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Abstract—With the development of Integrated Circuit (IC) 

process, the power of a chip increases dramatically. To improve 
the power and temperature characteristics of a chip, the method 
that reduces power by increasing delay is presented in the paper 
based on the electro-thermal coupling among power, temperature 
and delay by taking repeater heat transfer effect into 
consideration. Optimized interconnect length and repeater size 
are obtained in 45nm process technology by using MATLAB. 
The simulation results show that the length of optimized 
interconnect, considering repeaters heat transferred, can be 
longer by two percent while temperature is lower than no 
considering. Besides, when the inserted repeater numbers 
increase on the base of optimization, the temperature of 
interconnect can be reduced while the chip temperature increase 
little when the length of interconnect is shorter than 15mm. Low 
temperature of interconnect can contribute to keeping signal 
integrity. 

Keywords—Interconnect; Repeater heat transference effect; 
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I.  INTRODUCTION  

As the feature size decreases and the integration of chip 
dramatically raises, the power consumption of integrated 
circuits (ICs) increases sharply as well. Apparently, power 
consumption has become the key bottleneck for advancing the 
performance of VLSI. Large power consumption will cause the 
rise of the temperature of chip, and reduce the speed of on-chip 
interconnect network; furthermore, it could raise the problems 
of chip’s reliability. Chip power consumption falls into two 
categories: the power consumption of logic function blocks and 
the power consumption of inserted buffers on interconnect 
wires. There are likely to be a great number of buffers inserted 
into these long lines to improve the propagation speed of signal 
in the deep-sub-micron ICs; for instance, the number of buffers 
in a single chip could reach the order of 8×105 in the 70nm 
technology[1]. 

Plenty of buffers in ICs, bringing about a great deal of heat 
quality and increasing the chip temperature, account for 40% of 
the total power consumption of one chip [2]. They are, 
however, indispensable for improving the speed of interconnect 
network. There has been much research on the optimization of 
power and delay about buffers insertion in references. The 
optimization for repeater insertion using thermal-aware 
methodology is proposed in [3]-[4], but this methodology 

neglects the impacts of inductance on the signal propagation 
delay over interconnects. In the 45nm technology, indeed, 
parasitic inductance in interconnect wires has been a dominant 
factor influencing the signal propagation delay and must be 
taken into account when the optimization is based on thermal-
aware methodology. Considering temperature and power as 
well as the parasitic inductance of interconnect wires, reference 
[5] and [6] give the best length of interconnect wires and the 
best inserted buffer size for minimum signal propagation delay 
over the long lines; however, they ignore the heat dissipation of 
interconnect wires on-chip causing by buffers. That is, 
although a great many buffers are able to generate much heat in 
operation, they also serve to conducting the heat of wires 
effectively at the same time, which lowers the temperature of 
interconnects and changes the delay of signal over wires. Thus, 
we have to consider the contributions from buffers to heat 
dissipation of wires when using the optimization based on the 
effects of thermoelectric coupling. 

In this paper, we develop the expressions of temperature 
distribution along interconnect wires based on the temperature 
distribution model, and especially considering the effect of the 
heat dissipation resulting from the inserted buffers. Taking the 
interaction between the power and delay of interconnects and 
the temperature of chip into account, the best length of 
interconnect wires and the best sizes of buffers have also been 
given by MATLB using the signal propagation delay RLC 
model of interconnects. Besides discussing the optimization of 
power, temperature, and delay about buffer insertion, we also 
analyze the influence of the noise of lines on the optimization. 

The rest of this paper is organized as follows. Section II 
outlines system temperature and delay model and expressions 
in interconnect wires, followed by the power and temperature 
model of chip in Section III. Section IV gives the optimization 
of power and simulation results. Finally, Section V concludes 
the paper. 
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Fig. 1 Structure of interconnect wire 
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II. TEMPERATURE AND DELAY MODEL OF INTERCONNECT 

WIRES 

Fig.1 shows the structure of a buffer-inserted interconnect 
wire, the total length of which is L. The wire is divided by k 
buffers into k+1 segments. For each segment of metal wire, the 
length is h, the width is wm, and its height is tm. Contacts 
connect every piece of metal wire to buffers, which is briefly 
presented in Fig. 1. Assume that the thickness of dielectric 
between Metals is tins. 

Considering the heat dissipation resulting from dielectric, 
vias, and buffers, we can write the expression of temperature 
distribution of the interconnect wire as follows [7]: 
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where Tsub is the average temperature of substrate, Irms is the 
root-mean-square value of current, and cp, ρm, and kins

* 
represent the specific heat, density, and effective thermal 
conductivity of the dielectric respectively. 

The parasitic inductance of interconnect wire, in the 45nm 
technology, has a significant impact on the delay of signal 
propagation, so there is a big deviation between calculation and 
measure if we only employ the RC model of interconnect wire 
for estimating delay. Involving the effect of inductance, the 
improved delay expression of interconnects wire is given by 
[8]: 
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where l, r, c respectively indicate the inductance, resistance, 
and capacitance per unit length, ro and co represent the output 
capacitance and resistance of the minimum sized buffer, k 
means the inserted buffer is k times as large size as the 
minimum size buffer, and h represents the length of wire 
between the two adjacent buffers. 

We can get the best h and k making the signal delay over 
interconnect wire minimum through making the partial 
derivatives of h and k in equations of (2) equal to 0. The best h 
and k are as follows [8]: 
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where l
0 0rr c

   , both ro and r are correlated with 

temperature. This can be briefly expressed by [3]: 

      10 0 0 0chipr T r T T T                                       (4) 

      1 con0 0r T r T T T                                           (5) 

where σ is the temperature coefficient relating to process, β is 
the temperature coefficient of interconnect wires, and T0 is 
reference temperature. 

III. POWER AND TEMPERATURE MODEL OF CHIP 

In general, the power consumption of a chip mainly comes 
from two parts: the logic function block and the buffers. 

buf logP P P                                                                       (6) 

Each of them can also fall into three categories: dynamic power 
consumption, leakage power consumption, and direct-path 
power consumption. With the feature size of MOSFETs 
decreasing, the direct-path consumption is ignorable in 
comparison with the former two [9]. Thus, the buffer’s power 
consumption is given by 

 buf_ buf_
LaP P Pbuf dyn leakh

                                      (7) 

where Pbuf_dyn and Pbuf_leak respectively represent the dynamic 
and leakage power consumption of a single buffer. We can 
write the dynamic power consumption expression of a single 
buffer Pbuf_dyn as follows: 

   2
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where α is the switching activity factor of buffer, VDD is the 
power supply, and f is the operating frequency of the chip. The 
leakage power consumption of a single buffer is given by 

3
buf_ min2
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where Wmin is the minimum channel width of MOSFETs, and 
Ileak is the leakage current per unit width. The leakage current is 
a function of temperature [10]. 

                  (10) 

To get the coefficient c1, c2, and c3, we could perform a 
curve fitting by MATLAB using the data from the simulation 
of leakage current of minimum size MOSFETs in 45nm 
technology.The power of logic function blocks is given by 
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Where its dynamic power, having nothing to with temperature, 
can be modeled using a constant value, and Weff is the sum of 
width of all MOSFETs in logic function blocks. 

The one-dimension equation of chip temperature is as 
follows [11]: 

 log
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Where θja is the thermal resistance between on-chip and off-
chip, CT is the thermal capacitance of the system, and Ta is 
environment temperature. From (7)-(10), we can get the 
expression of the temperature of the whole chip. 
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IV. OPTIMIZATION OF POWER AND SIMULATION RESULTS 

Fig. 2 presents the delay of interconnect wire of chip as 
function of the length of interconnect wire and the size of 
buffer. In Fig. 2, we could find that the relationship between 
the signal propagation delay of interconnect wire over k and h 
is the unimodal function. Thus only when h equals to hopt and k 
equals to kopt, we can get the minimum delay of interconnect 
system. Comparing delay, power, and temperature of chip, we 
can also get that increasing h and reducing k will cause the 
delay to decrease but both power and temperature to rise. Thus, 
we are able to optimize the power and temperature of the 
whole chip by sacrificing the performance of speed. Through 
the above analysis, assume that the delay deteriorating 
coefficient is p, and p must meet  

                                                               (14). 

To study the influence of the heat dissipation of buffers on 
power optimization, we build a model and simulate it using 
MATLAB in 45nm process. Given that the best length of 
interconnect wire and the best size of buffer are defined for 
achieving the minimum delay, the temperature of the whole 
chip reaches to 45oC, and the buffers account for 45% of the 
total power consumption of chip. The calculation of the total 
power consumption of chip is based on International 
Technology Roadmap for Semiconductors (ITRS), the 
parameters of which are shown in TABLE 1. 

 

 

 

 

 

 

 

 

 

Fig. 2 Delay variation with h and k in unit wire length 

Under the two conditions of considering heat dissipation 
caused by buffers or not considering them, we get, through 
simulation, the optimum h and k for minimum delay using 
different loss factor p. TABLE 2 shows these results. From the 
TABLE 2, we could conclude that the optimum h and k under 
the circumstances of ignoring heat dissipation caused by 
buffers are relatively smaller than that of considering the heat 
dissipation caused by buffers, but the temperature in the former 
case is larger than that in the latter case. In addition, in the case 
of considering the heat dissipation caused by buffers, the 
method of reducing power and temperature by increasing delay 
reaches the bottleneck to a certain extent, especially when the p 
is large. That is, we could get a good performance of power 
and temperature, but needn’t increase delay too much. 

In the optimization method, the best length of the wire between 
two adjacent buffers and the best size of the buffers are defined. 
Then, through the total length of the interconnect wire, we can 
get best the number of buffers, but the number may be not an 
integer. In the practical circumstances, the number of the 
buffers must be an integer. Thus, it is important to study the 
influence of one more or one less buffer on the performance of 
chip when the best number of buffers is not an integer. Given 
that there are four interconnect wires, the total lengths of which 
are respectively 3 mm, 5 mm, 10 mm, and 15 mm, the 
corresponding simulation results are illustrated in TABLE 3, 
where N represents the best number of buffers, ΔTchip is the 
increased temperature of chip when adding one more buffer, 
and ΔTline is the decreased temperature of interconnect wire 
when minus one more buffer. 

From TABLE 3, the lager integer nearest the best number of 
buffer is better than the smaller because the added buffer can 
lower significantly the temperature but cause the temperature 
of chip to increase slightly, which enhances the signal integrity 
over interconnect wires, and reduces the thermal noise when 
the interconnect wire length is less than 15 mm. 

I. CONCLUSIONS 

Considering the heat dissipation of buffer, we proposed a 
power optimization method based on thermoelectric coupling. 
Also, the influence of adding or reducing one buffer on the 
performance of the whole chip is discussed. Adding one more 
buffer if the best number of inserted buffers is not integer, is 
able to lower the temperature, enhance the signal integrity, and  
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TABLE I.   45NM PROCESS PARAMETERS 

Parameter VDD/V f/GHz Il0/A·m-1 α r0/kΩ c0/fF c/pF r/ kΩ l/pF·m-1 

value 0.7 6 0.677 0.15 14.16 0.9 180 
192.

7 
1.862 

TABLE II.   OPTIMIZATION RESULTS CONSIDERING BUFFER HEAT DISSIPATION 

 p/％ h/hopt k/kopt Power/mW T/K 

 0 1.0000 1.0000 33.937  

 
un-buffer heat-

dissipation 

1 1.1795 0.8569 36.007 321.2747 
2 1.2395 0.8172 35.977 321.2748 
5 1.4275 0.7597 35.920 321.2750 
8 1.5590 0.7080 35.885 321.2751 
10 1.6506 0.6850 35.868 321.2752 

 
buffer heat-
dissipation 

1 1.1959 0.8672 36.007 321.2261 
2 1.2554 0.8258 35.977 321.2285 
5 1.4316 0.7615 35.920 321.2344 
8 1.5680 0.7178 35.885 321.2380 
10 1.6509 0.6849 35.868 321.2399 

TABLE III.   PERFORMANCE IN DIFFERENT WIRE LENGTHS 

L/mm Nidea Nreality ΔTchip/10-6K ΔTline/K td/ns·m-1 

3 2.8776 2 6.6244 0.0334 0.58085 
3 0.58222 

5 5.6396 5 6.6244 0.0200 0.57904 
6 0.58222 

8 9.0234 9 6.6244 0.0125 0.57943 
10 0.57925 

10 11.2792 11 5.7905 0.0100 0.57905 
12 0.57956 

15 16.9188 16 5.7918 0.0066 0.57918 

17 0.58018 

reduce the noise on the interconnect wires. The simulation 
results by MATLAB also show slightly increasing the delay 
contributes to lowering the power consumption and the 
temperature of the whole chip, and ignoring the effect of the 
heat dissipation caused by buffers will cause the best buffer 
size to be small. 
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