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Abstract— In this paper, the novel “tapered-Vth” approach to 
design energy-efficient CMOS buffers is introduced. In this 
approach, the substantial energy consumption due to leakage is 
reduced by tapering the threshold voltage throughout the buffer 
stages, other than tapering the transistor size. More specifically, 
the threshold voltage is progressively reduced when going from 
the last to the first stage. This enables a considerable leakage 
reduction in the last stages (which contribute most to the overall 
leakage) at the price of a higher delay. The resulting delay 
penalty is then compensated by reducing the transistor 
threshold voltage in the first stages, with an insignificant leakage 
increase (they contribute very little to the overall buffer 
leakage). Simulation results based on a commercial 45-nm 1-V 
CMOS technology show that the proposed “tapered- “ 
approach can considerably improve the energy efficiency of 
CMOS buffers over the entire spectrum of possible energy-delay 
tradeoffs, from high speed to low power. 

I. INTRODUCTION  
Achieving a targeted speed performance with an energy 

dissipation that is as low as possible has historically been a 
fundamental goal in the design of digital circuits. In the deep 
nanometer era, energy efficiency of VLSI systems has become 
more crucial due to the dramatic impact of leakage on the total 
energy dissipation [1]. 

Among the building blocks of digital systems, buffers are 
certainly one of the most critical since, due to their large 
transistor size, they are characterized by a considerable 
dynamic and leakage energy consumption. In high-speed 
applications, CMOS buffers are typically designed according 
to the tapered topology, where the size of each inverter of the 
buffer is a multiple of the previous one [2], [3]. In the last 
three decades, several tapered designs have been proposed to 
further increase speed [4], [5], [6] or to optimize the speed-
energy tradeoff [7], [8], [9]. However, these designs only 
focus on the dynamic energy, so they are not suitable for deep 
nanometer CMOS buffers. Moreover, they are targeted to 
achieve just a single optimum point in the energy-delay 
space(e.g., the point at minimum energy-delay product), 
whereas, in real applications, it is more useful to have a wider 
energy-delay tradeoff space [10]. In [11], a buffer 
 

 
Fig. 1.  Schematic of a generic CMOS buffer. 

methodology is introduced to explore such an optimized 
range. However, it only takes into account dynamic energy. In 
[12], leakage has been included in the energy-delay 
optimization, but it is assumed that the threshold voltage ( ) 
of the devices can be arbitrarily tuned, whereas commercial 
technologies provide for devices whose threshold voltage can 
be chosen within a set of fixed values. 

In this paper, we propose a novel approach to minimize the 
total energy (dynamic and leakage) of CMOS buffers under a 
target delay constraint. As opposite to traditional designs, 
where only transistor sizes are tapered throughout the buffer 
stages, in the proposed methodology also the threshold voltage 
is tapered. This technique significantly differs from [12] 
because, in our strategy, the buffer stages do not have the 
same . Moreover, the latter is supposed to be set within 
well defined values (usually in the low- , std-  and high-

 flavor). 
  This paper is structured as in the following. In Section II, 

a novel buffer sizing methodology to minimize the total 
energy under a fixed delay constraint is discussed. Section III 
integrates the sizing procedure with the tapered-  approach. 
Section IV discusses the simulation results coming from the 
application of the proposed methodology on the design of 
memory wordline drivers (our case study). Finally, 
conclusions are drawn in Section V. 

II.  ENERGY-DELAY OPTIMIZATION METHODOLOGY OF 
CMOS BUFFERS AND ANALYTICAL FRAMEWORK 

A generic CMOS buffer is made up of  inverters with 
increasing size, as depicted in Fig. 1 [1], [2]. The input 
capacitance  and the load capacitance  are constrained by 
the input/output interface requirements of the preceding and 
subsequent block. In Fig. 1, the generic coefficient , with 

1 … , represents the sizing factor of the i-th inverter, 
defined as , / , with ,  and 1, where ,  
is the input capacitance of the i-th stage. The delay of the i-th 
inverter  can be expressed as the sum of its ideal delay  
(defined as the delay under a step input) and the delay increase 

·  associated with the non-zero input rise/fall time, 
which, according to [6], is proportional to the ideal delay of 
the previous stage (the proportional constant  is technology-
dependent). According to [13],  can be formulated as in 
(1): 

 · ·
·

  (1) 

stage # 1 2 3 N 

sizing-
factor 

=1    
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where  is a technology-dependent constant,  is the 
parasitic delay and  is the logical effort, which, for the 
inverter, is equal to 1. From (1), one can derive the total delay 
of the buffer as the sum of the delays of all the stages: 

   · ∑ · ·   (2) 

The dynamic energy per clock cycle  is related to the 
charge/discharge of all the capacitances and it can be 
expressed as in (3): 

 · ∑ · 1  (3) 

where  is the activity rate, which is obviously equal for all 
the stages, and . The technology-dependent constant  
is introduced to take into account the energy dissipation due to 
the charging/discharging of the parasitic capacitances. It is 
defined as the ratio between the intrinsic parasitic output 
capacitance (due to the drain contacts) and the input gate 
capacitance of the inverter, so it is independent from the 
inverter size and it can be easily obtained by simulations.  

Analogously, the leakage energy per clock cycle of the 
buffer can be easily calculated as the sum of the leakage 
energy of all the inverters as in (4): 

 ,
,

∑   (4) 

where ,  and ,  are the leakage current and the 
input capacitance of the minimum-sized inverter, 
respectively. 
 In practical cases, the coefficients  and the value of  
are chosen to achieve a targeted delay ( / ) with the 
minimum possible overall energy. In this way, for different 
delay constraints, a set of optimum points can be found in the 
energy-delay space. Such an optimization approach was 
investigated in some previous works [8], [9], [11], where just 
the minimization of dynamic energy was taken into account. 
Analytically, the optimization problem was formalized as 
follows: 

 
/ 0

    (5) 

Differently from the previous works, this paper considers the 
leakage energy in the optimization problem (5). Substituting 
(2)-(4) into (5), we found the following solutions: 

          2 … 3   (6) 

Equations (6) lead to closed-form expressions only for 
small values of , whereas for long buffers they can be solved 
numerically. As an example, for =3, the optimum value of  
is given by (7): 

· · · · ·

·
      (7) 

Fig. 2 depicts the obtained energy-delay curve, for =3, 
=80, =0.25, =10 ns. All the technology-dependent 

constants were extracted by simulations performed on a 
commercial 45-nm 1-V CMOS technology. ,  was 
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Fig. 2.  EEC of a 3-stages CMOS buffer for the proposed sizing. 

found to be 20 nA at a temperature of 120°C. For a fixed 
delay constraint , eq. (5) gives the sizing factors that 
minimize the total energy consumption. For this reason, the 
curve in Fig. 2 can be thought of as an Energy-Efficient 
Curve (EEC), i.e. all other (non-optimum) designs are 
associated with points that lie above this curve and suffer 
from a higher energy compared to the corresponding point in 
the EEC having the same delay [10]. 

The effectiveness of the adopted sizing methodology has 
been verified through extensive simulations. As an example, 
Fig. 3 shows the ECC resulting from simulations of a 4-stage 
buffer designed with the available 45-nm CMOS technology. 
The points come from Monte Carlo simulations where the 
sizing factors  have been randomly modified (always 
with < < ). The solid line refers to simulation results on 
the buffer designed according to (6). As expected, the 
proposed methodology is able to obtain the EEC in the 
energy-delay space with good accuracy (indeed, very few 
outliers below the EEC are found in Fig. 3). 

III. THE TAPERED-VTH CONCEPT TO IMPROVE ENERGY 
EFFICIENCY OF CMOS BUFFERS 

In this section, we introduce a novel approach to improve 
the energy efficiency of tapered buffers. In particular, we 
consider the transistor threshold voltage ( ) in each buffer 
stages as a further knob to optimally manage the energy-delay 
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Fig. 3.  Simulated EEC of a 4-stages CMOS buffer.  

 
Fig. 4.  Structure of a tapered-  CMOS buffer. 
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tradeoff (i.e., reduce energy for a given delay constraint).  
To grasp the fundamental idea, let us consider the impact 

of a threshold voltage increase on the energy-delay tradeoff 
of CMOS buffers. From the energy point of view, increasing 
the  of all the inverters within the buffer is beneficial: 
indeed, leakage currents are exponentially reduced with no 
penalty in terms of dynamic energy (assuming a negligible 
short circuit energy consumption). On the other hand, the 
buffer delay increases, so the speed constraint may not be 
satisfied anymore and the energy-delay tradeoff may be far 
from its optimum (i.e., the resulting point in the energy-delay 
space is above the ECC, which means that there exists some 
other design that has the same performance and lower 
energy). 

In this work, we explicitly adopt different threshold 
voltages for different stages. As a main observation, a 
threshold voltage increase clearly leads to the same 
percentage impact on the buffer stage delay, regardless of its 
sizing and load. On the other hand, a threshold voltage 
increase leads to a more pronounced leakage reduction in 
stages with larger size (i.e., the last stages in the buffer). 
Accordingly, we propose to use high-  transistors for the 
last stage of the buffer to benefit from a large leakage 
reduction, at the cost of a performance penalty. However, this 
penalty can be compensated by using low-VTH transistors in 
the first stages, which comes at the cost of a quite small 
leakage increase, as the first stages are small sized. 

According to the above observations, we propose to 
progressively reduce the  going from the last to the first 
stage to significantly reduce leakage at a small (or 
insignificant) performance penalty. Accordingly, this 
approach will be called “tapered-  buffer”. The resulting 
structure of tapered-VTH buffers is shown in Fig. 4. In general, 
the first  stages have low , the successive  stages 
have standard , and the last  stages have high  
(with the constraint ). Hence, , ,  
are further design parameters whose optimization permits to 
fully cover the energy-delay design space, as well as to 
improve the energy efficiency of tapered-VTH buffers, 
compared to traditional single-VTH buffers.  

IV. A CASE STUDY AND VALIDATION OF THE TAPERED-VTH 
APPROACH 

The optimization approach described in Section II was 
applied to the tapered  buffers to comparatively evaluate 
their energy efficiency. To simplify notation, we defined the 
following constants: 

; ; , ,

,
; , ,

,
 (8) 

where  and  are the counterparts of  for the low-
VTH and high-VTH inverter, respectively, whereas , ,  
and , ,  are the leakage currents of the minimum-sized 
inverter with the correspondent . For the adopted 45 nm 
technology, we found =0.78, =1.7, =6.5, =0.1 at a 
temperature of 120oC. If we use the same low (high)  for 
all the buffer stages, the optimization problem (5) remains the 

same unless for the delay constraint which becomes  ( ). 
As an example, Fig. 5 shows the obtained EECs concerning 
the design of three-stages wordline buffers, with the same 

 for all the stages, of a 2-KB 32-bit wide memory bank. 
The memory bank is divided into two sub-banks (256 rows X 
32 columns), thus each memory sub-bank has 256 wordline 
buffers. The design of such buffers has been taken into 
account as an interesting case study since, for each clock 
cycle, just one buffer switches whereas the remaining ones 
only dissipates leakage energy. The latter represents a great 
fraction of the total energy consumption thus the proposed 
model, which considers also static energy optimization, 
results to be very appropriate.  

In Fig. 5, with L-L-L, we refer to a buffer whose three 
inverters (from the first to the last) have low-  devices 
(similarly, in the following notation, S means standard-  
and H means high-  buffer stage). It is worth noting that 
using a single  for all stages does not allow for covering 
all the possible energy-delay tradeoff. Indeed, in Fig. 5 there 
is a pronounced gap between the curves L-L-L, S-S-S and H-
H-H, which makes it impossible to achieve any energy-delay 
tradeoff between them. In contrast, the adoption of the 
tapered-VTH approach permits to obtain a much wider range 
of energy-delay tradeoffs, as shown in Fig. 6. Indeed, the 
related curves (see, e.g., the curves L-L-S, L-S-S, L-S-H, …) 
cover the entire portion of the design space going from L-L-L 
(i.e., the fastest/highest energy design) to H-H-H (i.e., the 
slowest/lowest energy design). In other words, the tapered 
VTH approach is highly flexible in achieving any of the 
energy-delay tradeoff within the range allowed by the 
technology. In addition, in most cases tapered-VTH buffers 
also have better energy efficiency (i.e., their EEC is lower) 
compared to buffers with single VTH. Fig. 6 shows that the 
single VTH design is the most energy efficient only for a small 
range of D (i.e. 9.1<D<10.3 for the S-S-S configuration) 
confirming that this approach is able to cover only a minor 
portion of the optimum ECC. In other regions of the energy-
delay space, tapered-VTH buffers can achieve remarkable 
energy savings. For example, the energy at D=8 of L-L-S 
tapered-VTH buffer is half of that of single-VTH buffer L-L-L. 

In practical designs, the most energy efficient buffer 
configuration is found by assigning the delay constraint and 
selecting the buffer that has the lowest EEC to use all the 
three threshold voltages in a tapered fashion. For the  
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Fig. 5.  Tradeoff gap in single-  CMOS buffer. 
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particular buffer configuration, delay and leakage energy 
expressions differ from (2)-(3) (dynamic energy consumption 
remains unchanged). As an example, for the configuration L-
S-H, the buffer delay becomes: 

1 · · ·   (9) 

whereas the leakage energy dissipation is given by (10): 

 · , · ·   (10) 

The above theoretical results were confirmed to agree 
within a few percentage points with HSPICE simulations on 
256 different three- and four-stage -tapered wordline 
buffers for different values of the load (F). As an example, 
Fig. 7 shows the EECs obtained from simulations when the 
buffers are sized according to the proposed methodology for 
F=256 and F=512. As previously observed, the adoption of 
tapered threshold voltages effectively enlarges the 
optimization window in the energy-delay space (i.e., it fills 
the tradeoff gaps highlighted in Figs. 5-6). For example, this 
is clearly visible in Fig. 7a where the tapered-  approach is 
able to satisfy delay constraints (e.g., D<10) that are 
impossible to be achieved by the single-  S-S-S design. In 
addition, the proposed approach allows for achieving a lower 
energy dissipation for a wide range of delay constraint, as 
compared to the single-  design (for example, L-L-S-S 
tapered-VTH buffer saves 30% energy compared to S-S-S-S in 
Fig. 7b at D=13). On the other hand, the EEC of the single-

 configuration has the lowest energy values only in a 
small portion of the energy-delay space. As an example, for 

=4 and =512, the EEC of the S-S-S-S configuration lies 
below the other curves only when 14<D<19. Outside of this 
range, the tapered-  design is always the most energy 
efficient. 

V. CONCLUSIONS 
This paper has described a novel strategy, named tapered-
, to design energy efficient CMOS buffers. An 

optimization procedure has been adopted to optimally design 
tapered-VTH buffers with minimum energy at a given delay 
constraint. The proposed tapered-VTH approach has been 
tested through simulations in 45-nm CMOS technology. It 
was shown that the proposed tapered-VTH buffers are 
significantly more energy efficient than the traditional single-

 approach. In particular, tapered-  buffers are able to 
optimize the energy-delay tradeoff over a much wider portion 
of the design space, and provide an energy saving by up to 
100% compared to traditional single-VTH buffers. 
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Fig. 6.  ECCs for single- and tapered-  buffer designs. 
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