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ABSTRACT   
Minimum power CMOS ASIC macrocells are designed by 
minimizing the macrocell area using a new methodology 
to optimally insert repeaters for n-tier multilevel 
interconnect architectures. The minimum macrocell area 
and power dissipation are projected for the 100, 70 and 50 
nm technology generations and compared with a n-tier 
design without using repeaters. Repeater insertion and a 
novel interconnect geometry scaling technique decrease 
the power dissipation by 58-68% corresponding to a 
macrocell area reduction of 70-78% for the global clock 
frequency designs of these three technology generations.   
 
1.  INTRODUCTION 
As CMOS semiconductor technology progresses towards 
gigascale integration, the power dissipated by a billion 
transistors is of paramount concern. Concurrently, the 
increasingly restrictive limits posed by interconnects make 
chip size wiring limited. Total chip capacitance, and 
therefore  power dissipation, can be reduced by decreasing 
the chip size via optimal scaling of the wires using 
repeaters in a n-tier multilevel interconnect architecture 
[1]. A novel optimal repeater insertion methodology is 
demonstrated to minimize the power dissipation by 
minimizing the macrocell area for a n-tier multilevel 
interconnect architecture.  The power dissipation and 
macrocell area are optimized for an ASIC macrocell case 
study using copper interconnects and a low-k dielectric 
(εr=2) for the 100, 70 and 50 nm technology generations 
projected by the International Technology Roadmap for 
Semiconductors (ITRS) [2]. 
 
2. N-TIER   MULTILEVEL   ARCHITECT-  
      TURE 
A tier is a collection of metal levels with the same cross 
sectional dimensions. The macrocell area is minimized by 
using a n-tier multilevel architecture which is designed by 
scaling the pitch on each tier so that the longest 

interconnect on a tier meets the timing delay constraint 
exactly [3]. A stochastic wiring distribution, validated 
previously with measured data [4], is used to estimate the 
longest interconnect on each tier. For the nth tier, the range 
of interconnect lengths is calculated by equating the area 
available for wiring Aav to the area that is required for 
wiring Areq 
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where nl is the number of metal levels in the nth tier,   ew 
(=0.4) is the wiring efficiency factor [5], Am is the 
macrocell area, χ (=0.667) is a  factor that converts the 
point-to-point interconnect length to wiring net length, pn  
and  Ln are the wire pitch and longest interconnect length 
of the nth tier in microns and gate pitches, respectively, N 
is the number of logic gates and i(l) is the interconnect 
density function [4]. 

The wire pitch in (1) (without repeaters) for all 
non-local tiers (i.e. pn>2F) is calculated using  RC models 
for time delay as 
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where ρ is  resistivity of metal, fc is the clock frequency 
and  β is the interconnect time delay expressed as a 
fraction of the clock period [5]. The maximum time delay 
is assumed to be 25% of the clock period (β=0.25) on the 
first tier and 90% (β = 0.9) on all other tiers.  
 
 
3.  REPEATER INSERTION MODELS AND  
     METHODOLOGY 
Repeaters improve the dependency of time delay on 
interconnect length from a square-law to a linear 
relationship [6]. Bakoglu [7] derives an expression for the 
pitch of an interconnect when an "optimal'' number of 
equi-spaced repeaters are inserted so that the delay of each 
repeater equals the delay of the interconnect segment 
between repeaters. When the number of repeaters in an 
interconnect is less than this optimal number, it is 
considered a "sub-optimal'' design [1]. If the number of 
repeaters is some factor ζ times the "optimal'' number of 
repeaters,  0<ζ<1,  then  the  pitch is given  by 

 

Permission to make digital or hard copies of all or part of this work for 
personal or classroom use is granted without fee provided that copies are 
not made or distributed for profit or commercial advantage and that 
copies bear this notice and the full citation on the first page. To copy 
otherwise, or republish, to post on servers or to redistribute to lists, 
requires prior specific permission and/or a fee. 
ISLPED ’00, Rapallo, Italy. 
Copyright 2000 ACM 1-58113-190-9/00/0007…$5.00. 
 
 



 168

 

 n
m

ooor
c

n L
N
ACRfp ερε

βζ
ζ 2.6253.053.04.1 





++=     (3) 

 
where Ro and Co are the output resistance and input 
capacitance of a minimum feature size inverter 
respectively. 

Since the area of the chip is wire-limited, there is 
some unutilized silicon real estate which is used to 
accomodate the repeaters. It is assumed that only 60% of 
this free area is used for repeater insertion to account for 
practical routing and placement constraints. 

The area of a gate (logic gate or repeater), Ag, is 
calculated as [8] 
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where kI is the area of a minimum sized inverter, Gar is the 
gate aspect ratio, fi is the number of inputs, βg is the ratio 
of PFET to NFET width and wk is the NFET width to 
feature size ratio. The PFET width is constrained to satisfy 
equal worst case rise and fall times and wk is calculated by 
equating the critical path delay to the clock period (= 1/fc), 
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where TPDn is the NFET propagation delay including the 
transition time effect that is derived from the physical 
alpha-power law model [9],  fineff is the effective fan-in 
factor for series connected MOSFETs [10], ncp is number 
of gates in a critical path and b is the clock skew factor 
(=0.9).  

Repeater insertion begins from the topmost tier 
and continues downward to lower tiers in a top-down 
design style. On each tier either the "optimal'' number (ζ 
=1) or a "sub-optimal'' number (ζ <1) of repeaters are 
inserted, depending on the number of repeaters available. 

 
 
 

4. POWER DISSIPATION MODELS 
The total power dissipation (Ptotal) in a macrocell is 
defined as 
   

 Ptotal =Plogic +Pint +Prep                   (6) 
 
where Plogic, Pint and  Prep are the power dissipations in the 
logic gates, interconnects and repeaters respectively. The 
power dissipation per gate (logic gate or repeater), Pg, is 
defined as  

 cDDgg fVCaP 2

2
=                          (7) 

 
where a is the activity factor (=0.1), VDD is the supply 
voltage and Cg is the total gate capacitance given as  

 .gokg CwC =                             (8) 
 
Cgo is the gate overlap, junction and fan-out capacitance 
for a minimum feature sized gate. The product of the 
power per gate (7) and total number of logic gates results 
in the logic gate power dissipation as 

Plogic .
2

2
, cDDlogicg fVCaN=                    (9) 

 
The repeater power dissipation is calculated as 
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where nrep is the number of repeaters. The power 
dissipation for all interconnects is calculated by  
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where co is the distributed wiring capacitance per unit 
length, Ltotal is the total length of interconnects in gate 

pitches and 
N
Am  is the average gate pitch. 

 
5.  OPTIMIZATION RESULTS 
Repeaters are used to minimize the area and power 
dissipation of an ASIC logic macrocell consisting of 
N=12.4M NAND gates for the  100nm technology 
generation projected by the ITRS [2]. These optimizations 
are compared against the same designs without using 
repeaters.  Then, the total power dissipation is further 
reduced by tweaking the physical geometry of the 
interconnects. 
 
 
5.1.  Optimization using repeaters 
The area of a macrocell with 8 metal levels and fc=2GHz 
is minimized using repeaters as shown in Fig. 1. The wire-
limited, transistor-limited and heat removal limited areas 
are the minimum areas required for wiring (within 8 
levels), for logic gates and repeaters and for the power 
dissipation density to stay within the specified 
upperbound,  respectively. The macrocell area is the 
maximum of these three areas. The maximum heat 
removal capacity is assumed to be 50 W/cm2.  
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Fig.1 Minimum macrocell area optimization for a 
design with  N=12.4M logic gates,  fc=2GHz and at 
most n=8 metal levels. 
 
Initially, the macrocell area is wire limited. By inserting  
repeaters,  the interconnects become narrower which 
decreases the area required for wiring, reducing the 
average wiring capacitance, Cw. As Cw decreases, the logic 
gates can be made smaller thereby decreasing the 
transistor limited area. The increasing number of power-
dissipating active devices (repeaters) increases the heat 
removal limited area.  As the number of repeaters 
increases, the wire limited macrocell area decreases until  
it  equals  the  heat  removal  limited  area.  If more 
repeaters are inserted, then the macrocell area becomes 
power limited and starts to increase. Thus, for this example 
with a given number  of  metal  levels, the  macrocell  area  
is  minimized when the wire and heat removal  limited 
areas become equal. The wire limited area decreases till it 
equals the transistor limited area and then starts increasing 
due to an increase in the number of repeaters and the size 
of logic gates (required to achieve the desired clock 
frequency for a larger wiring capacitance). Repeater 
insertion can continue as long as the transistor limited area 
is less than the  heat removal-limited macrocell area.  As 
seen from Fig. 1, optimal repeater insertion decreases  the  
macrocell area from  1.79cm2  to 0.54cm2, almost a 70% 
reduction in the  cell size. 
 Figure 2 plots the power dissipation versus the 
number of repeaters for this design.  Comparing Fig. 1 and 
Fig. 2, as the macrocell area decreases (with increase in 
the number of repeaters), the power dissipation in the logic 
gates and interconnects decreases. Reducing the macrocell 
area decreases the average interconnect length thereby 
reducing the average wiring capacitance. Hence, the size 
of the logic gates is smaller which decreases the gate 
capacitance in (8). From (9), the total logic gate power is 
reduced due to reduction in the gate capacitance. In Fig. 2,  
 

Fig. 2. Minimum power dissipation optimization for a 
design with N=12.4M logic gates,  fc=2GHz and at most 
n=8 levels. 
 
the repeater  power dissipation monotonically increases  
because the  effect of  decreasing repeater  size is 
overshadowed by the increase in the number of repeaters.  
From  (11),  the  total  interconnect  power  is also reduced 
due to a reduction in the macrocell area. Since the repeater 
power  is  small  compared  to the  logic  gate  and 
interconnect power, the total power dissipation decreases 
and reaches a minimum when the macrocell area is at its 
minimum. Beyond this point, the increase in the macrocell 
area and number of repeaters causes the power dissipation 
in the logic gates, interconnects and repeaters to increase 
resulting in an increase in the total power dissipation. 
Therefore, the power dissipation in the macrocell is 
minimzed when the macrocell area is minimized. Table I 
provides all the interconnect parameters for the designs 
with and without repeaters. 
 For simplicity, (6) does not include the leakage 
power. However, it can be demonstrated that the minimum 
area design point corresponds to the minimum total 
leakage power for this example. The leakage power for a 
CMOS chip is given by 

 
where Wtot is the total macrocell turnedoff device width 
and Ioff is the off-current per device width [11]. From 
Table I, the W/L ratio of the logic gates decreases 55% by 
inserting repeaters. Although the W/L ratio of the repeaters 
is comparatively larger, the number of repeaters is two 
orders of magnitude smaller than the number of logic 
gates. Therefore, when the macrocell area is minimized, 
the W/L ratio for logic gates is at a minimum and this 
minimizes the  total leakage power.  Hence, the inclusion 
of leakage power should not change the minimum area 
and power design point.  
  

offDDtotoff IVWP = )12(
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Table I. Interconnect parameters for the various design points 

Ln Tier # 
(n) 

No. of 
levels Gate pitches (cm) 

pn 
(µm) 

Number of 
repeaters 

NFET 
(W/L ratios) 

 Power Dissipation 

Without repeaters : Am=1.79cm2, fc=2GHz and n=8 metal levels 
Tier 4 
Tier 3 
Tier 2 
Tier 1 

2 
2 
2 
2 

7042.7 
1845.2 
880.9 
208.2 

2.6758 
0.7011 
0.3347 
0.0791 

1.79 
0.94 
0.45 
0.20 

0 
0 
0 
0 

 
W/Llogic=22 

Ptotal=47.93W 
Plogic=71% 
Pint=29% 
Prep=0% 

(With repeaters) Minimum area and power : Am=0.536cm2, fc=2GHz and n=8 metal levels 
Tier 4 
Tier 3 
Tier 2 
Tier 1 

2 
2 
2 
2 

7042.7 
1010.5 
291.5 
35.13 

1.4642 
0.2101 
0.0606 
0.0073 

0.38 
0.28 
0.20 
0.20 

9.00E4 
0 
0 
0 

 
W/Llogic=10 
W/Lrep=60 

Ptotal=26.73W 
Plogic=69% 

Pint=29%, Prep=2% 

Fig. 2 also shows that when the macrocell area is 
wire limited, the power  density is less than 50 W/cm2; and 
it gets close to this  value at and beyond the minimum 
power point proving that the macrocell design is power 
density-limited. From Fig. 2,  repeater insertion decreases 
the total power dissipation from 47.9W to 26.7W, a 
reduction of 44%, that corresponds to the minimum area 
design point of Am=0.54cm2.   

 
5.2 Interconnect geometry based power 
reduction 
The previous analysis was based on the assumption that all 
the interconnect aspect ratios are equal to unity i.e. 
W=T=H=S, where W, T, H and S are the width and 
thickness of the interconnect, height of the inter-level 
oxide and spacing between the interconnects, respectively,  
as shown in Fig. 3. This assumption ensures that the 
capacitance per unit length of interconnect, co, is constant  
for all the  designs.  However,  from  equation (11),  the  

 
Fig. 3. Cross sectional view of a multilevel interconnect      
architecture. 
power dissipation in the interconnects can be reduced by 
decreasing co. If the thickness of the interconnect and the 

height of  the  oxide     are     scaled     by    a    factor    Ω    
such    that 

 
Ω

= WT                                (13) 

and 
  

 WH Ω=                              (14) 
 

then co scales by a factor of 1/Ω [12]. Using a parallel plate 
approximation for the ground and mutual capacitances,  
the  RC  time  delay for an isolated line is approximated by 
[7] 
 

and the crosstalk between two lines is approximately [5]   

 
Since (15) and (16) are independent of Ω , the time delay 
and crosstalk remain approximately unchanged. However, 
varying the value of  Ω changes the power dissipation as 
shown in Fig. 4, which plots the total power dissipation 
versus Ω for the chosen case study. 
 For   Ω > 1,    the    ground    and    mutual 
capacitances   decrease which  reduces   co.  This decreases   
the  average    wiring  capacitance  Cw resulting  in smaller 
logic  gate sizes facilitating the use of more repeaters 
which help to decrease the macrocell area. The reduction 
in co and the macrocell area decreases the power 
dissipation. For Ω > 2, the interconnect resistance 
increases, which forces the use of slightly wider 
interconnects resulting in a larger macrocell area as seen 
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from Fig. 4. However, the effect of this small increase in 
the macrocell area is overshadowed by the continuous 
reduction in co leading to the monotonic decrease in total 
power dissipation with increase in Ω. For large Ω, the 
smaller ground capacitance results in higher crosstalk 
noise inspite of the reduction in the mutual capacitance due 

Fig. 4. Interconnect geometry based power reduction 
for 100nm ASIC macrocell with fc=2GHz. 
 
to the effect of fringing fields [12].  The upperbound on 
the value of  Ω is determined by the constraints of the 
fabrication technology and the maximum permissible 

crosstalk noise. The ITRS predicts a maximum via aspect 
ratio (H/W=Ω) between 2 and 3 for the future generations 
[2]. Choosing Ω=2.5, the total power dissipation is reduced 
from 26.73W to 15.35W, a reduction of 42.6%. From Fig. 
4, as Ω decreases below 1, the power dissipation increases 
exponentially due to increases in the mutual and ground 
capacitances. This suggests that a low-power design 
requires thinner interconnects (Ω>1) whereas a high 
density design needs thicker wires (Ω < 1).  
  
6. PROJECTIONS ACROSS THE 

ROADMAP 
The methodology described in the previous section is used 
to predict the power reduction, obtained by employing 
repeaters, for future technology generations   based on the 
ITRS projections. Table II shows the power dissipation 
predictions for three different technology generations. The 
number of gates for each design point is chosen so that the 
n-tier architecture without repeaters meets the specified 
clock frequency within the projected number of metal 
levels. The reduction in power dissipation (and macrocell 
area reduction) for the three technology generations is 
shown in Fig. 5.  

    
(a)                                                (b)

Fig. 5. (a) Power dissipation and (b) macrocell area reduction for the 100, 70 and 50nm technology generations for 
ΩΩΩΩ=2.5. This plot is based on  the data in Table II. 
 

Table II. Technology predictions across the ITRS 
 

No  repeaters With repeaters  
ITRS 1999 projections  (Ω=1) (Ω=1) (Ω=2.5) 

fc 
(GHz) 

No. of 
levels 

N 
(×106) 

ncp tox 
(nm) 

VDD 
(V) 

VT 
(V) 

Am 
(cm2) 

Ptotal 
(W) 

Am 
(cm2) 

Ptotal 
(W) 

Am 
(cm2) 

Ptotal 
(W) 

100nm technology generation 
2 

3.5 
8 
8 

12.4 
7.6 

10 
7 

1.8 
1.8 

1.0 
1.2 

0.125 
0.12 

1.79 
0.94 

47.93 
82.91 

0.536 
0.75 

26.73 
74.23 

0.40 
0.36 

15.35 
32.06 

70nm technology generation 
2.5 
6 

9 
9 

14.4 
7 

10 
6 

1.2 
1.2 

1.0 
1.0 

0.10 
0.10 

0.95 
0.38 

28.71 
61.14 

0.40 
0.15 

19.09 
39.60 

0.28 
0.38 

11.20 
38.23 

50nm technology generation 
3 

10 
10 
10 

15.5 
5.7 

10 
5 

0.8 
0.8 

0.8 
0.8 

0.10 
0.10 

0.50 
0.14 

15.55 
52.97 

0.22 
0.11 

10.76 
48.76 

0.15 
0.13 

6.48 
33.29 
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Aggressive  values  for  the number of gates in the 
critical  path (ncp), VDD and  threshold  voltage (VT) are   
needed to meet the higher local clock frequency   compared  
to  the global clock frequency. The maximum heat removal 
capacity is assumed to be 50 W/cm2 for the lower global 
clock frequency for all the three generations; it would be 
far greater for the higher local clock frequency which is a 
high performance design. 

Repeaters and interconnect geometry scaling 
techniques are used to reduce the total power dissipation 
and the macrocell area. From Table II, the total power has 
been reduced by  58-68% while the macrocell area has 
been decreased by 70-78% for the global clock frequency 
designs. For the local clock frequencies, the greater power 
dissipated per unit area indicates that these are high 
performance designs and hence can be realized only by 
trading the power dissipation for performance. This calls 
for better heat distribution and removal techniques. 
 
 
7. CONCLUSION 
It has been demonstrated that the power dissipation can be 
minimized by minimizing the macrocell  area.  Optimal 
repeater insertion in a n-tier design of a CMOS ASIC 
macrocell coupled with modified interconnect geometry 
techniques have been shown to decrease the macrocell area 
by 70-78% and reduce the power dissipation by 58-68%, 
for the global clock frequency designs, as compared to a n-
tier network design without using repeaters.  The results 
indicate that repeater design should be incorporated at an 
early stage of the design cycle for future technology 
generations.  
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