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

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

Abstract—A SMART repeater is proposed for driving capacitively-cou-
pled, global-length on-chip interconnects that alters its drive strength dy-
namically to match the relative bit pattern on the wires and thus the effec-
tive capacitive load. This is achieved by partitioning the driver into main
and assistant drivers; for a higher effective load capacitance both drivers
switch, while for a lower effective capacitance the assistant driver is quiet.
In a UMC 0.18-.m technology the potential energy saving is around 10 %
and the reduction in jitter 20%, in comparison to a traditional repeater for
typical global wire lengths. It is also shown that the average energy saving
for nanometer technologies is in the range of 20% to 25%. The driver ar-
chitecture exploits the fact that as feature sizes decrease, the capacitive
load per transistor shrinks, whereas global wire loads remain relatively
unchanged. Hence, the smaller the technology, the greater the potential
saving.

Index Terms—Buffer, interconnects, nanometer design, on-chip sig-
naling, repeaters.

[. INTRODUCTION

A key technique in reducing propagation delay and signal degradation
in global on-chip interconnects 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 [1]. Further, [1] concludes that over 90%
of this power is concentrated in only 10% of the interconnets;
i.e., those which are classed as global and run for a significant
fraction of the die length.

The repeater we propose in this paper exploits the fact that in a par-
allel wire structure, the effective capacitance of a given wire is dy-
namic; i.e., it is a function not only of the physical geometry, but also
of the relative switching pattern described by the bits on the wire in
question (the victim) and the adjacent wires (aggressors). With a tradi-
tional 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 pro-
posed repeater, the drive strength is dynamically altered depending on
the relative bit pattern, by partitioning it into a main driver and assistant
driver (see Fig. 1). For a higher effective load capacitance, both drivers
switch, while for a lower effective capacitance the assistant driver is
quiet [2]. 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 experimentally
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Fig. 1. Basic schematic of the proposed driver scheme.

shown that for a UMC 0.18-p:m technology the potential average saving
in energy can be as much as 10% over a traditional repeater for typical
global wire lengths in nanometer technologies. Since this SMART re-
peater works by reducing the variation in the delay, an added benefit
is that the jitter is reduced. In the same technology, the jitter reduction
was as much as 20%.

The ramifications of the dynamically changing load in coupled in-
terconnects have received a fair amount of attention in the literature.
A comprehensive analysis of design considerations for repeater inser-
tion in a bus structure with heavy coupling was presented in [3]. A
scheme proposed in [4] staggers the repeaters so that opposing tran-
sitions only persist for the length of the offset between repeaters, and
become best-case patterns for the remainder, resulting in a delay reduc-
tion. Many innovative alternatives to the traditional repeater have also
been proposed, such as the transient sensitive accelerator (TSA) [5],
charge recycling technique (CRT) [6], boosters [7], the TAGS receiver
[8], the aggressor-aware repeater [9], and the capacitor-coupled trigger
and accelerator combination [10]. Some of these use skewed inverters
to tradeoff noise margin for speed [5], [7], [8], while others consume
more energy [9] and occupy a larger area [5], [7], [8] to produce a faster
response.

In general, not only do these alternatives to traditional repeaters re-
quire 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 critical design parameters for the traditional inverting
repeater [11], resulting in easy amalgamation in computer-aided design
(CAD) flows at different levels of hierarchy from initial signal planning
to detailed place and route.

A secondary advantage of the repeater circuit proposed here is that
the relatively minor increase in circuit complexity required to obtain
the energy saving and delay equalization described above can be com-
pletely abstracted in the performance analysis.

II. IMPLEMENTATION OF THE SMART DRIVER

A. Concept

In order to demonstrate the variation of effective capacitance of
wires, a pair of coupled lines is used as a constituent unit for a bus. For
two simultaneously switching lines, sixteen possible switching combi-
nations can be identified as given in Table I. These can be categorized
into five different groups according to the effective capacitance as
follows.

Group 1 Both switch in the same direction.

Group2 Both lines are quiet (at O or 1).
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TABLE I
SWITCHING ACTIVITIES ON THE LINES AND THE VARIATION
OF EFFECTIVE CAPACITANCE

Switching Effective Wire Capacitance
Group | Case Event On Traditional Smart
wire ¢ | wire j driver driver
1 1 l l th Cws
2 T T th Cws
3 0 0 0 0
2 4 0 1 0 0
5 1 0 0 0
6 1 1 0 0
7 0 T 0 0
3 8 1 0 | Cutt =522 | Cus+ =572
9 0 1 0
[ 0 [ Cuwt + P5C= | Cup + 20
11 1 T 0 0
4 12 T 1 Cwl, + 40.1;‘(, C’LU[- + ul‘;:l
3 T T 0 0
14 ! I | Cuwe+ 257 | Cus + 252
15 | 1 L | Cuwet 2552 | Cun + =5
5 E E
6 | | T | Cue+ T25= | Cup + 225
Group 3 One line is switching while the other is quiet at 0.
Group4 One line is switching while the other is quiet at 1.
Group5 The lines switch in opposite directions.

In Table I, Cut = (Cs/k) + Hi(Camin + Cymin) and Cope =
(Cs/k) + HiCymin + HpnCgmin, where H,, and H, denote the
sizes of the main and assistant drivers, respectively; Hy = H,,, + Ha;
k is the number of wire segments; Cymin and Cymin are the gate
capacitance and the drain diffusion capacitance of a minimum sized
inverter; and C's and C'. are the total wire-to-ground and wire-to-wire
capacitances, respectively.

To ensure error-free operation, timing constraints have to be satisfied
for the switching pattern that causes the worst-case delay, which are the
T| and |T combinations. Since the effective load is highest for these
patterns, the size of the buffer designed statically for the worst-case
delay is much larger than would be necessary for the same timing re-
quirements for other patterns [3]. Now this worst-case condition occurs
only twice out of 16 possible input switching patterns, with a proba-
bility 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 typically
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.

The other useful feature in the SMART driver is its ability to re-
duce jitter while saving energy. The SMART driver achieves this energy
saving by delaying the response for the best-case without affecting the
worst-case (delay-balancing), so that the variation in delay is as small
as possible [2], [12]. This is illustrated in Fig. 2, where the curves with
solid lines represent the output response of a conventional driver for
minimum effective capacitance (best-case) and maximum effective ca-
pacitance (worst-case).

We propose this SMART driver circuit for a regular bus structure, and
in that case, there will be at least two aggressors for a middle wire.
This problem is addressed by adding an extra assistant as in our pre-
vious work [2] for each extra aggressor, and a unified analytic optimiza-
tion algorithm is not derived, but an empirical sizing methodology can
easily be obtained. In terms of the hardware, there is very little added
complexity in the control logic. Similarly, irregularly spaced aggressors
do not impose any special problems, because we can merely stagger the

Voltage

/ Best Case with Smart Driver

o
-

Time

Fig. 2. Jitter reduction using SMART driver.

spacing of repeaters appropriately, so that long extra control signals are
not necessary.

B. Circuit Realization

The implementation has been carried out in a UMC 0.18-zm CMOS
technology, with a Vpp of 1.8 V. All simulations are carried out using
Cadence Spectre.

In the implementation, a decision is made prior to the next transition
about whether or not it constitutes a worst-case pattern. This decision
is based on the relative logic values of the aggressor and the victim
at the current time. Since the assistant driver needs to switch on for
the worst-case patterns described in Group 5 in Table I, any time the
present state has opposing logic values on the victim and aggressor, the
assistant is turned on. This actually turns the assistant on for two other
patterns which are not worst-case, namely patterns 10 and 12 in Table I,
which reduces the energy saving from the theoretical maximum, but
allows a robust and fairly simple circuit implementation.

The complete schematic is shown in Fig. 3. The transistors P, and
N, form the assistant driver, whereas the inverter I'1 is the main driver.
Two transmission gates (I'G, and T'G,), drive the pull-up and pull-
down networks of the assistant driver. The weak transistors P, and Ny
act as keepers ensuring that the assistant driver is turned off properly
when the corresponding transmission gate is disabled.

The propagation delay of the selection logic 7,4 is designed to
be greater than or equal to the delay of the main driver (from node
Vicetim_In to node Victim_Qut) so that node Victim_Out is able
to change before Pa or Na change.

Figs. 4 and 5 show the simulation results at the far end of a
2.5-mm-long wire driven by a SMART repeater and a traditional
repeater (inverter). The waveforms show the delay equalization for
different switching patterns taking place.

Along with the delay performance, the noise resilience of the pro-
posed driver is of paramount importance. In our implementation, we
avoid the use of skewed inverters while using complementary logic
with a switching threshold of Viyp /2 throughout the control circuitry.
The only exception is the transmission gate pair, which are protected by
keepers. Hence, a preliminary analysis reveals a relatively high noise
margin for the circuit. Nevertheless, a more comprehensive noise anal-
ysis is earmarked for future work.

III. ENERGY MODEL OF THE SMART DRIVER

1) Dynamic Energy: If all switching events are random uniformly
distributed events with no correlation between neighboring lines, the
average energy dissipation per transition for wire ¢ can be obtained by
averaging out the dynamic energy consumption for each pattern. Then
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Fig. 3. Circuit schematic of the proposed SMART driver and the selector logic.
(a) Driver circuit. (b) Gate-Level schematic of selector logic. (c) Transistor-level
schematic of selector logic.
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Fig. 4. Waveforms when the aggressor and victim switch in the same direction
with only the main driver being active.
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Fig.5. Waveforms when the aggressor and victim switch in opposite directions
with both drivers active.

the dynamic energy dissipation for a wire buffered with % traditional
repeaters is

VB C.
ER =2y (8% + 77) (1)

TABLE II
BUFFER AND WIRE PARAMETERS FOR VARIOUS FUTURE TECHNOLOGIES
BASED ON ITRS [15] PROJECTIONS AND [16]. WIRE ELECTRICAL
PARAMETERS WERE OBTAINED USING FORMULA GIVEN IN [17]

Feature size (nm) 180 | 130 90 65 45 32
Legs (nm) 120 | 49 35 24.5 17.5 12.6
Vaa (V) 1.8 1.3 1.2 1.1 1.0 0.9
Lisat (WA/pum) 554 | 1000 | 1100 | 1150 | 1200 | 1250
toz (nM) 42 1.6 1.4 1.2 1.1 1
Vin (V) 0.53 | 0.283 | 0.284 [ 0.289 | 0.292 | 0.295
Tor 7 (A] ) 20 [ 30 30 70 T00 | 150
freq (GH=) 1.0 1.6 2.0 2.5 3.0 3.5
Ramin (k) 827 | 14.15 | 16.62 | 20.82 | 25.40 | 30.48
Cymin (fF) 231 | 0.43 0.25 0.14 0.077 | 0.043
Camin (fF) 2.00 | 0.49 0.33 0.22 0.15 0.10
Width(w)(nm) 525 | 335 205 145 102 70
Aspect Ratio (AR) | 2.1 2.1 2.1 2.2 2.3 2.4
krop 3.5 3.3 2.8 2.5 2.1 1.9
7w (2/mm) 38 93 249 475 919 1870
cs(fF/mm) 36 34 29 26 22 20
co(fF/mm) 101 | 96 81 75 65 61

and that for a wire buffered with & SMART repeaters is

g _ Voo <4C +4C,s + TQ) 2)
smrt T 32 wt ws I .
The dynamic energy consumption of the selection logic is found by
estimating the total effective load capacitance including parasitic ca-
pacitances of all the gates and multiplying it by V3 /2 and the activity
factor.
2) Short Circuit Energy: Assuming the short-circuit current spike
is a triangle with a peak I;ecak, and a base ¢,.., the short-circuit energy
is shown in [13], [14] to be

1 .
ESCl‘,h = 5Ipeaktsn‘/r)r) (3)
where
Voo Vi \ 1
Tpeak = Igsat 2 4
peak dt(‘/]_)]_)-‘/;*,) ()

tee = 1.1[Ry(Cu+ Cy 4 Cu) + RuCy + 0.4R.Cu]  (5)

with R, being the device resistance averaged over the switching range
during which the short-circuit current flows and V. is the source to
gate voltage of the MOS transistor. It is assumed that the peak current
occurs in the middle of the transition and hence, Vs & Vpp /2.

In modeling the short circuit power consumed in the selector logic,
the series connected pMOS/nMOS combination is represented by an
equivalent single pMOS/nMOS device for the purpose of computing
the driving resistance. This resistance is multiplied by the load capac-
itance to obtain #,., which is

ts(‘_gate ~ Rgout(cdont + Cg,iu) (6)

where Rgout is the equivalent output resistance of the gate, Claout is
the output capacitance, and C,;i, is the fan-out capacitance.

3) Leakage Energy: The average leakage energy of a MOS tran-
sistor is given by

Vi Iea age
Eleakage = % (7)
_ W‘)D ([offn "1/717/ + Ioﬁ'p I/1/])) (8)
2fclk )
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Fig. 6. Variation of energy per transition with the size of assistant driver.

TABLE III
ENERGY DISSIPATION FOR EACH SWITCHING GROUP ( H, = 104)

. Energy Dissipation (f.J)
Driver Group 1 | Group 3/4 | Group 35 Eavg (£7)
_ Trad. 1507 1888 2195 939
—“.; Smart 934 1274 2195 789
S | Selector 77 77 77 77
AFE 33% 28% -4% 7.8%
Trad. 1530 1735 1997 893
E Smart 994 1248 2065 753
@ | Selector 57 102 215 71
AE 31% 22% -14% 8%
300 : : : : : : :
Smart Driver
250 ~—
Trad. Driver

)
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Fig. 7. Delay variation with the size of assistant driver.

IV. ENERGY MODEL VALIDATION

The energy models derived in Section III are validated for the UMC
0.18-pm implementation by running simulations for a wire length of
10 mm. The relevant parameters for this technology node are given in
column one of Table II. For the traditional inverting repeater, the pa-
rameters of repeater size (H; = 156) and number of repeaters (k = 5)
for minimizing delay are obtained from the well-known methodology
described in [3]. Applying the general methodology described in the
Appendix for optimizing the SMART driver, the parameters H,,, = 52,
H, = 104, and k¥ = 5 are obtained.

The simulations show that the energy models derived for the tradi-
tional and SMART repeaters are accurate to within 95% of their sim-
ulated values as evidenced in Fig. 6 and summarized in Table III. As
predicted by the model, increasing the size of the assistant driver will
increase the energy saving, although at the cost of increased delay, if
the size is increased beyond the optimal (refer to Fig. 7).

It is evident from Table III that the energy loss introduced by the
extra selection logic for switching patterns in Group 5, where both the
assistant and main drivers switch, is more than offset by the energy
saving for those patterns in Groups 1, 3, and 4, where the assistant

TABLE IV
MAXIMUM CROSSTALK ON A QUIET LINE
Near End | Far End
Smart Repeater 0.113 V 0213V
Traditional Repeater 0.069 V 0.206 V
TABLE V
ENERGY SAVING FOR FUTURE GENERATIONS
Tech. node (nm) | 130 90 65 45 32
k 14 24 36 54 84
H; 325 | 268 | 277 | 278 | 282
H, 202 162 163 158 154
Esmrt/Btrad 074 | 0.75 | 0.77 | 0.80 | 0.83

does not switch. On average, assuming equally likely occurrences of
all patterns, the total energy saving is around 10%.

There is a slight increase in the peak crosstalk voltage with a smart
driver compared to a traditional driver but the peak crosstalk at the
far-end is about 12% of V11>, which is in the normally acceptable range
0f 20% of V. It can be seen from Table IV that the near-end cross-talk
with the smart repeater is doubled compared to a traditional repeater,
but the total percentage is 0.1% of Vpp.

V. IMPACT OF TECHNOLOGY SCALING

In this section, the potential of the SMART Driver to save energy
in future technology nodes is investigated. As the feature size
decreases, the short circuit energy increases fairly sharply, which
adversely affects the energy saving due to the fact that the SMART
driver has a few transistors in the selector logic. However, this is
offset to some degree due to the relative decrease in area and the
associated dynamic energy consumption of the selection logic in
comparison to the driving inverters. Since global wires are scaled
selectively, the wire parasitics remain approximately the same, or
are worse, and the driving transistors see no reduction in size [15].
In contrast, the selection logic can be implemented with minimum
sized transistors and the dynamic energy consumed becomes truly
negligible. An analysis was carried out using ITRS predictions
to derive the relevant technology parameters, as summarized in
columns 2—-6 in Table II. The predicted total average energy saving
in driving global length wires is shown in Table V, highlighting
the usefulness of the SMART driver right up to the 32-nm node.

VI. CONCLUSION

In this paper, we addressed the issue of reducing energy consump-
tion by exploiting the switching-pattern-dependent delay of repeater-
inserted global wires. The proposed circuit was implemented in an
UMC 0.18-pm CMOS technology and tested for proof of concept. The
average energy saving was shown to be around 10%, and the jitter re-
duction to be 20% for a data rate of 1 GB/s.

A comprehensive delay and energy analysis was presented,
including a design methodology to obtain the optimal repeater config-
urations for minimizing delay while also minimizing jitter. Further,
as processes scale, the selector latency shrinks, and higher data rates
can be achieved. The total energy saving that can be achieved by the
SMART driver in future nanometer technologies is found to be in the
range of 20%—25%.
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APPENDIX
DELAY-BALANCED DRIVER SIZING

The methodology for delay-balanced driver sizing for the SMART
driver is described extensively in our previous work [12]. The delay
analysis for SMART repeater insertion uses the characterization of
a minimum-sized repeater in terms of an output resistance RRqmin,
input gate capacitance Cymin, and output drain-diffusion capacitance
Cdmin. When both the main and assistant drivers are switching,
Ry = Rawmin/(Hm + Hy) and Cy = Cymin(Hm + Ha). An
expression can be derived for the associated delay T'ws 4, by using the
Elmore delay as in [13]. When the assistant driver is quite, the driver
resistance changes to Ry = Rgumin/Hm, and the gate capacitance
to Cy = Hu;Cgmin. Thus, the delay expression (Ths) when the
assistant is quiet is found. Since the assistant driver switches only for
the worst-case switching pattern defined by Group 5 in Table I, the
size of the assistant driver H, can be used to tune the delays for the
other switching combinations defined by Groups 1, 3, and 4. The delay
variation can be quantified as

AT =Tyra — T

By setting AT = 0, delay balancing can be achieved. Using the rela-
tion H,.,ns = H, — H.pg, a quadratic equation for H,»g can be
obtained, the solution to which gives the delay balanced assistant driver
size.
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