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Abstract—In this paper, we present a high-level Eower model to in interconnects in their models. In addition, their dependence on

ot ne Pt o e i bl erCivec, routiovel parametrs ke rese models sitabi Tor owove
clock distribution networks, and power supﬁly rails. The main purpose POWEr estimation only. Rents rule is used in [9], [10] to derive a

of our model is to set forward a simple methodology to efficiently obtain Stochastic wire-length distribution to study the wiring limitations in
first-order estimates of interconnect power in early stages of the design present and future designs. Finally, a survey of advances in system-
process. Hence, the objective is to provide designers and/or high-levellevel interconnect prediction based on Rent’s rule is presented in
design automation tools with a way to quickly explore the design space 18].

and weed out architectures whose interconnect power requirements do ; :
not meet the allocated power budget. In addition to switching power, Since interconnect power has become an area of concern, recent
which includes inter-wire coupling, our model also considers power due work in high-level synthesis (HLS) and system-on-a-chip (SoC) syn-
to vias and repeaters. Our experimental results show that in comparison thesis has started to take it into account [19]-[22]. However, primitive
%gtgnsﬁfcur{%tge LOSNV\;L?V% ?r%yeg&h?wifﬁgftweoggefggago?sl?hfesél%a]%nu% interconnect power models are used. In [23], the authors present a
b -tO- . ’ . h
orders of ma%_nitude), and an estimate of the numbers of vias (hence, via Compr_eft:enswgdtreatmenﬁ] of Intglrconr}e_ct power Consumptlonddllj_rlng
Bower) is within 3% agreement of that obtained for designs synthesized HLS without addressing the problem of interconnect power modeling.
y commercial tools. Furthermore, we develop a probabilistic segment This is an example of where our work can be applied for better design
length distribution model for cases in which Rent's rule is inadequate. By space exploration.

analyzing the netlists of a set of complex designs, we have been able to i i i ici
valicfgte our segment length distribution model. The novelty of this work The purpose of this work is to propose a simple, yet efficient,

lies in the introduction ofahighjlevel interconnect modeling methodology Nigh-level power model to estimate the power consumption in semi-
in which it is possible to efficiently compute all the maljor_ sources of global and global interconnects. For our purposes, these interconnects
power consumption in interconnects and hence, enable interconnect- are limited to the data transfer wires between logic modules. We
aware, high-level design space exploration. provide a comprehensive treatment of all the major sources of power
consumption in interconnects. Since coupling capacitance is expected
I. INTRODUCTION to dominate in nanometer technologies, we take it into consideration.
Rapid innovations in the semiconductor industry have enabléé also target power consumed by repeater insertion and vias. The
very large scale integrated (VLSI) circuits to migrate into nanometegw contributions of this work are as follows:
technologies and operate in the multi-gigahertz frequency range [1]- A power model for estimating interconnect power that is effec-
[8]. This has led to semi-global and global interconnects, which tive at the behavior and/or register-transfer level (RTL), unlike
comprise the power supply rails, the clock distribution networks, other models which are primarily suitable for low-level power
and the on-chip and off-chip communication links between logic estimation.
modules, to dominate power consumption, execution time, cost, and Ability of our model to enable interconnect-aware, high-level
manufacturability of a VLSI chip. Hence, many researchers have design space exploration due to its simplicity and computational
pointed out that economical design of present and future chips is efficiency.
limited by their wiring requirements [1], [6], [9], [10]. « Introduction of a global interconnect modeling methodology
There are four main reasons why interconnects have become in which a probabilistic segment length distribution model is
the center of attention with respect to power consumption of a developed to estimate unit-length switching power.
circuit. First, interconnects have not scaled exponentially like transis-The remainder of this paper is organized as follows. In Section
tors in sub-micron technologies. Therefore, interconnect capacitafngceve present some motivational examples for our work. Section
now forms a larger proportion of the total chip capacitance [11]] provides an overview of our interconnect modeling methodology
[12]. Second, the current problem of modeling deep sub-micrand shows how it can be readily incorporated into traditional design
(DSM) effects was generally ignored in past technologies becadigivs. The detailed description of our methodology is developed in
transistors remained the focus due to their relatively large si®ections IV and V. We discuss our experimental results in Section
For example, DSM phenomenon such as mutual coupling betwagnand conclude in Section VII.
adjacent interconnects, which increases the switched capacitance, has
become increasingly dominant [3], [4], [11]. Third, interconnects Il. MOTIVATIONAL EXAMPLES
are now proportionately longer, which implies that the interconnectWe present examples of two application domains which can benefit
delay has increased. Finally, the introduction of large numbers iofmensely from the use of our proposed model. We should mention
repeaters and vias to reduce wire delay almost doubles the potheét the usage of an inadequate power model for interconnects by a
consumption in interconnects [7]. As shown in [13], interconnectsol in these application areas motivated this work.
are going to consume a larger proportion of total chip power in futureln SoC synthesis, a set of tasks, often represented by a set of task
technologies. graphs, must be mapped onto processing elements (PEs) (i.e., ASICs,
There has been considerable work done in developing powercores, processors, etc.) of a system architecture such that some
models for interconnects. In [1], [4], [14], the authors have discusse@st function (typically based on area, power, etc.) is minimized.
a suite of tools to analyze the interconnect requirements of a cMRCSYN [22] is a tool based on a genetic algorithm that is used to
and provide the designer with estimates of power consumpti@ynthesize SoCs. It performs an initial task assignment, estimates the
The authors in [3], [15]-[17] present closed-form expressions $ystem cost, and maintains a set of solutions which evolve over time.
estimate coupling power based on an analysis of lossy transmisdioerder to prune the search space, it relies on the fact that accurate
lines and distributed RLC circuits. Although the above methodgea, power, and delay estimates for PEs are available. Interconnect
provide quite accurate results, a drawback is that the respectisver of the system is unknowa priori as it is highly dependent
authors consider only a subset of the sources of power consumptipan the number of PEs used and how they are interconnected. Thus,
MOCSYN must estimate the interconnect power of an architecture
Acknow|edgment: This work was supported by a Princeton Gradu@é .eaCh.iteratiOn and |t !S imperative that SuCh Calculations be made
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(these correspond to different schedules). This results in different
bindings of the multiplication operations to different functional units.

At first glance, it may seem that Fig. 2(a), due to its smallest area,
is the best implementation. However, from a power point of view, it
is inferior to the architectures in Figs. 2(b)-(d). Due to heavy data
exchanges, there will be significant spurious switching activity on the
interconnects which will result in higher power consumption [23].
Similar reasoning shows that the architecture in Fig. 2(d) is inferior
to that in Fig. 2(c). However, given Fig. 2(b) and Fig. 2(c), it will be
difficult for design automation tools to make a good judgment without
having to spend considerable time performing detailed simulation and
possibly going to layout to get accurate power consumption humbers.
It is here where our model can assist the tools.

In HLS and SoC synthesis, design space exploration entails the
evaluation of hundreds of competing architectures at each iteration.
It is impractical to descend to the layout stage for each candidate to
determine what its interconnect power consumption would be. The
use of our model, which we now discuss, would enable tools to
efficiently traverse and prune the design space during synthesis.

© 00N O LA WN =

I1l. OVERALL METHODOLOGY

We briefly give an overview of our interconnect modeling method-
ology here before diving into its details in later sections. Fig. 3
, presents the main steps needed in our flow to estimate the power
consumption of an interconnect. It is assumed that a high-level
RTL floorplan of the design, lookup tables fer(Section V-B), the
switching activity on the interconnects, and the switching power for
interconnects of various lengths have been determiedori and
are available in a database. Except for the RTL floorplan, we will
Idescribe how all the required pieces of information can be constructed
ater.

The fidelity of any interconnect power model lies in its ability to
accurately estimate wire length, metal layer, and switching activity.
Our methodology consists of two models which we choose to call
the global wire model and the power models, respectively. Based
on some criteria to be discussed later, we estimate the value of a
parameter that is used by our global wire model to calculate the
segment length distribution and the mean total switching power of an
interconnect. This model also estimates the number of repeaters and
vias required for this interconnect. This information is then used by
@ ty ts @ the power models to calculate the unit-length switched capacitance.

; Next, all the various components of interconnect power are estimated
and summed to produce total power. The procedure is iterated for
each semi-global and global interconnect present in the design.

To avoid any confusion in our discussion, we must emphasize that
our model is targeted toward semi-global and global interconnects.
For our purposes, these interconnects form the data transfers (e.g.,
buses) between logic modules. Our model does not consider local
interconnects. We assume that the power consumed by such inter-

Fig. 2. Different bindings of the multiplication operations. connects is computed as part of a module’s total power consumption
and is available in the RTL design library of components. _

HLS for low power has been the focus of much research in theFrom Fig. 3, it can be seen that our methodology is very simple
past decade [24]. It takes as its input a behavioral descriptionand hence, high-level design automation tools can easily integrate it
the form of a control-data flow graph (CDFG) and outputs a powe#ithin their design flow. Because our power models consist of closed-
optimized RTL circuit. Iterative improvement algorithms can be usddrm mathematical expressions, they are computationally efficient
to apply a sequence of moves to an initial RTL architecture. T&d the overhead from their usage is minimal. When a tool has
sequence of moves is accepted if the resulting architecture lowi#péshed synthesizing a circuit, it can call our model within its inner
power consumption. loop to obtain power estimates. It can then use this information to

As a motivational example, we consider a differential equatighive its search for a better, alternative implementation of the circuit
solver, Diffeq, from the NCSU CBL HLS benchmark suite [25]. Ondf given constraints are not met.
possible scheduled CDFG of tiidffeq benchmark is shown in Fig. IV. POWER MODELS
1. Each sample requires a processing time of 15 control steps with . . ' .
the variables in each sample becoming available in different controfn this section, we present our power models to estimate the power
steps. For examplejz, z, andy are available in control steps 1,consumption of semi-global and global interconnects. The role of
3, and 5, respectively. Furthermore, multiplication operations *1the models is to calculate the switching power (including power due
*6, subtraction operations-1, —2, and addition operations +1, +2t0 inter-wire coupling), the power due to vias, and the power due
require two, one, and one control steps, respectively. to repeaters. The power models have neither the knowledge of the

Figs. 2(a)-(d) show four competing architectures that a high-ledgngth of a wire nor the number of vias and repeaters on that wire.
synthesis tool, such as SCALP [26], might consider in implementirdi€y rely on the global wire model to obtain this information.
the final RTL circuit. All of the architectures contain one adder and 1he total powerFio:q;, consumed by an interconnect is given by,
one subtracter (an oval represents a functional unit). Consequently, — .
the bindings of the-1, —2, +1, and +2 operations are fixed. However, Protal = Pow + Poias + Prepeaters (1)
there are one, two, and three multipliers in the datapath of tiwbere the quantities on the right hand side of (1) are defined as
architectures of Fig. 2(a), Fig. 2(b), and Figs. 2(c)-(d), respectivelyllows:
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Fig. 3. Flow diagram providing an overview of our methodology for estimating interconnect power to enable high-level design space exploration.

level transistor simulation to construttiree-wire lookup tables for
minimally-spaced wires of various lengths that provide the switching
power consumed for a given type of transition. This constitutes the
switching power database in Fig. 3. The advantage of this method is
that in using low-level simulation, it is possible to accurately model
the electrical characteristics of a wire for a given process technology.
Furthermore, since only three wires need to be simulated, the required

Fig. 4. (a)180° out of phase, and (b) in phase signals. time is negligible. Total switching power can then be estimated
simply by counting the types of transitions on each interconnect and
Paow : Interconnect power resulting from switched interperforming a table lookup. Note that this method does not consider
connect capacitance and inter-wire coupling; the effect of glitches. We expect good synthesis tools to employ
Pyias : Power consumed by vias due to the use of multipkechniques such as those presented in [28] to suppress glitches.
metal layers; and Furthermore, glitch estimation is very difficult at the behavior level or
Prepeaters :  POwer consumed by repeaters inserted on an int&7L and would make the method unnecessarily complex. We adopt
connect to minimize delay. the table-lookup method in our model. However, rather than counting
We discuss each of the above components separately in the followf# YPes of transitions, we propose a wayesfimatingthem.
subsections.
TABLE |
A. Switching Power TYPES OFTRANSITIONS

In nanometer technologies, DSM effects such as mutual cou- SssTsxslTssxsxollsxx
pling become a significant source of power consumption because at
small feature sizes, inter-wire capacitances dominate. This problem XXX || XSX|| XXO0 ] OXO || XSO
increases for wires in a multi-level interconnect structure because s = stationary, x = transition, 0 = opposing transition.
wires at higher levels are farther away from the substrate and run )
in parallel for longer distances [11], [12]. A variety of interconnect The reason why we want to estimate, rather than count, the
power models considering coupling effects have been proposed fgpes of transitions is motivated by the fact that designers and/or
[4], [16], [17]. igh-level design automation tools will be considering multiple
In [27], a novel table-lookup method is presented where the toffhitectures to implement a design. Many of these architectures will
switching power is determined not by the number of transitions b very similar to each other except in a few enhancements and
by the typesof transitions that can occur on an interconnect. Thigodifications. Thus, it is useless and time-consuming to run a full-
method implicitly assumes that transitions on the interconnects Hgglged simulation on each architecture to characterize the switching
synchronized and thus, the logic modules are flip-flop bounded. @stivity on its interconnects. Given that a particular architecture does
example, it can be seen that due to switching activity on paral®t change drastically, it suffices to characterize the switching activity
interconnects, the switching power in Fig. 4(a) will be greater th& this architecture only. The data, which form the switching activity
that in Fig. 4(b) because in the former, the neighboring signals &tatabase in Fig. 3, can then be used to obtain first-order estimates
180° out of phase with respect to the center signal while in the latt&¥, Switching activity on similar architectures. _
they are all in phase. Because coupling effects between interconnecfsonsider the diagram shown in Fig. 5. letlenote the logic value
decrease sharply the further apart they are, only an interconnect andhei'” output line of a logic module. We calculate the transition
its immediate neighbors need to be considered. probabilities on this output line by simulating the set of input traces,
Table | shows the sefl’, of all the various transitions that areV'. This simulation can be easily done at the behavior level or RTL.
possible on three-wire interconnects. The idea then is to use loie representative input traces for a given application are generally
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Fig. 5. Estimation of switching activity on the output lines of logic modules.

known. If not, a random vector sequence can be used. We defiwsver, P;,, from the lookup table. Note thaP;, may need to
«, 3, and~y to be the 0— 1 transition, 1— 0 transition, and no be extrapolated using the data for the lengths that are closest in
transition (i.e, 0— 0 and 1— 1) probabilities, respectively. Then,proximity to I. The number of transitions of a particular type can be

the transition probabilities of thé” output line are given as, estimated by its probability(¢), and by the number of input vectors,
N, applied. Summing over all interconnecis(i.e., all output lines),
o; = W'% Z (0; =0) A (041 = 1) @) gives the total switching power;,,, as
: ji+iev Poyw = (N —1) Z > pilt)P,. (15)
b=y X @=DAlm=0 O i€ teT
j.i+1ev In (15), it is necessary to estimate the lendthof an interconnect.
1 In the industry, it is very unlikely that any chip design project begins
%= o > (o5 =0j11), (4)  without an approximate, initial floorplan. This is because a floorplan
§,i+H1EV provides the minimum amount of information needed by high-

. level estimation tools to provide designers with estimates of various
whereo; and ;.. are the output responses to the input vectorgarameters like clock speed, power, area, etc. Thus, we assume that
j andj + 1, respectively. In (2)-(4), we simply count the numbes high level RTL floorplan is always available for determining the
of transitions that occur on each line as a result of the applicatigh, oximate distance between logic blocks. Accordingly, we use
of the input vectors. The total count is divided by the numbelnter.to-center Manhattan distance between the blocks to estimate

characterization is a one-time cost, unless the set of input trage§s indicate that in cell-based designs, approximately
or the architecture changes significantly. In that case, the transiti3niemi-global and global interconnects violate Manhattan distance

probabilities will have to be recomputed. routing when performing automatic place and route.
Once the output transition probabilities have been determined, tﬁe 9 P 9 P

probabilities for the different types of transitions in Table | can bB. Power Due to Vias

calculated. For example, the probability of amstype transition ;a5 or contacts serve two purposes. They form the bridge between
occurring on a three-wire interconnect is the probability that @y'iransistors residing on the substrate and the interconnect connect-
transition (i.e., 0— 1 or 1 — 0) occurs on the center interconnect, g these transistors, and (b) interconnects running on multiple metal
and no fransition occurs on the adjacent interconnects. Similajlers " Traditionally, the power consumed by vias has been totally
the probability of anssxtransition occurring is the probability thatiynareq in estimating interconnect power. However, because the use
no transitions occur on the first and second interconnects ang‘e}epeaters is a very popular design practice, the power consumed
transition occurs on the third interconnewst a transition occurs on ., vias must be taken into account to get a more accurate picture of
the first interconnect and no transitions occur on the second and tl@@lﬁlﬂ, interconnect power consumption
interconnects. . . The power consumed by via®).s, is estimated by the product
Assuming that the output lines are independent, we can calculgi€he number of viasyy, and the power consumed by a single via,

the probability of a given transition type. Although this assumptiop . “\we will describe how to estimate the total number of vias in
is not strictly valid, it is still a reasonable assumption because 3. next section. Thus. we have

correlation that does exist between the output lines has already been
accounted for by the transition probabilities to a certain extent. We Pias = VN Pyia. (16)
will validate this assumption when we present our experimental

results in Section VI. The probability)(), for a given transition Fvia is heavily dependent upon the layer in which it resides.
type,¢ € T, on theit" output line is given by one of the following: Currently, our model does not take this into account because we

have not addressed the metal layer assignment problem (Section V-

p(8,8,8) = Yic1 Vi * Yit1 (5) E). Hence,P,;, is approximated either by taking an average of the
(s,2,8) = Yio1 - (@i + Bi) - wi ®) power consumed by vias of different configurations or by assigning

P8, T, 8) ="i-1 ¢ i) Vit a weighting factor to each via configuration which represents its

p(s,s,@) =vi-1 -7 - (41 + Biv1) proportionate contribution to all the vias present in the layout of
+ (i1 + Bi1) - Vi - Vit1 (7) a circuit. Note that the power consumed by vias used in repeaters is
R o not estimated by (16). This will be accounted for in the following
p(s,2,0) = Yic1 - (i - fis + B - i) subsection.
+ (aim1 - Bi + Bic1 - i) - Yig1 8)
p(s, 2, @) =~i_1- (i - g1+ Bi - Bis1) C. Power Due to Repeaters
i1y - B) v 9) _ Due to the shrinking feature size, interconnect wires are propor-
. o1t fior - Bi) i io) tionately getting longer as they are not scaling as well as transistors.
p(, 2, ) = a1 @i - Qip1 + Bio1 - Bi - Bita (10) A wire can be modeled by a simple RC network. It is known that its
p(x,5,T) = i1 - Vi - Qi1 + Bic1 v - Biva (11) delay is a quadratic function of length because its resistance and its

capacitance are functions of its length [11]. Thus, the delay of a wire

,Z,0) = (Qi—1 - @y + -1 - 0i) - P ” - - /
P(@,2,0) = (qi-1- i+ i1+ ) - i has been increasing and the insertion of repeaters (a.k.a buffers) has

+ (Bim1 - B+ fi-1 - i) - @it (12)  hecome common [6], [12], [23]. It is an accepted practice to insert
p(0,2,0) = i1 - Bi - Qi1 + Bic1 -0 P (13) repeaters when the repeated wire delay is less than the unrepeated
p(z,8,0) = i1 - Vi - Bigx1 + Bi—1 - Vi - Qi1 (14) delay [2], [7].

The global model determines the number of repeatdfs, re-
The total switching power of a single interconnect (i.e., an outpguired on an interconnect. We will describe how this is estimated in
line), 4, of length,, is calculated as the sum of the total numbehe next section. Onc&r is known, the number of repeater vids;,
of each type of transition multiplied by its corresponding switchingan be obtained as twice the number of repeaters because separate

554



paths are needed to descend to and ascend from the substrate (where X1
repeaters reside). Total repeater power is then obtained by summing I_B!
repeater power over all interconnects, as follows: o

[} -
Pr'epeate'r's = 7'epeate7'vd2df Z pz]\/vR1 + Puia Z VRw (17) Dn : I§
il il I I @ ---

where the capacitance of a single repeaf&r,cqter, IS given by > .
the equations in [7]p; is the switching activity}/4 is the operating U 1L @ - o0~
voltage, f is the clock frequency, and,;, is as described in the D, ]
previous subsection. We observe that since repeaters are inserted on o --- !
interconnects responsible for communication between logic modules, 1
their switching activity is determined by the switching activity on a_ 1
the output lines of the modules. We also note that if the designer T
so desires, he or she can add a term in (17) to incorporate leakage =
power in the repeaters.

¥
A A

AX

V. GLoBAL WIRE MODEL Fig. 6. Routing point A to point B via intermediate point, ..., Dy.

In this section, we present a global modeling methodology for . . .
interconnects. Global wire modeling attempts to develop a statistiegierence point andvz represent the horizontal Manhattan distance
model that describes the characteristics of a single interconnect, git&d. The occurrence of the number of intermediate points|is a
its initial and terminal coordinates in the floorplan. It is differentiate8equence of discrete events that can be modeled by a Poisson process
from the power models presented in the last section in that, it talf is given as,

a global perspective to estimate the topology and the layout of

an interconnect in a probabilistic way. Its primary purpose is to (kAz) e AT
determine the segment length distribution of an interconnect and p(N=n)=—"———
the number of vias and repeaters on this interconnect. As shown

in Fig. 3, this information is passed to the power models to obtajjhere; is an empirical constant that will have to be determined on
actual power estimates. As mentioned earlier, accurate wire lengtier design basis. The segment length distributigrhetween two

estimation indirectly validates our methodology since it is the mosynsecutive intermediate points, sBy and D, (with n intermediate
important variable in our model. We will verify our global wire modepints on the interconnect), is given by,

and hence, our overall methodology this way in Section VI.
Power models and global wire modeling techniques are relatively n—1

independent of each other and the designer can combine different (LIN =n) = A [1 — A%] n>1 (20)

methods from each domain in his or her model. Nevertheless, both p - §(L — Axz) _

are equally important to wire modeling. As seen previously, there are o

a variety of power models to which we have added ours. Howey - . S
there dc))/es r?ot exist any high-level global wire modeling technin@W’ the joint probability of the segment length distribution and the

that we are aware of. The following is the first step in the directigtimPer of intermediate points is the product of (19) and (20). Thus,
of developing such a model.

. 19)

_ _ p(L,N) =p(LIN =n) - p(N =n)
A. Intermediate Point Model . L1 (eAg)re—raE
Traditionally, Rent’s rule [12] has been applied to estimate the vl L v: n! nzl (22)
length of an interconnect [7], [9], [14], [18]. It is an empirical S(L — Az)e A =0.
power law that holds well for modular designs with blocks containing
50,000 - 75,000 gates on average. It is stated as follows: To calculate the segment length distribution of the first segment, we
M = kGP (18) sum (21) forN = 0 — oo to get,

where M is the number of terminals of a blocky is the number Az L
of gates per block, ané and p are empirical constants. Generallyp(L) = »_ p(L, N) = §(L — Az)e + ke "0 <L < Az,
one proceeds by making an assumption about the valuésasfd N=0
p and that they are constant. Unfortunately, this assumption is not CAs ) (22)
applicable in areas like HLS and SoC synthesis where high-leyéie termd(L — Az)e™"=" in (22) takes into account those inter-
design automation tools produce different circuit configurations forc@nnects which have zero intermediate points. As can be seen, this
given high-level description due to different binding and schedulimjobability is very small whem\z is large.
scenarios [23]. Since one of our objectives is to target such domainsThe mean powenlV;, of segment; is given by,
we choose not to use Rent’s rule. Instead, we seek to develop an alter-
native methodology for determining the segment length distribution PPN w; 1
of an interconnect. m(W,;|N =n) = Pl J wjﬂ{ - E] dw;

To determine the probabilistic segment length distribution of an PiAx
interconnect, consider the diagram shown in Fig. 6. We must route ? A
between pointsA and B by possibly going through intermediate _ PunTl n=>l (23)
points, D1, Da, ..., D,. These intermediate points can represent PJ?A:E n =0,
some obstacles or other constraints that must be satisfied. We make

the following e_lssumptlons in-our ar_laIyS|s: _ where P?J is the unit-length total switching power of segment
1) we consider the Manhattan distance between poingd B; given by the switching power model described in Section IV-A. The
2) we must route througll intermediate points and at each poinfotal méan switching power of an interconnect (witlintermediate

we change directions (i.e., switch metal layers); and oints), W, is the sum of the means of the total switching power
3) the occurrence of intermediate points can be modeled agfqts segments. That is,

Poisson process.

[e'e]

We have been able to verify all of these assumptions experimentally. n Az Ia
We apply our analysis to the horizontal axis only, since the analysis m(Ws.w|N =n) =Y m(W;|N = n) = S Pl (29
for the vertical axis is similar due to orthogonality. Lt be the =0 n+1 =0
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The expectation of the total switching power is then, where r, and C,n.s are the resistance and capacitance of a
minimum-sized nMOS transistor, respectively, aRd and C,, are

> the resistance and capacitance per unit length of the wire, respec-
m(Wsw) = Zm(Wst =n)p(N =n) tively. The number of repeatergyr, and the number of repeater
n=0 vias, Vg, on a wire of lengthAz, is given by:
- = (kA" K ;
= Age A" (kA2)" P ., (25) Vr 0 if Az < lopt
;::O (n+1)n! ;::o ’ Nr = 5 = (lf:;] —1  otherwise. @7

whereP; ,, is decided by the switching power model and metal lay&. Metal Layer Assignment

assignment. We devote this subsection to discussing the problem of assigning
L metal layers to interconnects. In a multi-layer interconnect scheme,
B. Estimating the Value of it is important to determine the probability that an interconnect

In our model,x is the only parameter that needs to be empiricallyill reside on a particular layer as well as determine the criteria
determined. We propose a few ideas that can be used to obtairiiftder which it will be promoted to the next layer. This will aid in
value. We believes will be highly dependent upon the following understanding how interconnects are distributed across metal layers.
factors: It will also help in estimating the capacitance of an interconnect since

; T different segments residing on different layers will have different

%g {gtu(,it; ncghitg (;llrggdofa It%(é”(tjgrgién. and capacitances. Intuitively, we can say that the longer the interconnect,

3) design style ’ the greater its probability of being situated in a higher metal layer.

) This is a difficult question that is open for further research. We

Different routing tools and algorithms will produce different instate the problem as follows. Given levels of metal layers;,
terconnect structures depending upon their sophistication. Th%lijg'%” 1
irecti

SO PSTIL ) - ¢ ., lm, In a specific process technology that run in a particular
the segment length distribution will still follow an exponenti on (either horizontally or vertically), what is the probability,

distribution, » will be different. A bigger chip will require longer p(l), p(l2), ..., p(lm), that the segments of an interconnect of

semi-global and global interconnects that will affectFinally, the jength' Az with » intermediate points reside at a particular metal
type of design style will also have an impact. The interconnegiyery, (k € {1,2,--- ,m})?

structures for ASICs, full-custom, and semi-custom designs are quite
different. For example, in digital signal processing (DSP) applic& Summary
tions, data transfers tend to occur on dedicated interconnects and af@, ¢ mmarize the global model, the total mean power of an
multiplexed. They are usually called multiplexer-based interconneGiSarconnect v is Qi
; : : : Wiotal, 1S gIVEN as,
However, in microprocessors, shared interconnects in the form o
busses exist between components that wish to communicate with each m(Wiotat) = m(Wew) + m(Wy) +m(W,.), (28)
other. Such architectural and “design style” differences will manifest ) o ) ) )
themselves in the need for different amounts of interconnect. ~ Wherem(WW,,,) is the total mean switching power given in Section
To overcome some of the above issues, we propose that a seYiés m (W) is the total mean via power given in Section V-C, and
of lookup tables be built with respect to design styles for each type(JV;) is the total mean repeater power given in Section V-D.
of routing tool that is being used. Within each of these tables, each
chip of a particular area will have a value efascribed to it. This is VI. EXPERIMENTAL RESULTS
the value that is to be used in our model. For chip areas not presele present experimental results to validate our proposed method-
in the tables, one will have to resort to interpolation to obtain thwogy in this section. Table Il shows a brief description of each
value of k. The experience of the designer will be needed to hetignchmark in our benchmark suite. The first eight benchmarks are
select the appropriate design style table. DSP applications while the remaining seven benchmarks are micro-
The task of building design style tables may seem daunting, bupibcessor core designs [25], [29]. Each benchmark was synthesized
is quite reasonable in practice. First, most companies have a fewusthg Design Compiler from Synopsys [30] and the VTVT library
of design styles and/or routing tools. Thus, the tables will be quitgl] based on TSMC 0.28n technology. The circuits were placed
small. Second, the entries in the lookup tables need not be exhaustvel routed automatically using Silicon Ensemble from Cadence [32].
Finally, companies can use their old designs to characteriaad The longest time required to synthesize and place and route a circuit
use the obtained data in the lookup tables. These tables constitvas about 12 hours and 20 minutes. All of our experiments were

the lookup tables for in Fig. 3. conducted on a SPARC workstation with four 333 MHz processors
o and 4GB of main memory.
C. Estimating Number of Vias To our knowledge, there exists no tool to solely provide estimates

In estimating the number of vias, we again consider Fig. 6. Singbinterconnect power. Thus, it is not useful for us to present inter-
we have imposed the restriction that we must change directions e\ggned power estimates because we have no basis for comparison.
time we encounter one of the intermediate points, it is obvious tfagnsequently, we validate our overall methodology indirectly by
there exist only two possible paths in routing framto B. The Verifying the individual components that comprise it. In the future, we
number of vias required in each case2is—+ 1. If we removed the Plan to implement our model as a package within an HLS framework
above restriction, there would 12%+1 possible paths fromi to B. and report on its estimation resulits.

Of these,2"~ ', 2"~!, and 2" paths would have + n, 2 + 2n, A Switching Power Model

and4 + 2n vias, respectively. The average via per path is the total . S

number of vias divided by the total number of possible paths. This'/& measured the error between counting and estimating the types
yields an average of3 + 1.75n] vias per path. This result sho\,\,softran.smons. The transition probabilities were first characterized
that our original restriction is reasonable. The total number of vidSing input traces of 25,000 vectors. Then, vector sets of length in

Vu, is estimated by calculating and summing the number of vias'@H!tiples of 500 (up to 5,000 vectors) were applied to estimate the
each pointA that needs to be routed to each pat number of each transition type and the associated switching power

given by our proposed model. Fig. 7 compares the resulting error
D. Estimating Number of Repeaters of our method against the method in [27] for benchmarks 1 - 6
N using three different sets of vectors (similar results were obtained
In estimating the number of repeaters, we use the approaghthe other benchmarks and vector sets). We see that the average
presented in [7]. For a given process technology, the optimal distansger is about 6%. This verifies our assumption that the output
lopt, between repeaters was originally formulated in [12] and restatgebs are independent. Since our method uses equations, its run-

in [7] as, time (after initial characterization) is independent of the size of
Lo —394 ToCnmos 26 the input traces. Fig. 8 plots the speedup obtained by our method
opt = 3.2 RuCu (26)  on vector sets of different lengths. We observe that speedup over
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TABLE Il
BENCHMARK CHARACTERISTICS

’ # ‘ Benchmark H Description H Area (um?) H Cell count H K (ﬁn) H R?
1 | Chemical IIR filter 492,617 6,495 1.067+ 0.022 || 0.99412
2 | DCT Lee DCT algorithm 498,986 6,754 1.061+ 0.013 || 0.99721
3 | DCT Wang DCT algorithm 551,207 7,269 1.015+ 0.052 || 0.95974
4 | DCT Dif DCT algorithm 335,069 4,377 0.941+ 0.044 || 0.97227
5 | Elliptic Elliptic wave filter 266,023 3,184 1.035+ 0.027 || 0.98844
6 | Paulin Differential equation solver 155,238 1,882 1.031+ 0.069 || 0.93601
7 | JPEG Encoder|| JPEG core 9,302,175 125,870 || 0.979+ 0.045 || 0.97363
8 | Biquad Filter Biquad IIR filter 326,839 4,263 1.069+ 0.039 || 0.97822
9 | DES Data Encryption Standard core 6,882,506 83,869 0.7824 0.079 || 0.93248
10 | FPU IEEE 754 floating point unit corg| 1,098,412 16,315 0.833+ 0.061 || 0.95469
11 | PLASMA MIPS core 1,331,585 18,442 0.902+ 0.029 || 0.98701
12 | RISC Mini RISC core 190,958 2,097 0.827+ 0.071 || 0.94365
13 | UART 16550 UART pcontroller core 384,730 4,159 0.939+ 0.018 || 0.99523
14 | AES Cipher Rijndael encrypt core 1,266,766 19,751 0.698+ 0.053 || 0.96936
15 | AES Decipher || Rijndael decrypt core 2,085,187 27,393 0.7704 0.044 || 0.97653
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Fig. 7. Error in switching power estimation by estimating the number &fig. 9. Segment length distribution for the benchmarks in Table IIl. The

transition types rather than explicitly counting. z-axis represents binned data (in units1éf) to get a meaningful value of
. « during data regression.
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Fig. 8. Total speedupNpte Initial characterization time is not considered ) )
when calculating speedup, as speedup is intended to reflect the advankégel0. Value ofx as a function of the length of a chip. The rectangles
gained when using our method iteratively.) represent DSP applications (benchmarks 1-8) while the circles represent
microprocessor designs (benchmarks 9-15).
four orders of magnitude is attainable for vector sizes of just 5,000. ]
In calculating the speedup, we have not factored in the time fapd the length of each segment. Fig. 9 shows a plot of the length
initial characterization because the speedup is intended to reflectafhghe segment (not to be confused with total interconnect length)
advantage that will be gained when a high-level design automatigrsus its frequency for each individual benchmark. Thaxis has
tool iteratively estimates switching power for similar architecturdseen binned (in units 0f0*) to get meaningful values of during
inside its inner loop as it explores the design space. data regression. The plotted curve with= 0.93 represents the
. average of alk in Table Il. We can see that the raw data follows an

B. Global Wire Model exponential distribution quite nicely. Furthermo#@? is high for the

Table Il shows the chip size, the total cell count, the value:,of majority of benchmarks indicating a good regression fit by Origin
and the quality of regression fi2?, on x obtained for each of the [33]. This validates our assumption that we can model the number
circuits after place and route. We wrote Perl scripts to analyze thiintermediate points as a Poisson process.
GDSII database which contained all the low-level mask informationWe also ran tests to see how many of the interconnects violated
about interconnects. Essentially, we counted the number of segmémésManhattan distance and whether they changed direction at the
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TABLE Il
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to validate our methodology. We hope that our methodology can
be easily integrated into current high-level design automation tools
to get estimates of interconnect power to enable interconnect-aware
synthesis.
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