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Abstract— This paper formulates minimal word-line (WL) delay 

time with pre-emphasis pulses to design the pulse width as a 

function of the overdrive voltage for large memory arrays such as 

3D NAND. The theory is validated with a nominal error of 5% in 

comparison with SPICE simulation for single WL line and three 

WL line models. The theory can take a finite series resistance of 

WL driver and decoding transistors into consideration as well. The 

impact of RC variation in WL and its compensation method are 

also discussed. 

Index Terms—RC lines, delay time, pre-emphasis, NAND Flash, 

Flat Panel display, Word-line 
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I. INTRODUCTION 

Pre-emphasis pulses are widely used to reduce wire delay in 

integrated circuits (IC) design as illustrated in Fig. 1(a). In [1], 

the technique is applied to transmission line where the signal is 

attenuated at high speed. Programmable signal pre-emphasis 

reduces inter-symbol interference to achieve >1Gbps speed with 

0.5um CMOS. The driving current of output buffers is controlled 

depending on previous output data. In [2], the pre-emphasis 

pulse is used for column drivers in flat-panel display with 

compensation against process variation. Prior to user mode, 

various pre-emphasis pulses are tested to find the best design 

parameters in the pulse for minimal column delay time. Thus, 

the optimal pre-emphasis pulse is used in user mode. In [3], pre-

emphasis is used to reduce word-line (WL) set-up time for 3D 

NAND. One of the design challenges in 3D NAND is larger WL 

loading compared to that of planar devices [3], [4]. WL 

resistance is measured by using monitoring blocks. By applying 

the proper voltage and set-up time of a pre-emphasis pulse based 

on the measured average WL resistance, WL setup time can be 

minimized even with large process variation. Thus, pre-

emphasis is a key design technique to minimize RC delay lines. 

However, wire delay time has been theoretically analyzed only 

with step pulses [5-7]. A general optimization method for the 

pre-emphasis pulses has not been formulated in literature to the 

best knowledge of authors. 

In this study, we report an analytical expression for the pre-

emphasis pulse shape to minimize the delay time and the energy-

delay product, which can be applied to WL driver design in 3D 

NAND. In addition, the formulation expands to the case where 

RC time constant varies and a compensation method without 

calibration is proposed. More realistic circuit model is also 

discussed where the series resistance in WL driver and decoding 

transistors are not negligibly small. 

𝑇𝑝𝑟𝑒 Pre-emphasis time 

𝑇𝑜𝑝𝑡 Optimum 𝑇𝑝𝑟𝑒 to minimize the delay time 

𝐸 Target voltage 

𝛼 Ratio of the pre-emphasis voltage to E 

𝛽 Error rate to E 

𝛾 Model dependent parameter 

𝑥 Delay line position (𝑥=0 for the nearest, 𝑥=𝑙 for the farthest) 

𝑟 Resistance per unit length 

𝑐 Capacitance per unit length  

𝑒(𝑥, 𝑡) Voltage at a position 𝑥 and a time 𝑡 

𝑖(𝑥, 𝑡) Current at a position 𝑥 and a time 𝑡 

𝐸(𝑥, 𝑠) Laplace transform of 𝑒(𝑥, 𝑡) with respect to 𝑡 

𝐼(𝑥, 𝑠) Laplace transform of 𝑖(𝑥, 𝑡) with respect to 𝑡 

𝑡𝑑𝑒𝑙𝑎𝑦(𝛽) Time for 𝑒(𝑥, 𝑡) to reach βE 

𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛 Minimal time for the slowest node voltage to reach βE 

𝑅𝑑 Driver resistance or source resistance 

N Number of divisions of RC delay lines for circuit analysis 

  

  

  

  

 

 

𝑡𝑑𝑒𝑙𝑎𝑦(𝛽) 𝛼E 

𝑇𝑝𝑟𝑒 
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𝑡 =0 
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Fig. 2: Distributed element model Fig. 1. Equivalent circuit of RC delay line  
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II. FORMULATION OF MINIMAL DELAY TIME 

A distributed element model (1)(2) as shown by Fig. 2 can 

be exactly solved to be (3) for 𝑡 ≤ 𝑇𝑝𝑟𝑒  when 𝑒(𝑥, 0) =

𝑖(𝑥, 0) = 0, 𝐸(0, 𝑠) = 𝛼𝐸/𝑠 , 𝐼(𝑙, 𝑠) = 0 . These initial and 

boundary conditions indicate the RC line is fully discharged at 

t=0, the input terminal is driven by a step pulse with 𝑒(𝑥, −0) =
0, 𝑒(𝑥, +0) = 𝛼𝐸, and the current at the farthest point (x = 𝑙) is 

0 at any time. 

 

 

where 𝜏 is a time constant given by 4𝑟𝑐𝑙2/𝜋2 . (1), (2) can be 

exactly solved to be (4) for t > 𝑇𝑝𝑟𝑒  with 𝑒(𝑥, 𝑇𝑝𝑟𝑒) =

𝑒𝑝𝑟𝑒(𝑥, 𝑇𝑝𝑟𝑒) , 𝑖(𝑥, 𝑇𝑝𝑟𝑒) = 𝑖𝑝𝑟𝑒(𝑥, 𝑇𝑝𝑟𝑒) . ( 𝑖𝑝𝑟𝑒(𝑥, 𝑡)  is not 

shown here.) 

 

 

 

 

Let’s determine the optimum 𝑇𝑝𝑟𝑒 (𝑇𝑜𝑝𝑡) which minimizes the 

delay time. For 𝑡 ≫ 𝜏 (4) can be approximated as (5) 

 

 

where A0 and A1 are the proportional coefficients for the first 

two dominant factors. Because 𝑒−9𝑡/𝜏 ≪ 𝑒−𝑡/𝜏 , one can 

approximately minimize the delay time with 𝐴0(𝑥, 𝑇𝑜𝑝𝑡) = 0. 

Thus 

 

(5) turns to be (7) with (6). 

 

 

An equation 𝐸 − 𝑒(𝑥, 𝑡𝑑𝑒𝑙𝑎𝑦_𝛽) = 𝛽𝐸 with (7) is solved to be 

(8) 

 

 

(8) is maximized at 𝑥  = 𝑙, 𝑙/3. When [𝛼/(𝛼 − 1)]8 ≫ 1, (8) 

turns to be (9), which provides the minimal delay time as a 

function of α and 𝛽. 

 

 

As a result, one can easily determine 𝑇𝑜𝑝𝑡 and 𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛by using 

(6) and (9). Fig. 3 shows 𝑇𝑜𝑝𝑡 and 𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛 as a function of 𝛼 

for 𝛽=0.01, which is normalized by 𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛  with 𝛼  = 1 in 

case of a step pulse. By setting 𝛼 = 2, the delay time can be 

reduced to 1/4. Fig. 4 shows the error of (9) to SPICE simulation. 

(9) is in good agreement with SPICE simulation results within 

an error of 8% at most for 0.01 ≤ 𝛽 ≤ 0.2 and 1.1 ≤ 𝛼 ≤ 1.9. 

III. FORMULATION OF ENERGY CONSUMPTION AND ENERGY 

DELAY PRODUCT 

When the pre-emphasis pulse is generated by a 

linear regulator as show in Fig. 1(a), the extra charge 

accumulated in WL is discharged to ground. 

Therefore, the energy consumption Een is expressed 

by the product of the power supply voltage 𝑉𝑒𝑥𝑡 and 

the stored charge in WL at 𝑡 = 𝑇𝑝𝑟𝑒. 

 

 

 

 

where 𝑒(𝑥, 𝑇𝑜𝑝𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  is the average voltage across 𝑥. Fig. 5 shows 

energy consumption as a function of 𝛼. (10) agrees with SPICE 

simulation result within an error rate of 1% for α≦2. A pre-

emphasis pulse with 𝛼=2 only increases the energy consumption 

by 20% in consumption with a step pulse. Energy delay product 

(ED) is used as measure to show a tradeoff between energy 

consumption and delay time. ED is expressed by  
 

 

using (9) and (10). Fig. 6 shows ED as a function of 𝛼. (11) 

agrees with SPICE simulation result within an error of 10% for 

α≦3 Fig. 6 suggests that the energy delay product becomes the 

minimum of 0.25 when 𝛼 = 2.86. Even with 𝛼 = 1.3, one can 

reduce ED by 60%. 

IV. IMPACT OF PROCESS VARIATION AND COMPENSATION 

METHOD 

Fig. 7 shows tdelay_min normalized by that with 𝛼 = 1 and 

no RC variation. The delay time with RC variation of +20% is 

much longer than that of -20%. As described in section Ⅱ, 

Fig. 3. 𝛼-𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛 , 𝑇opt(𝛽 = 0.01)          
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𝜕x
= r𝑖(𝑥, 𝑡)                                (1) 

−
𝜕𝑖(𝑥, 𝑡)

𝜕x
= 𝑐

𝜕𝑒(𝑥, 𝑡)

𝜕t
                                  (2) 

𝑒(𝑥, 𝑡) = 𝐸 +
4𝐸

𝜋
∑ {(𝛼 − 1)𝑒

(2𝑘+1)2

𝜏
𝑇𝑝𝑟𝑒 − 𝛼}
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2𝑘 + 1
𝑒
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𝜏
𝑡 𝑠𝑖𝑛

(2𝑘 + 1)𝜋𝑥

2𝑙

∞

𝑘=0

 

                                                                                      (4)     

 
 

𝑒(𝑥, 𝑡) ≒ 𝐸 + 𝐴0(𝑥, 𝑇𝑝𝑟𝑒)e−𝑡/𝜏 + 𝐴1(𝑥, 𝑇𝑝𝑟𝑒)𝑒−9𝑡/𝜏          (5) 

𝑇𝑜𝑝𝑡 ≒ 𝜏 𝑙𝑛
𝛼

𝛼 − 1
                                    (6) 

𝑒(𝑥, 𝑡) ≒ 𝐸 + 𝐴1(𝑥, 𝑇𝑜𝑝𝑡)𝑒−9𝑡/𝜏                    (7) 

𝑡𝑑𝑒𝑙𝑎𝑦(𝛽) ≒
𝜏

9
𝑙𝑛 |

4
3𝜋

{𝛼 (
𝛼

𝛼 − 1
)

8
− 𝛼} 𝑠𝑖𝑛

3𝜋𝑥
2𝑙

𝛽
|              (8) 

𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛 ≒
𝜏

9
𝑙𝑛 |

4𝛼

3𝜋𝛽
(

𝛼
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)
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|                  (9) 

𝑒(𝑥, 𝑡) = 𝛼𝐸 −
4𝛼𝐸

𝜋
∑

1

2𝑘 + 1
𝑒

−(2𝑘+1)2

𝜏
𝑡𝑠𝑖𝑛

(2𝑘 + 1)𝜋𝑥

2𝑙

∞

𝑘=0

≡ 𝑒𝑝𝑟𝑒(𝑥, 𝑡)                 

≒ 𝑉𝑒𝑥𝑡 × 𝐸𝑐𝑙 [𝛼 −
8

𝜋2
(𝛼 − 1)]                 (10) 

 

𝐸𝐷＝ 𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛 × 𝐸𝑒𝑛                                   (11)          

𝐸𝑒𝑛 = 𝑉𝑒𝑥𝑡 × 𝑐𝑙 × 𝑒(𝑥, 𝑇𝑜𝑝𝑡)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
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𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛  can be reduced by 75% with a pre-emphasis pulse 

with 𝑇𝑜𝑝𝑡 in case of no RC variation. However, the improvement 

in reduction with pre-emphasis pulses becomes much less 

significant with RC variation of +20%. To compensate the 

impact of RC variation, we propose a method of RC variation 

aware pre-emphasis pulses, as illustrated in Fig. 8. The idea is 

that the delay time with RC variation of 20% can be matched 

with that of -20% by extending the pre-emphasis time a little. 

Even though the delay time with no RC variation becomes 

longer than before, the worst-case delay time can be reduced 

significantly. 𝑇𝑜𝑝𝑡  under RC variations can be obtained as 

follows. Let’s take the first two terms in (4) for 𝑥 = 𝑙. 
 

 

When RC is increased by a factor of A, (12) becomes (13) 

 

 

The solution for 𝐸 − 𝑒(𝑥, 𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛) = 𝛽𝐸 with (6) and (13) is 

(14). 

 

 

Fig. 9 compares (14) with SPICE simulation result. The error is 

very large around 1 due to the approximation, but sufficiently 

small for A ≤ 0.95 and A ≥ 1.05 . The arrow 𝛿  indicates the 

method of compensation. The arrow (a) shows the case where 

the compensation is not performed with an error of ± 20%, 

whereas the arrow (b) shows the case where the position is 

shifted by 𝛿 so as to minimize the worst case delay time while 

maintaining the length of the arrow (a).Once one identifies a 

value of 𝛿  by using Fig. 9, Topt  under RC variation can be 

determined by (6a) 

 

where R and C in τ are the values in case of no variation. One 

can figure out 𝛿 of 0.1 in the case of process variation in RC of 

±20% as shown in Fig. 9. One only needs to increase 𝑇𝑜𝑝𝑡 by 

10%. Fig. 10 shows the verification results. When the error is ± 

20%, the maximum delay time can be reduced by 28% without 

compensation, whereas by 39% with compensation.  

V. DESIGN FOR THREE RC LINES 

In 3D NAND, the capacitance between adjacent WLs is 

dominant [3], [4], which can be modeled as three RC delay lines 

as shown in Fig. 11(a). Because of its symmetry the potential at 

P is the same as that of Q at any time when all three lines are 

fully discharged at 𝑡 = 0. As a result, Fig. 11(a) can be reduced 

to Fig. 11(b). One can introduce an equi-potential line as shown 

in Fig. 11(c) with 𝐶1 = 1.5𝐶 , 𝐶2 = 3𝐶  which makes the time 

constant for the target line equal to that for the adjacent one. 

Thus, the original circuit model of Fig. 11(a) is simplified as an 

equivalent circuit model as shown in Fig. 11(d). The minimal 

delay condition and minimal delay time based on Fig. 11(d) are 

calculated to be (15) and (16), respectively, with the same 

procedure as section Ⅱ 

 

 

𝑒(𝑙, 𝑡) ≒ 𝐸 +
4𝐸

𝜋
{(𝛼 − 1)𝑒

𝑇𝑜𝑝𝑡

𝜏
 − 𝛼} 𝑒

−𝑡
𝜏

              (12) 

𝑒(𝑙, 𝑡) ≒ 𝐸 +
4𝐸

𝜋
{(𝛼 − 1)𝑒

𝑇𝑜𝑝𝑡

𝐴𝜏
 − 𝛼} 𝑒
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               (13) 

𝑡𝑑𝑒𝑙𝑎𝑦_𝑚𝑖𝑛 = 𝐴𝜏 𝑙𝑛 {
4

𝜋𝛽
[(𝛼 − 1) (

𝛼

𝛼 − 1
)

1
𝐴

− 𝛼]}         (14) 

𝑇𝑜𝑝𝑡 = (1 + 𝛿)𝜏 𝑙𝑛
𝛼

𝛼 − 1
               (6a) 

Topt = γ𝜏 ln
𝛼

𝛼 − 1
                    (15) 

tdelay_min ≒
γ𝜏

9
ln [

4α

3πβ
(

α

α − 1
)

8

]                  (16) 
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γ is a model dependent coefficient which is 1.5 for the three RC 

line model and 1 for the single RC line model. 

VI. DESIGN WITH DRIVER RESISTANCE 

In NAND, WL is selected by a decoding transistor. The 

output resistance of the pre-emphasis driver can be designed to 

be sufficiently smaller than WL resistance. On the other hand, 

the on resistance Rd may not be sufficiently smaller than WL 

resistance because the size of the decoding transistor is limited 

according to the WL pitch. Therefore, in this section, we 

consider the path resistance for pre-emphasis pulse design. The 

idea of Elmore delay [5] can be adapted. Elmore delay is 

obtained by adding the products of the capacitance and the 

resistance from the power supply at each node. When the time 

constant τd at the farthest node of Fig. 1(b) is calculated with 

𝑁 = ∞ to be (17). 

 

Since the worst case delay time is at the far end, γ can be 

estimated by taking the ratio with the time constant τ0 at the 

farthest node of a single WL delay line with 𝑅𝑑 = 0, i.e., 

 

 

Fig. 12 shows an error of the formula (16) with (15) and (18) and 

the SPICE simulation results. The delay time can be calculated 

within 5% error for 𝑅𝑑/𝑅𝑙 < 0.1, 𝛽 = 0.01 and 𝑅𝑑/𝑅𝑙 < 0.5, 𝛽 = 

0.05. Table 1 shows the main results of this work on the optimum 

pre-emphasis pulse width 𝑇𝑜𝑝𝑡 and the minimal WL delay time 

tdelay_min with a model-dependent parameter γ.  

VII. CONCLUSION 

In this research, we formulated a pre-emphasis technique to 

reduce WL delay time for memories with large arrays such as 

3D NAND. Circuit designers can easily estimate the minimum 

delay condition (15), delay time (16) and energy consumption 

(11) at initial design phases.  The impact of process variation on 

the delay time was also analyzed with (14). We proposed a 

method to reduce the delay time under process variation in WL 

RC. We further derived the calculation method for three WL line 

model.  
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                          Table 1: Main results of this work 

 
Single WL 

model 

w/  𝑅𝑑=0 

Three WL 
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Fig. 11(a): Three RC delay lines 
           

Fig. 11(b): Equivalent circuit of Fig. 11(a) 
           

Fig. 11(c): Circuit converted from Fig.11(b)     

Fig. 11(d): Equivalent circuit  

for the target line 
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