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Abstract aggravated due to the following reasons also: (1) increas-
ing use of repeaters in long signal lines to reduce delay
With technology scaling, power dissipation and localized leads to higher energy dissipation [12]; (2) a steady in-
heating in global and semi-global bus wires are becoming crease in the number of metal layers, and particularly the
increasingly important, and this necessitates the develop-number of global metal layers, also increases overall en-
ment of accurate models to explore these effects during de€rgy dissipation; (3) increased capacitive coupling be-
sign stage, with simulators and using realistic workloads. In tween global signal lines, as a result of smaller inter-wire
this work, we present a unified nanometer-scale bus energyspacing, increases energy dissipated during a switch-
dissipation and thermal model that helps designers monitor ing event; (4) low-K dielectrics that are used to reduce
energy dissipation and temperature rise in individual wires cross talk effects in high-aspect-ratio global lines have in-
during dynamic simulation. In addition to self capacitance, herently poor thermal conductivities leading to lesser
our model incorporates the effects of capacitive coupling heat being dissipated from the wire into the surround-
between adjacent as well as non-adjacent pairs of wires oning medium; and (5) long via separations in upper metal
switching energy, effect of repeater insertion, and the ef- layers also contribute to higher average wire tempera-
fect of lateral heat transfer between adjacent wires, all of tures (vias are normally better thermal conductors than sur-
which have been ignored in earlier models. Next, using our rounding low-K dielectrics) [6]. All of the above effects
integrated model in a first-of-its-kind study, we study en- are expected to worsen as wire aspect ratios continue to in-
ergy dissipation and thermal characteristics of instruction crease and inter-wire spacings decrease in global wires for
and data address buses with traces obtained from standardfuture technologies.
SPEC CPU2000 benchmarks and using technology param-

eters for various nanometer technology nodes from the ITRS; 1 Scope and contributions of this work
road-map. We also evaluate the effect of some well-known

low-power bus design schemes on bus line energy dissipa- gy virtue of their carrying smaller currents than power

tion. supply lines, bus line energy dissipation and thermal char-
acteristics of signal lines (both clock and data lines) have
not been the subject of serious study. But this will need to
. change as activity rates become higher and clock frequen-
1. Introduction cies increase as technology scales down. High switching ac-
o _ tivity rates also mean that the fluctuating line currents drawn
As fabrication technologies scale down and low- py the driving circuitry can influence inductive voltage drop
permittivity (low-K) inter-metal and inter-Iaye_r dielectrics power supply lines, particularly since the long global sig-
are introduced to reduce RC delay, dynamic power, andng| |ines present a high load capacitance. In this work, we
cross talk in global S|gnal bus Iines/wwes,.study of ther_— develop a model for activity-dependent bus line energy dis-
mal effects are becoming more and more important. This sipation and temperature rise, and apply it to study address
is more so because, due to the increase in clock frequenyses: however, our energy and thermal model can be used
cies, the time available for cooling reduces. Energy dis- 1o study energy and thermal characteristics of any bus (ad-
sipation and temperature rise in global signal lines are gress, data, or instruction) routed in the upper metal layers.
The nature of capacitive coupling between bus lines,
% This research was supported by U.S. National Science Foundationwhich dominates bus line energy dissipation and ultimately
grant # 0102830. wire temperature, depends highly on the type of informa-

iFi',F.

Proceedings of the 11th Int'| Symposium on High-Performance Computer Architecture (HPCA-11 2005) COMPUTER
1530-0897/05 $20.00 © 2005 IEEE SOCIETY




tion being carried on the bus. Also, it is known that utiliza-
tion of buses, in general, varies dynamically as programs
execute. Typically, transmissions on buses are interspersed
with unequal periods of idling during which no power is dis-
sipated in the bus lines (assuming they hold the last value
that was transmitted). This idle period presents opportuni-
ties for cooling in the bus lines. Thus, the temperature pro-
file of a bus line is both time- and information-dependent.
Hence, interconnect thermal models that estimate tempera-
ture and reliability based on the assumption that all bus lines
carry the maximum RMS current density (worst-case sce-
nario) [5, 2], and models that use switching activity factors
to estimate average self-heating power to determine tem-
perature rise [8], may result in inaccuracies when estimat-
ing wire temperature. This may, in turn, lead to incorrect in-
terconnect lifetime prediction, since dynamic heating and
cooling effects are not taken into account. Also, design-
ers will be forced to allow higher-than-required safety mar-
gins and, as a result, the system will incur higher packag-
ing costs. Hence, thermal effects in buses are best studied
using dynamic simulation on real-world bus traces; in this
work, we present a methodology to do this.

Briefly, the contributions of this work are the following.

e We present a model to estimate bus line energy dissi-
pation that can be used in a trace-driven setup or in
a power/performance simulator. Existing bus energy
models like [16] only estimate bus energy dissipation
considering the bus as a whole, not in each bus line;
our model is capable of estimating energy dissipated in
each bus line. As we shall see later, this is necessary to
model dynamic temperature effects in buses. Our bus

Our work is also the first to study whether technol-

ogy scaling will have any impact on the need for ad-

dress bus encoding in future technologies. In this con-
text also, we use realistic technology parameters from
the ITRS road-map for current and future nanometer
technology nodes.

e Finally, we present a thermal model and a method-

ology to estimate temperature rise in each wire of a
global signal bus with dynamic simulation. Our model
incorporates the effect of inter-layer heat transfer (heat
conduction from lower metal layers through the inter-
layer dielectric) and intra-layer heat transfer between
adjacent bus lines through the inter-metal dielectric.
Our model assumes a constant substrate temperature
and models only the temperature rise in the bus lines
due to internal heat generation in the wire (arising from
current flow) and conductivity of the surrounding di-
electric. Simulations using our model estimate that,
even for the current 130 nm technology node, switch-
ing activities in wires of an address bus can cause
wire temperatures in global signal buses to rise by
about 30 degrees from the ambient during execution of
a SPEC CPU2000 benchmark. This temperature rise,
when combined with dynamic substrate temperature
changes reported by [15] can result in highly irregu-
lar variations in the temperature profile that can cause
performance degradation due to changes in RC delay
of wires (as a result of temperature-dependent resistiv-
ity) and/or decrease in electromigration reliability.

The organization of the rest of the paper is as follows.

model is also more accurate because it considers theSec. 2 briefly reviews related work. Next, in Sec. 3, we de-
effect of both adjacent and non-adjacent neighbor ca-Scribe our energy dissipation for global signal lines. Then,
pacitive coupling on switching energy in addition to We present our thermal model in Sec. 4. Then, in Sec. 5, we
energy dissipated in the self Capacitance (Capacitancé)resent simulations and results obtained USing our model on
to ground). In addition, we also model the effect of re- address bus traces. Finally, we conclude in Sec. 6.

peaters, which increase the self capacitance and energy

dissipation in bus lines. Although inductive coupling 2 Related Work

is becoming important in nanometer technologies, we

do not consider its effects on energy dissipation inthis  gome methods for high-level and architectural-level in-
work because, for long global signal lines (length  terconnect power analysis have been proposed [17, 19].
10 mm) in current ITRS technologies, the interconnect gaylier modeling methods estimated bus energies based on
(modeled as a lumped RLC circuit) is over-damped, syitching activities (self transitions) only [19], whereas re-
i.e., its energy dissipation can be approximated by an cent models consider adjacent inter-wire capacitances also
RC model without significant error [10]. for energy calculations [17]. Thermal effects in intercon-

e Using our bus line energy dissipation model, we study nects and their implications for performance, current den-
the effectiveness of some existing low-power bus en- sity, and reliability have been studied in [3, 1]. Recently,
coding techniques when used for address bus encodinterconnect thermal models have been proposed in [6, 8].
ing. To our knowledge, no previous work has stud- But these models either perform a worst-case analysis us-
ied these bus encoding techniques using realistic ad-ing maximum current metrics suitable only for power sup-
dress traffic from SPEC CPU2000 benchmark pro- ply lines [6] or consider average switching activities [8].
grams; most of them have used random traffic patternsSuch approaches are not suitable for analyzing signal lines
that do not behave like real-world address streams do.since: (1) signal lines carry much less current densities than
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power supply lines and (2) activities of bus lines and hence achieve optimum delay on the interconnect, the total capac-

their energy dissipation and thermal characteristics are tieditance contributed by all repeaters on the interconnect is:

to actual traffic patterns (with intermittent idling) carriedon C,., = h - k - Cy. The optimal size of repeaters and the

the bus. number of such repeaters that need to be used for minimum
delay are as follows:

3. Bus Line Energy Dissipation Model

In this section, we develop our bus line energy dissipa-

tion model that calculates energy dissipated as a result of

a switching (both self and coupling) transition. This energy

model is then used to determine change in wire temperature

that occurs due to the combined effect of self-heating in the
wire and heat conduction into the surrounding medium. Val-
ues for wire geometry (wire width, spacing, etc.) and tech-
nology and equivalent circuit parameters, like capacitance
and resistance of lines and repeaters that we used for vari

RO ) Ovm‘

ho= Co - Ring )
K 0.7(Co - Ro) ’ (2)

whereCin: = cwire + 2 - Cinter 1S the capacitance of a
wire and R;,,; and R, are the resistances of the wire and
a minimum-sized repeater, respectively [12]. It can be seen
that, effectivelyC,.c,, = 0.75 x Cjp;.

ous nanometer-scale technologies are listed in Table 1. Note o o . )
that wire spacing is assumed to be equal to the wire width 3-2- Energy dissipated in inter-wire capacitance
per ITRS [14].

The energy drawn from the supply rails by the driving
gates of a bus line is dissipated &<z losses in the bus line
as well in those capacitively coupled to it. This results in
temperature rise in the coupled wires due to self-heating ef-
fect. Existing bus energy models like [16] only provide ex-
pressions for total energy dissipated in the bus. From the
thermal design point of view, the energy dissipated in each
bus line is important since it helps determine the tempera-
ture rise in each individual wire separately. This can be cal-
culated as described below.

The second component of energy dissipation iscihe
pling energy which is influenced by charging, discharging,
or toggling of the coupling capacitaneg; between two
linesi and j. A coupling chargetransition occurring be-
tween two lines is one ofi0 — 01, 00 — 10, 11 — 01,
or 11 — 10; a coupling dischargeransition is one of:
01 — 00, 01 — 11,10 — 00, or 10 — 11; and acou-
pling toggletransition is eithefl — 10 or 10 — 01. The
coupling energy dissipated in linésandj for each of the
above three cases can be calculated as described next.

If Vi, V; # 0andV; = —Vj, then the coupling capac-
itance toggles, i.e., one terminal discharges to ground and
the other charges t4;, or vice versa, which results in the
effective coupling capacitance doubling per the Miller ef-
fect [13]. The coupling energy dissipated in lings ob-
tained asE¢ = 0.5 x ¢; ;(V2 = V; - V;),i # j. Note that
cii+1 IS the same a8;,.., Whose values are given in Ta-

3.1. Energy dissipated in line self capacitance
First, we defineV; = V/™ — Vi, ie., the differ-
ence between the final and initial voltages on liné&ote
that V" and V;/"" can take either of two values: O or
Vaa. Thus, Vi = Vyq implies that the self capacitance pje 1. Similarly, the coupling energy dissipated in lipes
of line ¢ charges due to a rising transitiof (— 1) and obtained usingE$ = 0.5 x ¢; ;(VZ — V; - V;). f Vi = 0
Vi = —Vaq means that the self capacitance is discharged gy V; =0andV; +V; = Vaa, then the coupling capaci-
due to a falling transitionl( — 0). For each transition, en-  tance is charged due to the resulting transitiori/;lf= 0
ergy that is diSSipated in wiredue to Charging or diSCharg- or ij =0 and‘/‘i + ‘/J = —Via, then the Coup”ng Capaci_
ing of the self capacitance of the wire can be calculated as:tance discharges due to the resulting transition. The energy
E; = 0.5 X (ctine + Crep) - V¥, wherecy, is the self ca- for these cases for each line can also be calculated using the
pacitance of a wire and:.,, is the total capacitance of the  expressions above. It can be seen that the toggle case dissi-
repeaters on the line. The energy is calledself energy  pates an equal amount of energy in both coupled lines but
since it involves only the self or line capacitance (includ- the charge and discharge transitions result in energy dissi-
ing the contribution of repeaters). pation in only one of the lines.

The total energy dissipated in a bus line is the sum of the
elf energy and coupling energies obtained as above.

3.1.1. Capacitance due to repeatersRepeaters are used s
to reduce delays in long global signal lines such as address
buses. The capacitance of each repeater is proportional t3.2.1. Capacitance extraction.The ITRS road-map pre-

its size. Assuming that the size of a repeatef.iimes dicts values for self and adjacent-wire coupling capaci-
the size of a minimum-sized inverter which is technology- tance only for current and future technology nodes. Hence,
dependent, and is the number of repeaters needed to to estimate the coupling capacitance between all pairs of
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Technology node

Parameter 130nm| 90 nm | 65nm | 45 nm
Number of metal layers 8 9 10 10
Wire width, w; (nm) 335 230 145 103
Wire thicknesst; (nm) 670 482 319 236
Height of inter-layer dielectrid,;4 (hm) 724 498 329 243
Relative permittivity of dielectricg,. 3.3 2.8 2.5 21
Thermal conductivity of dielectrid;;4 (W/mK) 0.6 0.19 0.12 0.07
Clock frequencyf.;» (GHz) 1.68 3.99 6.73 11.51
Supply voltage, V4 (V) 1.1 1.0 0.7 0.6
Maximum current density in a wirg,,q.. (MA/cm?) 0.96 1.5 2.1 2.7
Self capacitance of wirey;,. (pF/m) 44.06 | 32.77 | 25.07 | 19.05
Coupling capacitance of wire;,,;.,- (pF/m) 91.72 | 76.84 | 68.42 | 58.12
Resistance of wire;,;,. (kS2/m) 98.02 | 198.45| 475.62| 905.05

Table 1. Wire geometry and equivalent circuit parameters for topmost layer interconnect: The top
six values are from ITRS-2001 [14]. The values for ¢, and ¢, Were obtained from FastCap [11]
simulations and the value for  r,;.. was calculated using the formula 7. = p - 1/(w; - t;).

wires (adjacent as well as non-adjacent wire-pairs) that wecycle from V;; held in the previous cycle. With capaci-
need to use in our energy model, we employed the publicly tance values we extracted for 130 nm technology and us-
available three-dimensional capacitance extraction programng our method to calculate the coupling energy dissipation
called FastCap [11]. Using the wire geometry parameterin each line, we found that the energy dissipation is under-
from ITRS (see Table 1 for values) to model a co-planar estimated by up to 6.6% for the middle wire of a 32-bit
global bus layout, similar to the one shown in Fig. 1(a), address bus when non-adjacent neighbor capacitances are
we obtained a complete capacitance matrix for the wiresneglected. Also, we found that, although the non-adjacent
of a 32-bit bus. Fig. 1(b) shows the percentage distribution capacitance values are decreasing with technology scaling,
of capacitances for various technologies. From the figure,this energy estimation error remains more or less constant
we observe that, for current 130 nm and 90 nm technolo-in future technologies also. Non-adjacent coupling capac-
gies, non-adjacent coupling capacitances are non-negligiblétances are especially important to consider because many
(contributex~10%) while, even in a future 45 nm node, non- current bus encoding techniques try to reduce self energies
adjacent capacitances account for about 8% of the total ca-of bus lines and coupling energies between a pair of adja-
pacitance. cent bus lines and this may increase the relative contribution
of energy dissipated in transitions involving non-adjacent
S . coupling capacitances. Also, previous work has not consid-
33. E_nergy d|s§|pat|0n due to non-adjacent cou- ered the effect on non-adjacent coupling capacitances and
pling capacitances its influence on energy; ours is the first to do so.

The influence of non-adjacent neighbor coupling effects
on bus line energy dissipation and wire temperature can4. Thermal model
be illustrated with a simple example of a 5-wire bus like
the one shown in Fig. 1(a). Consider transitions on the bus4.1. Equivalent thermal network for a bus
lines as follows 1| 11—this represents the relative thermal
worst-case since most of the energy dissipation is concen- After the energies dissipated as heat in the individual bus
trated in the center line and hence the temperature distribudines have been determined, the temperature rise in each
tion across the wires is non-uniform. Next, consider tran- wire can be estimated by considering an equivalent thermal-
sitions occurring as{1|7]—this is the worst-case for to- RC network like the one shown in Fig. 2(a) for a 5-wire bus.
tal energy dissipated, but all the lines are at the same temdn the analogy between thermal and electrical quantities, the
perature since energy dissipated in each line is approxi-temperature difference between two nodes corresponds to a
mately same. The representatipmdicates that, in the cur-  voltage difference and the heat transfer rate corresponds to
rent cycle, the line charges tq;¥from its previous ground  current. By equating the amount of heat flowing into a node
state and, indicates that the line discharges in the current in the thermal equivalent circuit to the amount of heat flow-
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Ci3 Coa Css Scaling of Self and Coupling Capacitances
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Figure 1. Capacitance extraction: (a) Wire geometry used to extract capacitances for a 5-wire bus.
(b) Distribution of capacitance values for a wire, extracted using the FastCap tool[11]. Cgnd = self ca-
pacitance of the wire; CC1= coupling capacitance between the wire and its adjacent neighbor; CC2 =
coupling capacitance between the wire and a non-adjacent neighbor with 1 wire between them; CC3
= coupling capacitance between the wire and a non-adjacent neighbor with 2 wires between them;
CCrest = coupling capacitance between wire-pairs with 3 or more wires between them. For cur-
rent and near-future ITRS technology nodes (up to 45 nm), non-adjacent coupling capacitance is
non-negligible (contributes  ~8-10%).

(1) Rinter (2) Riner (3) Rinter 4) Rineer (5) S w
R, R, Rj Ry Rs @
B , . ] IR ,,R
Layer at amblent temperature . Heat fIOW to ambient |ayer
@ (b)

Figure 2. Thermal model: (a) Complete equivalent thermal-RC network for a 5-wire bus. (b) Geometry
for calculating equivalent thermal resistances for a wire based on [5]. The arrows represent heat flow
between the conductors. The equivalent thermal-resistance network is shown on the right.

ing out (analogous to Kirchoff’'s current law in electrical Inthe above equations;, thethermal capacitance per unit-
circuits), the following differential equations can be writ- lengthof awire is:C; = Cs- (¢;-w;), whereC is the specific

ten. heat per unit volume of the metal, amg and¢; are wire
For edge wires: dimensions as shown in Fig. 2(8},; is thethermal resis-
6 (0, —60)  (0; —6ir1) tance per-unit lengtof the wire along the heat transfer path
P=C;- ditl ZR 0 ZR it (3)  as shown in the Fig. 2(b) and it can be calculated from the
g inter following expression using wire geometry and thermal con-
and for middle wires: ductivity k;;4 of the inter-layer dielectric (ILD) as described
do;  (0;—0) (20, —0;_1 — 0;11) in [5]:
P=C-— , (4
dt + Rz + Rinter ( )
whereP; is the instantaneous power dissipated inithe
wire andf is the ambient temperature (45 C or 318.15 K). Ri = Repr + Rrect (5)
Proceedings of the 11th Int'| Symposium on High-Performance Computer Architecture (HPCA-11 2005) CSFI;/IPUTER
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(k) —0.5s; 5. Experiments and results
Ri = L 4+ : (6)
2 kia Kira(w; + s;)

In this section, we present results for simulations using

The above expression is the sum of two terms: the first js OUr bus-line energy dissipation and discuss the implications
the spreading resistan@e,,,, due to the spreading of heat of our results.
from the bottom face of the wire in a trapezoidal manner,
and the second is the thermal resistance due to rectangulas.1. Methodology for simulations
heat flow R,...:) as depicted in Fig. 2(b). Equations 3 and

4 can be solved to find;, the wire temperature. We collected address bus traces for processor to level-
one cache address buses (separate instruction and data ad-
4.1.1. Lateral thermal coupling between wires.The lat-  dress buses) using the cachesim5 analyzer in SHADES [7]

eral heat transfer between adjacent wires can be a signifiWhich simulates a SPARC-V9 processor. The memory sys-
cant amount due to the large exposed sidewall area in hightem we modeled had a two-level cache hierarchy (sepa-
aspect-ratio global lines and due to the difference in activity "ate I-L1 and D-L1 caches each: 16KB, 4-way set assoc.,
rates of the neighboring lines (which creates a temperatureWith block size = 32 bytes, and write-through, and a uni-
gradient and hence lateral heat flow). In our model, this ef- fied L2 cache: 256KB, 4-way set assoc., with block-size
fect is captured with #ateral inter-wire thermal resistance = 64 bytes and write-back) and main memory. We ran-
per-unit lengthwhose value depends on wire geometry pa- domly chose eight benchmarkseen, crafty, twolf, and mcf
rameters, as shown in Fig. 2(a), and the inter-metal dielec-for integer programs andpplu, swim, art, and ammfor

tric (IMD) thermal conductivityk;,,4 given by the expres- ~ floating-point programs—from the SPEC CPU2000 bench-
SION: Rinter = Sm/ (Kima - t;). Previous work on intercon- mark suite for our simulations. These programs were com-
nect thermal modeling did not consider the effect of inter- Piled as statically-linked, -O3 optimized, 32-bit V8plusa ex-

wire heat transfer [8]; our model incorporates this for better €cutables, i.e., they run on a 64-bit SPARC-V9 processor
accuracy. but have a 32-bit virtual address space. Note that the version

of SHADE we used allows simulation of these benchmarks
and traces only the lower order 32-bits of the SPARC-V9’s
. . o 64-bit address bus for V8plusa executables. The higher or-
mal model is not complete without considering the tem- . . .
L ) . der 32 bits of the address bus do not change during simula-
perature rise in the global signal line due to heat trans- . . o
—tion. For studying energy dissipation and temperature char-

fer from underlying layers. This is needed because, in L
acteristics for address buses, bus traces were collected for
current C4/CBGA packages, a secondary heat trans- - . . ; - o
300 million committed instructions after skipping the ini-

fer path exists from the substrate through the interconnect; PR . ;
.~ tial 500 million instructions for each benchmark; these re-
layers—heat flows from the bottom-most to the top-most in- : .
. sults are reported in Sec. 5.3. For evaluating address bus en-
terconnect layer—and finally flows through C4 bumps, ce- .
) . ; - coding schemes (Sec. 5.2) , we collected a shorter trace cor-
ramic substrate, CBGA joints, and the printed circuit board . o . -
. . : S responding to a run of 20 million instructions after the ini-
to the ambient air [8]. As a first order approximation, we at- _. -
. : . tial warm-up phase of 500 million.
tribute a constant temperature increase due to this effect
to each global wire, assuming that wires in lower lay- o _
ers carry current at their maximum densify,e.. A 5.2. Energy dissipation in address bus lines
coverage factora; = 0.5, that represents the proba- o _ _
bility a wire is thermally coupled to another wire in The total energy dissipated in all the bus lines for un-
a lower layer, is also assumed [5]. Thus, the tempera-encoded and encoded address transmission obtained using
ture correction for the global metal lines due to inter-layer our energy dissipation model is shown in Fig. 3. To study

heat transfer from lower layers can be calculated as fol- the effectiveness of low-power bus encoding techniques un-
lows: der technology scaling, we implemented schemes like bus-

invert [18], odd/even bus-invert [20], and coupling-driven
bus-invert [9] on address traffic and determined the energy

4.1.2. Heat transfer from lower layers. The ther-

N N-1 dissipation using our model. To our knowledge, this is the
A = Z % : [Z(jmm)zpjozjtj], @) first study to report energy dissipation results for actual
e SPEC benchmarks that represent real-world programs; most

previous studies including the ones cited above reported en-
wherep; is the resistivity of the metal line (Copper). This  ergies for random traffic patterns.

is depicted as the resistané® in the network shown in Briefly, the bus-invert (BI), odd/even bus-invert (OEBI),
Fig. 2(a). and coupling-driven bus-invert (CBI) encoding schemes
Proceedings of the 11th Int'| Symposium on High-Performance Computer Architecture (HPCA-11 2005) CSFK/[PUQTER
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Total Energy Dissipated in Address Buses latter was implemented with two extra invert lines (LSB as
1.10E-03

the odd-invert line and MSB as the even-invert line). From

1.00E-03 4 . . .

000504 mWBus Invert || Fig. 3, we find that all three encoding schemes reduce self
—eoocos |} Soupingiven sus e €Nergies with Bl being the best, but the reduction is more
2 7.00e-04 -l fI—4(IH B Unencoded = observable in case of data address buses and in current tech-
S 6.00E-04 | nologies. For instruction address buses, the added complex-
S 00E 0 ity of encoding schemes seem to yield no benefits since
3 these schemes perform no better than unencoded traffic. Our

»ooe.oa et MICHIH_ I analysis of instruction address trace found that the number

100E-04 W Im Im ITH Imlm [m[m of bit transitions between consecutive cycles to be very low

0.00E+00 L ‘: - ‘: - ‘: t‘ ‘: 'iﬂ ‘: i ‘: . ‘: . ‘: to cause inversion in any of these encoding schemes.
glzix|glzi=|g1z1=|gl=1=[812]%|g1=]= g12[%|8]=]= For coupling energies in data address buses, the OEBI
DA 1A DA 1A DA 1A DA 1A . . .
scheme reduces energy dissipation only by a very small
130-nm 90-nm 65-nm 45-nm R
Technology Node amount (less than 0.1% in most cases) but only when non-
Figure 3. Total energy dissipated in a 32- adjacentcoqpling effects are neglected. Also in many cases,
bit address bus for various ITRS technology CBI results in worse energies than. the unencoded stream.
nodes: ‘Self’ denotes self energy, ‘NN’ de- When non-adjacent coupling capacitances are taken into ac-
‘All' denotes the energy when all pairs of S|gned to reduce transitions on non—aldjlacent neighbor ca-
coupling capacitances (adjacent and non- pacitances. Here also, the energy-eff_lc[ency of OEBI and
adjacent neighbor pairs) are considered. CBI seem to be only as good as BI. This is possible because

both OEBI and CBI have modes in which all the bits are in-
verted (just like Bl) and our analysis found that this mode

) occurred most of the time for our address traces. Also, ad-
work as follows. The Bl scheme examines the number of 4 oqqeg streams are bound to exhibit a high number of tog-
bits that are different between the current input pattern andgle transitions in lower-order bit pairs, itis also highly likely

th? p::\jt_tern transfm:?ed on ghe.bus in the AaSt r::y|(1fleh('_ib"j‘m'that their higher order portions may all change at the same
ming |stance): If this number |s'greatert anha ,t € DUS"time, particularly if different regions of the memory space
width, all the bits of the current input pattern are inverted are being accessed. In this case, the OEBI and CBI schemes
and a separatvert line is held high. Else, the value is o et o11'bits and hence result in a similar energy dissipa-
transmitted in original form and the invert line is held low. tion as BI. Based on our results. we can conclude that bus-
In OEBI, even and odd bit positions are encoded (with bus j,erqjon based encoding schemes do not work well for re-

inversion) separately and two |n\'/erlt lines are used to 'nd_" alistic address streams where the number of bits that transi-
cate one of four modes of transmission (00 — none of the b'tstion between consecutive cycles is low.

are inverted, 01 — even bits are inverted, 10 — odd bits are

inverted, and 11 — all bits are inverted). By evaluating the

number of coupling transitions for all the four modes, the 5.3. Methodology for temperature simulations

mode that will result in the lowest coupling activity is cho-

sen and data is transmitted on the bus in that form. Ina sim-  Address traces collected for the benchmaeks and

ilar manner, the CBI encoding technique examines all pairsswimwere used in this analysis. Instantaneous energy and

of adjacent bits and counts the number of coupling transi- temperature profiles are shown for only one benchmark in

tions. The current input bit pattern is inverted only if the each set-eon an integer program, angwim a floating-

coupling effect of the inverted pattern is less than that of point program for 300 million cycles each. We found that

the original pattern. Since odd and even lines are not han-other benchmarks also exhibited similar behavior as these

dled separately, this scheme requires only one extra invertoenchmarks; hence these are not reported. An interval of

line. 100K cycles was used to compute the instantaneous en-
ergy and power, and a fourth-order Runge-Kutta method

5.2.1. Results and discussionWhile bus-invert encoding  was used to solve the differential equations for the thermal-

reduces the number of transitions on the self capacitanceRC network (Egs. 3 and 4) to obtain the temperatures at the

of bus lines, OEBI and CBI schemes are designed to re-end of the interval. The instantaneous energies and tempera-

duce transitions on the coupling capacitance between adjatures are shown in Fig. 4(a)-(b) feonand Fig. 4(c)-(d) for

cent bus lines. In our simulations, the Bl and CBI were im- swim Plots are shown for data and instruction address buses

plemented with one extra invert line as the MSB and the separately in each case. Initial temperature for all wires was

YF]',F.
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Figure 4. Average bus line energy dissipation and temperature for 130 nm global buses as a result
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of switching activity: (a) Data address bus and (b) Instruction address bus for integer benchmark

eon (c) Data address bus and (b) Instruction address bus for floating-point benchmark
be observed that average temperature of data and instruction address buses reaches a steady state

value of about 338 K (an increase of 20 about K from ambient).

320
3e+08

swim It can

assumed to be 318.15 K.

5.3.1. Results and discussionFirst, data address buses,

instruction address buses for all benchmark programs. How-, 51k for a complete run of a benchmark would have re-

only 6 ms in a processor clocked at 2 GHz. For execution
of an entire SPEC benchmark program (mean running time

of a SPEC benchmark program is about 288 billion cycles

on the average, were observed to dissipate higher energiefy)) the temperature rise may be substantial. Note that col-
and consequently run at slightly higher temperatures than|eciing address traces and simulating the thermal-RC net-

ever, the temperature rise in instruction address buses Werguired huge computational and storage resources. Even if
observed to be higher, presumably due to the higher activ-

ity in the latter. For the small sample of 12 million cycles

about 0.0005 K for botleonandswim However, this tem-

sidered; 12 million cycles correspond to a running time of

an execution-driven simulation is performed, it would have

L a significant time overhead. To obtain long-term tempera-
we observed that, the hottest wire in a data address bus in e rise characteristics, we estimated wire temperatures us-

creased in temperature by 0.0003 K and the temperature fof,, ,;r model on a trace of 300 million cycles; these results
the hottest wire in an instruction address bus increased by, e shown in Fig. 4. For this longer simulation run, we found

o AR e that wire average temperatures saturated at about 338 K for
perature rise is not insignificant for the time interval we con- both data and instruction buses. This is to be expected be-
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cause, the thermal network attains steady-state after somely network by the driving circuits through which the cur-
time and stays in this state as long as energy is being dis+ents flowing in the wires are drawn. This varying load can
sipated in the bus lines. We also observed that as shown ircause inductive voltage drops b% noise. This motivates
Fig. 5 that small intermittent periods of idling in the buses the need to smoothen temporal variations in energy dissipa-
(about one million cycles, in this case) have no apprecia-tion of wires with appropriate techniques

ble effect on reducing the temperature of buses.

Energy in Joules

ENERGY DISSIPATION AND TEMPERATURE IN ADDRESS BUSES FOR SWIM

0.008
0.007
0.006
RO PSP T IRV o

0.005 rvbeetapwavdvp

\
.004 \
0.00. \
0.003 \
0,002 s oot \

0.001 \

0

0 5e+06
Time in Cycles

342.16

342.155

342.15

342.145

342.14

342.135

342.13

342.125

342.12

342.115

342.11

342.105

1le+07 1.5e+07 2e+07 25e+07 3e+07 3.5e+07 4e+07

Avg. energy (data addr.) Max. temp. (data addr.)

Max. temp. (instr. addr.)

Temperature in Kelvin

6. Conclusions and Future Work

In this work, we presented a unified nanometer-scale bus
energy dissipation and thermal model that can help design-
ers monitor energy dissipation and temperature rise in indi-
vidual wires during trace driven or power/performance sim-
ulation. In addition to self capacitance, our model incorpo-
rates the effects of adjacent and non-adjacent neighbor ca-
pacitive coupling on bus energy dissipation, effect of re-
peater insertion, and the effect of lateral heat transfer be-
tween adjacent wires. Unlike existing models which pro-
vide estimates for total bus energy, our model can estimate
energy dissipated in each bus line; this feature helps to es-
timate wire temperatures also. Using this integrated model
in a first-of-its-kind study, we studied energy and thermal
characteristics of 32-bit instruction and data address buses
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with traces obtained from standard SPEC CPU2000 bench-
marks. We found that encoding addresses to achieve low
power address buses does not result in any significant ben-
efits due to the characteristics of address traces. Based on
simulations using our model, we found that average wire
temperatures in unencoded data and instruction address
buses can rise by about 20 degrees for SPEC CPU2000
benchmark programs. This temperature rise is solely due
to heat generation as a result of currents flowing in the wire

As mentioned earlier, our models assume a constant subduring bit switching between consecutive cycles. Changes
strate temperature. It has been reported in [15] that temperin substrate temperature may cause other short-time effects
ature variations of 10 degrees can occur in the substrate durin the temperature profile which we did not explore in this
ing various stages of benchmark execution. Due to this ef-work. We also observed that instruction address buses, due
fect, interconnect temperatures may further increase fromto their high activity rates and fluctuating energy dissipa-
our projections. tion profiles, are susceptible to higher thermal stresses and

Second, we observed that temporal fluctuations in energyelectromigration failure and may also be potential contribu-
dissipated in instruction address bus lines are more com-tors to inductive voltage drops in power supply grids.
pared to those in data address lines although, as mentioned
earlier, the amount of energy dissipated is lower. Instruc-
tion addresses buses which are issued typically every cy-
cle can be expected to have a higher activity compared to
data address buses whose activity depends on the frequenc
of load/store instructions for which data addresses are is-
sued. Thus, in a given interval, there are fewer idle cyclesin - pational Dielectrics and Conductors for ULSI Multilevel In-
the instruction bus leading to more temporal variations. terconnection Conferencpages 38-50, Mar. 2001.

The impact of these results, especially the highly fluc- [2] k. Banerjee and A. Mehrotra. Coupled Analysis of Elec-
tuating energy profile in instruction address buses that was tromigration Reliability and Performance in ULSI Signal
observed, is the following. Since the energy dissipation of Nets. InProceedings of the International Conference on
the wire roughly represents the square of the time-varying Computer-Aided Desigmpages 158-164, 2001.
current flowing in the wire, fluctuations in the energy mean [3] K. Banerjee and A. Mehrotra. Global Interconnect Warming.
that a highly varying load is being placed on the power sup- IEEE Circuits and Devicepages 16-32, Sept. 2001.
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Figure 5. Effect of intermittent idling of buses
on temperature: This plot shows that in-
termittent periods of idling, when bus line
energy dissipation drops dramatically (for
about one million cycles in this case), has no
appreciable cooling effect on the bus lines.
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