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Delay Models and Speed Improvement
Techniques for RC Tree
Interconnections Among

Small-Geometry
CMOS Inverters

CHUNG-YU WU, MEMBER, IEEE, AND MING-CHUEN SHIAU

Abstract —Physical delay models entirely based upon device equations
for small-geometry CMOS inverters with RC tree interconnection net-
works are presented. Through extensive comparisons with SPICE simu-
lation results, it is shown that the maximum relative error in delay—time
calculations using the developed model is within 15% for 1.5-pm CMOS
inverters with RC tree interconnection networks. Moreover, the model
has a wide applicable range of circuit and device parameters. Based
upon the developed models and the mathematic optimization method,
an experimental sizing program is constructed for speed improvement of
interconnection lines and trees. In this program, given the size of the
input logic gate and its driving interconnection resistances, capaci-
tances, and structures, users can choose one of four speed improvement
techniques and determine the suitable sizes and /or number of drivers /
repeaters for a minimum delay. The four speed improvement techniques
use minimum-size repeaters, optimal-size repeaters, cascaded input
drivers, and optimal-size repeaters with cascaded input drivers to re-
duce the interconnection delay. It is found from the sizing results of the
experimental program that the required tapering factor in cascaded
drivers is not e (the base of the natural logarithm) but a value in the
range of 4-8. Moreover, adding a small number of drivers /repeaters
with large sizes is more efficient in reducing the interconnection delay. It
is also shown that the technique of optimal-size repeaters with cascaded
input drivers can lead to the lowest delay.

I. INTRODUCTION

T IS known that interconnection delay is a critical

factor in speed improvement of CMOS VLSI/ULSI
[1], [2]. To deal with this problem, efficient and analytical
delay models of complicated interconnection nets among
logic gates have to be developed first in order to perform
the delay analysis. Then, with the aid of the delay models,
optimal drivers should be designed to drive interconnec-
tion nets and minimize the delay. Evidently, the timing
models must be accurate enough in calculating intercon-
nection delay as well as driver’s delay. Otherwise, the
driver scheme cannot be correctly designed and sized.
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So far, many interconnection delay models [3]-[12] have
been proposed. Among them, modeling logic gates and
interconnection nets separately [3]-[9] or modeling a logic
gate by a single linear RC circuit [10]-[12] may lead to a
significant error in high-performance design [13]-[15].

Recently, a physical delay model for simple intercon-
nection lines among small-geometry CMOS inverters has
been proposed [13], [14] where analytical delay equations
were derived together with the input waveshape effects
[16], [17] and both the effect of a logic gate on the
interconnection delay and the effect of interconnection
on the gate delay were considered. It has been shown that
the proposed model has a good accuracy and a wide
applicable range of circuit and device parameters.

It is the aim of this paper to generalize the modeling
techniques [13], [14] for the characterization of the delay
of interconnection tree networks among small-geometry
CMOS inverters. Through extensive comparisons with
SPICE simulation results, the maximum relative error of
the developed model is found to be below 15% for the
delay times of CMOS inverters with different RC values
in each branch of tree interconnection networks, different
gate sizes, device parameters, and even input excitation
waveforms. Moreover, the delay at any output node can
also be accurately predicted.

A long interconnection line or tree among the two logic
gates degrades the total delay significantly. To improve
the speed, a suitable number of drivers and /or repeaters
with suitable sizes has to be added to drive the intercon-
nection nets [2], [18]. There are four speed-improvement
techniques which use minimum-size repeaters, optimal-
size repeaters, cascaded input drivers, and optimal-size
repeaters with cascaded input drivers [2]. In these tech-
niques, determining the suitable number and sizes of
drivers and/or repeaters is a very important issue in
design and optimization.

Based upon the developed interconnection line and
tree delay models, the four speed-improvement methods
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[2], and the mathematic optimization technique of the
Broyden-Fletcher~Shanno (BFS) [19] method, an experi-
mental CAD program is constructed to determine suit-
able sizes and /or numbers of drivers/repeaters for inter-
connection lines and trees. It is shown that the driver
and /or repeater schemes can be more accurately de-
signed in this program to achieve a higher speed than
those designed by the other approach [2].

In Section II, a model formulation of interconnection
trees is presented. Verifications of the developed model
are then presented in Section III. The application of the
developed delay models in speed improvement is de-
scribed in Section IV. Finally, the discussion and conclu-
sions are given in Section V.

II. DeLAY MODEL OF INTERCONNECTION TREES

A. Waveform Generation, Timing Definition, and MOSFET
Region Location

Consider a string of identical 1.5-um CMOS inverters
with RC tree interconnection networks as shown in Fig.
1. To accurately simulate the behaviors of the RC tree
interconnection networks under various operating condi-
tions, each branch in the tree networks is equivalently
represented by a three-step 7 ladder circuit [11] as will be
shown later. If the fall time of the output voltage V,;
where 1<j<10 is to be characterized, its simulated
characteristic waveforms [13], [14], [16] can be illustrated
in Fig. 2. At any output node j, the falling waveform of
the node voltage V,; has an initial delay time 1,4, fall
time T, and fall delay time Ty, ;, as indicated in Fig. 2
for j=1 and 10.

During the fall-time period Tg;, the operating regions
of the MOSFET’s M, and M, and those in the load stage
are first determined from their drain-source voltages V¢
and drain-source saturation voltages Vjg,r. According to
the MOSFET operating regions, the falling waveform of

DRIVER

STAGE

V,; during the fall-time period Tj; can be divided into
Regions I and II as indicated in Fig. 2. In Region I, M, is
nearly off and M, is saturated. In Region II, however, M,
is off and M,, is linear. For the load stage in both regions,
its PMOSFET is saturated and the NMOSFET is in the
linear region. Both devices in the load stage are treated as
a capacitive load and their capacitances are calculated
according to their operating regions.

On the waveform of V,,, the boundary point between
Regions I and II can be determined by letting V,,( = Vj5n)
be equal to the saturation voltage Vpgary, Which can be
calculated from the Vg, equation in the level-2 model
of SPICE with the corresponding V,(=V,y). The time
period ¢, during which the voltage V(¢) lowers from
Vpp t0 Vpsarw can then be calculated from the equation
of V,(t) to be derived later. From the calculated ¢, the
corresponding boundary point on each output voltage V,;
at any output node can be found. In this way the voltage
V,i(ts) of V, (1) at the boundary point between Regions
I and II can be calculated.

B. Large-Signal Equivalent Circuit Generation and
Current / Capacitance Linearization

The overall large-signal equivalent circuit during T, is
given in Fig. 3 where each branch in the tree interconnec-
tion networks is represented by a three-step = ladder
circuit to simplify the overall equivalent circuit while
retaining the delay accuracy, as will be verified later. In
Fig. 3, the linearized equations of the drain current [, in
Region I (saturation) and Region II (linear) are given in
Table I [13], [14]. The linearized saturation drain current
is obtained by using the lambda model [20] with a fixed
value of the parameter A. In Region I, this value is
determined by the slope of the drain currents between
V.1 =Vihsatn and V,, = (Vpp + Vpsarn)/2 with the aver-
aged value of Vs, in this region. In Region II, the value
of A can be determined by the slope of the drain currents
between V,; =0.0 and V,, = Vgarn /2. As compared to
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Fig. 2. Typical fall characteristic waveforms of the circuit in Fig. 1.
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Fig. 3. Large-signal equivalent circuit of the circuit in Fig. 1 during the fall-time period.

SPICE simulations, the linearized drain current equation
has a maximum error of 10% at the boundary of satura-
tion and linear regions.

The load capacitance C, and the device capacitances
C. and C, are all voltage-dependent. All the voltage-
dependent capacitances as well as the voltage-dependent
device parameters and the input voltage V; in the drain
current are further linearized by fixing their values at the
linearization point [13], [14]. The linearization point in
Region I is optimally determined at the center point with
t=t;, where V, (¢, )=V, + Vpsarn)/2, whereas that

in Region 11 is at the center point ¢ =t;, where V,(¢;,)
=Vpsarn /2 [13], [14]. After linearization, the equivalent
circuit of Fig. 3 becomes a linear circuit.

C. Effective Dominant Pole Calculation

In Fig. 3 the feedthrough current from the input node
V; to the output node V,; is negligibly small so that its
effect can be neglected [13], [14], [21], [22]. Then, from the
S-domain nodal equations of the circuit in Fig. 3 with the

input node short-circuited, the voltage V,,(S) at output
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node j can be obtained and written as
(byS®+b,;87+ -+ + 5,87+ b,S+1)b,

V..(S)=
w(S) S(agS®+ayS¥+ -+ +a,8%+a;S+1)a,

(1)

where b, and g, are positive and real coefficients. The
effective dominant pole Py,; of V,; in Region I (satura-
tion) during the fall-time period can be calculated from
(D) as [13], [14]

1
o =[(a —2xa,) = (b} -2 5,)] .

P (2)

In this expression, the second term in the square root
represents the effective dominant zero contingent upon
the output node position. The effective dominant zero is
entirely produced by interconnection networks. Neglect-
ing the effective dominant zero will lead to a significant
error.

D. Voltage Waveform Function Calculation

By using the single-pole-response approximation in each
region, the output voltage waveform V,(¢) at any output
node can be analytically expressed in terms of its initial
delay, effective dominant pole, and initial and final volt-
ages of Regions I and II. During the fall-time period T,
the initial and final values of the output voltage V,; in
Region I are V), and —1/An, respectively. The initial
voltage V), is due to the full voltage swing of the CMOS
logic gates, and the final voltage —1/An can be obtained
by letting the NMOSFET drain current I,, listed in
Table I be equal to zero. But in Region II they are
V,(t;) and 0, where V,(t,,) is the voltage of V,(¢) at
the boundary point between Regions I and II. If the
beginning point of the input voltage waveform is chosen
as the origin of time axis, the output voltage waveform
V,t) at any output node j can be expressed as

1
Vop + —)e

Vaj(t) = ( An
Voiltga)e 0,

where Py,; and Py, represent the effective dominant pole
in Regions I and II, respectively, at output node j and 7,
is the initial delay at output node j.

From the waveform function V,,(¢), the equations of
tssis lgser @nd £y, as listed in Table T can be derived
according to their definitions given in Sections II-A and
B. Substituting the expression of s, into (3), all the

|EEE JOURNAL OF SOLID-STATE CIKCUITS, VOL. 25, NO. 5, OCTOBER 1990

output voltages ¥, (t,,) in (3) for 1 < j <10 can be written
as

1 P/ Frst
1 VDSATN+E 1
V"f(tfs’)=(VDD+A—n X | ——— T
VDD*’D’
(4)

E. Rise / Fall Time and Delay Time Formulation

The characteristic fall time Tj; of the output voltage
V,(t) can be calculated from (3) and written as

1
. +—
0-9%¥5p An 1 Voilts)

0.1V,

3

! fsi V([ )+___ —P;
L oj\‘*fsi An

if V() > 0.1V (5)
-09V !
+__
1 Yoo
7, = —In R—T

J v I
Frs 0.1V, + o
n

i V(1) < 0Wpp. (6)
In the calculation of T, V; represents the rising char-
acteristic input waveform which also has two different
regions with different effective dominant poles. In formu-
lating V(1) and V{(t,), single-pole-response approxi-
mation is used and V(1) can be expressed as

V(1) =Vpp(1—e™ ) (7)
where
In(9.0)
rk = TRk . (8)

In the above equations, P, and Ty, represent the char-
acteristic rise pole and rise time, respectively, at node k.
Substituting the expressions of 7, and ¢, into (7), the
equations of V() and V(¢;,) in Table I can be de-
rived. In these two equations, an empirical and universal
constant is given to the pole—delay product P, y¢,,, which

1
=Pt ~tyg) R
An

tqy; <t <try (RegionT)

(3)

tyg <t <= (Region 1)

has been proven to be a nearly constant physical parame-
ter [21]-[24].

Through V(t,,) and V(t;,), Tr; becomes a function of
Ty, and vice versa. Simple iterations are required to solve
Ty, and Tg,. Usually the resulting iteration number is less
than 5.

According to the delay definition in Fig. 2, the rise
propagation delay Ty, ;; and fall propagation delay Tpy, ;
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between the input node k and any output node j can be
expressed as

9
(10)

where Tro{Troi) Stands for the time interval during
which V, (¢ XV, (1)) rises from 0 to 0.5V, at node j (k),
and Ty, (Trey) for the time interval during which V, ()
V,.(¢)) lowers from V,, to 0.5Vp.

For simplicity, empirical laws for the initial delay times
ts; and t,; were found [13], [14], [21]-[24]. As a result,
the rise propagation delay Tp;,; and fall propagation
delay T, ; at any output node j can be reformulated by
the simple relations

Toru; =T+ Troj — Trok

Tour; =Tup + Tro; — Trox

Tpp ;= (0.1256Tg; +0.5035T 5, +0.4585T )

+Troj — Trox»  §=1,2,3,-++10, k=10 (11)

Tpur,; = (0.1638T;¢; +0.3917Txq, +0.4874 Tz, )

+ Tro; — Trows j=1,2,3,---10, k=10. (12)
Note that the above equations are universal and can be
used to calculate the delay times under various conditions
with a satisfactory accuracy, as will be verified in the next
section.

III. Comparisons wiTH SPICE SiMULATIONS

A. CMOS Inverters with RC Tree Interconnections

To verify the accuracy of the developed analytical delay
models, extensive comparisons between theoretical calcu-
lations and SPICE simulations were made for 1.5-um
CMOS inverters with different RC values in each branch
of the tree networks, different gate sizes, device parame-
ters, and even input excitations. Part of the comparisons
is shown in Fig. 4 for the rise /fall delay times at the first
output node of CMOS inverters with smaller RC values
in each branch of the RC tree interconnection networks
and reduced threshold voltages Vyop and Vioy. It is
shown that the maximum relative error in the rise/fall
delay times at any output node is 15%. Since the delay
times are expressed by equations in the developed model,
the CPU time consumed in the delay calculation is about
two orders of magnitude smaller than that in point-by-
point full transient analysis like SPICE.

As mentioned in the previous section, the developed
model equations contain the constant product of the
input pole and the initial delay. Moreover, the output
fall(rise) time is a function of the input rise(fall) time.
Through these relations, the input waveform effect has
been implicitly incorporated into the model. Thus it can
be applied to the cases of the noncharacteristic wave-
forms not deviating much from the characteristic wave-
forms. The general relative errors for the delay times are
still below 15%. The ability to calculate the noncharacter-
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TABLE 1
TuE Linearizep EquaTions oF THE NMOSFET Drain
CURRENT I, IN ReGIONs I anD 11

LaaVasn=Vi Vosn=Vo1) = lino (1 + *aVo1) = Lano * CmosVo1
in Region [
1inViltseh(VDp* VpsaTn) /2) = Lan(Viligseh VDgaTN)

where

G =
MOS WDD'\)’DSATN)/? v
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Fig. 4. Calculated and simulated rise/fall delay for 1.5-um CMOS
inverters with smaller RC values in RC tree network and reduced
threshold voltages Vryop and Vygy-

istic waveform timing makes the developed models more
practical and versatile.

Although the above comparisons are all based on the
demonstrating networks like Fig. 1, the developed model
can also deal with the RC tree interconnection networks
with different RC values in every branch of the tree
networks and retain the same error characteristic.

B. CMOS Inverters with RC Line Interconnections

The developed delay model for interconnection tree
networks can also be applied to calculate the signal timing
of CMOS inverters with RC line interconnections and the
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Speed-improvement techniques for driving interconnection line: (a) original interconnection line; (b) minimum-size

repeaters; (c) optimal-size repeaters; (d) cascaded input drivers; and (e) optimal-size repeaters with cascaded input

drivers.

same relative error characteristic can be retained. In this
sense, the developed timing models are quite general.

IV. SPEED-IMPROVEMENT TECHNIQUES

There are many optimization methods to solve the
unconstrained problem with a minimum delay [19], [25],
[26]. Among them, the Broyden-Fletcher—Shanno (BFS)
method is an optimization method with quadratic conver-
gence rates. Thus the CPU time consumption can be
reduced. This method uses only the function values and
gradient vectors in generating mutually conjugate search
direction. From the computation point of view, it is very
suitable for the sizing of CMOS inverters with RC-tree
interconnection networks.

Based upon the developed interconnection delay mod-
els and the Broyden-Fletcher—Shanno (BFS) method [19],
an experimental program is constructed for speed im-
provement of the interconnection lines and trees. In this
program, given logic gate sizes and its driving intercon-
nection resistances, capacitances, and structures, users
can choose one of four speed improvement techniques [2].
The program can calculate the number and/or sizes of

drivers /repeaters for a minimum delay. The four im-
provement techniques use minimum-size repeaters, opti-
mal-size repeaters, cascaded input drivers, and optimal-
size repeaters with cascaded input drivers. It is shown
that the program can accurately design the number
and/or sizes of drivers/repeaters in each scheme. Also,
the results are more accurate than those given in the
previous literature [2].

A. Speed-Improvement Techniques in RC Line
Interconnections

1) Minimum-Size Repeaters: When the resistance of in-
terconnection networks is comparable to or larger than
the output resistance of the active driver, propagation
delay increases as the square of the interconnection length
because both capacitance and resistance increase linearly
with the interconnection length [2]. The use of k mini-
mum-size inverters as repeaters makes time delay linear
with length by dividing the interconnection lines into k
smaller subsections, as shown in Fig. 5(a) and (b). In this
figure, R,,, and C,,, stand for interconnection resistance
and capacitance, respectively, and the minimum W /L
ratios of PMOSFET and NMOSFET are 1.2 pum/1.2 um
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TABLE 11
Tue CALCULATED AND THE SIMULATED ToTAL PAIR DELAY TiMES IN FIG. 5

Rint and Cint Original Minimum-Size | Optimal-Size Cascaded Dl?txmal—bize Repeaters
Data Type Interconnec- N with Cascaded Input
values tion Line Repeaters Repeaters Input Drivers Drivers
THEORY .2 . . . 2.21
Ryt =0 10K0 2.21ns 2.2ps 2.21ns 2.21ns ns
Our Work 2.45ns 2.45ns 2.45ns 2.45ns 2.45ns
Cint =0.01pF SPICE
[2) 2.45ns 2.45ns 2.45ns 2.45ns 2.45ns
THEORY 5.136ns 5.136ns 4.45ns 3.658ns 3.658ns
Rint =0.20k0
Our Work 5.55ns 5.55ns 4.83ns 4.018ns 4.018ns
Cynt =0.10pF SPICE
int {21 5.55ns 5.55ns 5.25ns 4.55ns 4.55ns
THEORY 36.13ns 36.13ns 10.3ns 6.806ns 6.806ns
Rint =2.00kQ
Qur Work 35.82ns 35.82ns 11.1ns 6.954ns 6.954ns
SPICE
Cint =1.00pF
int [2) 35.82ns 44.2ns 13.56ns 8.22ns 8.06ns
THEORY 102.6ns 80.68ns 21.08ns 44.19ns 15.96ns
Rint =20.0kR
Our Work 100.2ns 82.50ns 22.78ns 42.24ns 18.16ns
Cyp =2.000F | SPICE
int (2} 100.2ns | 120.52ns 27.18ns 43.84ns 23.12ns
THEDRY 498.9ns 361.3ns 43.8ns 194.6ns 33.19ns
Rint =20.0kQ
Our Work 485.9ns 352.8ns 48.2ns 189.7ns 36.17ns
Cis =10. SPICE
int OpF (2] 485.9ns 444 .6ns 64.56ns 194.2ns 51.2ns
THEORY 21380ns 3612ns 325.66ns 17341ns 305.08ns
Rint =200k
Our Work 20935ns 3570ns 368.5ns 17198ns 337.9ns
Cirg =1 SPICE
ant. =100p (2] 20935ns | 4438.4ns 531.28ns 17264ns 481.4ns

and 1.2 um/1.2 um, respectively. The developed pro-
gram is constructed together with the input waveshape
effects [16], [17] so that it can deal with any input wave-
form not deviating much from the characteristic wave-
forms. However, for comparisons with the results in [2],
the input waveform V; uses step-voltage excitation in Fig.
5. Running the developed program, the propagation delay
of an interconnection line with k¥ minimum-size inverters
as repeaters can be optimized. Table II shows the calcu-
lated and the simulated total pair delay of the original
interconnection line (Fig. 5(a)) and the interconnection
line with k minimum-size repeaters, with the calculated &
listed in Table III. It is shown that the speed improve-
ment in total pair delay is significant only when R,;,,C;

int~int
of the interconnection line is large. When R,,,C,,, is

int“~int
small, no minimum-size repeater is added (k = 1) and the
total delay remains unchanged. This means that using
minimum-size repeaters can improve the speed of a very
long interconnection line but not a medium or short one.

2) Optimal-Size Repeaters: Total pair delay can be fur-
ther improved by increasing the size of repeaters because
the driving capability of the repeaters is directly propor-
tional to the size of MOSFET’s. Running the developed
program, the minimum total pair delay of an RC inter-
connection line driven by equally spaced k — 1 optimal-size
inverters as repeaters (Fig. 5(c)) with size factor & can be
achieved. The calculated and the simulated total pair
delay times are listed in Table II whereas the calculated
values of k and h are listed in Table III. Note that the
first stage of this scheme must be a minimum-size inverter

so that its delay can be compared to other schemes which
have the same minimum-size inverter as the first stage.

As may be seen from Table II, adding optimal-size
repeaters is very efficient in reducing the overall delay of
an interconnection line when R;,,C,,, is large. The reduc-
tion percentage can be as high as 98% for a long intercon-
nection line with R;,, =200 kQ and C;,, = 100 pF.

As a comparison, the number of drivers/repeaters and
their sizes in both cases of minimum-size repeaters and
optimal-size repeaters are also calculated by using the
formulas given in (2]. Then the total delay times of the
overall circuit are obtained from SPICE simulations. Table
IT shows the SPICE simulated total pair delay times
whereas Table III gives the corresponding number of
drivers/repeaters and their sizes. It can be seen that the
SPICE simulated delay times in both schemes designed
through the use of the program are smaller than those
designed from the formulas in [2]. But the required num-
ber of minimum-size and optimal-size repeaters in our
work is less than that in [2]. For example, according to the
design program, 97 minimum-size repeaters are required
for an interconnection line with R;,, =200 kQ and C,,,
=100 pF and the resultant SPICE simulated delay is 3570
ns. According to the result in [2], five times more re-
peaters (500 repeaters) are required but the resultant
delay is 24% higher. For optimal-size repeaters, the num-
ber of repeaters calculated by using the design program
(239) is also much smaller than that (515) in [2] by 53%,
whereas the delay can be reduced by 30% through the
suitably optimized repeaters sizes. Note that the repeater
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TABLE III
Tae REQUIRED VALUES FOR THE FOUR SPEED-IMPROVEMENT TECHNIQUES IN OUR
DEvELOPED DELAY MODEL AND IN [2]

. Minimun-Size | Optimal-Size Cascaded Optimal-Size Repeaters
Rint and Cint Data
Repeaters Repeaters Input Drivers |with Cascaded Input Drivers
values 1
ype
k h k f n f n a k

Rint =0. 108 1 0 1 0 1 0 1 0 0 Model

Cint =0.01pF ! o 1 z : P : B . [2]

Rint =0-20kR 1 7.25] 3 6.94 | 3 6.94 3 ] To Model

Cint =0.100F 17.5] 3 s 2 “ sl |- 23

Rint =2.00kQ 1 22.5| 9 6.38 | 3 6.38 3 i 1] 0 Mode L

Cint =1 S 17.¢ 15 E & B LA S iz

Rint =20.0kQ S 27.5 15 4.12 3 4.75 3 43.75 8 Model

Cint =2.00pF 3 i/ Z F 2 z

Rint =20.0kR 9 31,78 37 |s.44 ) 3 6.94 3 |44.44 20 Model

€, =10.0pF 5L (R s L Iy

—

Rint =200k 97 32.25 239 |7.06 | 3 Ls.sa 3 |ua.s8 212 Model

Cint =100pF 501 L R J B

Average CPU

Time(S)(IBM PC) 19.2 52.5 40.8 124 .4

for Model

size should be properly increased with the increase of
R,,.C,, in order to achieve a better speed performance.

3) Cascaded Input Drivers: It is shown that a chain of »n
drivers that increase in size by a tapering factor f can be
used to drive the RC loads [2], [27] or interconnection
lines as shown in Fig. 5(d). Running the developed pro-
gram, the optimal total pair delay of an interconnection
line driven by such cascaded and tapered drivers can be
calculated. Table II shows the calculated and the simu-
lated results; the required values for f and n are listed in
Table III. The program shows that the suitable tapering
factor is approximately 4~8 instead of e (the base of the
natural logarithm) as in the conventional taper buffer [2].
Furthermore, because the number of inverters n must
only be an odd integer number [16], all values of n are
equal to 3, which is less than those in [2].

It is shown in [16] that the suitable tapering factor of
CMOS inverters with pure capacitive loads is in the range
3-5. To drive RC loads rather than pure capacitive loads,
however, a larger tapering factor has to be used because
it leads to a larger transistor size and thus a smaller oN
resistance, which can drive RC loads efficiently to achieve
a minimum delay. So the required tapering factor is in the
range 4-8.

Table II shows the SPICE simulated total pair delay
times in [2] whereas Table III gives the corresponding
number of cascaded drivers and their sizes. It can be seen
that cascaded input drivers with a larger f and a smaller

n (in our work) are more efficient than those with a
smaller f and a larger n (in [2]) in reducing the delay time
when R,;,,C;,, is not large. For example, when an inter-

int~int
connection line has R;,,=2.00 kQ and C,,, =1.00 pF,

nt
the delay time of five cascaded drivers with f = e is about
18% higher than that of three cascaded drivers with
=638

As compared to the technique of optimal-size re-
peaters, cascaded input drivers are less efficient in reduc-
ing the interconnection delay when R,,,C,,, is large. But
cascaded input drivers are still better than minimum-size
repeaters when R;,,C,,, is not very large.

4) Optimal-Size Repeaters with Cascaded Input Drivers:
As illustrated in Fig. 5(e), optimal-size repeaters with
cascaded input drivers combine the structure of the opti-
mal-size repeaters and the cascaded input drivers. Table
II shows the calculated and the simulated total pair delay
times whereas Table III gives the required values of f, n,
k, and h.

As compared to the results in [2], a lower delay time
can be achieved by optimal-size repeaters with a much
less k and a larger 4 and by cascaded input drivers with
the same n and a larger f. For R, =200 kQ and
C,,, =100 pF, the delay time obtained in this design is
about 30% lower than that in [2]. Among the four tech-
niques, this technique can give the lowest delay time,
which is 8% lower than that of optimal-size repeaters, as
shown in Table II.
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Fig. 6. An example to apply optimal-size repeaters with cascaded input drivers to CMOS inverters with RC tree
interconnection network where the unit-size CMOS inverter has the minimum W /L ratios which are 2.4 um /1.2 um and
1.2 um/1.2 pm for PMOSFET and NMOSFET, respectively.

B. Speed-Improvement Techniques in RC Tree
Interconnection Networks

The previous four driving schemes used in an RC TABLE IV
interconnection line can also be applied to the RC tree THE CALCULATED AND THE SIMULATED PR DELAY IN FiG. 6
interconnection networks. For simplicity, here we only
demonstrate the scheme of optimal-size repeaters with ouTPUT Data Type Original Adding
cascaded input drivers. Applying this scheme to an inter- {ntetcomection Treq Orivers/fepeaters
connection tree, the design guidelines are as follows: THEORY 448 29.54
Vol SPICE 410 31.25

1) apply the developed delay model to determine the

maximum-delay path and its connected branches; ERROR +9.3% -5.5%

2) to reduce the RC loads due to the RC branches

‘ ; . THEORY 515 32.56

connected to the maximum-delay path, optimal-size
repeaters with cascaded input drivers are used to Voz SPICE 522 36.75
drive these RC brancbes; _ . ERROR 1.3% 11.4%

3) to reduce the total pair delay time along the maxi-
THEORY 540 35.85

mum-delay path, all the RC branches along the

maximum-delay path except the leftmost one and Vo3 SPICE 564 40.35

those not connected to the maximum-delay path

. . . ERROR -4.3% -11.2%
are driven by optimal-size repeaters;

4) the leftmost branch along the maximum-delay path THEORY 532 32.78

is driven by optimal-size repeaters with cascaded

. . Vos SPICE 554 36.95
input drivers.
ERROR -4.0% -11.3%
As an example, the delay of an 1nte.rc0nnc.:ct1(_)n tree is — a7 s 20
to be reduced through the above design guidelines. The
resultant driver /repeater scheme is shown in Fig. 6 where Vos SPICE 560 40.10
the number and the sizes of drivers/repeaters are deter- ERROR 4% 1o.0%
mined from the developed program to reduce the delay.
Table 1V shows the calculated and the simulated pair, THEORY 41 34.51
delay time before and after applying the speed improve- Vos SPICE 566 " 38.65
ment techniques. It can be seen that pair delay time can
ERROR -4.4% -10.7%

be improved by more than an order of magnitude.
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V. ConNcLuUsioN AND DiscussioN

Physical delay models for 1.5-um CMOS inverters with
RC tree interconnection networks have been successfully
developed. The CPU time of delay calculations is over
two orders of magnitude faster than that of SPICE simu-
lations. The maximum relative error of the delay model is
only 15%.

Based upon the developed delay models, the four speed
improvement techniques [2], and the BFS [9] optimization
method, an experimental program has been constructed
to determine the suitable number and the sizes of
drivers /repeaters in each technique from the given logic-
gate sizes and interconnection structures. It is shown that
a tapering factor of 4-8 in cascaded input drivers can
obtain a lower delay than a tapering factor of e. More-
over, a small number of drivers /repeaters with large sizes
is more efficient in reducing the interconnection delay.
Among the four speed improvement techniques, the tech-
nique of optimal-size repeaters with cascaded input drivers
can lead to the lowest delay. It is also shown that the
developed program can determine the number and the
sizes of drivers /repeaters more accurately than the for-
mulas in [2].

In future work, the delay model of CMOS inverters
with interconnection trees will be generalized to other
CMOS logic gates. The design of driving schemes will also
be generalized to those gates and those cases with various
constraints other than the minimum delay.
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