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Abstract—A multilevel interconnect architecture design interconnect limits on future GSI systems [5]. A novel repeater
methodology that optimizes the interconnect cross-sectional insertion methodology is presented in this work that optimally
dimensions of each metal layer is introduced that reduces 10giC jhserts repeaters in a multilevel wiring network to decrease chip
macrocell area, cycle time, power consumption or number of . . SRS
metal layers. The predictive capability of this methodology, which size, cycle time, number of metal levels or power dissipation.
is based on a stochastic wiring distribution, provides insight A similar layer-assignment algorithm has been described in
into defining the process technology parameters for current and [6], where wires are assigned to layers that are best fit depending
future generations of microprocessors and application-specific on time delay constraints. The algorithm minimizes the total

integrated circuits (ASICs). Using this methodology on an ASIC -\ her of wiring layers for a fixed die area and for predefined
logic macrocell case study for the 100-nm technology generation,

the optimized n-tier multilevel interconnect architecture reduces upper and lower boun.ds on thg wire pitches of each layer. Ir! [61,
macrocell area by 32%, cycle time by 16% or number of wiring the authors also consider the impact of vias on the area available
tracks required on the topmost tier by 62% compared to a conven- for wiring, using models from [7]. However, they state that “a
tional design where pitches are doubled for every successive pair of tight delay constraint forces an area-inefficient solution.” Also,
levels. A new repeater insertion methodology is also described that g, -6 o1y optimal repeater width and count is used throughout
further enhances gigascale integration (GSI) system performance. he algorithm. “th luti hat | d d by the algorith
By using repeaters, a further reduction of 70% in macrocell the algorithm, “the solution that _'S .pro L.JC? y the agqf't m
area, 18% in cycle time, 25% in number of metal levels or 44% ... does not yet guarantee that it lies within the constraints of
in power dissipation is achieved, when compared to am-tier the repeater area” [6]. In contrast, the methodology presented
design without repeaters. The key distinguishing feature of the in this paper determines the wire pitches for each metal layer to

methodology is its comprehensive framework that simultaneously yeqion an optimized wiring network that minimizes area, cycle
solves two distinct problems—optimal wire sizingand wiring '

layer assignment—using independent constraints on maximum time_’ power diSSip_ation’ or minimum number of !evels [8]-[10]
repeater area for efficient design space exploration to optimize the Within the constraints of available repeater arédtis self-con-
area, power, frequency, and metal levels of a GSI logic megacell. sistent and the solution obeys all the user-defined constraints
Index Terms—interconnections, modeling, multilevel systems, On maximum permissible time delay for each metal layer and
repeaters, system analysis and design, system-level interconnectotal repeater area (unless no solution exists for the set of con-
prediction (SLIP), system optimization, wire-length distribution.  straints provided, in which case, the methodology returns no so-
lution). This methodology is well suited for technology predic-
I. INTRODUCTION tion and for defining_ interconnect process parameters for future
. ) technology generations.
A S CMOS semiconductor technology approaches gigascalesection 11 describes the models and the algorithm for the
_ integration (GSI), the increasingly restrictive I|r_n|_ts poseg_tim, methodology. Section Ill analyzes an application-spe-
by interconnects on processor performance make it imperatjg integrated circuit (ASIC) logic macrocell based on Inter-
to optimize the wiring network for future technology generaational Technology Roadmap for Semiconductors (ITRS) pro-
tions [1], [2]. Reverse scaled multilevel wiring networks are exactions for the 100-nm technology generation and compares the
tensively used in current VLS| systems to mitigate the impact 9fantages of an-tier architecture to that of a conventional ar-
wiring on chip size and system performance [1]-[3]. A methoditecture where the wiring pitches are doubled for every pair
ology to optimally design these reverse-scaled multilevel intefs etal levels. Section IV describes the optimal repeater in-

connect networks is presented that uses a stochastic wiring disrion methodology. The ASIC case study designs using the
tribution [4] to estimate the interconnect lengthsriori and can ,_4,.... methodology with and without repeaters are compared

be used to determine interconnect process parameters for fufir8ection V. Finally, conclusions are provided in Section V.
technology generations. Because repeater insertion reduces wire

delay, repeaters can be an effective tool to reduce the stringent

Il. n-téier MULTILEVEL ARCHITECTURE DESIGN
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2) Shortest wires are routed on the tier (collection of levels
with the same wiring pitch) with the smallest pitch and
successively longer wires go on tiers with progressively
larger pitches.

3) The tier pitch is chosen based on given performance con-
straints (for the example case study, the maximum per-
missible time delay is 25% of the clock period for the
lowest tier and 90% of the clock period for all other tiers).

4) Forthe example case study, the aspectratio is chosento be
unity. However, thev-ticr methodology is independent 0fFig. 1. Cross-sectional view of a multilevel interconnect architecture.
the aspect ratio chosen; a nonunity aspect ratio requires a
slight modification to the interconnect delay equation. 2 F), the pitch is obtained by equating the resistance capaci-

5) The wiring efficiency factofc,,) is assumed to be con-tance (RC) time delay of the longest interconnect to an accept-
stant for all the levels (for the example case study, it @ble fraction of the cycle time [5], [12]
assumed to be 40%). 3 1.1pe,£,6.2 A

The n-tier multilevel interconnect optimization is based on a = 1. MA— N L.
S S L . e Py g

stochastic wire-length distribution [4], which is used to obtain

ana priori estimate of interconnect lengths in a logic block. The Therefore

interconnect density functiof{!) that describes the macrocell
ST 1.1pe,6.2f. [Am
wiring is given as [4] py = 24 | 200 L, (5)
Jé; N,

(4)

; where
Region t allf l lggm T interconnect time delay;
i(l) = =T <_ —2/N,* + 2Ngl> =% (1) 8 interconnect time delay expressed as a fraction of the
2 3 cycle time(=1/f.);
Region It /N, <1<2\/N, p  resistivity of metal.
) ok 3 op This formulation assumes that all the interconnect aspect ratios
U= FF (2\/E— l) s @ are unity, i.e.W =T =5 = H = P,/2, whereW, T, S and

H are the metal width, metal thickness, spacing between the in-

where _ _ terconnects and height of the inter-level dielectric, respectively,
l interconnect length in gate pitches; as illustrated in Fig. 1.
N, number of logic gates; For a given value of4,,, and /., then-tier design method-
p Rent's exponent; ology starts with the lowest tier and moves upwards, filling each
2 Rent's coefficient: tier W|th interconnects. To maximize wire densny, ittries to em-

) , ) . ploy minimum width interconnects on the local tier; solving (3)

«  fraction of sink terminals in the macrocell; gives the longest interconnect length on the local tier. For non-
I’ normalizing factor. local tiers, (3) and (5) are solved simultaneously, while scaling

A gate pitch is defined as the average distance separating #® pitch of each tier so that the longest interconnect on that
gates and is equal tg/A,,, /N, where4,,, is the macrocell area. tier satisfies the timing constraint (delay = 3/f.). Thus,

To reduce wiring layout problems, interconnects on adjaceifie wire density is maximized resulting in a minimum number
pairsof metal levels are assumed to be routed orthogonally wigth metal levels. Once the twice-die-edge-long interconnect has
the same wiring pitch. A collection gdairs having the same been accommodated on a tier, the algorithm stops, and counts
pitch is identified as #er. In general, the range of interconnecthe total number of levels. This procedure is repeated for dif-
lengths on the*" tier is calculated by equating the area availabligrent values of the macrocell area and clock frequency to deter-
for wiring A,y to the area that is required for wiringy., mine the various optimizations described in the following sec-

tion. A flowchart showing the complete-tier design method-
ology is shown in Appendix A.

Arn Lt .
Aay = necwAm = XPty N, /r l(D)dl = Areq- (3)  |II. PERFORMANCEENHANCEMENT USING OPTIMIZED n-ticr
o ARCHITECTURES

The number of metal levels in th&" tier isn,, ¢,, is the wiring The performance enhancement achieved by the optimized
efficiency factor [3], [11],x converts point-to-point intercon- n-¢ier architecture is demonstrated for an ASIC logic macro-
nect length to wiring net length [44, and L, are the wire pitch cell using 100-nm technology projections from the ITRS
and longest interconnect length on t& tier in microns and [13]. In this case study, the macrocell has 11.3 M logic gates
gate pitches, respectively. (assuming the use of three-input six-transistenD gates,
The wiring pitch of thelocal tier is equal to twice the min- this corresponds to approximately 68 M transistors), a low
imum feature sizép, = 2 F); for all nonlocal tiers (i.e.p; > permittivity dielectric(e, = 2) and copper interconnects (for
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TABLE |
COMPARISON OFV ARIOUS DESIGN POINTS USING CONVENTIONAL AND OPTIMIZED n-tier DESIGN METHODOLOGIES

Conventional Optimized n-tier design
Designs Min. Area Max. freq. Min. # levels
optimization | optimization | optimization
2-Tier (2F.2F 8F.8F)
Ap= 0.82 e’ 0.37 cm’ 0.82 e’ 0.82 e’
f. = 217 MHz 217 MHz 1.47 GHz 217 MHz
n = 8 levels 8 levels 8 levels 4.98=6 levels
3-Tier !2F,2F%4F,8F1
A= 0.68 cm 0.47 cm® 0.68 cm’ 0.68 cm’
f = 672 MHz 672 MHz 1.16 GHz 672 MHz
n = 8 levels 8 levels 8 levels 6.57=8 levels
3-Tier (2F 4F 4F.8F)
An= 1.01 cm® 0.48 cm’ 1.01 em? 1.01 cm?
f = 710 MHz 710 MHz 1.6 GHz 710 MHz
n = 8 levels 8 levels 8 levels 6.24=8 levels
4-Tier 2F.4F 8F.16F)
A= 1.45 e’ 0.98 cm’ 1.45 e’ 1.45 cm’
fo= 1.56 GHz 1.56 GHz 1.86 GHz 1.56 GHz
n = 8 levels 8 levels 8 levels 6.77=8 levels

the system to meet the ITRS projections of a 2-GHz cloduccessive pair of metal levels. Such a four-tier network with
frequency and a maximum of eight metal levels for the 100-nwiring pitches equal to 2 F, 4 F, 8 F, and 16 F for each pair of
technology generation, the maximum size of the macrocetietal levels is shown in Table I. The process described in [15]
is 11.3-M logic gates). The following values were assumealso uses a similar wire scaling pattern, and, therefore, this de-
for the other parameters in (1)—(5): Rents exponert 0.6, sign would henceforth be called tlsenventional baseline de-
Rent's coefficientt = 4 [14], « = 0.75 (o = fanout/(fanout sign Using this design, the macrocell in the case study has an
+1); for three-inputNAND gates, fanout= 3), ¥ = 0.667 [4] area of 1.45 crh(baseline area) with eight metal levels and can
ande,, = 0.4 [11]. Shorter interconnects (first tier) are moreperate at 1.56 GHz (baseline clock frequency).

likely to constitute critical paths and, hence, are assigned aSuch conventional designs are not optimal designs because
smaller (= 0.25), so that the critical path gates can have the time delay of the longest interconnect on some tiers may
larger (remaining) time delay. A larggr(= 0.9) is assigned to be less than the maximum permissible delay (i®e.« 0.9).
longer interconnects because they would most likely be us€ldis leaves room for decreasing the metal pitch or macrocell
for cross-chip communication only (requiring more delayparea, and consequently reducing the number of metal levels or
Three optimizations are defined in this section that minimizacreasing the operational clock frequency. This is the main mo-
the number of metal levels, the macrocell area, or the cydleation for the optimizech-tier design.

time. To demonstrate the advantages ohaticr architecture,

a comparison is made with conventional designs where tBe Optimizedr-tier Design

wiring pitch is arbitrarily scaled from one tier to the next. The n-tier multilevel architecture is designed with the wire
) , , pitch of each orthogonal pair of levels dependent on the time-
A. Conventional Multilevel Network Designs delay of the longest interconnect routed in that pair. This ensures

Initially, two-tier designs comprised of a thincal tier and that the time delay constraints are exactly satisfied and also the
a thickerglobal tier. Whenever the longest interconnect on theiring density is maximum. Fig. 2 plots the number of metal
first tier cannot meet the timing constraint, the interconnects tevels versus macrocell area of theier design for clock fre-
that tier are moved to the global tier with a greater pitch, whiajuencies of 1, 1.56, 1.86, 2, and 3 GHz (the optimizeder
consequently increases the number of metal levels. The left hddfsigns have clock frequencies of 1.56, 1.86, and 2 GHz). The
of Table | shows a two-tier design having four local levels witkurves in Fig. 2 saturate when the minimum feature size width
pitch = 2 F and four global levels with pitce- 8 F. The op- and spacing can no longer be used for any tier (pe>» 2 F
erational frequency is determined by setting the maximum tinfier all tiers). This is because, when (5) is substituted in (3), the
delay among all the interconnects in the system equal to 90%afigest interconnect length; of the lowest tieralsobecomes
the clock period (25% for the interconnects on the local tier). independent of macrocell ared,,. Therefore, the number of
three-tier designs, there is an intermediate semi-global tier. Twetal levels remains constant because the interconnect pitch
examples of three-tier architectures are shown in Table I, oaed length increase in the same ratio as the macrocell area is
with four local, two semi-global and two global levels, and thancreased. The improvement in system design using.thier
other with two local, four semi-global and two global levels. Imethodology is quantified in the following three optimizations
both cases, the semi-global pitch is equal to 4 F, while the lo@aid the results are summarized in the right half of Table I. De-
and global pitches remain unchanged. Sai—Halasz [11] recot@ifed comparison between the conventional baseline design and
mends a multilevel network where the pitch is doubled for evetlie optimizedn-tier design is shown in Table 1.
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E—8f =3GHz
%~ f =2GHz
O0—oOf =1.86GHz
A-—Af =1.56GHz
—o1f=1GHz

Macrocell Area A | (cmz)

TABLE I

Number of metal levels versus macrocell area fomtitéer design of a 68-M transistor macrocell.

DETAILED INTERCONNECTPARAMETERS FOR THECONVENTIONAL BASELINE DESIGN AND OPTIMIZED n-tier DESIGNS

Tier # Number of | L, Pn
(n) levels Gate pitches | (cms) Gate pitches I (cms) {(um)
Conventional baseline architecture : A,=1.45¢cm’, f.=1.56GHz and n=8 levels
Tier 4 2 1884 0.67 6723 2.41 1.6
Tier 3 2 818 0.29 1884 0.67 0.8
Tier 2 2 174 0.06 818 0.29 0.4
Tier 1 2 1 0.0004 174 0.06 0.2
(n-tier architecture) Minimum area : A,=0.98cm’, f.=1.56GHz and n=8 levels
Tier 4 2 1760 0.52 6723 1.98 1.17
Tier 3 2 735 0.22 1760 0.52 0.61
Tier 2 2 93 0.03 735 0.22 0.26
Tier 1 2 1 0.0003 93 0.03 0.2
(n-tier architecture) Maximum clock frequency : A,=1.45cm?, £,=1.86GHz and n=8 levels
Tier 4 2 1847 0.66 6723 241 1.56
Tier 3 2 846 0.30 1847 0.66 0.85
Tier 2 2 174 0.06 846 0.30 0.39
Tier 1 2 1 0.0004 174 0.06 0.2
(n-tier architecture) Minimum number of levels : A,=1.45cm? £,=1.56GHz and n=6.77~8 levels
Tier 4 0.77=2 2000 0.72 6723 2.41 1.42
Tier 3 2 893 0.32 2000 0.72 0.85
Tier 2 2 174 0.06 893 0.32 0.38
Tier 1 2 1 0.0004 174 0.06 0.2

1) Minimum Macrocell Area:For the same number of metall1.45 cn¥, whereas the-tier design requires a macrocell area
levels and clock frequency, the optimizestier architecture of only 0.98 cni, which is a 32% reduction in cell size.
reduces the macrocell area by decreasing the wiring pitch re2) Maximum Clock FrequencykFor the same number of
sulting in greater packing density for the interconnects. Theetal levels and macrocell area, the optimizedicr archi-
minimum macrocell area optimization is shown by point A otecture improves the clock frequency by increasing the wiring
the curve in Fig. 2, which plots the number of metal levelgitch so that the area wasted by the conventional baseline
against macrocell area for thetier design at the baseline clockdesign is utilized. The maximum clock frequency optimization
frequency of 1.56 GHz. For a maximum of= 8 metal levels, using then-tier design is shown by point B on the curve in
the conventional baseline design requires a macrocell areaFa. 2, which plots the number of levels versus macrocell area
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for the n-tier design at a clock frequency of 1.86 GHz. Thisepeaters is a factaftimes the “optimal” number of repeaters
corresponds to a 16% reduction in the cycle time over the base< ¢ < 1, then the time delay can be expressed as
line clock frequency of 1.56 GHz for the conventional baseline
design. This is the maximum clock frequency achievable using, :ﬁ
then-tier designs fom = 8 metal levels andi,,, = 1.45 ce. fe
To achieve higher clock frequencies, the curves will shift 0.53\ 2 A
upward and to the right, as seen in Fig. 2, necessitating a greater= <1-4 +0.53¢ + c ) —V/6.2pe,6,1,C, | %Lt-
number of metal levels or larger area. bt g
3) Minimum Number of Metal LevelsThe optimizech-tier ()

architecture reduces the number of metal levels, for the same o o -
area and clock frequency, by decreasing the wiring pitch r&his “suboptimal” design in (7) utilizes a smaller number of

sulting in greater packing density for the interconnects. The f&Peaters resulting in a larger delay. The tradeoff between the
duction in the number of metal levels using theicr design is Performance and the number of repeaters is shown in Fig. 3,
shown by point C on the curve in Fig. 2, which plots the numb&hich plots the ratio of the suboptimal delay in (7) to the op-
of levels versus macrocell area for thetier design at the base- imal delay in (6) versus. A 50% reduction in the number of re-
line clock frequency of 1.56 GHz. Since the levels are group®§aters from the optimal numberimposes a performance penalty
in z—y orthogonal pairs, the number of metal levels should & Only 10%. The considerable savings in silicon area, wiring
rounded off to the next highezveninteger. For the baseline COMPIexity and power dissipation encourages this worthwhile
macrocell area ofi,,, = 1.45 cm?, the n-tier design requires trade_(_)ff. As_s_umlng the area of the chip is wire limited, ther_e is
6.77 metal levels (which when rounded off to eight metal |eve|gputll|zed silicon area that is available for repeaters and is given
is the same as for the conventional baseline design). Thus, B

this example, although there is no actual reduction in the number

of metal levels, 62% of the wiring tracks on the topmost tier have Arep = CrepAtree = Crep (Am — Alogic_gates) (8)
been freed and can be used to accommodate additional power,

ground and clock wiring resources. where _

Thus, then-tier design methodology can be used to deter- “irep area occupied by repeaters;
mine the interconnect pitches for different tiers so that optimal “rep repeater insertion efficiency;
performance is extracted from the system for the available“ifee free area;

resources. Additional improvements in performance can be‘legic gates @rea occupied by logic gates. _
achieved through the insertion of repeaters. The following séenly afraction(c:, = 0.6) ofthe free areais assumed available

tions investigate an optimum repeater insertion methodologyRf repeater insertion to account for practical routing and place-
then-tier design process and quantify its impact. ment constraints and additional silicon area needed for on-chip

decoupling capacitors. The area occupied by logic gates and re-
peaters is estimated using the following gate area models.
IV. REPEATERINSERTIONMODELS AND METHODOLOGY

Repeaters have been previously shown to improve the depgh-Gate Area Models

dency of time delay on interconnect length from a square lawThe area of a gate (either a logic gate or a repeaty,)is
to a linear relationship [3], [16]. As mentioned in Section ICalculated as [18]
repeater insertion provides a viable option to relieve the de-

manding interconnect restrictions placed on future GSI systems. A =k <1 + 4V Gar (fi = 1)>

. . . . . . g r
Repeaters are increasingly being used by chip designers to im- VEr
prove the performance of microprocessors [17]. The potential (1485 (wr —1)\

X . . o x |1+ F 9)
of repeaters to improve theticr architecture design is demon- VErGar
strated in this section.

where

A. Repeater Models kr  area of a minimum sized inverter with respect®;

Bakoglu [2], [14] derived an expression for the time-detfay, gar gate aspect raflo;

) . i number of inputs;
of an interconnect when the number of equi-spaced repeaters is’ P

. o o . ,  ratio of pFET to nFET width;
aonrt)jtlir:zal,rc;vnhrg;trzggmléﬁtsstgs cumulative delay of repeaters wy,  N-channel field effect transistor (nFET) width to fea-

ture size ratio.
The p-channel field effect transistor (pFET) width is constrained
to satisfy equal worst case rise and fall times andis cal-

= B — 2.463 6.20e,e,RoC, th. (6) culated by equating the critical path delay to the cycle time
Je P Ny (= 1/f.) [19]
R, andC, are the output resistance and input capacitance of a 1 nepTeonfinest

minimum size inverter, respectively. However, if the number of fo b (10)
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4.0
3.0 |

50% decrease in number of repeaters
20 = 10% increase in interconnect delay

Sub-optimal delay/Optimal Delay
5

0.0 L L F i 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
zeta (0)
Fig. 3. Tradeoff between performance and number of repeaters.
where The product of the number of gates and power dissipation per

Trpn NFET propagation delay including the transition timgate gives the total logic or repeater power dissipation. The
effect that is derived from the physical alpha-powepower dissipated in the interconnects is calculated by

law model [19];

, ¢ 2
fimeg effective fan-in factor for series connected MOSFETSs Pt = 2C'L”VDDfC (13)

(20]; whereC,, is the total wiring capacitance given by
nep Number of gates in a critical path; 7
b clock skew facto= 0.9). Cyp = Cint <Lt0tal F’") (14)
Using (7)—(9), the total logic gate area is estimated, which de- g
fines the limit on the maximum amount of area available fovhere
repeaters. Cint distributed wiring capacitance per unit length;
Liotal total length of interconnects in gate pitches;

C. Power Dissipation Models v Am /N, average gate pitch.

The total power dissipatiof’..:1) in @ macrocell is defined D. Repeater Insertion Methodology

€5 For a given macrocell ared,, and clock frequency., the

n-tier methodology described in Section Il is first used to de-

Protal = Plogic + Pint + Frep (11) sign its multilevel interconnect architecture. The models de-

scribed in (7)—(14) are then used to determine the maximum
where Pogic, Pin, and P, are the power dissipation in thepnymber and size of repeaters that can be inserted in a mul-
logic gates, interconnects, and repeaters, respectively. el architecture. Since thicker global interconnects benefit
power dissipation per gate (i.e., logic gate or repeal§r)s the most by using repeaters, a “top—down” repeater insertion

defined as methodology is adopted. Repeaters are first inserted in the up-
a permost tier. Repeater insertion then continues downward to the
Py = §wkCgOVSDfC (12) lower tiers depending on the amount of free silicon area avail-
able. This algorithm tries to insert 50% of the “optimal” number
where of repeaterg¢ = 0.5) in all the wires on a given tier; if the area
a activity factor(= 0.1); required for repeaters is not availableis systematically de-

creased until either the repeater area constraint is satisfied or

i _ . the number of repeaters reaches zero (see Fig. 3). If the inter-

Cyo gate overlap, junction, and fan-out capacitance for @nnect width decreases to minimum width, then repeater inser-
minimum sized gate. tion is discontinued. The resulting architecture is the new multi-

Vbn supply voltage;
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TABLE 1lI
DETAILED INTERCONNECTPARAMETERS FOR THER-tier BASELINE DESIGN (WITHOUT REPEATERY AND OPTIMIZED n-tier WITH REPEATERSDESIGNS

Tier # | No. of L, Dn Number of NFET Power Dissipation
(n) levels Gate pitches l (cm) (um) | repeaters Zeta (W/L ratios)
Without repeaters : A,=1.62cm?, £.=2GHz and n=8 metal levels
Tier 4 2 6723 2.55 1.71 0 0 Pou= 43.0W
Tier 3 2 1871 0.71 0.95 0 0 W/Ljpgie=17 Piogic=T1%
Tier 2 2 885 0.34 0.45 0 0 Pi=29%
Tier 1 2 208 0.08 0.20 0 0 P,.,=0%
(With repeaters) Minimum area and power : Am=0.48cm2, f.=2GHz and n=6.97=8 metal levels
Tier4 | 0.97=2 6723 1.39 0.73 49840 0.216 Pro=24W
Tier 3 2 1003 0.21 0.28 0 0 W/Lj0i=9 P} =69%
Tier 2 2 283 0.06 0.20 0 0 W/L,.,=114 Piyu=29%, P, =2%
Tier 1 2 34 0.007 0.20 0 0
(With repeaters) Maximum frequency : A,=1.62cm’ f.=2.44GHz and n=6.49~8 metal levels
Tier4 | 0.49=2 6723 2.55 1.36 34855 0.308 P =150W
Tier 3 2 1684 0.64 0.94 0 0 W/Ljogi =63 P1i=89%
Tier 2 2 810 0.31 0.45 0 0 W/L,,=211 Pi=10%, P, =1%
Tier 1 2 193 0.07 0.21 0 0
(With repeaters) Minimum number of levels : Am=1.62cm2, f.=2GHz and n=4.99=6 metal levels
Tier 3 0.99=2 6723 2.57 1.21 75390 0.26 Pror=44.4W
Tier 2 2 885 0.34 0.45 0 0 W/Lic=17 P ii=69%
Tier 1 2 208 0.08 0.20 0 0 W/L,.,=188 P.=28%, P, =3%

level interconnect architecture with repeaters (if any have begates can be made smaller thereby decreasing the transistor lim-
added). The complete repeater insertion methodology for tited area. Increasing the number of power-dissipating repeaters
n-tier architecture is shown in Appendix B increases the power-limited area. As the number of repeaters in-
creases, the wire-limited macrocell area decreases until it equals

V. PERFORMANCE ENHANCEMENT USING REPEATERS FOR  the power-limited area. If more repeaters are inserted, then the
n-tier ARCHITECTURES macrocell area becomes power-limited and begins to increase.

The maximum clock frequency achievable by the optimize-BhUS-' for this examp'le,. the macrocell area is minimized when
n-tier architecture (without repeaters), for the macrocell cadige wire and power-limited areas become eque seen from

study described in Section IlI, using eight metal levels (and arEig- 4. optimal repeater insertion decreases the macrocell area
A,, = 1.62 cn?) is 2 GHz, as shown by point D in Fig. 2.from 1.62 cni to 0.48 cni, almost a 70% reduction in the cell

This design is henceforth called theticr baseline desigrin size. If more advanced heat removal mechanisms are used such

this section, repeaters are used to minimize the area, cycle tif!iquid or two-phase cooling, then the power limited area curve
number of metal levels or power dissipation of the macrocélfould shiftlower. Then the wire-limited area may decrease till it
case study. These optimizations are compared againsitthe equals the transistor-limited area. From here the macrocell area

baseline design (without repeaters) and the results are sumi{guld start to increase due to an increase in the number of re-
rized in Table IlI. peaters and the size of logic gates required to achieve the desired

clock frequency for an increased wiring capacitance.
A. Minimum Macrocell Area

The area of a macrocell with eight metal levels ghd= B Maximum Frequency Optimization

2 GHz is minimized using repeaters as shown in Fig. 4. TheFig. 5 plots the clock frequency versus number of repeaters
wire-limited and transistor-limited areas are the minimum arets maximize the clock frequency through repeater insertion
required to have a maximum of eight metal wiring levels anfdr a macrocell with4,, = 1.62 cm? and eight metal levels.
for accomodating logic gates and repeaters, respectively. THee wire-limited clock frequency is the maximum frequency
power limited area is the minimum area required to keep tli@r which all the transistors can be wired within eight metal
power dissipation density within the specified upper bound of 3@vels for the specified macrocell area. The wire-limited clock
W/cn?, which is the assumed maximum heat removal capacifyequency increases with an increase in the number of repeaters
This is calculated by dividing the total power dissipation of theecause repeaters decrease wire delay for a constant pitch. The
macrocell by 50 W/crh The macrocell area is the maximum otransistor-limited clock frequency is the maximum frequency
these three areas. at which the logic critical path transistors can opeliatthey
Initially, the macrocell area is wire-limited as illustrated irare enlarged to occupy all remaining macrocell area after
Fig. 4. By inserting repeaters, the interconnects become naccounting for repeaters. Transistor-limited clock frequency
rower, which decreases the area required for wiring and reduckesreases with an increase in the number of repeaters due to
the wiring capacitanc€’,, (14). As C,, decreases, the logic a decrease in the area available for logic gates. Initially, when
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Fig. 5. Maximum clock frequency optimization using repeatersdgy = 1.62 cn? andn <= 8 levels.

the macrocell area is wire-limited, the clock frequency is alsncreases the maximum clock frequency from 2 to 2.44 GHz,
wire-limited. As the number of repeaters increases, the wiwich is a 22% improvement.

and transistor limited-frequencies eventually converge when
the macrocell area becomes transistor-limited. More repeatgrs
can be added only by shrinking the logic transistors which
reduces the transistor-limited frequendyence, the clock The number of metal levels required for a macrocell with
frequency peaks at the point where the wire and transistet,, = 1.62 cm? andf, = 2 GHz is minimized using repeaters.
limited frequency curves interse@herefore, repeater insertionFig. 6 plots the number of metal levels versus the number of

Minimum Number of Metal Levels
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Fig. 6.  Minimum number of levels optimization using repeatersfqr = 1.62 cn¥ andf. = 2 GHz.

repeaters for this design. Increasing the number of repeatdexreasing repeater size is overshadowed by the increase in the
decreases the number of metal levels and increases the tramnber of repeaters. From (13), the total interconnect power
sistor-limited area. Once the wire-limited and transistor-limiteid also decreased because of a reduction in the macrocell area.
areas become equal, continued repeater insertion will incre&ece the repeater power is small compared to the logic gate
macrocell area. However, in Fig. 6, the minimum number @ind interconnect power, the total power dissipation decreases
levels optimization occurs before the convergence of wire aadd reaches a minimum when timacrocell area is minimized
transistor-limited areas when all tiers become satiated with igeyond this point, the increase in the macrocell area and
peaters (point A), such that either they have the quasi-optimumamber of repeaters causes the power dissipation in the logic
number of repeater§ = 0.5) or have reached minimum wire gates, interconnects, and repeaters to increase and results in an
pitch. Since the levels are groupediny orthogonal pairs, the increase in the total power dissipation. Moreover, the design
number of levels should be rounded to the next higiveninte- becomes power-limited because the power dissipation density
gral value. Therefore, in this example, optimal repeater insertianat the maximum permissible limit of 50 W/éaFrom Fig. 7,
decreases the number of levels from eight to six, which is a mepeater insertion decreases the total power dissipation from 43
duction of two metal levels. From a designer’s perspective,ttd 24 W, a reduction of 44%, that corresponds to the minimum
would be prudent to choose point B in Fig. 6 as the design pommtea design point oft,,, = 0.48 cn?.

since it has the same number of levels (six levels) but requires d&or simplicity, (12) does not include the leakage power; how-
far fewer number of repeaters than point A. The specificatioeser, it can be demonstrated that the minimum area design point
for point B are tabulated in Table III. corresponds to the minimum total leakage power for this ex-

ample. The leakage power for a CMOS chip is given by
D. Minimum Power Dissipation

The total power dissipation of the macrocell with eight Por = Wit Vbplor (15)
metal levels and operating # = 2 GHz is minimized using
repeaters. Fig. 7 plots the power dissipation versus the numbdrereW,,, is the total macrocell turned off device width and
of repeaters for this design. Comparing Figs. 4 and 7, as thg is the off-current per device width [21]. From Table I,
macrocell area decreases with an increase in the numbetthaf 17/ L ratio of the logic gates decreases 46% by inserting
repeaters, the power dissipation in logic gates and intercaepeaters. Although thB’/L ratio of the repeaters is compar-
nects also decreases. Reducing macrocell area decreasesitthely larger, the number of repeaters is two orders of magni-
average interconnect length and, hence, reduces the avetage smaller than the number of logic gates. Therefore, when the
wiring capacitance. Therefore, the size of the logic gates caracrocell area is minimized, th&/ L ratio for logic gates is at
be reduced, which decreases the gate capacitance in (B2pinimum and this minimizes the total leakage power. Hence,
reducing the total logic gate power. In Fig. 7, the repeatthe inclusion of leakage power should not change the minimum
power dissipation increases monotonically because the effechoga and power design point.
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Fig. 7. Minimum power optimization using repeaters fox= 8 levels andf. = 2 GHz.

The area occupied by repeaters in all the above optimized @é-higher levels, assuming a constant wiring efficiency factor
signs is less than 2% of the macrocell area. In [17], the authdos all levels is a reasonable first order approximation. An
report that the total area consumed by repeaters is about 6%oliancement to the-tier methodology would entail the use
the total die area. This indicates that the results of the methad- experimentally observed values for power/ground/clock
ology demonstrated in this paper are well within industrially adlockage and the use of models in [7] to calculate the wiring

ceptable limits for repeater area. efficiency factor for each metal level.
Another assumption is that the maximum permissible time
VI. DISCUSSION OFASSUMPTIONS delay is 90% of the clock period for interconnects in all the non-

local tiers. However, for chips with large areas and high clock
frequencies, this constraint might be impossible to achieve for

sz'ull chip wires. One of the solutions would be to pipeline the
ifterconnects by inserting flip flops as has been indicated in
[17]. This would make the global interconnects much thinner
but communication latency would be increased.

One ofthe key assumptions used inthéer methodology is
that the wiring efficiency factor is constant for all metal layer
However, the wiring efficiency factor can be expressed a
product of three factors

Cur = Crout * Cp/e * Cvia (16)
VIl. CONCLUSION
where A newn-tier multilevel interconnect optimization technique
erout  Fouter efficiency; has been described in this paper. The key utility of this method-
ep/. power/ground/clock efficiency ology isto find a set of wiring pitches for each metal level so that
(= 1 - power/ground/clock blockage); performance targets are achieved without wasting system re-
evia Via efficiency & 1-via blockage). sources. This methodology allows direct computation of the op-

The router efficiency is assumed to be a constant for all metahum solution without exhaustive iterative techniques saving
layers. Since power/ground/clock lines are primarily routezbnsiderable redesign time. The methodology has been demon-
on global layers, the blockage caused because of these listated to reduce macrocell area by 32%, cycle time by 16%, or
is greater on the upper layers and lesser on the lower layerember of wiring tracks required on the topmost tier by 62%
Chenet al.[7] have described a new via blockage model thdalthough there is no reduction in the actual number of wiring
improves Sai—Halasz’'s empirical model in [11], according tievels), when compared to a conventional baseline design where
[22]. Using ann-tier case study from [8], similar to the oneswire pitches are doubled for every pair of levels.

described in Section 11, it is shown in [7] that the via blockage Also, a top—down repeater insertion methodology has been
is significant for the lowest two layers and decreases rapidiigveloped that uses the free silicon area for inserting repeaters in
for the upper metal layers. Because via blockage dominatlg interconnects. Starting with the upper most tier, this method-
at lower levels and power/ground/clock blockage dominatetogy inserts repeaters until all free silicon area is consumed.
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Fig. 8. Flowchart fom-tzer design methodology.

This methodology has been demonstrated to reduce the macreet architecture to alleviate the restrictive wiring demands of
cell area by 70%, cycle time by 18%, number of metal levefature GSI systems.

by 25%, or power dissipation by 44%, when compared to anln summary, the methodologies presented in this paper
n~tier baseline design without repeaters. It has been shown thatmonstrate ara priori (i.e., before physical design and
power dissipation is minimizesimultaneouslyy minimizing layout) optimization of a multilevel interconnect architecture.
the macrocell area. These results illustrate the main advantagegeneral conclusion of this paper is that detailed system
of extensively utilizing repeaters inatier multilevel intercon- level optimization, instead of conventional design heuristics, is
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