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ABSTRACT
Trends in CMOS technology and VLSI architectures are
causing interconnect to play an increasing role in overall
performance, power consumption and design e�ort. Tradi-
tionally, repeaters are used for driving long on-chip inter-
connects, however recent studies indicate that repeaters are
using increasing area, power, and design resources as well
as having an inherent limit in how much they can improve
performance [4,10,14]. This paper presents a new circuit
called a booster which compares favorably with repeaters
in terms of area, performance, power and placement sensi-
tivity. Boosters also have the advantage of being bidirec-
tional and providing a low impedance termination to im-
prove signal integrity. Driver edge rates are slower and peak
power is drastically reduced compared to repeaters, thus
improving signal integrity and mitigating inductive e�ects.
Boosters are shown to be more than 20% faster for driving
a variety of interconnect loads over conventional repeaters
in 0.16 �m CMOS technology. Boosters are typically in-
serted three times less frequently than repeaters for opti-
mal performance, resulting in fewer boosters for driving the
same interconnect lengths thereby saving on area, power and
placement e�ort.
Unlike di�erential, dynamic or low-swing techniques which

require signi�cantly more sophisticated circuit design and
hence are cumbersome for automatic interconnect synthesis
tools, boosters can be inserted on lines in a straightforward
manner. Based on analytical delay models, we derive rules
for insertion and sizing of boosters that can easily be incor-
porated into a CAD tool. We formulate two design rules that
determine 1) the number of boosters needed, 2) their place-
ments and 3) sizes, for driving a given interconnect load,
�rst minimizing delay, and then area and power. Power
analysis is slightly more complex than for repeaters so we
present a systematic design approach. A placement sensi-
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tivity analysis comparing boosters and repeaters is used to
study the e�ects realistic placement constraints that arise
in oor-plans. We conclude by discussing various design
trade-o�'s between repeater and booster based interconnect
designs. Circuit simulations using a 0.16 �m CMOS tech-
nology are used to verify all analytical results.
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1. INTRODUCTION
As the die size of CMOS integrated circuits continues

to increase and feature sizes decrease, the performance of
global communication is primarily limited by the intercon-
nect delay. In general, the propagation delay of the intercon-
nect increases quadratically with the line length[1]. As fea-
ture sizes shrink, the delay of the logic continues to decrease
and the relative size of the chip tends to grow. Although [10]
has shown approaches to a global wiring paradigm down to
50nm technology, future architectures and oorplans require
new circuit-level solutions to the interconnect problem.
Repeater insertion is a classical solution which changes

the delay dependence on the length from quadratic to lin-
ear. Repeater insertion and sizing tools are now commonly
used as part of an overall interconnect synthesis approach
[14]. Several methods have been proposed in [1-5] to �nd
the optimal number of repeaters and their sizes needed for
optimally driving the given interconnect load. In these re-
peater models, when the interconnect resistance is negligi-
ble compared to the driver resistance, increasing the drive
strength of the repeater/driver, helps reducing the overall
delay. However when the interconnect resistance is compa-
rable to driver resistance, increasing the drive strength of
the repeater/driver will no longer be e�ective in reducing
the overall delay. So this approach of using repeaters to
improve the performance of interconnect loses some of its
advantages in deep sub-micron processes, because of signif-
icant interconnect resistance. In addition these repeaters
contribute their own propagation delay to the signal delay,
which limit the delay reduction that can be obtained. These
conventional repeaters can not be used for bi-directional sig-
nal lines unless the repeater is replicated and appropriately
enabled depending on the direction.
In [9], a self-timed complementary regenerative repeater(CRR)

is presented for driving programmable interconnections in
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Figure 1: Booster Circuit

FPGAs. This design has not been used for driving on-
chip interconnects in custom VLSI custom and ASIC cir-
cuits because of functional limitations and its inherent meta-
stability. CRR poses strict limits on the minimum signal
pulse width and regeneration time to maintain functionality.
The design in [9] was designed for the heavily loaded pro-
grammable interconnections that exist in FPGAs but does
not map well to the long interconnects that arise in ad-
vanced microprocessors or SoC ASIC circuits. In US Patents
5920210,5488322,5034623 and [8], di�erent schemes are pre-
sented to improve the repeater performance by using dual
switching points. Switching points are controlled by using
additional pass transistors in the series stack as enabling el-
ements. In all of the above designs, multiple MOS devices
in the series stack in the critical path reduce the speed-up
that can be obtained.
In this paper, we present a much simpler new circuit

scheme that we coin as a Booster since it is does not repeat
the signal but instead provides additional drive to the signal
based on an early sensing of the transition. Like the CRR
of [9], the Booster attaches along the wire rather than inter-
rupting it and hence can be used for driving bi-directional
signals. Thus Boosters do not add any explicit propaga-
tion delay except for device parasitics on the interconnect
line, which we show to be negligible when compared with
the interconnect load. Unlike typically inverting repeaters,
Boosters don't impact the polarity of the signal. In section
2, the Booster circuit is presented, both its structure and
its functionality veri�ed with SPICE simulations in 0.16 �m
CMOS technology. In section 3, Booster-design methodol-
ogy for driving on-chip interconnects is outlined. As a part
of this methodology, two simple rules are presented which
will aid in determining the number of boosters needed and
their placement to save power, area while maintaining sig-
ni�cant speed-advantage over repeaters. In actual oorplans
of microprocessor and ASIC designs, numerous constraints
exist on the placement of repeaters and boosters on the in-
terconnect lines [7]. Hence, in section 4, Booster placement
sensitivity analysis is presented to study the sensitivity of
booster performance to its placement, and compare these
results with repeater placement sensitivity analysis [7]. In
sections 5, various design parameters such as area, power,
speed, noise and driving distance are presented for boost-
ers and are compared qualitatively with repeaters. Some
conclusions and future work are presented in section 6.

Figure 2: Booster circuit SPICE simulation in 0.16

�m CMOS technology

2. BOOSTER CIRCUIT
A transistor level schematic for Booster is shown in Fig.1.

A patent has been recently �led for this circuit and sev-
eral variations. Transistor numbers are indicated under-
neath each of the respective transistors. Typical transistors
widths in 0.16 �m technology are indicated next to each of
the transistors in Fig.1 (P=15 indicates that this is PMOS
transistor and its width is 15 �m. Similarly N=15, signi�es
that this a NMOS transistor and its width is 15 �m). In-
verter I1 is skewed to lower its switching threshold by sizing
it in such a way that the ratio of NMOS/PMOS is equal to
10. Similarly inverter I2 shown in Fig.1. is skewed to raise
its switching threshold by sizing it such a way that the ratio
of PMOS/NMOS is far greater than 2.5 (the mobility ratio
between holes and electronics). Transistors (5),(6),(7) and
(8) will turn-on one of transistors (1), (4) in the steady state.
If the interconnect steady-state voltage is Vss, then the next
future transition on the interconnect can only be rising edge.
Transistors (5),(6),(7) and (8) will turn-on transistor (1) if
the next future transition is rising edge. This ensures that
the node (12) is charged in the steady state and transistor
(1) is not on critical-path. Similarly if the next transition is
falling edge, transistor (4) is turned-on in the steady state,
there by ensuring the node (11) is discharged. Hence the the
�ring time of booster depends only on how fast one of the
inverters I1, I2 respond depending on the next transition.
In the steady-state both pull-up and pull-down paths of the
driver are o�(only one of the transistors in both pull-up and
pull-down paths are active). This ensures that for the next
transition on interconnect, there never exists a dc path be-
tween Vdd and Vss at any point of time , even though there
exists skewed devices namely I1, I2 which respond to two
di�erent ends of the voltage transition. Transistors (9), (10)
form a full-keeper and drive the interconnect in the steady-
state. Neither of transistors (5), (6), (7), (8), (9) and (10)
are on speed critical path and these transistors can be of
small size.
Notice that transistors (5), (6), (7) and (8) will never turn-

o� booster prematurely as they are driven by inverters (I1,
I2) which respond to opposite ends of voltage transition.
Hence there is no minimum delay requirement on feed-back
con�guration formed through transistors (5), (6), (7) and
(8). However, there is a maximum delay requirement and
is determined by minimum pulse width on the line. In a
glitch environment, skewed inverters I1, I2 can accidently
be turned-on for short time. However, since transistors (5),
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Figure 3: T-Model of the Interconnect
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Interconnect Length = L x x

Total Interconnect Length = L (R =1250 Ohms, C=1250ff)

(T-model of the Interconnect)(T-model of the Interconnect)
Interconnect Length = L- L

Figure 4: SPICE simulation model of booster

(6), (7) and (8) are driven by two oppositely skewed invert-
ers I1, I2 fout will never ip its state due to glitches. Hence
feed-back con�guration formed through transistors (5), (6),
(7) and (8) reject glitches, there by making booster more
immune to glitch and meta-stability environment. Subse-
quently any charge lost due to accidentally turning-on one
of inverters I1, I2 for short-time will be recovered by full-
keeper formed through transistors (9) and (10).
Transistors(4) and (1) will help minimizing short-circuit

power. Unlike in repeaters, there will be virtually no short-
circuit power between Vdd and Vss path, formed through
transistors (1), (2), (3), and (4). Immediately one notices
that the booster input and output are tied together thus
providing a high-gain positive feed-back loop. Booster in
action is shown in Fig.2 and can be observed that once the
booster is �red, the edge rate of the signal becomes much
faster. As shown in Fig.2, fout is not on the critical path
and ensures that in the steady-state, appropriate nodes are
pre discharged/charged to detect the next signal edge on
interconnect faster.

3. BOOSTER DESIGN METHODOLOGY
In this section �rstly we present the SPICE simulation

results of driving the interconnect load using boosters, mo-
tivating the need for design methodology which can be in-
tegrated into an interconnect synthesis tool. We then for-
mulate design rules that determine 1)number of boosters
needed and their spacings, �rst minimizing delay, and then
area and power.
A Simulation model for the booster is presented in Fig.4.

Unlike the repeater, booster does not repeat the signal but
attaches along the wire rather than interrupting it. Let L be
the length of interconnect line being simulated. The total
resistance and capacitance of the interconnect line of length
L are 1250fF and 1250
 respectively (on the order of .5
-1.1 cm depending on metal layer and geometry). Each of
the virtually separated interconnect segments formed by at-
taching boosters are represented by 5 stage pi RLC section
as shown in Fig.3.
SPICE simulation results in 0.16 �m CMOS technology

of driving the interconnect load of 1250
 and 1250fF by
varying the number of boosters are presented below in Ta-
ble.1. Boosters are placed uniformly along the line i.e each
booster drives identical interconnect load.
From the above results, it can be observed that plac-

ing too many boosters (> 3) didn't hurt or improved the
performance. This is in-contrast to the repeater based in-
terconnect design, where performance degrades �rst slowly

CL RL Number of Booster Delay
(pF) (k
) Boosters placements (ps)

1.25 1.25 1 L
2

546
1.25 1.25 2 L

3
; 2L

3
505

1.25 1.25 3 L
4
; 2L

4
; 3L

4
521

1.25 1.25 4 L
5
; 2L

5
; 3L

5
; 4L

5
532

1.25 1.25 5 L
6
; 2L

6
; 3L

6
; 4L

6
; 5L

6
536

Table 1: Delay results varying number of boosters

in .16�m CMOS

but then signi�cantly when too many/few repeaters (non-
optimal) are used for driving a given interconnect load.
Placing too many boosters does increase the silicon area

and power, even though it doesn't hurt the performance as
much. In-order to integrate booster into an interconnect
synthesis tool, we need a design methodology. Later in this
section, two simple analytical rules are presented which can
be used to �nd the number of boosters needed for driving
the given interconnect line, �rst minimizing delay, then area
and power. These analytical rules can easily be integrated
into a CAD tool.
A simpli�ed model of the interconnect with booster placed

on the interconnect is shown in Fig.5. Only the relevant
transistors in booster circuit are shown in Fig.5. Assume
R1, C1 are resistance and capacitance of interconnect line
of length L1 and R2, C2 are resistance and capacitance of
interconnect line of length L2. Assume booster is placed
at location L1(node a) measured from driver-end and L2 +
L3 distance measured from receiver-end as shown in Fig.5.
Interconnect load is represented by pi-model, which is shown
in [3] to be accurate enough for �rst-order approximation of
the interconnect delay. Assume r0 is resistance of the driver
and Cin is the gate capacitance of the receiver as shown in
Fig.5. Va is interconnect voltage at node (a), location L1.Vb
is interconnect voltage at node (b), location L1 + L2.

3.1 Rule on Booster Placement
The following analysis is applicable for rising transition at

node (a), and this could be extended for falling transition.
For rising transition, pull-up stack formed by connecting
PMOS transistors (1) and (2) in series should be turned-on
so that rising voltage transition at node (a) can be improved.
Assume sVdd is switching threshold of inverter I1 (sVdd <<
Vdd
2
). To place a booster at location L1, inequality (1) needs

to be met.
t(Va=sVdd) is the time it takes for the voltage at node (a)

to reach sVdd from Vss. t
(Vbp=

Vdd
2

)
is the time it takes for

the voltage at node (bp) to reach Vdd
2

after node (a) reached
sVdd and this will be equal to the delay of the inverter I1
(Here delay of the inverter is measured from 50% output
to 100s% input, since the inverter I1 is skewed to move its
switching threshold from Vdd

2
to sVdd). t(Va= 2

3
Vdd)

is the

time it takes for the voltage at node (a) to reach 2
3
Vdd from

Vss, assuming booster is not �red (This delay is also equal
to dominant time constant at node (a)). The left hand side
expression in inequality (1), is the absolute time measured
from signal transition at input, after which booster will be
�red. If the above inequality (1) is not met, indicating that
the absolute time it takes for the booster to �re is more than
the dominant time constant, booster should not be placed

206



V dd

R 1

C 1
2

C 1
2

R 2

C

2
2 C

2
2

2Length = L

C in

3

I2

I1 12

11

N =W

N =W

P = 2W

P = 2W

r0

1Length = L Node (a) bp

tn

Length = L3
R

C

2
3C

2
3

3

Node (b)

Booster Placement = L  1 Total Interconnect Length = L
1 + L2

+ L

Figure 5: Analytical model of booster

at that particular location.

t(Va=sVdd) + t
(Vbp=

Vdd
2

)
< t(Va= 2

3
Vdd)

(1)

t(Va=sVdd) = r0[(C1 + Cr) +R1(
C1

2
+ Cr)]ln(

1

1 � s
)

t
(Vbp=

Vdd
2

)
=

(2w)k

knVdd

t(Va= 2

3
Vdd)

= � = r0[(C1 + Cr) +R1(
C1

2
+ Cr)] (2)

where 2w is the the width of PMOS transistor in the pull-
up stack that is connected to the output of the inverter
I1. k is constant, represents gate cap per micron width. kn
represents the drive strength of NMOS transistor in inverter
I1. Cr is the extra capacitance added to the interconnect
load due to booster and will be negligible when compared
with interconnect load.

(2w)k

knVdd
< r0[(C1 + Cr) +R1(

C1

2
+ Cr)]ln(e(1� s)) (3)

The above delay expressions doesn't take into considera-
tion the shape of the input signal, since the delay is mod-
eled by discrete RC elements. However, since the inequality
(1) does not require absolute time measurement, both the
left and right hand side of inequality (1) will be e�ected in
the same fashion. Inequality (3) is accurate enough, and
determines if the booster placement on the interconnect is
warranted.

�
tlexp

Delay Delay speed-up

w/o booster(ps) with booster(ps)
� 1 98 96 2%
1.5 162 153 5.6%
2.0 205 179 12%
2.5 243 197 19%
3 302 224 27%

Table 2: Delay results varying booster �ring time in

.16�m CMOS

Let's assume, the left hand expression of inequality (1) is
tlexp. SPICE simulation results for varying values of �

tlexp
in

0:16�m CMOS technology are shown in Table.2. �
tlexp

values

are varied to study the sensitivity of booster to input signal
transition. Interconnect loads and sizes of inverters I1, I2 in
booster circuit (Fig.1) are chosen such a way that �

tlexp
can

be varied over the desired range. Hence, in Table.2 absolute
delay values are of no signi�cance but only the speed-up. In

Table.2, various values of �
tlexp

are chosen to test sensitivity

of booster with incoming signal transition time.
We can observe that when, for all values of �

tlexp
< 2:0, to-

tal speed-up due to booster is marginal (Interconnect model
chosen is shown in Fig.4. Speed-up is measured as the de-
lay ratio at the output of receiver with and with-out using
booster). Hence, to save on power and area at the expense
of marginal speed-up, it is recommended that boosters are
placed at a location on the interconnect where �

tlexp
> 2:5.

This also means fewer boosters for driving the interconnect
loads, which saves signi�cant power (section.5). From Ta-
ble.2, it seems that speed-up that could be obtained keep in-
creasing with increasing values of �

tlexp
. However, this does

mean that this is not the optimal performance(absolute de-
lay) that can be achieved with boosters and may be even the
repeater based design is also not optimal. So, this should not
be confused with the actual speed-up numbers, that will be
later presented in section.5 which are obtained by compar-
ing with optimal repeater interconnect design. Signi�cantly
higher values of �

tlexp
, indicates that more boosters needs to

be placed along the way on the interconnect and more than
one booster is required for optimally driving the intercon-
nect, hence in the next section we present another rule, that
guides on how frequently these boosters could be placed.

3.2 Rule on Number of Boosters
Let's assume a booster is placed at location Lx (assume

at location Lx,
tlexp
T

= 3 hence a booster is placed at Lx).
Let's assume we are contemplating placing another booster
at location Ly (Ly > Lx). After the booster is �red at Lx,
to ensure that any booster that could be placed downstream
i.e at Ly bene�t from the booster that is placed up-stream
i.e at Lx, the fast signal transition at Lx resulted due to
booster at Lx has to propagate to Ly before booster at Ly

could be �red. Mathematically the above can be represented
as shown below (Assume Lx = location L1, node a and Ly

= location L1 + L2, node b as shown in Fig.5)

t(Va=sVdd) + [t
(Vbp=

Vdd
2

)
]a + [t

(Vbp=
Vdd
2

)
]b + text �

t(Vb=sVdd) + [t
(Vbp=

Vdd
2

)
]b (4)

text is the propagation delay between point La and Lb

when booster at La is turned-on. t(Vb=sVdd) is the time it
takes for the voltage at node (b) to reach sVdd from Vss
when the booster at La is turned-o�. [t

(Vbp=
Vdd
2

)
]a, delay of

inverter I1 in booster placed at node a, can be approximated
to be equal to [t

(Vbp1=
Vdd
2

)
]b (delay of inverter I1 in booster
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placed at node b).

text � r0C2 +R1C2 +
R2C2

2
�

(2w)k

knVdd
(5)

The above inequality (5) guides the number of boosters
that could be placed on interconnect saving area, power.
From the above inequality, we can observe that delay be-
tween two consecutive boosters should at-least be delay of
inverters I1, I2 in booster circuit shown in Fig.1. It has been
shown earlier in section.3 that placing too many boosters
didn't hurt/improved the performance signi�cantly. This
now can be explained by the fact that if the boosters are
closely placed, with out meeting the inequality (5), indi-
cates that booster placed up-stream has no inuence on
the booster that is placed down-stream. Hence up-stream
booster is redundant, as booster at down-stream is �red be-
fore the faster voltage transition resulted due to booster
up-stream propagated to down-stream. Placing too many
boosters didn't hurt the performance since the extra capac-
itance added to interconnect due to boosters is negligible
when compared with interconnect capacitance. The above
fact that placing extra boosters didn't hurt/improved the
performance is very good characteristic of boosters unlike
in repeater based interconnect design where placing non-
optimal number of repeaters degrades the performance sig-
ni�cantly. However, inequality (3) and (5) can guide to �nd
minimum number of boosters that needs to be placed on
given interconnect line saving area, power at the expense of
losing only marginal speed.
It has been shown earlier in section.3 that placing too-

many boosters didn't hurt the performance as much even
though it costs area and power. In next section, we show
that boosters have the very nice characteristic that they are
less sensitive to placement variation. Hence, for all practi-
cal purposes, pi-model representation of interconnect load
used for the analytical booster design methodology will suf-
�ce. However, if it warrants more accuracy, the in-equality's
(3) and (5) can be derived by using alpha-power MOSFET
model [6] to model short-channel e�ects in deep sub-micron
CMOS. Unlike in elmore delay estimation, where transis-
tor is represented by discrete RC elements, I-V equations
of alpha-power model are used to �nd more accurate delay
of an inverter driving interconnect load [5]. From [5], the
in-equality (3); (5) can be re-written for a falling transition
on the interconnect as follows

(w)k

kpVdd
�

C1(bVdd � Vd0)

Id0
� ln

� Vdd
3Vd0

�
(Rd0 +R1)(C1 + Cr) (6)

text � C2

�0:8Vdd
Id0

+
Vd0
Id0

ln(
5Vd0
eVdd

) + (R1 +R2)ln(
5Vd0
Vdd

)] +

(1 � b)VddC2

Id0
+C1R2ln(

5Vd0
Vdd

)�
wk

kpVdd
; Rd0 =

Vd0
Id0

(7)

The above expressions are for falling voltage transition
on interconnect and similar expressions can be obtained for
rising voltage transition [5]. Assume switching threshold of

inverter I2 in Fig.1 is bVdd(>
Vdd
2
). Vdo is the drain satura-

tion voltage at Vgs = Vdd which is process dependent con-
stant. Id0 represents the drivability of the MOSFET and
is proportional to W=L, in this case it represents the drive
strength of the driver. kp represents the drive strength of
PMOS transistor in inverter I2.
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4. BOOSTER PLACEMENT SENSITIVITY
ANALYSIS

All of the design methodologies presented in [1-5] for op-
timally driving interconnects assume that there are no con-
straints on repeater/driver placement. However, in the prac-
tice of microprocessor and ASIC design, due to placement
constraints, it is not always possible to place repeaters/boosters
on the interconnect at the exact optimal locations. Let y
represent the percentage deviation of the actual repeater/booster
placement from its original optimal location. Here are some
of the possible scenario's where placement constraints might
exist on interconnect.
As shown in Fig.6, when a signal to be routed from block

A to block B through block C, repeaters/boosters may not
be allowed to place on block C. This might result in higher
values of y. For signal integrity reasons to reduce the capac-
itive and inductive coupling, repeater placement on a bus
are often intentionally staggered, which results in very high
values of y (up to 50%). Staggering ensures that half of
the interconnect length will have current ejection and the
remaining half will have current injection so that total e�ec-
tive inductive coupling current will be close to zero. Simi-
larly, in the case of Cache design, dedicated channels will be
provided in each of the memory bank's for placing random
logic such as latches, boosters, repeaters etc..This preserves
the regularity of the design and ensures that the design man-
ageable(e.g. veri�able, reusable).
It has been shown in [7] that, for repeater-based intercon-

nect designs, performance will degrade by as much as 35%,
for realistic oor plans(which have placement constraints,
y can be as high 30%) arising out of VLSI microprocessor
designs. Repeater-based interconnect design performance
degradation is shown to have a square dependence on place-
ment variation [7]. Hence, in this section, a placement sen-
sitivity analysis of boosters is presented.
Booster simulation model presented in Fig.4 is used. Let L

be the length of interconnect line being simulated. The total
resistance and capacitance of the interconnect line of length
L are 1250fF and 1250
 respectively. Only one booster is
assumed to drive the entire interconnect load. Let Lx be
the booster location on the interconnect line measured from
driver end. For example, Lx equals to 0:3L, indicates that
booster is placed at 0:3L measured from driver end and 0:7L
measured from receiver end. Hence in this case, booster is
placed more close to the driver than the receiver. Each of
the two virtually separated segments of the interconnect re-
sulted due to booster placement, are represented using RLC
T-Model(Fig.3) in SPICE. The simulation results varying
booster placement are shown in Table.3.
From Table.3, it can be observed that booster perfor-

mance is relatively insensitive to its placement. The varia-
tion is less than 20% even for worst-case placement scenar-
ios, when booster is placed close to the driver at 0.1L(placement
variation is 40%) and farther away from driver. This is in-
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CL RL Booster Delay
(pF) (k
) placement (Lx) (ps)
1.25 1.25 0.5L 546
1.25 1.25 0.4L 497
1.25 1.25 0.3L 494
1.25 1.25 0.2L 567
1.25 1.25 0.1L 635

Table 3: Delay results varying booster placement in

.16�m CMOS

contrast with repeater based interconnect design, where re-
peaters shown to be highly sensitive to its placement [7].
Worst-case repeater placement scenarios, resulted in perfor-
mance lose by as much as 40% for similar values of y, and
performance degradation shown to have square dependence
on placement variation [7]. From Table.3, it can also be seen
that booster performance will be optimum when it is placed
little closer to driver (0.3L - 0.4L) than placing at exact mid-
point (0.5L). This can be explained as, due to �nite speed
of electromagentic waves, there will be �nite lag in response
along interconnect line due to voltage excitation at one-end
of interconnect line and this lag will be maximum at the
receiver. From elmore delay constants, we can �nd one of
the inverters (I1, I2) in the critical path of booster circuit
shown in Fig.1 can be �red earlier by placing the booster
close to the driver end. This ensures that booster responds
earlier to the voltage excitation at the driver end, improving
its speed. When the booster is placed too close to the driver,
this advantage will be o�set by the the excessive intercon-
nect distance that the resulted electro magnetic waves after
�ring booster, has to propagate before reaching the receiver.

5. BOOSTER VERSUS REPEATER FOR
DRIVING INTERCONNECT

5.1 performance/Area
Silicon area and performance comparison between repeater

based interconnect design and booster based interconnect
design are presented below in Table.4. RLC T-model of the
interconnect shown in Fig.3 is used to represent each seg-
ment of interconnect length.
Let n be the total number of repeaters each of size w (w is

NMOS transistor width and PMOS transistor width in the
repeater is assumed to be twice that of NMOS) are inserted
to drive interconnect in a repeater based interconnect design.
nopt, wopt be the optimal values for n and w respectively,
for which the total delay of driving the given interconnect
load is minimum. CL, RL are the total capacitance and to-
tal resistance of the interconnect load respectively. nbooster
is the number of boosters inserted for driving the given in-
terconnect load. Dbooster; Drepeater are the delays of driv-
ing the interconnect load using boosters and repeaters re-
spectively. Wbooster;Wrepeater are total device widths of the
transistors in boosters and repeaters respectively(Wrepeater

= nopt �Wopt�3). Closed-form expressions for nopt and wopt

are presented in [5] are shown below

nopt =

s
RLCLKiK2

KgK1
(8)

Wopt =

s
CLK1

RLKiKgK2
(9)

Ki,Kg ,K1 and K2 are process dependent constants. Both
the analytical rules outlined in the section.3. are used to
determine the number of boosters required and their place-
ments to drive the interconnect loads in Table.4., saving
area, power with out losing signi�cant performance. Dbooster

is the simulated delay value of driving the interconnect load
using the number of boosters and their placements obtained
from two analytical rules presented in section.3. Intercon-
nect model in Fig.3, where 5 pi RLC representation of in-
terconnect is used to simulate boosters in o.16�m CMOS
technology.
Table.4, compares design trade-o�'s between booster and

repeater based interconnect designs for driving variety of in-
terconnect loads. For repeaters, optimal repeater insertion
is chosen, where performance of driving the interconnect
is maximum. Boosters are optimized �rst for delay, then
area/power. Speed-up numbers in Table.4 show that re-
peaters can't be used to improve performance beyond some
point. It has been shown in [10] that optimal repeaters
(maximumperformance) are often very expensive in area/power
and that non-optimal repeaters save silicon area/power. In
Table.4, optimal repeater insertion is chosen to �nd worst-
possible speed-up that could be obtained by using boosters.
Hence, in case of non-optimal repeater insertion, boosters
speed-up numbers in Table.4 will improve greatly furthur,
and area/power of repeaters will decrease. To obtain simi-
lar speed using both repeaters and boosters, booster-based
interconnect design still requires less silicon area as fewer
boosters are required.
From the above results, we can observe that boosters has

longest driving distance and can drive approximately thrice
as much as the driving distance of repeaters. Hence, number
of boosters required to drive the same driving distance is
one-third of repeaters that are needed to drive the same
distance. As shown above a signi�cant reduction in area is
obtained with boosters while doing better in performance
than repeaters. Speed-up of up to 28% is obtained with
boosters when compared with the optimal performance that
could be obtained with repeaters. From the Table.4, we can
also observe that better speed-up using boosters is obtained
for highly resistive interconnects, where repeaters tend to
under-perform because of the shielding o�ered by resistance.

5.2 Power
Power consumption has become one of the premier issues

in VLSI design. There are two primary components of the
total power dissipation: dynamic power and short-circuit
power. Dynamic power dissipation can be quanti�ed by
CV 2f ,its estimation is straight forward. On the other-hand,
short-circuit power is often neglected since dynamic power
is assumed to be dominant. In modern processes, especially
in the interconnect design short-circuit power is a signi�cant
portion of total power due to slow transitions time result-
ing due to larger interconnect loads. For given supply volt-
age and frequency, dynamic power dissipation depends only
in the load capacitance and does not depend on the input
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CL RL nbooster nopt Wopt Dbooster Drepeater speed-up Wbooster Wrepeater

(pF) (k
) (�m) (ps) (ps) (�m) (�m)
1.0 1.0 2 5 24 349 434 19.2% 300 360
1.25 1.25 2 6 24 451 567 20.6% 300 432
4.0 1.0 4 11 46 688 829 17% 750 1518
2.0 5.0 5 17 16 933 1287 27.6% 750 816
20 1.0 9 22 102 1380 1792 23.1% 1350 6732

Table 4: Performance and area comparisons for varying interconnect loads in .16�m CMOS
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Figure 7: Booster Delay and Short-circuit Power

for Interconnect load of 1250ff and 1250
 in 0.16�m
CMOS technology

waveform shape and output resistance. In contrast, short-
circuit power is both load and signal dependent [11-13] and
its measurement is not straight forward.
In the booster circuit shown in Fig.1, transistors (1) and

(4) present to ensure that short-circuit power is minimized.
There never is a direct path between Vdd and Vss through
transistors (1), (2), (3) and (4) even though there exists
skewed inverters responding to the opposite ends of volt-
age transition which are feeding directly transistors (2) and
(4). In the steady-state, both pull-up and pull-down paths
formed through transistors (1), (2), (3), (4) are turned-o�
(only one device in each of pull-up and pull-down stacks
are turned-on). If the voltage transition on interconnect is
a rising edge, short-circuit power is minimized by turning-
o� transistor (4) in steady-state even though transistor (3)
is fully-on, driven by inverter I2. If the voltage transi-
tion on interconnect is a falling edge, short-circuit power is
minimized by turning-o� transistor (1) in steady-state even
though transistor (2) is fully-on, driven by inverter I1.
Both inverters I1 and I2 output capacitance is very small,

driving only transistors (2) and (3) respectively. Hence, in-
verter I2 output rise time is substantially smaller than input
fall time. So, there will be maximum short-circuit current
for most of the transition period, equal to saturation cur-
rent of PMOS in inverter I2 during falling voltage transition
on interconnect, while short circuit current in I1 is mini-
mum for same transition. Similarly, inverter I1 output fall
time is substantially smaller than input rise time. There
will be maximum short-circuit current for most of the tran-
sition period, equal to saturation current of NMOS in in-
verter I1 during rising voltage transition on interconnect,
while short circuit current in I2 is minimum for same tran-
sition. Short-circuit power dissipation for the paths between
Vdd and Vss through transistors (5,6,7,8) and (9, 10) is neg-
ligible, since the transistors are of smaller size and for both
of these paths, input moved through the transient region
before output starts to change.
Overall, single booster short-circuit current is high when

compared with repeater, where the repeater is just an in-

verter consisting of only one PMOS and one NMOS tran-
sistor. However as shown earlier, the driving distance of a
booster is approximately thrice that of repeaters. Hence, for
driving a given interconnect load, the number of repeaters
required will be at least thrice that of boosters. Hence,
over-all for driving a given interconnect load, short-circuit
current of booster-based interconnect design is comparable
to repeater-based interconnect design. Mathematical esti-
mation of short-circuit power dissipation of the booster is
very complicated unlike that of repeater short-circuit power
[13].
As shown in Fig.7, interconnect delay is relatively at

when too-many (> 3) boosters are placed, short-circuit power
consumption grows linearly with number of boosters placed.
By applying rules (3) and (5) which are formulated to min-
imize the over-all power consumption while minimizing the
impact on performance, we can �nd from Table.4 that driv-
ing an interconnect load of 1250
 and 1250ff requires just
2 boosters. SPICE simulation in 0.16 �m CMOS technology
shows that the total short-circuit current ISC is 4:8(mA)(nS)
for optimally driving 1250
 and 1250ff interconnect load
using repeaters(From Table.4, for driving optimally the above
interconnect load requires 6 repeaters, with each repeater
NMOS transistor size is 24 �m). Only two boosters are
required for driving an identical interconnect resulting in
a total short-circuit current of 2:8(mA)(nS). Short-circuit
power dissipation is computed by ISCVddf . If the switch-
ing frequency(f) of the above interconnect is 10MHz and
Vdd = 1.3V, short-circuit power dissipation using a booster-
based interconnect design is 36.4�W as opposed to 62.4�W
for the optimal repeater-based interconnect design. How-
ever, power dissipation in repeater-based design can also be
reduced, by moving away from optimal performance [10].
If non-optimal repeater insertion is used, booster speed-up
over repeaters will greatly be improvised than in Table.4.
and this will also result in less area/power of repeaters. As
pointed out in section 5, the point of comparison in Table.4
is primarily to point out what is the worst speed-up that
boosters can be obtained there by showing how boosters
can be used to drive faster than optimal repeaters and to
compare the over-head cost to obtain similar speed using
both schemes. It seems that by inserting more repeaters,
each repeater drives less interconnect load, thereby improv-
ing signal transition time, hence short-circuit current for
each individual repeater will decrease but might increase
the over-all power consumption of the system, since now
there are more repeaters for driving the same interconnect
load. If each repeater drives more interconnect load, there
by decreasing total number of repeaters for the system, each
repeater short-circuit power will increase but might decrease
the over-all power of the system. In general, dynamic power
consumption increases linearly with increasing device width
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and short-circuit power dissipation grows non-linearly with
increasing device width. Rules (3) and (5) are formulated to
minimize the over-all power consumption while minimizing
the impact on performance.

6. CONCLUSIONS
A novel circuit technique called Booster is presented for

driving long on-chip interconnect lines in VLSI circuits. Boost-
ers have an advantage that, they don't contribute their own
propagation delay to the signal delay and they can be used
for driving bi-directional signals. SPICE simulation in 0.16
�m CMOS technology show that boosters are more than
20% faster for driving variety of interconnect loads over re-
peaters. Unlike in repeater-based interconnect design, booster
placement sensitivity analysis shows that booster possesses
a nice characterstic that they are relatively in-sensitive to
placement variation and placing non-optimal number of boost-
ers doesn't hurt the over-all performance. This makes them
extremely attractive for worst-case placement scenarios re-
sulting in realistic VLSI oor-plans. We presented as a part
booster-design methodology two rules that will help deter-
mining number of booster needed and their placements for
driving given interconnect distance, saving area/power while
obtaining signi�cant speed-up over repeaters.
They are 1) Rule guiding the placement of boosters, which

compares the �ring time of booster with dominant RC time
constant. Results show that booster �ring time should be
at-least 2.5 times less than dominant RC time constant for
placing a booster at a point on interconnect. 2) Rule guid-
ing the number of boosters that should be placed to obtain
signi�cant speed-advantage over repeaters, with-out wasting
area/power. This rule indicates that the delay between two
consecutive boosters should at least be the absolute time
it takes for booster to �re. Circuit simulations in 0.16 �m
CMOS technology shows that boosters interconnect driving
distance is approximately thrice as much that of repeaters,
resulting in requiring fewer boosters for driving identical in-
terconnect length there by saving on area and power.
Repeaters still have a place and the limitations of boost-

ers need to be recognized. Sometimes it is desirable to ac-
tually break the line for bu�ering reasons. This can be to
limit long lines for inductive reasons, however it appears
that boosters also mitigate inductive e�ects, by providing a
low-impedance termination along the line. However reec-
tions could also be at booster so a thorough transmission line
analysis would be required. Repeaters can also be combined
with latches, multiplexors and even logic, unlike boosters.
Ultimately we expect that repeaters and boosters will both
be used to generate the sophisticated interconnect systems
required for gigascale integration.

7. FUTURE WORK
Noise analysis, Design guidelines, Electrical rule checking

(i.e MOSCritic), Timing analysis (how will a static timing
analyzer account for boosters), Integration into intercon-
nect synthesis tool with repeaters and Impact on bidirec-
tional multi-source lines could dramatically impact VLIW,
FPGA, routers, multi-processor, memory and other highly
connected architectures
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