where each buffer stage is physicaliiie tapered buffer system.
abutted with its neighboring buffer stages, interconnect capac-Substituting (8) and (9) into (5) for alV +1 stages produces
itance is generally small, though its effects are not necessatie matrix equation shown in (10).
negligible. In many practical situations, the local interconnect
capacitance between stages may be large. This situation arises J Gy 0
when buffer stages are not physically abutted due to floorplan- 0 J ¢ )
ning considerations which may occur, for example, when the 00 J G 0
cascaded buffers are placed in separate functional blocks or ' ' o
different rows of cells within an integrated circuit.

Since the split-capacitor model only considers the input and
output transistor capacitances, local interconnect capacitance
adds to the capacitive load of each stage. This has the effect
of altering the stage-dependent load capacitance to current
drive ratio. As the local interconnect capacitance is neither -
proportional to the geometric size of the stages nor constant 17 [ Ciuty ]
for each stage, each stage of the buffer has a different load S Clnt,
capacitance to current drive ratio if a fixed-taper methodology S Clint,
is used. The sizing method presented in this paper determines ) )
the optimal geometric size of each buffer stage once the «| | == ’ (10)
local interconnect capacitance is determined, such that the ) )
load capacitance to current drive ratio of each stage remains
constant, ensuring that the propagation delay of the total buffer
system is minimal. This tapering methodology is referred to ’
in this paper agonstant capacitance-to-current ratio tapering LS LCliney + O
(C°RT). where

The capacitance to current drive ratio of each stage must
be constant for all stages, as shown in (5), to minimize the J=C, — KlI. (12)
delay of the tapered buffer system, whekeis the constant

capacitance to current drive ratio in units of seconds/volt. It IS important to note that/ in (10) is an unknown, as the
value of K has not as yet been determined. Thus there are

Cr, - K Vi (5) N + 1 unknowns in the system: the size of stadethrough
I; N, represented bys; through Sy, andJ.
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The elimination ofS; through Sy from the above system Itis possible for the €RT methodology to produce a tapered
results in (12), permitting the direct determination of abuffer in which a particular stage may be smaller than the
optimal value ofJ. previous stage, i.e., a tapering factor of less than unity between

No1 two stages. This phenomenon occurs when relatively large

N+1 AN N—i AN _ local interconnect capacitances are present at one or more
T Z( ) Clar, J F(=G) " (Gt +0L) = 0 nodes. However, the overall performance characteristics of the
(12) tapered buffer system will be improved despite the less than

Solution of (12) forJ may be accomplished by using aunity tapering factor. A tapering factor less than one is not
numerical technigue, such as the Newton-Raphson method [g}ssible with either the FT or the variable-taper method of
This approach produce¥ + 1 possible solutions, of which [7] and [8].
only one value is of practical use. In order to physically realize Implicit in the CRT methodology is the assumption tht
a tapered buffer systend, must be a negative real number. and the local interconnect capacitances are known. In order to

Once J is determined, the values df; through Sy are determine these values, the classical techniques described in
derived through substitution into (10), resulting in (13). Th&ection Il [2],[3] are applied to an exploratory design of the
values ofS; throughSy are used to size the tapered buffetapered buffer system. Furthermore, th&RT sizing method
system such that the load capacitance to current drive ratigoiesented here is equally applicable to optimizing other criteria
constant for each stage. Note that since stagea minimum in tapered buffer design [9], such as power dissipation [10] and

=0

sized buffer, Sy, = 1. reliability [11], which also require the capacitance to current
C JS drive ratio of each stage to remain constant.
Sipq = — b : for0<i<N  (13)
Cy
It is important to note that very large interconnect ca- IV. EXPERIMENTAL RESULTS

pacitances located between the early stages of the taperetihe importance of local interconnect in the design of tapered
buffer could result in a nonphysically realizable solutiorbuffers varies from small to significant, depending upon the
If this occurs, this sizing method produces one or morelative magnitude of the local interconnect capacitances.
Si’s which are less than one, implying an inverter smalla@rarge interconnect capacitance and proximity to the input
than minimum size. For a physically realizable system, thg the buffer system have greater significance than small
inequality shown in (14) must hold fod < i < N — 1. capacitances or proximity to the output of the buffer system, as
This inequality results from holding;;1 > 1 in (13). When the interconnect capacitance is proportionally less significant
(14) is not satisfied, the buffer circuit must be reorganized toser to the output since the input gate capacitance of the latter
either reduce the large interconnect capacitances or to shift gigges is larger. In general, KT implementation results in
large local interconnect capacitances to the latter stages of gheuffer which is faster, dissipates less power, and requires
buffer system. An additional buffer stage may be necessarylégs physical area than a fixed-taper buffer which neglects the
accomplish this. Alternatively, minimum sized buffers may beffects of stage-to-stage local interconnect capacitance.

used for stages wher§; < 1, though this will not preserve  This sizing technique has been applied to an example

the constant capacitance-to-current ratio. five-stage tapered buffer system designed using both the FT
.. _ 74, method and the tRT method and compared in Table I.
Cmti ]Sz .
Sit1= — =1 (14) In this example,C, = 10 fF, C, = 25 fF, Cp = 5
Yy

pF, f = 10 MHz, and the local interconnect capacitance
Also noteworthy is that there is no fixed relationship bebetween stage 1 and stage 2 of the bufi@r. ) is varied.
tween the sizes of adjacent stages irP®T buffer. Rather, the Considering parallel plate and fringing capacitance [12], the
tapering factor depends upon the magnitudes of the local interconnect capacitance between physically abutted buffer
terconnect capacitances. This is unlike the fixed-taper methatizges with minimum width (3um) interconnect lines in
of [1]-[3], and also unlike the variable-taper method present@d) ym technology is approximately 10 fF. Therefore, the
in [7] and [8], in which the expressiofi;;; = Fi*t1S; is used local interconnect capacitance between the remaining stages
with constantF' to determine the sizes of successive buffés assumed to be 10 fF. In circuits which utilize channel
stages. The variable-taper method of [7] and [8] producesuting, such as gate array or standard cell circuits, or when
tapered buffers with nonminimal propagation delays. Typicgteater than minimum width interconnect lines are used to
propagation delays are 10-15% greater than the fixed-tapetluce electromigration failure in these high current drive
method, with a hybrid variable-taper fixed-taper approadiuffer systems, the interconnect capacitance between stages
producing propagation delays 2% greater than the fixed-tapan be much greater than 10 fF. Thus, the results presented
method [7],[8]. As is shown in Section 1V, the*RT method in Table | are conservative since the larger the local inter-
produces tapered buffers with propagation delays less than tio@nect capacitance, the more advantageous tRT @esign
FT method. The local interconnect capacitances are assumegthod becomes. The percentages shown in Table | indicate
to be zero in [7] and [8]; however, the’RT method presented the relative magnitudes of each performance characteristic:
here is extendable to the variable-taper method of [7] and [®fopagation delay, power dissipation, and active area of the
permitting the effects of the local interconnect capacitances@RT buffer as compared with the FT buffer. Thus, a value
be considered. less than 100% indicates an improvement in the performance
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TABLE |
COMPARISON OFBUFFER SYSTEM CHARACTERISTICS NEGLECTING INTERCONNECT 4 j i -
CapACITANCE (FT) AND INCLUDING INTERCONNECT CAPACITANCE (C3RT). 2
: 35 o FT 1
' C3RT -
Tapering 3 5 ; i
Factor 3
25t
106F | 229 | 228 | 994% | 142 | 1.38 | 97.2% | 1900 § 1795 | 94.5% 2r A
100 fF | 256 | 2.54 | 99.1% | 1.44 | 132 | 91.7% | 1900 | 1591 | 83.7% 15k
250 fF | 287 | 2.85 }99.3% | 148 | 125 | 84.4% | 1900 | 1313 | 69.1% i
500 fF | 338 | 332 | 98.0% | 156 | 121 | 77.6% | 1900 | 1024 | 53.9% r ‘
0.5 : L -
o . 0 1 2 3 4
characteristic of the €TRT buffer as compared with the FT Stage
buffer. Propagation delay and power dissipation values are
derived from SPICE [13]. Fig. 2. Comparison of tapering factor of a five-stage buffer for FT ah&TC

: . - desi thods.
It is demonstrated in Table | that, for a specific examplefeSIgn methods

the CRT buffer has improved performance characteristics V. CONCLUSION

over the FT buffer. The propagation delay of thé RT .
buffer exhibits a small improvement of up to 2%, with CMOS tapered huffers are frequently used to drive large

larger values of local interconnect capacitance tending §@Pacitive loads which arise from long global interconnect
exhibit increasing improvement in propagation delay. POWgPeS’ such as CI(_)Ck dlstrlbutlpn network;, high capacitance
dissipation reductions in the 3&T buffer of up to 22% fanout,_and off-chip loads. Typ_lc_ally, Ioc_al mterconn_ect capac-
are shown with increasing local interconnect capacitandé2Nce is assumed to be negligible during the design of these

Also noteworthy is the steady absolute decrease in po @pered buffer systems. However, interconnect capacitance

dissipation with increasing local interconnect capacitance fAfthin the buffer system can be significant, particularly when

the C3RT buffer. This may appear counter-intuitive, as great&Porplanning considerations require the buffer to be located
capacitance leads to greater power dissipation, and inddapeparate funcUongI k_JIOCkS or different rows of cells. A

this is the case with the ET buffer. However, note thdpethodology for designing optimally tapered buffer systems
the active area of the X&T buffer also decreases with in_which considers local interconnect capacitance is presented

creasing interconnect capacitance, and this leads to a 766 This method, T, permits a tapered buffer to be

duction in overall capacitance, and hence a reduction @Rtimized to its specific physical environment.
overall power dissipation. Active area reductions of up to Tapered buffer systems designed with this method are

46% are shown for this example, with area improvemen?gown to have improved performance characteristics in the

increasing with increasing local interconnect capacitance. FReSence of local interconnect capacitance over those buffer

general, a fixed-taper buffer implementation based on tﬁgstemsin which the design method neglects local interconnect

split-capacitor model is nonoptimal when interconnect c§apacitance. For a specific example, reductions in power
issipation of up to 22% and reductions in active area of up

pacitance is not considered. Also noteworthy is that Wilﬂ 3 . ) .
Cime, = 500 fF, stage 2 in this example circuit is actuall)}o 46% coupled with reductions in propagation delay of up to

o~ . 5 .
smaller than stage 1. Thus, as described in Section Ill, 0 @re exhibited using the°&T method as compared with

pering factors less than unity are possible with theRT traditional fixed-tapered buffers. Thus, significant performance
method. improvements can be attained by considering the effects of

In Fig. 2, the effects of the magnitude of the local interl-ocal interconnect capacitance during the design of tapered

connect capacitance on tapering factor (the ratio of sizes hyfffers.
adjacent stages); = S;/S;-1, are illustrated for the five-
stage buffer of Table | withC;,,, = 250 fF. As shown in
the graph, the 250 fF capacitive load between stages 1 am H. C. Lin and L. W. Linholm, “An optimized output stage for MOS

2 dramatically reduces the tapering factor from 3.49 to 1.02 integrated circuits,1EEE J. Solid-State Circuitsvol. SC-10, no. 2, pp.
. o . 106-109, Apr. 1975.
between those two stages. This reduction in tapering factg) r. c. jaeger, “Comments on ‘An optimized output stage for MOS

occurs since 250 fF is comparable in magnitude to the sum integrated circuits,”IEEE J. Solid-State Circuitsvol. SC-10, no. 3,

i i pp. 185-186, June 1975.
of the input and output stage capacitances seen at that no “N.C.Li. G. L. Haviland, and A. A. Tuszynski, “CMOS tapered buffer,”

Thus, stage 2 is smaller than the fixed-taper implementation, |EEe J. Solid-State Circuits/ol. 25, no. 4, pp. 1005-1008, Aug. 1990.
thereby reducing the gate input capacitance at the output &8 N.Hedenstierna and K. O. Jeppson, “Comments on the optimum CMOS

; ; ; tapered buffer problem [EEE J. Solid-State Circuitssol. 29, no. 2, pp.
stage 1 (the input of stage 2). A higher tapering factor than 155159, Feb. 1994.

the fixed-taper solution, however, is necessary in the remainirgg] A. Kanuma, “CMOS circuit optimization,’Solid-State Electrop.vol.
stages. This process can be thought of as shifting the capacitiye 26. no. 1, pp. 47-58, 1983. .
load d th fth hai h he devi | 6] W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
oa .tgwar the OUIpUF of the chain, w er? the devices are le Numerical Recipes in C, The Art of Scientific ComputinGambridge
sensitive to the local interconnect capacitance [14]. Univ. Press, 1988.
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