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Abstract: This paper presents an accurate methodology for 
the optimum interleaved-repeater positioning in global 
interconnects. We have compared the analytical delay 
uncertainty of available repeater insertion techniques and 
derived analytical expressions for extracting a new 
optimum value for the relative position ratio of the 
interleaved interconnects. We have used the simple yet-
realistic α-power law for MOS devices in the proposed 
model in order to increase the accuracy of the methodology. 
The new positioning method has been proven to minimize 
the delay uncertainty caused by the coupling capacitance of 
the switching adjacent lines. The measured uncertainty of 
the proposed methodology was less than 10% for all 
beyond 100-nm scaled technology nodes. It is also shown 
that the proposed strategy offers lower propagation delay 
sensitivity to variations of a segment length in comparison 
with commonly used repeater insertion techniques. 
Accordingly, using the proposed methodology, we achieve 
a maximum sensitivity reduction of 33% for 65-nm 
technology, 51% for 45-nm technology and 34% for 32-nm 
technology node. 
 
Keywords: Repeater insertion, interconnect, delay 
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1.  Introduction 

Interconnect delay has become the major limiter to today's 
high performance VLSI and nano-systems, considering the 
continuous scaling of CMOS technology [1]-[6]. This leads 
to the domination of the interconnect delay in comparison 
with the gate delay, since the number of global wires is 
increasing with exhaustive integration and these wires do 
not scale with the technology scaling [7], [8]. The delay of 
a long interconnect is influenced by the coupling 
capacitance between the switching adjacent lines. This 
effect, so called as crosstalk, exhibits a major impact on 
delay in on-chip busses [9]. Circuit designers should 
consider the resulting crosstalk noise especially in current 
nanometer technologies, since the coupling capacitance is 
continuously growing compared to the total wire 
capacitance due to the increment of the wire’s aspect ratio 
[10]. 

 
 

Manuscript received March 3, 2013; accepted October 27, 2013. 
The authors are with the Advanced VLSI Lab., School of 
Electrical and Computer Engineering, College of Engineering, 
University of Tehran, Tehran, Iran. 
The corresponding author’s email is: nmasoumi@ut.ac.ir. 
 

 Fig. 1 illustrates the ratio of the coupling capacitance to 
the total capacitance of interconnects for different 
technology nodes. As it is clear, coupling capacitance 
composes more than 75% of total wire capacitance in 32-
nm technology. Moreover, Miller factor causes the effective 
wire capacitance of an interconnect to be variable and 
switching pattern–dependent, resulting in a noticeable delay 
uncertainty with technology scaling [11]. Considerable 
work has been done so far to minimize the interconnect 
noise, as well as degradation in performance regarding the 
coupling capacitance. Wire switching, shield insertion, and 
wire spacing have been previously common in reduction of 
destructive crosstalk effects on propagation delay [12]-[14].  
   Among all of the delay minimization strategies, repeater 
insertion has been well accepted to be efficient for reducing 
signal transition times in very large scale integration 
(VLSI) circuits [15]. Extensive research has been 
conducted in the literature for repeater insertion technique 
in order to reduce delay and delay uncertainty [16]-[30]. 
Using uniform repeater insertion, better signal integrity and 
less propagation delay is achieved. The smart repeater 
methodology, introduced by Weerasekera et al, consists of 
a main and an assistant driver and is a way to dynamically 
alter the drive strength depending on the relative bit pattern 
[25]. Furthermore, the additional parasitic capacitance of 
the driver circuit as well as the selector logic, which is used 
to determine the switching pattern of the adjacent lines, 
makes the methodology impractical in the nanometer 
regime. Hybrid polarity repeater insertion, introduced in 
[26] by Akl and Bayoumi, is an effective method to come 
up with worst-case propagation delay with little sensitivity 
to repeater placement variation. The proposed technique 
however exhibits considerable measured uncertainty in 
SPICE simulations due to the simplified delay equations. 
 

 
Fig. 1. Ratio of coupling capacitance to total capacitance of an 

interconnect for different technology nodes based on ITRS 2008. 
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 Position of the repeaters is usually interleaved to further 
reduce the effect of the crosstalk on propagation delay. 
Previously, designers have interleaved repeaters exactly 
midway between the positions of the two repeaters in the 
bus line. However, an optimum place for interleaved 
repeater-inserted lines has been introduced in [22] by 
Ghoneima and Ismail to balance the variable pattern-
dependent delay of the adjacent interconnects. The model is 
a function of the ratio of the output resistance of the 
repeaters to the segment length resistance of the bus. Since 
the wire resistance is considerably comparable to the 
repeater’s output resistance in current nanometer 
technologies (shown in Fig. 1), it has been found that the 
optimal relative position ratio is around 70% of the total 
segment length. However, the method described in [22] is 
highly sensitive to the segment length and repeater 
placement variations caused by the layout limitations. Thus, 
it is well accepted that the current repeater insertion 
methods cannot reduce the delay uncertainty of on-chip 
busses caused by the destructive switching pattern of the 
adjacent lines.  
 In this paper, for achieving the minimum delay 
uncertainty and segment length sensitivity, a new 
methodology for interleaved repeater-inserted busses is 
proposed. Using the idea of interleaved repeater insertion, 
we have developed a strategy to effectively reduce the 
worst-case propagation delay of switching interconnects. 
The α-power law is used to increase the accuracy of the 
proposed methodology [31]. We have derived an 
expression for the propagation delay of the interleaved 
repeater-inserted line considering the static and dynamic 
capacitive elements. The segment length variation has the 
least possible effect on the delay fluctuation among the 
available repeater insertion techniques. Thus, the modified 
interleaved repeater insertion technique is not sensitive to 
repeater placement variations resulting from the layout 
constraints. 
 The paper is organized as follows. Section II provides an 
analysis of the existing delay uncertainty reduction 
strategies. Section III introduces the Modified Interleaved 
Repeater Insertion Methodology, named as MIRIM, in 
addition to relative sensitivity derivations. Section IV 
addresses the simulation results and discussions. Finally, 
Section V presents the conclusion.  
 
2.  Repeater-based Delay Uncertainty Reduction 
Strategies 

In this section, we shall analytically review the delay 
uncertainty reduction techniques on the basis of repeater 
insertion which have been previously addressed in the 
literature. Three repeater insertion methodologies will be 
analyzed and the analytical delay uncertainties will be 
compared prior to the introduction of our proposed model. 
These three strategies are called standard, hybrid, and 
interleaved repeater insertions. The repeater in this paper is 
assumed to be implemented as a CMOS inverter, in order to 
employ delay balancing to overcome the crosstalk induced 
delay. 

 
 

Fig. 2. Standard repeater insertion technique. 
 

 
 

Fig. 3. Circuit-level modeling of standard repeater insertion 
technique used for analytical examination. 

 
A. Standard Line 

Fig. 2 shows the standard repeater insertion methodology 
with inverters inserted at the appropriate positions of bus 
wires. Moreover, the circuit-level modeling of the standard 
line is illustrated in Fig. 3, where ߜ is defined as the 
switching factor between two adjacent lines of a bus. The 
resistive-capacitive T model is used for each wire sub-
segment. Using the Elmore delay model [32], one can write 
an equation for any repeater-inserted line in order to 
calculate the delay uncertainty of the transmitted signal. 
The delay per segment of the illustrated standard line can 
be written as 
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     (1) 

 
where,	ܥ௚ is the line’s vertical capacitance component per 
unit length and ܥ௖ is the line’s lateral capacitance 
component per unit length. ܥ௅	and ܥ௢௨௧ are the repeater’s 
input and output capacitances, respectively. ܴௐ	is the 
segment’sresistance, RD is the repeater’s output resistance, 
and δ is the switching factor. The delay in (1) is a function 
of δ, which means that the delay is dynamic and depends on 
switching pattern. Considering the minimum and maximum 
values for the coupling coefficient of two adjacent lines as 
δ_max=0 and δ_min=2, we can calculate the delay variation 
of standard line segment as  
 ∆Dୗ୲ୟ୬ୢୟ୰ୢ = 2CୡRୈ + CୡR୛.        (2) 
 
 The delay equations mentioned in (1) and (2) are 
functions of the segment length which is usually assumed to 
be equal to the optimal value (݈௢௣௧) for the minimum 
propagation delay. However, a number of limitations may 
lead to the repeater insertion to be confined to the borders 
of the sub-circuit layouts, resulting in a considerable 
fluctuation in the number of repeaters, their positions as 
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well as the segment length [33]. Therefore, the sensitivity 
analysis of the propagation delay of the line to the segment 
length is significant in any repeater insertion methodology. 
The sensitivity of the delay of any interconnect segment to 
its length is defined as [22] 
 S୲(l) = ப୲ీ(୪)ப୪ .          (3) 

For the standard line, the worst-case sensitivity is expressed 
as 
 S୲ିୗ୲ୟ୬ୢୟ୰ୢ(l) = S୲଴ + 2S୲ୡ         (4) 

 
where	ܵ௧଴ and ܵ௧௖ are the static and dynamic sensitivity 
functions, respectively. ܵ௧଴	is independent of the switching 
factor (ߜ), whereas ܵ௧௖ depends on the switching factor and 
varies while switching. As it is clear, the worst-case 
dynamic sensitivity function of the standard repeater 
inserted segment appears in (4) with a factor of 2 which is 
significant.  

 
Fig. 4. Hybrid polarity repeater insertion technique. 

 
B. Hybrid Line 
 The hybrid polarity repeater insertion methodology is 
illustrated in Fig. 4. The inverting repeaters at the midpoint 
of alternate line are replaced with non-inverting repeaters (a 
pair of sequential inverters) to achieve a constant average 
capacitive coupling for any possible input transition [26]. 
Considering the delay balancing in this technique and 
assuming that the number of segments is even as well as the 
extra delay of the midway non-inverting is negligible in 
comparison with the total interconnect latency, the delay 
fluctuation of the hybrid polarity repeater insertion is half 
of the standard line segment and can be written as 
 ∆Dୌ୷ୠ୰୧ୢ = CୡRୈ + Cୡ ୖ౓ଶ .       (5) 

 
 Thus, it is clear that the hybrid polarity repeater insertion 
cannot minimize the delay uncertainty resulted from the 
capacitive crosstalk of the different switching lines. Due to 
the delay balancing methodology addressed in the hybrid 
repeater insertion strategy, the dynamic delay sensitivity to 
the segment length is half of the standard line. This leads to 
the sensitivity expression for the hybrid polarity repeater 
inserted segment as follows 
 S୲ିୌ୷ୠ୰୧ୢ(l) = S୲଴ + S୲ୡ.        (6) 

 
Fig. 5. Interleaved repeater insertion technique. 

 
C. Interleaved Line 

Fig. 5 illustrates the interleaved repeater insertion 
technique. This strategy reduces the delay uncertainty due 
to the fact that when a part of the aggressor line switches in 
a certain direction, the other part switches in the opposite 
direction, resulting in the reduction of the net coupling 
capacitance. The optimum position for the interleaved line 
is supposed to be ݈ᇱ =  not necessarily at the) [22] ݈ߚ
midpoint of the segment). The circuit-level modeling of the 
interleaved line is illustrated in Fig. 6, where ߚ is the ratio 
of the length of the optimum placed interleaved line to the 
total line segment, and ߜଵ,  ଶ are the switching factors ofߜ
the two sub-segments in the interleaved bus. The resistive-
capacitive T model circuits are used for each sub-segment 
to be helpful in analytical analysis. Three possible values 
for the switching factors ߜଵ,  ଶ in the two bus linesߜ
illustrated in Fig. 5 are summarized in Table 1.  
 

Table 1. Switching factors for different bus switching patterns 
 

Switching Pattern ࢾ૚ ࢾ૛ 
Busses 1 and 2 are switched in 

the same direction 
2 0 

Busses 1 and 2 are switched in 
the opposite directions 

0 2 

Busses 1 and 2 are inert 1 1 

 

 
 

Fig. 6. Circuit-level modeling of interleaved repeater insertion 
technique used for analytical analysis. 

 
Using the Elmore delay model, we can write an expression 
for the delay of the interleaved segment as below 
ூ௡௧௘௥௟௘௔௩௘ௗܦ  = ܴ஽ܥ௢௨௧ + ൫ܥ௚ + .ߚ௖൯ܥଵߜ ቀܴ஽ + ோೈଶ ቁߚ +൫ܥ௚ + ௖൯(1ܥଶߜ − .(ߚ ൬ܴ஽ + ோೈଶ (1 + ൰(ߚ + .௅ܥ (ܴ஽ + ܴௐ). (7) 

 
 The switching dependent parts of (7) can be separated to 
introduce the dynamic delay of the interleaved line as 
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 Considering the switching factors mentioned in Table I, 
we can calculate the delay variation of the interleaved 
segment by subtraction of the best case delay from the 
worst case delay as 
ூ௡௧௘௥௟௘௔௩௘ௗܦ∆  = ௖(1ܥ2 − ஽ܴ(ߚ2 + ௖(1ܥ −  ଶ)ܴௐ.      (9)ߚ2
 
 It is mentioned in [22] that the ratio of the interleaved 
repeater-inserted segment to the total line segment, ߚ,  is a 
value between 0.5 and 0.7; therefore, the delay variation of 
the interleaved segment is bounded as   
 2Cୡ൫√2 − 1൯Rୈ < ∆D୍୬୲ୣ୰୪ୣୟ୴ୣୢ < େౙୖ౓ଶ .     (10) 

 
 By equating the equation (9) to zero, we can calculate 
the optimum value for the ratio of the interleaved repeater-
inserted segment to the total line segment as 
 β୭୮୲ି୍୬୲ୣ୰୪ୣୟ୴ୣୢ = ටୖమీ ାభమୖ౓మ ାୖీୖ౓ିୖీୖ౓ .     (11) 

 
The optimum value for ߚ in (11) has been previously 
introduced in [22] as a function of ߟ, which is the ratio of 
the output resistance of the repeaters (ܴ஽) to the segment 
length resistance of the line	(ܴௐ). The delay sensitivity of 
the optimized interleaved repeater-inserted segment to its 
length can be written as [22] 
 S୲൫β୭୮୲, l൯ = S୲଴ + ൫1 + √2η൯S୲ୡ.       (12) 
 
Therefore, it is obvious in (12), that the interleaved 
repeater-inserted line is highly sensitive to segment length 
variation, since ߟ is a positive value. Even though the 
repeater-to-wire segment resistance ratio, ߟ, decreases with 
continuous technology scaling, circuit designers usually 
select the optimum values for the segment length as well as 
the repeater size to minimize the propagation delay prior to 
using the optimum place for the interleaved line. We have 
derived expressions for the optimum segment length (݈௢௣௧) 
and the optimum repeater size of the interleaved line (݇௢௣௧) 
[18], [19] as 
 l୭୮୲ = ටଶୖీబ(େ౥౫౪బାେైబ)୰౓൫େౝାଶେౙ൯ .       (13) 

 k୭୮୲ = ටୖీబ൫େౝାଶେౙ൯୰౓େైబ .       (14) 

 
where	ܥ௅଴ and ܥ௢௨௧଴ are the minimum-sized repeater’s 
input and output capacitances, respectively. Also, ݎௐ is the 
segment’s resistance per unit length and ܴ஽଴ is the 
minimum-sized repeater’s output resistance. By utilizing 
equations (13) and (14), we can write the optimum ratio of 

the output resistance of the repeaters to the segment length 
resistance of the line as  
 η୭୮୲ = ୖీୖ౓ = ୖీబ୰౓.୪౥౦౪.୩౥౦౪ = ଵටଶ(ଵାౙ౥౫౪బౙైబ ).     (15) 

 
 Thus, the optimum value for ߟ is a function of the 
minimum-sized repeater’s input and output capacitances. In 
current sub 100-nm technologies, ܿ௢௨௧଴ ≅ ܿ௅଴. Therefore, 
the optimum value for ߟ is 0.5, which is the minimum 
possible value as well.  
 
3.  Proposed Delay Uncertainty Reduction Methodology 

In this section, we shall introduce our proposed technique, 
which is based on the classical interleaved repeater 
insertion methodology, to reduce the destructive delay 
uncertainty due to the coupling capacitance of the adjacent 
lines. We will use the α-power law for transistors to 
increase the accuracy of our proposed new methodology.  
 
A. Dynamic Propagation Delay Derivation 

The α-power law model describes the short-channel 
transistor behavior such as the velocity saturation and 
provides an accurate form of the I-V characteristics [31]. 
Regarding a large portion of the circuit operation 
(repeaters) occurs in the linear region of CMOS technology, 
we will use the linear region form of this model to 
characterize the I-V behavior of the ON transistors. We will 
also consider only the rising input waveform. Our 
methodology, however, can be applied to the falling input 
waveform as well. Considering the circuit-level modeling 
of the interleaved repeater-inserted segment in Fig. 6, we 
first ignore the input and output capacitances of the 
repeaters in order to derive an expression for the dynamic 
propagation delay. As we mentioned before, this dynamic 
delay is due to the wire capacitance which is a function of 
the switching factor of the adjacent lines. According to the 
α-power law model, the N-channel drain current in the 
linear region (݂ݎ݋	 ௚ܸ௦ ≥ ்ܸ , ௚ܸ௦ − ்ܸ ≥ ௗܸ௦) is given by 
[31] as follows 
 iୢ = ୍ౚబ୚ౚబ ቀ୚ౝ౩ି୚౐୚ీీି୚౐ቁ஑ Vୢୱ.      (16) 

 
Here, ஽ܸ஽ is the supply voltage and ்ܸ  is the NMOS 
threshold voltage. ܫௗ଴	is the drive current of the MOS 
device which is proportional to ܹ/ܮ, ௗܸ଴ is a process 
dependent constant and is the voltage of drain-to-source 
( ௗܸ௦) where the velocity saturation occurs with ܸீ ௌ = ஽ܸ஽. 
Also, ߙ is the process dependent degree to which velocity 
saturation affects the drain current and is within the 
range	1 ≤ ߙ ≤ 2. In current sub-100 nm technologies, the 
device operates strongly under velocity saturation and 
therefore ߙ ≅ 1. We assume that an ideal unit step input is 
applied to the circuit shown in Fig. 6. Writing the KCL at 
the nodes ଵܸ	and ଶܸ, we have 

 KCL	@Vଵ ∶ 	 iୢ + Cଵ ୢ୚భୢ୲ + ୚భି୚మୖ" = 0     (17) 
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 KCL	@Vଶ ∶ 	 Cଶ ୢ୚మୢ୲ = ୚భି୚మୖ"         (18) 
 
where	ܥଵ and ܥଶ are the wire sub-segment capacitances in 
Fig. 6. Simultaneous solving of (17) and (18) leads to a 
second order differential equation for the output voltage, ௢ܸ௨௧ as  
 X ୢమ୚౥౫౪ୢ୲మ + Y ୢ୚౥౫౪ୢ୲ + ZV୭୳୲ = 0.      (19) 

 
 We have changed the variables in order to simplify the 
solution of the final differential equation in (19). The new 
variables, X, Y, and Z, are functions of the interleaved line 
parameters illustrated in Fig. 6. We have summarized these 
variables and their circuit-level parameters in Table 2. It is 
worth mentioning that ℧ௗ଴ is the saturation conductance 
and is the essential α-power law model parameter used 
throughout this paper.  
 
 

Table 2. Variables and equivalent parameters used for analytical 
methodology of dynamic delay. 

 

Variable Equivalent circuit-level parameters ℧ௗ଴ ܫௗ଴/ ௗܸ଴ ܴᇱ ܴ஽ + ௖ܥଵߜ൫ߚ ଵܥ ௐ/2 ܴ" ܴௐ/2ܴߚ + ଶ (1ܥ ௚൯ܥ − ௖ܥଶߜ൫(ߚ + ଵܥ ܻ ଶܥଵܥ"ܴ ܺ ௚൯ܥ + ଶܥ + ℧ௗ଴ܴ"ܥଶ/(℧ௗ଴ܴᇱ + 1) ܼ ℧ௗ଴/(℧ௗ଴ܴᇱ + 1) 
 
The linear equation in time domain can be written in 
Laplace form as  
 X(sଶV୭୳୲ − sv୭୳୲(0) − v୭୳୲′(0)) + Y(sV୭୳୲ − v୭୳୲(0)) +ZV୭୳୲ = 0.       (20) 
 
 Initial conditions indicate that the initial output voltage 
for a rising input should be the supply voltage VDD, while 
the initial output voltage derivative is zero. Thus, the output 
voltage in Laplace form can be written as  
 V୭୳୲(s) = ୚ీీ(ଡ଼ୱାଢ଼)ଡ଼ୱమାଢ଼ୱା୞        (21) 

 
 The second-order differential equation in (19) has two 
real roots, making the interleaved system to operate over-
damped. Although the time domain output voltage can be 
obtained using inverse Laplace transform of (21), we will 
employ some simplifications in the calculation of the 
propagation delay for the interleaved system shown in     
Fig. 6. The time domain output voltage of the interleaved 
system can be written in the form of 
(ݐ)௢௨௧ݒ  = ܽଵ݁ି௦భ௧ + ܽଶ݁ି௦మ௧       (22) 
 

where	ݏଵ and ݏଶ	are the roots of the characteristic equation 
of the interleaved system. The factors ܽଵ and ܽଶ	can be 
calculated as  
 aଵ,ଶ = ୚ీీ(ିୱభ,మା౔ౕ)ୱమ,భିୱభ,మ .        (23) 

 
 Taylor series expansion of the exponential functions is 
used here to approximate the functions of the output voltage 
under the assumption of ݐݏ → 0. Taylor series of an 
exponential function can be written as  
 eିୱ୲ = 1 − st + ଵଶ sଶtଶ ∓ ⋯       (24) 
 
 Considering the first two terms in the Taylor series and 
ignoring the higher order terms, the dynamic propagation 
delay of our modified interleaved repeater insertion 
methodology, named as MIRIM, can be written as  
 D୑୍ୖ୍୑ୈ୷୬ୟ୫୧ୡ = ଴.ହ(ଵା℧ౚబୖᇲ)ୖ"େభେమ(େభାେమ)(ଵା℧ౚబୖᇲ)ାେమ℧ౚబୖ".     (25) 

 
 This delay is a function of the sub-segment capacitances 
which depends on the switching pattern of the neighbor 
lines. Based on (25), it is required to calculate the optimum 
relative position ratio, ߚ௢௣௧ିெூோூெ, to minimize the 
propagation delay in each bus line 1 and 2, illustrated in 
Fig. 5. While examining (25) and the switching factors 
mentioned in Table 1, we can show that there exists a 
certain value of ߚ௢௣௧ିெூோூெ that leads to the minimization 
of the propagation delay equation while different switching 
factors are considered. This optimum position ratio can be 
calculated by equatingthe delay expression (25) for 
different switching factors, so as we obtain  

 β୭୮୲ି୑୍ୖ୍୑ = ଵଶ ൫ඥ(2η + 1)ଶ + (2γ + 1)ଶ + 8ηγ − 2η − 2γ൯(26) 
 η = ୖీୖ౓                       (27) 

 γ = ଵ℧ౚబୖ౓.        (28) 

 
 The optimum position ratio, ߚ௢௣௧ିெூோூெ,	for the repeater-
inserted lines in (26) is a function of the ratio of the 
repeater’s output resistance to the segment’s resistance and 
the ratio of the saturation resistance to the segment’s 
resistance, ߛ. Substituting (26) in (25), the optimum 
(minimal) dynamic propagation delay is thus obtained as  
 D୭୮୲ି୑୍ୖ୍୑ୈ୷୬ୟ୫୧ୡ = β୭୮୲൫1 − β୭୮୲൯ ୖ౓ସ ൫Cୡ + C୥൯.     (29) 

 

 
 The minimal propagation delay in (29) is independent of 
the switching patterns in Table 1 and thus it means that the 
adjacent lines appear as static lines. The resistance of the 
line dominates the repeater output resistance and the 
repeater saturation resistance in sub-100 nm technologies. 
The ratios ߟ and ߛ approache zero and the propagation 
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delay varies quadratically with ߚ௢௣௧ as demonstrated in 
(29). The variation of ߚ௢௣௧ିெூோூெ with ߟ and ߛ expressed 
by (26) is illustrated in Fig. 7. 

 
 

Fig. 7. Variation of ઺ۻ۷܀۷ۻିܜܘܗ with િ and ઻ 

 
B. Static Propagation Delay Derivation 

The static propagation delay of the interleaved line can be 
calculated by the same methodology mentioned in this 
section. Considering the circuit-level modeling of the 
interleaved repeater-inserted segment in Fig. 6, we now 
ignore the sub-segment capacitances of the line in order to 
derive an expression for the static signal propagation delay. 
Writing KCL at the nodes ଴ܸ	and ௢ܸ௨௧, we have 
 KCL	@V଴ ∶ iୢ + C୭୳୲ ୢ୚బୢ୲ + ୚బି୚౥౫౪ୖ౓ = 0       (30) 

 KCL	@V୭୳୲ ∶ C୐ ୢ୚౥౫౪ୢ୲ = ୚బି୚౥౫౪ୖ౓        (31) 

 
 Simultaneous solving of (30) and (31) leads to a second 
order differential equation for the output voltage, ௢ܸ௨௧ as  
 X′ ୢమ୚౥౫౪ୢ୲మ + Y′ ୢ୚౥౫౪ୢ୲ + Z′V୭୳୲ = 0.      (32) 

 
 Similarly, we introduce new variables in order to 
simplify the solution of the final differential equation in 
(32). The new variables (X', Y', and Z') and their circuit-
level parameters are summarized in Table 3.  

 
Table 3. Variables and equivalent parameters used for analytical 

methodology of static delay. 
 

Variable Equivalent circuit-level parameters ܺ′ ܴௐଶܥ௢௨௧ܥ௅ ܻ′ ܴௐܥ௢௨௧ + ܴௐܥ௅ + ℧ௗ଴ܴௐଶܥ௅/(1 + ℧ௗ଴ܴ஽) ܼ′ ℧ௗ଴ܴௐ/(1 + ℧ௗ଴ܴ஽) 
 
Using the same strategy as the one used for the dynamic 
propagation delay calculation, we obtain the static 
propagation delay of the modified interleaved repeater-
inserted segment as below 
 D୑୍ୖ୍୑ୗ୲ୟ୲୧ୡ = ଴.ହ(ଵା℧ౚబୖీ)ୖ౓େ౥౫౪େై(େ౥౫౪ାେై)(ଵା℧ౚబୖీ)ା℧ౚబୖ౓େై.         (33) 

 

Eventually, the total propagation delay of the interleaved 
line using the methodology introduced in this section would 
be 
 D୑୍ୖ୍୑ = D୑୍ୖ୍୑ୗ୲ୟ୲୧ୡ + D୑୍ୖ୍୑ୈ୷୬ୟ୫୧ୡ.      (34) 
 
C. Sensitivity Analysis 

The sensitivity of the interleaved line considering the 
methodology introduced in this paper can easily be written 
as  
 S୲(β, l) = S୲଴ + β(1 − β)S୲ୡ          (35) 
 
where	ܵ௧଴ and ܵ௧௖ are the static and dynamic sensitivity 
functions respectively. Additionally, ܵ௧௖ can be written as  
 S୲ୡ = 0.5r୛൫cୡ + c୥൯l.       (36) 
 
 The optimum value of ߚ approaches 1/√2 in nano-
technologies. Therefore, according to our methodology, the 
sensitivity of the optimum-placed interleaved segment to its 
length can be expressed as  
 S୲(β୑୍ୖ୍୑, l) ≅ S୲଴ + √ଶିଵସ S୲ୡ.        (37) 

 
 Comparing the sensitivity functions for various repeater 
insertion strategies in (4), (6), (12), and (37), obviously it 
can be deduced that MIRIM has the least possible 
sensitivity to the segment length variations among all 
methodologies. We can also compare the sensitivity 
functions by 
 S୲(β୑୍ୖ୍୑, l) < ୲ܵିୌ୷ୠ୰୧ୢ < S୲(β୍୬୲ୣ୰୪ୣୟ୴ୣୢ, l) < S୲ିୗ୲ୟ୬ୢୟ୰ୢ. (38) 
 
4.  Simulation Results and Discussions 

The new proposed methodology was used to optimize the 
delay uncertainty in global interconnects, for verification 
purposes. As such, we applied it to coupled lines in various 
nanoscale technology nodes where the required parameters 
were based on ITRS (International Technology Roadmap 
for Semiconductors). Moreover, to verify our derivations, 
we have used various level-54 CMOS technologies to 
model the repeaters in SPICE. The ITRS technology 
parameters are shown in Table 4. The predictive technology 
model (PTM) [35] for the 65-nm, 45-nm, and 32-nm 
printed channel lengths is used, corresponding to the 
technology nodes described in ITRS [34]. ܴ஽଴, ℧ௗ଴, ܥ௢௨௧଴, 
and ܥ௅଴ were obtained via SPICE simulations. ߙ௡	and	ߙ௣	are the saturation indices for NMOS and PMOS 
devices, respectively, and are determined employing the 
method described in [31]. Each wire sub-segment is 
modeled by the coupled 3ܥܴߨ model to increase the 
accuracy of the proposed strategy. The optimum values for 
the segment length, repeater sizes, ratio of the output 
repeater resistance and the saturation resistance to the 
segment resistance as well as the optimum value for the 
relative position ratio, ߚ௢௣௧, are summarized in Table 5. The 
parameters ݈௢௣௧ and ݇௢௣௧ are calculated using (13) and (14). 
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Table 4. Technology and equivalent circuit model parameters for 
top layer metal for different technology nodes based on the ITRS 

2008 [34]. 
 

Tech. node (nm) 65 45 32 
Width (nm) 68 45 32 

Spacing (nm) 68 45 32 
Thickness (nm) 115 81 60 

ILD (nm) 102 97 85 
KILD 2.5 2.3 2.1 

Length(mm) 3 3 3 ݎௐ (KΩ/mm) 2.8 6 11.4 ܿ௚ (fF/mm) 26 18 13 ܿ௖ (fF/mm) 54 52 53 
l(nH/mm) 2.42 2.5 2.5 ߙ௡ 1.03 0.91 0.86 ߙ௣ 1.12 1.05 0.98 ܴ஽଴(KΩ) 21 27 33 ℧ௗ଴(μS) 86 34 30 ܥ௢௨௧଴(fF) 0.36 0.15 0.1 ܥ௅଴ 0.46 0.16 0.09 

 
Table 5. Optimum calculated values for different technology 

nodes. 
 

Tech. node (nm) 65 45 32 ݈௢௣௧(mm) 0.3 0.15 0.09 ݇௢௣௧ 46 58 61 ߟ௢௣௧ ௢௣௧ߛ 0.52 0.51 0.54   ௢௣௧ିெூோூெ 0.59 0.58 0.57ߚ ௢௣௧ିூ௡௧௘௥௟௘௔௩௘ௗ 0.61 0.61 0.61ߚ 0.52 0.55 0.3 

 
Considering the methodology proposed in this paper to 
reduce the delay uncertainty, busses of 3-mm length for 
various technologies are optimized to achieve the minimum 
worst case propagation delay.  
 The SPICE simulation results are presented in Fig. 8, 
where the worst case propagation delay is illustrated as a 
function of the relative position ratio for different sub 100-
nm technologies. The simulation results clearly match the 
analytical derivation expressed in (26) which is mentioned 
in Table 5. It is worth mentioning that we not only have 
optimized the delay uncertainty caused by the capacitive 
coupling of the adjacent busses, but we also have 
minimized the absolute propagation delay value in our 
simulations considering the optimum value for ߟ௢௣௧ and ߛ௢௣௧.  
 The worst case propagation delay of the analyzed delay 
uncertainty reduction methodologies as a function of the 
normalized segment length for three sub 100-nm 
technologies is illustrated in figures 9, 10 and 11. In each 
case, the standard repeater insertion strategy has the 
maximum worst case propagation delay since it was 
previously shown in equation (2). Moreover, the proposed 

 
 

Fig. 8. Worst-case propagation delay using MIRIM for different 
CMOS and interconnect technologies. 

 

 
 

Fig. 9. Worst-case propagation delay using different 
methodologies in 65-nm technology. 

 

 
 

Fig. 10. Worst-case propagation delay using different 
methodologies in 45-nm technology. 

 
 

 
 

Fig. 11. Worst-case propagation delay using different 
methodologies in 32-nm technology. 
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method described in this paper presents the minimum 
simulated propagation delay among the analyzed strategies. 
The hybrid and interleaved lines exhibit different trends in 
each technology. It is also obvious that the standard 
repeater insertion has the maximum sensitivity to the 
segment length variations due to different target delays. 
The average measured sensitivity of various repeater 
insertion methodologies using SPICE simulations is 
summarized in Table 6 for different sub 100-nm 
technologies. The proposed MIRIM achieves a maximum 
sensitivity reduction of 33% for 65-nm technology, 51% for 
45-nm technology, and 34% for 32-nm technology node 
where the simulated results in Table 6 clearly verify our 
previous derivation in (38).  
 Delay uncertainty in interconnects is usually defined as 
the ratio of delay variation to the worst case delay and 
therefore, is written as [26] 
 Uncertainty = ୲౦౨౥౦(୫ୟ୶)ି ୲౦౨౥౦(୫୧୬)୲౦౨౥౦(୫ୟ୶) 	.       (39) 

 
Here, ݐ௣௥௢௣(max) and ݐ௣௥௢௣(min) are the maximum and 
minimum propagation delay of the wire, respectively. 
Uncertainty ranges between 0 and 1 for the minimum and 
maximum possible uncertainty, respectively. Fig. 12 
presents the simulated uncertainty as a function of 
normalized segment length variation in different 
technologies. Average simulated uncertainty is also 
summarized in Table 7 where our proposed MIRIM 
uncertainty is less than 0.1 for all technologies. This 
nonzero uncertainty is due to the mathematical 
simplifications used to optimize the relative position ratio, ߚ௢௣௧ିெூோூெ, in (26), since the first two terms in the Taylor 
series have been considered in the propagation delay 
expression. The proposed methodology achieves a 
 
Table 6. Average simulated sensitivity of various methodologies 

for different technology nodes. 
 
 

Tech. node (nm) 65 45 32 
Standard (psec/mm) 180 130 256 
Hybrid (psec/mm) 126 78 196 

Interleaved (psec/mm) 183 109 261 
MIRIM (psec/mm) 120 64 170 

 

 
Table 7. Average simulated uncertainty of various methodologies 

for different technology nodes. 
 

Tech. node (nm) 65 45 32 
Delay Uncertainty in 

Standard 
0.55 0.37 0.32 

Delay Uncertainty in 
Hybrid 

0.41 0.3 0.22 

Delay Uncertainty in 
Interleaved 

0.13 0.16 0.15 

Delay Uncertainty in 
MIRIM 

0.1 0.09 0.08 

 

 

 
 

Fig. 12. Uncertainty as a function of normalized segment length 
for (a) 65-, (b) 45-, and (c) 32-nm technology. 

 
maximum uncertainty reduction of 81% for 65-nm 
technology and 75% for 45-nm and 32-nm technology 
nodes in comparison with the standard bus configuration 
which has the maximum delay variation based on (2) and 
the SPICE simulation results. Moreover, MIRIM achieves a 
maximum uncertainty reduction of 63% and 46% for 
different simulated technology nodes in comparison with 
the hybrid polarity and classical interleaved bus 
configurations. As it is mentioned before in this section, all 
the simulations have been performed for the 3-mm bus for 
various analyzed strategies and in different technology 
nodes. 
 
5.  Conclusion 

In this paper, a novel and accurate methodology for 
optimum interleaved-repeater positioning in global 
interconnects has been introduced. Comparing the 
analytical delay uncertainty for available repeater insertion 
techniques, an optimum value for the relative position ratio 
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of the interleaved line was extracted while new and 
efficient expressions were derived. The α-power law for 
MOS devices was used in the proposed model in order to 
increase the accuracy of the methodology. For reducing the 
maximum propagation delay of the transmitted signal in a 
global bus, the new positioning approach was proven to 
minimize the delay uncertainty caused by the coupling 
capacitance switching of the adjacent lines. The simulated 
uncertainty of the proposed methodology was less than 0.1 
for all beyond 100-nm technology nodes. It has been also 
shown that the presented strategy offers lower propagation 
delay sensitivity to the segment length variations in 
comparison with previously used repeater insertion 
techniques. The proposed methodology has achieved a 
maximum sensitivity reduction of 33% for 65-nm 
technology, 51% for 45-nm technology, and 34% for 32-nm 
technology node. All the derivations have been verified 
using SPICE simulations considering the level-54 beyond 
100-nm CMOS technologies. The significance and valuable 
benefit of the proposed delay uncertainty reduction method 
is more pronounced when we note that the ratio of the 
coupling capacitance to the total capacitance of the wire 
increases due to the continuous scaling in technology node. 
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