Minimal-Power, Delay-Balanced Smart Repeaters
for Interconnects in the Nanometer Regime

Roshan Weerasekera, Dinesh Pamunuwa*, Li-Rong Zheng and Hannu Tenhunen

Department of Electronic, Computer and Software Systems,
KTH Information and Communication Technology,
ELECTRUM 229, 164 40 Kista, Sweden.

*Centre for Microsystems Engineering, Faculty of Applied Sciences,
Lancaster University, Lancaster LA1 4YR, United Kingdom.

{roshan,lirong,hannu}@imit.kth.se, d.pamunuwa@Iancaster.ac.uk

ABSTRACT

In this paper we propose a smart repeater that consumes
less energy and is suitable for driving global interconnec-
tions in nanometre technologies. When there is coupling
between interconnects, the effective capacitance of a given
wire is a function not only of the physical geometry, but also
the relative switching pattern described by the bits on the
wire in question (the victim) and the adjacent wires (ag-
gressors). The drive strength of a traditional repeater is
static, resulting in a spread of the propagation delay, with
the repeater strength being essentially too much for every
bit pattern other than the worst-case pattern. In the pro-
posed SMART repeater, the drive strength is dynamically
altered depending on the relative bit pattern, by partitioning
it into a Main Driver and Assistant Driver. For a higher
effective load capacitance both drivers switch, while for a
lower effective capacitance the assistant driver is quiet. By
disconnecting part of the repeater when it is not needed, the
total load capacitance to the previous stage is reduced, re-
sulting in reduced energy consumption for those instances.
It is shown that the potential average saving in energy can
be as much 15% with a 18% jitter reduction over a tradi-
tional repeater for typical global wire lengths in nanometre
technologies.
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1. INTRODUCTION

Shrinking of the minimum feature size used in fabrication
of ICs has resulted in exponential growth of performance
and functionality over the past four decades. The integra-
tion of millions of devices on a single die however poses many
difficult engineering challenges, most notably in power man-
agement and on-chip communication. As chip complexity
and area grow, despite the best efforts to exploit locality
with innovative architectural solutions, the average distance
across which a bit has to be transferred has increased, and
interconnection delay is a key bottleneck in modern digital
design. Scaling of wires and tighter integration has also re-
sulted in signal integrity problems which only add to the
interconnection woes; cross-talk between signal lines results
in signal corruption and variable delay, depending on the
respective switching patterns.

A key technique in reducing propagation delay and signal
degradation is repeater insertion. Although very effective
and simple, this has an adverse effect on power consumption,
and it has been estimated that over 50% of the power in a
high performance microprocessor is dissipated by repeaters
charging and discharging interconnects [13, 21, 14]. Further,
over 90% of this power is concentrated in only 10% of the
interconnects; i.e. those which are classed as global and run
for a significant fraction of the die length.

Assistant Drive

Figure 1: Basic schematic of the proposed driver

scheme

In this paper we propose a repeater that consumes less
energy, and is suitable for exactly these kinds of global in-
terconnections. It exploits the fact that in a parallel wire
structure, the effective capacitance of a given wire is dy-
namic; i.e. it is a function of not only the physical geometry,
but also the relative switching pattern described by the bits
on the wire in question (the victim) and the adjacent wires
(aggressors). With a traditional repeater, since the drive



strength is static, the result is a spread of the propagation
delay, with the repeater strength being essentially too much
for every bit pattern other than the worst-case pattern. In
the proposed repeater, the drive strength is dynamically al-
tered depending on the relative bit pattern, by partitioning
it into a Main Driver and Assistant Driver. For a higher
effective load capacitance both drivers switch, while for a
lower effective capacitance the assistant driver is quiet [27].
By disconnecting part of the repeater when it is not needed,
the total load capacitance to the previous stage is reduced,
resulting in reduced energy consumption for those instances.
It is shown that the potential average saving in energy can
be as as much 15% over a traditional repeater for typical
global wire lengths in nanometre technologies.

The ramifications of the dynamically changing load in cou-
pled interconnects have received a fair amount of attenion
in the literature. A comprehensive analysis of design con-
siderations for repeater insertion in a bus structure with
heavy coupling was presented in [19]. A scheme proposed
in [9] staggers the repeaters so that opposing transitions
only persist for the length of the offset between repeaters,
and become best-case patterns for the remainder, resulting
in a delay reduction. Many innovative alternatives to the
traditional repeater have also been proposed, such as the
Transient Sensitive Accelerator (TSA) [8], Charge Recycling
Technique (CRT) [24], Boosters [15], the TAGS receiver [11],
the Aggressor-Aware Repeater [10], and the Capacitor Cou-
pled Trigger and Accelerator combination [7]. Some of these
use skewed inverters to trade-off noise margin for speed [8,
15, 11], while others consume more energy [10] and occupy
a larger area [8, 15, 11] to produce a faster response.

The work done in [6] and [17] also seek to reduce the delay
by avoiding simultaneous switching similar to [9], but they
accomplish this by introducing static delays in the repeaters
rather than by physical offsets in the placement. They re-
port an overall reduction in the delay for the worst-case pat-
tern of upto 20%, but this scheme dissipates more power for
transitions in the same direction, due to additional charging
and discharging of the coupling capacitance. [4] and [16]
report average energy savings of upto 25% by introducing a
delay dependant on the relative transition pattern between
two adjacent wires, but this additional delay introduces a
timing penalty. The worst-case pattern for the delay is also
the worst case pattern for the energy, and hence any energy
saving is at the cost of an increase in the cycle time, which
may not always be possible.

Another approach is to use Error Control or Transition
Coding Techniques [26, 22, 25, 12, 23, 1, 20] to overcome the
effects of inter-symbol interference. The relatively complex
codec circuitry causes additional delay and consumes more
power, rendering the coding ineffective in many cases [3].
Even otherwise, these schemes mostly address the problem
of reducing transitions on a given wire, which is less impor-
tant than reducing the relative switching activity between
lines, given that the aspect ratio of on-chip interconnect em-
phasises the coupling capacitance over the self capacitance.

In general, not only do these alternatives to traditional re-
peaters require much effort in circuit design similar to library
cell design, but they also lack a clear high-level abstraction;
in contrast, performance metrics such as delay and energy
consumption can easily be quantified in terms of a few crit-
ical design parameters for the traditional inverting repeater
[2], resulting in easy amalgamation in CAD flows at differ-
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Figure 2: Schematic of proposed SMART repeater,
shown here only for two coupled nets

ent levels of hierarchy from initial signal planning to detailed
place and route [18].

One of the main advantages of the repeater circuit pro-
posed here is that the relatively minor increase in circuit
complexity required to obtain the energy saving and delay
equalization described above can be completely abstracted
in the performance analysis. We present a design method-
ology similar to that for traditional single-wire inverting re-
peaters, including an RC equivalent circuit and closed-form
expressions for the first-order approximation to the delay.
Therefore this repeater can be very easily modeled in tasks
such as delay calculation, signal integrity analysis and tim-
ing driven optimisation in any CAD flow for physical design.

The rest of this document is structured as follows. Sec-
tion 2 describes the repeater circuit and analyses the energy
saving resulting from it. The following section presents the
circuit abstraction and design methodology. In the next
section we present simulation results that validate the delay
analysis and show the average saving in energy for typical
wire lengths in a 180nm technology. We end with a discus-
sion.

2. CONCEPT OF THE SMART DRIVER

The effective interconnect capacitance varies with the tran-
sitions of neighboring lines and can be written as Cs + \C.,
where Cj is the self capacitance of the wire, A is the switch
factor and C. is the inter-wire capacitance. In this work we
use different switch factors for delay and power estimation
(given in Table 1) based on the experimental validation
in [5] which proposes power-based switch factors that are
slightly different from the delay-based ones. The variation of
the effective capacitance with the relative switching pattern
introduces a spread in the arrival time at the far end of the
wire. To demonstrate this a pair of coupled lines is used as a
constituent unit for a bus. For two simultaneously switching
lines, sixteen possible switching combinations can be iden-
tified. These can be categorized into five different groups
according to the effective capacitance as follows. Group 1:
Both switch in the same direction; Group 2: Both lines are
quiet (at 0 or 1); Group 8: One line is switching while the
other is quiet at 0; Group 4: One line is switching while the
other is quiet at 1; Group 5: The lines switch in opposite
directions.

To ensure error-free operation, timing constraints have
to be satisfied for the switching pattern that causes the
worst-case delay, which are the 1| and |1 combinations.
Since the effective load is highest for these patterns, the size



Group | Case | Switching Event on Switch Factor Energy Dissipation for wire i (X %ded) with
wire 4 wire j Delay-Based(\?) | Power-Based(A\?) | Traditional driver Smart driver

1 1 1 | 0 0.25 Cw_traa + 0.25C. Cw_smart + 0.25C¢
2 T T 0 0.25 Co trad + 0.25C. Cu_smart + 0.25C,
3 0 0 n.a n.a. 0 0

9 4 0 1 n.a n.a. 0 0
5 1 0 n.a n.a. 0 0
6 1 1 n.a. n.a. 0 0
7 0 T 1 1 0 0

3 8 T 0 1 1 Cw,t'rad + Cc Cw,snm'r't + Cc
9 0 | 1 1 0 0
10 l 0 1 1 Cw,t'ra.d + Cc C’w,smart + Cc
11 1 T 1 0 0 0

4 12 T 1 1 0 Cw,trad Cy_smart
13 1 l 1 0 0 0
14 l 1 1 0 Cu_trad Cw_smart

s 15 T [ 2 1.75 Co trad + 1.75C. Cotrad + 1.75C,
16 1 i 2 1.75 Cu_trada + 1.75C; Cw_trada + 1.75C;

Table 1: Switching Activities on the lines and the variation of effective capacitance.

of the buffer designed statically for the worst-case delay is
much larger than would be necessary for the same timing
requirements for other patterns [19]. Now this worst-case
condition occurs only twice out of 16 possible input switch-
ing patterns, with a probability of 1/8 for simultaneously
switching lines if the transitions are equally distributed as
in a random bit stream. For the 14 other cases, the wire
is driven faster, which just translates to slack which typi-
cally cannot be used, consuming energy unnecessarily. The
driver proposed here changes its drive strength depending
on the neighbour’s switching direction by using some simple
logic. A basic schematic of the proposed SMART repeater
is shown in Figure 2. If the switching pattern belongs to
Groups 1, 3, or 4, a single inverter (the Main driver) drives
the interconnect. When a switching pattern in Group 5 oc-
curs, another inverter (the Assistant) also drives the line,
increasing the total drive strength appropriately. By dis-
connecting the Assistant driver when it is not needed, part
of the parasitic capacitance is disconnected for the majority
of the switching patterns, leading to a saving in the average
energy consumption.

2.1 Energy Saving with the SMART Driver

Each time a wire is driven from 0 to Vpp, an energy
amounting to Cef;Vz; is drawn from the power supply. Half
of this is stored in the load capacitance while the rest is dis-
sipated in the pull-up network of the driver. During a Vpp
to O transition, the energy stored in the capacitance is dis-
sipated in the pull-down network of the driver. The energy
dissipation when two wires are coupled together is given in
Table 1 for all possible switching patterns. In accordance
with common terminology, the size of a traditional inverting
repeater is defined in terms of multiples of a minimum sized
repeater as H:. Since the driving portions of the SMART
driver are two inverters, they can be characterized in a sim-
ilar fashion as H,, and H,, which denote the sizes of the
Main and Assistant drivers respectively. The total static
capacitive load of the traditional driver, Cy_trad, can be de-
fined as Cs + H¢(Camin + Cgmin) (i.e. the sum of its own
parasitic drain capacitance, the self capacitance of the wire,
and the gate capacitance of the target load (a repeater for
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the purpose of this analysis) at the end of the wire. Here
Cymin and Camirn are the gate capacitance and the drain dif-
fusion capacitance of a minimum sized inverter. Similarly,
Cuw_smart can be described as Cs + HiCamin + HnCymin.
The energy dissipation per cycle depends on whether or
not switching transitions occur, and on the relative switch-
ing pattern as given in Table 1. A switching transfer is
a probabilistic event, and in general there can be temporal
and spatial correlations between transitions on the same line
and also on different lines. The average energy dissipation
for wire ¢ with traditional repeater insertion is
Vo
2 [ps,s (Cw,tra,d + 02500) + pe,lcw,t'rad(l)

+ Pe,0 (Ow,trad + Cc) +po,o (Cw,trad + 1750c)]

Etrad

avg (Z)

where p; ,, is the probability that wires 4, j switch as defined
below:
(s,s) - both wires switch in same direction;

(e,0) - wire ¢ switches up or down while wire j is quiet at 0;
(e,0) - wire ¢ switches up or down while wire j is quiet at 1;
(0,0) - both wires switch in different directions.

This can be simplified to:

V2
L2)D [(p575 + Pe,0 + De,1 +po,o)0w,trad (2)

(0.25ps,s + Pe,o + 1.75p0,0)Ce]

iy’ (1)
+

As enumerated in Table 1, the capacitive load C,, for the
SMART driver in a bus structure is Cy_smart for Group 1-4
and C\y_traq for Group 5. Hence the energy dissipation is:
Vi

’ )
+ po,ocw,trad + (0~25ps,s + Pe,o + 1-75po,o)cc]

smart
Eavg

(7’) [(ps,s + DPe,0 + pe,l)cw,smart

From (3) and (4) the average total energy saving for a single
segment of a repeater-inserted net is found to be:

AE = 0.5(295,5 + Pe,o + pe,l)(cw,trad - Cw,smart)VD2D (4)

SUbStitUting Cw,t'rad = Cs+Ht(Cgmzn+Cdmzn) and Cw,smart -



Cs + HiCamin + HnCgmin, this simplifies to:

H,
AFE = 7(105,5 +pe,0 +pe,1)CgminV5D

- (5)

If all switching events are random uniformly distributed
events with no correlation between neighbouring lines, ps s =
Pe,1 = Peo = 75 and (5) reduces to

3
i(Ht - Hm)cgmznvfd

A = 15

(6)

This can be verified by averaging the energy disspation
given in Table 1:

. VA
Eavg,trad(z) ??QD (8Cw _trad T 60 ) (7)

. VA
Eavg,smart (74) = ?f)QD (2011) trad + GCw,smart + 6C('X8)

It can be easily seen the energy saving given by (7)-(8) is
the same as (6).

This energy analysis assumes that the energy consumed by
the selection logic of the SMART driver is negligible. This is
true for repeaters driving global wires, and the smaller the
technology, the more accurate is the assumption.

To obtain the same performance as a traditional driver for
the worst-case, the main and assistant drivers are designed
such that Hy = Hm + H,. In essence (5) affirms that the
larger the Assistant driver, the larger the energy saving, as
this results in a lower average load.

2.2 Jitter Reduction with the SM ART Driver

In Figure 3 the curves with solid lines represent the out-
put response of a conventional driver, for minimum effec-
tive capacitance (Best-Case) and maximum effective capac-
itance (Worst-Case). Our aim, with the SMART driver, is
to delay the response for the best-case without affecting the
worst-case, so that the variation in delay becomes as small
as possible. In other words, the concept is to make the re-
sponse slower with minimum effective capacitance, as the
cycle delay has to be set to the worst-case delay anyway.

3. DESIGN METHODOLOGY
3.1 Delay Modeling

The delay analysis for repeater insertion is carried out
by characterizing a minimum sized inverter by an output
resistance Rgmin, in addition to the input gate capacitance
Cymin and output drain-diffusion capacitance Cgmin already
defined. This linearization allows us to use superposition
to find the total delay, and is sufficiently accurate for the
intended design tasks of global signal planning and incre-
mental physical optimization. The 50% delay of the circuit
can be approximated by the Elmore delay, with a factor of
0.4 being used to account for the distributed nature of the
wires. The delay of the pattern sensing circuitry has been
neglected.

3.1.1 Delay Analysiswith both Drivers Switching
With the linearisation of the driver, the equivalent circuit

for one repeater segment can be shown to be the circuit in

Figure 4. Hence the 50% delay for the wire can be expressed
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Figure 3: Method of Jitter reduction using SMART
driver

Rdnnn
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Figure 4: Equivalent Circuit for the case when both
drivers are switching

as

Ry Cy
g Zw
“Cy +0. &

)
Where k is the number of repeaters, and the parasitics are
Ry = (Bgguin imin- Cy = Comin (Hm + Ha),
Cq = Camin(Hm + Ha) and C,, = Cs + A\C.. Here H,,, and
H, are the sizes of the Main and Assistant drivers respec-
tively, and X is the switching factor. Since the Assistant
driver switches only when adjacent lines switch in opposite
directions, A=2. To simplify the delay equation, the follow-
ing time constants are defined: tpout = RaminCdmin,tDws =

Rdmin037 2SDWc = Rdmincm tpin = Rdmincgmin7 2SWD
RuwCgmin,tws = RwCs and twe = RwC.. This results in:

TA{A:k{O.'?Rd <Cd+cl; +C>+07

H Rdmzn

0.7(tpws + 2tpwe)

Tva = 0.7k(tpout +tpin) + (Hm + Ha)
s 2 c
s 0_7tWD(Hm+Ha)+0-4(tW_;7tW) (10)

3.1.2 Delay Analysiswith the Assistant Quiet

When the Assistant driver is quiet while the Main driver
is switching, the gate capacitance of the Assistant will not
add to the load, as it is disconnected by a switch in which
the input capacitance is negligible compared to the Assis-
tant driver’s input capacitance (see Figure 5). However the
parasitic drain-diffusion capacitance will always add to the
load.

}
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Rimin
H. Rw

:

Cs
H, + Ha) dmin

ﬂ‘i Hmcgmin

Figure 5: Equivalent Circuit for the case when the
Main driver is switching

The delay expression is now

Rdmin
k {0.7 .

Cs + \C.
k
R Cs + AC.) }

Ru(
+ 075 HoyCymin + 0.4 -

TJV[ [Cd + + H, m Cg'min:|

Replacing the time constants defined earlier, this is reduced
to:

Tyv

Hy,

0.7(tpws + Mpwe)
H,,

0.7k [tpom (1 + H“) +tDin] + 0.7THmtwp

tws + )\th

+ +047 (11)

where A € {0,1}

Equations (10) and (11) are the two principal delay equa-
tions of the SMART driver for its two states of Main and
Assistant drivers switching, and Main driver switching while
the Assistant driver is quiet. The accuracy of these delay
expressions was checked against simulated values, and the
results are presented in Table 2. Here Rgmin, Cgmin and
Camin are chosen as 9k$2 and Camin = Cgmin = 1.8fF as
being representative values for a repeater in a 180 nm tech-
nology. The average error of under 10% is low enough to
allow this first order delay model to be used for optimisa-
tion tasks early in the design flow.

3.2 Optimum Buffer Sizes

The delay equations (10) and (11) predict a global min-
imum for the delay for optimal k,H,, and H, values. The
variation of T4 and T with H,, and H, is shown in Fig-
ures 6 and 7. Tas4 is a convex function of H,, and H,, and
hence also of (Hy + Ha). T is a convex function of Hpy,
while it has a linear dependence on H, for a given value
of H,,. This is a consequence of the fact that the Assis-
tant driver contributes a parasitic capacitance to the load
while not contributing any drive strength for the switching
combinations represented by Tas.

We obtain the optimal H,,, H, and k values by deriv-
ing an expression for (H, + H,) and k by minimising tasa.
Then H,, is obtained by minimising fir4, which then al-
lows us to also solve for H,'. The delay when the assistant
driver is switching, tara, is minimised by setting the partial
derivatives of ¢4 with respect to k and (H,, + Hq) to zero,
which results in:

LA value for the optimal k can also be obtained by setting
the partial derivative of Th; with respect to k to zero, but
the difference is not significant.
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Figure 7: The Variation of Ty with H,, and H,

tpws + 2tpwe

Hm,opt + Ha,opt - (12)

twp
0.4(tws + QtWC)

_ = 13
0-7(tDout + tD'Ln) ( )

k,opt =

Since (10) is a convex function of total drive strength (H,, +
H,), and also of k, (12) gives the optimum value for (H, +
H,) and (13) the optimal number of sections, k_opt, to min-
imise delay. Now the optimal value for H,, is obtained by
setting the partial derivative of Ths with respect to H,, to
Zero.

0Tm

OHy

kHatDout +tpws + )\tDWc

0= H2 =
twp

(14)

By substituting for H,, in (14) from (12) the following ex-
pression is obtained:

ktDout) Ha + (HtQ _
t twp

t +2t
where Ht = Hm,opt =+ Ha,opt 1/ W

The two possible solutions to the above quadratic equation

o - <2Ht n tpws + )\tDWc) —0
WD

(15)



Ry Cs Cc T A/ (pS) T / (pS)

/(Ohms) | /(fF) | /(fF) | Model | Simulated | % Error | Model | Simulated | % Error
400 30.00 | 70.00 | 106.28 | 113.394 6.27 75.306 86.186 12.62
400 30.00 | 100.00 | 112.47 119.865 6.17 75.306 86.128 12.57
400 30.00 | 130.00 | 118.66 | 125.953 5.79 75.306 86.426 12.87
400 50.00 | 70.00 | 110.41 | 118.021 6.45 79.96 90.669 11.81
400 50.00 | 100.00 | 116.59 | 124.187 6.12 79.96 90.96 12.09
400 50.00 | 130.00 | 122.78 | 130.333 5.80 79.96 90.895 12.03
400 70.00 | 70.00 | 114.53 122.033 6.15 84.615 95.033 10.96
400 70.00 | 100.00 | 120.72 | 128.065 5.74 84.615 95.196 11.11
400 70.00 | 130.00 | 126.91 134.099 5.36 84.615 95.381 11.29
900 30.00 | 70.00 | 206.75 | 212.233 2.58 132.51 | 142.467 6.99
900 30.00 | 100.00 | 218.93 | 224.466 2.47 132.51 | 142.518 7.02
900 30.00 | 130.00 | 231.12 | 236.577 2.31 132.51 | 142.445 6.97
900 50.00 | 70.00 | 214.87 220.57 2.58 141.17 | 150.895 6.44
900 50.00 | 100.00 | 227.06 232.635 2.40 141.17 150.382 6.13
900 50.00 | 130.00 | 239.25 | 244.967 2.33 141.17 150.86 6.42
900 70.00 | 70.00 223 228.248 2.30 149.82 | 159.309 5.96
900 70.00 | 100.00 | 235.18 | 241.478 2.61 149.82 | 159.528 6.09
900 70.00 | 130.00 | 247.37 | 253.616 2.46 149.82 | 159.477 6.06

Table 2: Comparison of the delay and delay predicted by the model

are

ktDout y2

tpws + Atpwe
Ha:Ht+ DW DW

+

2twp \/4
2

Where s = 250t - (£152us)

Since H, < H¢, the meaningful value for H, is:

twp

ktDow tpws + Atpwe
Ho -, 4 Mo t,\/ﬁ+u (16)
2twp 4 twbp
and therefore
H tpws + Mpwe ktDout
H. =/ — 17
m \/4 twp 2twp (17

Here X can be either 0 or 1. It can be seen that when
there is no coupling (i.e. A = 0) (15) gives H, = 0 and
consequently H,, = H; which is the logical result.

3.3 Delay Balancing with the SMART Driver

As explained earlier, the SMART driver saves energy by
reducing the capacitive load for certain switching combina-
tions, which in turn is achieved by switching off part of the
driver. This means that the driver is essentially slower for
the switching combinations that give rise to a lower capac-
itive load, and hence reduces jitter - the variation between
the best-case and worst-case delays. This is a secondary
benefit of the driver, and here we present a design method-
ology for sizing the SMART driver to minimize jitter.

Since the Assistant driver switches only for the worst-case
switching pattern defined by Group 5 in Table 1, the size of
the Assistant driver, H,, can be used to tune the delays for
the other switching combinations defined by Groups 1 and
3-4. The expressions in (11) and (10) represent the delay for
all these switching combinations. For clarity of explanation,
say T1,T> and T3 are the wire delays for Groups 1, 3-4,
and 5 respectively. Hence T1 = Tar|r=0, T2 = Ta|r=1 and
T35 = Twva. Now increasing H, increases Ta (see Figure
7), and hence H, can be sized so that either 71 = T3 or
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T> = T3 (Tn = T> = T3 is not possible because the relative
delay variation between T and T% is not a funtion of H,).
The delay variation can be quantified as

AT =Trva—Tu.

By setting AT = 0, delay balancing can be achieved. Sub-
stituting for Thra and T from (11) and (10) and using the
relation H,,pp = H: — H,pp the following quadratic for
H,pp can be obtained.

AH?pp + BHupp +C =0 (18)
where
A = 0.Ttwp
B 0.7 [ktpout — twp H;
n tpws + 2tpwe | (2= Mtwe
, k
C = —(2-))|0.7tpwe + O'4twc]

Now sizing Ho,pp to equalise 71 and T3 results in T be-
ing larger than T3, which may not always be possible due
to constraints on 73, the worst-case delay. However equal-
ising T and T3 does not result in any such adverse effect.
For the former strategy A = 0 while for the latter strategy
A =11in (18). Here H; and k can be calculated according
to the strategy adopted. For example for optimal repeater
insertion, Hy can be calculated from Equation (12) and k
from Equation (13).

4. DISCUSSION ON DELAY AND ENERGY
CONSUMPTION

Having identified the delay expressions and possible ways
of optimizing the buffers, both the main driver and assis-
tant, calculations were carried out in order to verify the
strategy proposed in the paper. We designed the assistant
driver considering two cases: the first case is optimization
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oA Ruw = 39 Q/mm
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Figure 8: Wire Geometrical Parameters

of delay for Group 1 (A = 0), and the second case is delay
optimization for Group 3-4 (A = 1). These two cases has
termed as Design Strategy One and Design Strategy Two.
Apart from that the drivers can be sized according to the
delay balancing technique too. The calculations carried out
considering minimum sized global wires (Refer Figure 8 with
w = 525nm) in 180 nm technology node and the results are
shown in the Table 3. Switching probabilities to evaluate the
energy saving (AE) were found using two uniformly distrib-
uted pseudo random bit sequences(PRBS) with probabilities
P = 0.1111, peo = 0.1311,pe.1 = 0.1542 and po,, = 0.1001.
For all the strategies the maximum delay is 352 ps, and AE

Etrad—Esmart ATyrad—ATsmart
— Strad—Zsmart) gpd AT = SSftrad—Sosmart)) yalyes are
( Gomert) ( ATyrga )

represented as a percentage as compared to the traditional
method.

Case k| H | Hn | Ha AT AFE

Strategy One 4 | 173 | 105 68 3.1% 10.9%

Strategy Two 4 | 173 | 142 | 31 -1.6% | 5.0%

Delay Balanced | 4 | 173 | 75 97 18.7% | 15.6%
[ Traditional [4[IT3[NA. [NA. |- [-

Table 3: H,, and H, for Two Optimization Strategies

The optimum driver sizes given in Table 3 are used to
evaluate the propagation delays for the switching patterns
related to Group 1, Groups 3 and 4, and Group 5. The
propagation delays are shown in the Figure 9. Switching
patterns in the Group 5 shows the maximum (worst-case)
delay whereas that for Group 1 is the minimum while Group
3-4 is in between.

When the delay balancing technique is used the delay for
Group 5 and Group 3-4 becomes equal and the delay for
Group 1 increases a little reducing the delay variation, which
is shown in the Figure 10. The reduction in jitter is 18% with
the delay balanced sizing of SMART repeater.

5. CONCLUSIONS

With the ever decreasing feature size, the delay and en-
ergy dissipation of on-chip global level wires are posing great
challenges in the nanometer regime. Usually repeaters are
used to reduce their delay trading off some active area and
power. Due to the static nature of the traditional repeater
there is an excessive power loss in bus wire structures. We
addressed this unnecessary power dissipation problem by dy-
namically changing the size of a repeater: The SMART re-
peater concept. Required worst-case delay based driver has
been distributed among two drivers namely main and assis-
tant. What we pay for all these power and jitter reduction
is just some extra area for a logic circuit and the assistant
driver. However, compared to a bus wire structure, the area
for the extra gates are considerably small. With the same
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Figure 9: Propagation Delay

maximum delay as with traditional repeaters, SMART re-
peaters presented in this work shows a 15% energy reduction
with a 18% jitter reduction.

Propagation Delay
0.4 T

0.35r
0.3
0.25

0.2r

I Traditional Method
[ Delay Balanced

Porpagation Delay (ns)

Group 1 Group 3-4 Group 5

Switching Patterns

Figure 10: Propagation Delay using with balancing
the delay

This work contained a detailed Elmore delay model for
the SMART repeater and optimum sizes for Assistant and
the Main drivers. Also, the delay balancing technique is also
presented. In section 4 probabilistic average energy model is
described for clear analysis of energy saving in SMART re-
peater concept. Unlike the other interconnect repeater con-
cepts other than the original concept by Backoglu [2],this
SMART repeater concept can easily be implemented in an
interconnect planning CAD tool. However, a detailed cir-
cuit level implementation and practical design issues of the
SMART driver, and it’s usefulness for different applications
will be discussed elsewhere.
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