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Logical Effort for CMOS-Based
Dual Mode Logic Gates
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Abstract— Recently, a novel dual mode logic (DML) family was
proposed. This logic allows operation in two modes: 1) static and
2) dynamic modes. DML gates, which can be switched between
these modes on-the-fly, feature very low power dissipation in
the static mode and high performance in the dynamic mode.
A basic DML gate is very simple and is composed of any
static logic family gate and an additional clocked transistor. In
this paper, we introduce the logical effort (LE) methodology
for the CMOS-based DML family. The proposed methodology
allows path length minimization, delay optimization, and delay
estimation of DML logic. This is done by development of complete
and approximated LE models, which allows easy extraction of
design optimization parameters, such as optimum number of
stages, gates sizing factors, and delay estimations. The proposed
optimization is shown for the dynamic mode of operation.
Theoretical mathematical analysis is presented, and efficiency of
the proposed methodology is shown in a standard 40-nm CMOS
process.

Index Terms— Dual mode logic, high performance, logical
effort, low power, optimization.

I. INTRODUCTION

LOGIC optimization and timing estimations are basic
tasks for digital circuit designers. The logical effort (LE)

method was first presented by Sutherland et al. [1]–[4] for easy
and fast evaluation and optimization of delay in CMOS logic
paths. Because of its elegance, the LE method has become a
very popular tool for designing and education purposes and
is adopted to be the basis for several computer-aided-design
tools [3]–[7]. Although LE is mainly used for standard CMOS
logic, it is also shown to be useful for other logic families, such
as the pass transistor logic [8].

Recently, we proposed the novel dual mode logic (DML),
which provides the designer with a very high level of flexibility
[9]–[11]. It allows on-the-fly switching between two modes
of operation: 1) static and 2) dynamic modes. In the static
mode, DML gates achieve very low power dissipation, with
some degradation in performance, as compared with standard
CMOS. On the other hand, dynamic operation of DML gates
achieves very high speed at the expense of increased power
dissipation.
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A basic DML gate is composed of any static logic fam-
ily gate, which can be a conventional CMOS gate, and an
additional transistor. DML gates have a very simple and
intuitive structure, requiring unconventional sizing method-
ology to achieve the desired performance. Conventional LE
methodology cannot be used with the DML family as
it does not consider its unconventional sizing rules and
topology.

The objective of this paper is to develop a simple method
for minimizing delays and achieving an optimized number of
stages in logical paths containing CMOS-based DML gates.
A unified LE method is introduced for the delay evaluation
and optimization of logic paths constructed with DML logic
gates. DML-LE answers complete (unapproximate) design
problems, which can be solved numerically, and simplifies
these problems to a straightforward and easy computational
problem [approximate and semiapproximate (SA) solutions]
with a unified analytic model. With this model, we can
estimate the minimum to maximum error under delay approx-
imation and the error in the target optimum number of stages
for a given logic function. The efficiency of the developed
method is shown by a comparison of the theoretical results,
achieved using the proposed method with simulation results of
the Cadence Virtuoso optimizer tool using a standard 40-nm
technology.

The rest of this paper is organized as follows: a review
of the DML family is described in Section II. DML-LE
model for simple inverter chains is developed in Section III
with three different levels of approximations. In Section IV
we compare the methods by simplicity and accuracy. The
dependence of the optimum number of stages is also described
in Section IV, which provides an intuitive graphical visual-
ization of the problem. DML-LE is expanded to complex
nets containing branching in Section V. In Section VI, the
efficiency of the DML-LE theoretical optimization is examined
for a standard 40-nm process. A discussion and conclu-
sions of the use and applicability of DML-LE are given in
Section VII.

II. DML OVERVIEW

As previously mentioned, a basic DML gate architecture is
composed of a static gate and an additional transistor M1,
whose gate is connected to a global clock signal [9]–[11]. In
this paper, we specifically focus on DML gates that utilize
conventional CMOS gates for the static gate implementation.
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Fig. 1. DML topology: (a) Type A and (b) Type B . (c) CMOS-based DML
gate with sizing factors. (d) Standard CMOS gate with sizing factors.

DML gates present two possible topologies: 1) Type A and
2) Type B , as shown in Fig. 1(a) and (b), accordingly. In the
static mode of operation, the transistor M1 is turned off by
applying the high Clk signal for Type A and low Clk for Type
B topology. Therefore, the gates of both topologies operate in
a similar way to the static logic gate, which here is a standard
CMOS operation.

To operate the gate in the dynamic mode, the Clk is
enabled, allowing for two separate phases: 1) precharge and
2) evaluation. During the precharge phase, the output is
charged to VDD in Type A gates and discharged to GND
in Type B gates. During evaluation, the output is evaluated
according to the values at the gate inputs.

DML gates show a very robust operation in both static
and dynamic modes under process variation at low sup-
ply voltages [9]–[11]. The robustness in the dynamic mode
is mainly achieved by the inherent active restorer (pull-up
in Type A/pull-down in Type B) that also enabled glitch
sustaining, charge leakage, and charge sharing. It is also
shown that the proper sizing methodology is the key factor
to achieve fast operation in the dynamic mode. Fig. 1(c)
shows the sizing of CMOS-based DML gates that are opti-
mized to a dynamic mode of operation, whereas Fig. 1(d)
shows conventional sizing of a standard CMOS gate. The
input and output capacitances of the DML gates are sig-
nificantly reduced, as compared with CMOS gates, due to
the utilization of minimal width transistors in the pull-up
of Type 1 or pull-down in Type B networks. The size of
the precharge transistor is kept equal S*Wmin to maintain
a fast precharge period despite the increase in the output
load.

Contrary to CMOS gates, each DML gate can be imple-
mented in two ways, only one of which is efficient. The
preferred topology is such that the precharge transistor is
placed in parallel to the stacked transistors, i.e., NOR in
Type A is preferred over NAND, and NAND in Type B
is preferred over NOR. In this case, the evaluation is per-

formed through the parallel transistors and therefore it is
faster.

As presented [9], [11], the optimal design methodology
of DML gates is to serially connect Type A and Type B
gates, similarly to np-CMOS/NORA techniques. Even though
this design methodology allows maximum performance, area
minimization and improved power efficiency, serial connection
of the same type gates is also possible. However, this case
presents many drawbacks, such as the need of footer/header
and severe glitching. These well-explored problems are stan-
dard for dynamic gates design [8], [12], [13]. DML strength is
that static mode CMOS-based DML gates with transistor sizes
optimized for the dynamic mode is actually a semienergy-
optimal CMOS construction of a gate because of reduced
static and switching energy consumption [9]–[11]. The static
operation of the DML gates is used to significantly reduce
energy consumption at the expense of 2–4 times reduction
in performance. A general approach is to optimize the delay
for the dynamic mode of operation and operate the system
in the static mode only in standby/low-energy mode without
severe frequency restrictions, i.e., magnitude of 2–4 times in
performance is reasonable.

III. DML-LE MODEL FOR A SIMPLE INVERTER CHAIN

To optimize the performance of the DML gates, we will
employ, modify, and approximate the well-explored LE tech-
nique [1], [2]. Although LE is a well-known method and it
is widely used by designers, there are a few different metrics
and terminologies. In Appendix I, the terminologies, which
will be further used to develop the LE for CMOS-based DML
gates, are presented. The LE formulation of DML is quite
different from the conventional CMOS LE (and domino logic
LE) [1.2], which is discussed in previous section. This is due to
a unique structure and unconventional sizing methodology of
DML gates. Achieving the optimal, nonapproximate solution
is quite an exhausting task. Yet, by minor simplifications it
can be solved rather similarly to the standard CMOS LE
method. Here, first, a complete nonapproximated LE method
for DML CMOS-based gates is presented. Although this
solution is very precise, it is very complex and not designer
friendly. Hence, two approximated solutions are presented.
The complexity of these solutions is much lower, while
achieving very high precision. Finally, a discussion about
these approaches for DML LE for all CMOS-based gates is
given.

A. Basic Assumptions

DML gates are designed to optimize their dynamic mode
delay and therefore only one transition among Tplh and
Tphl, which is a part of the evaluation phase, should be
considered. This means that only an equivalent resistance
of the pull-down network (PDN) (nMOSs) will play a role
in delay optimization of Type A gates and the pull-up net-
work (PUN) (pMOSs) will be relevant in optimization of
Type B gates. Although designing conventional CMOS gates
the PUN is typically upsized with β, independently of the
sizing factor EFopt, which is the sizing contribution of the
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load driving effort. This β is the outcome of the optimal
delay of an unloaded gate. Typically, β, derived for an optimal
gate delay, is different from βsym that achieves symmetric
gate operation (Tphl = Tplh). However, in most technologies
β is approximately equal to βsym (β ≈ βsym) [21]. With
DML, each stand-alone gate would not be sized with β as
the delay in the dynamic mode is determined by a single
transition through PDN or PUN and therefore there is no
need in symmetric transitions. Only one sizing factor, Si, for
each i stage gate impacts the evaluation network and the
precharge transistor, as shown in Fig. 1. In CMOS LE method,
the normalization is performed to a standard CMOS inverter.
DML gates are normalized to a standard minimal inverter
(DML_INV) in Type A, which represents the minimal stand-
alone gate delay unit. A minimal inverter of Type B presents
an increased delay, as it evaluates the data through pMOS.
In this paper, we assume each DML chain would start with
Type A gates followed by Type B gates (in a NORA/np-CMOS
fashion [8], [12]). As mentioned in the previous section,
γ is the fabrication technology-dependent factor that describes
the transistor gate capacitance to transistor drain capacitance
ratio. Typically, in most nanometer scale processes, γ is close
to one. For CMOS inverters, it also describes the gate to
drain capacitance of a single MOS transistor. But, for an all
minimal transistor width DML_INV Type A or Type B is as
follows:

Cd_inv_DML

Cg_inv_DML
= 3Cd_MOS

2Cg_MOS
(1)

Yielding:γ ′ = 3γ /2. (2)

B. Defining the Problem for a Simple Inverter Chain

To extract the optimal sizing factors for a simple DML
inverter chain, we assume a chain, shown in Fig. 2. The delay
of a general gate i in the chain is given by (3). A normalized
delay of each odd gate (Type A) and each even gate (Type B)
can be described in terms of the delay of

tpd_i = ln(2).Rmin _ACD,min

γ ′
︸︷︷︸

t p0_DML
⎛

⎜

⎜

⎜

⎝

p_DML
︷ ︸︸ ︷

Rgate

Rinv
· CD,gate

CD,inv
γ ′ +

LE_DML
︷ ︸︸ ︷

Rgate

Rinv
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CG,inv

CLoad

CG,gate
︸ ︷︷ ︸

f _DML

⎞

⎟

⎟

⎟

⎠

(3)

a Type A minimal DML inverter tpo_DML as follows:

tpd_i_odd = tp0_DML

(

(2Si + 1)

3Si
γ ′ + (Si+1 + 1)

2Si

)

tpd_i_even = tp0_DML

(

μn/p

[

(2Si + 1)

3Si
γ ′ + (Si+1 + 1)

2Si

])

(4)

where μn/p is defined as μn/μp, Si. is the i th stage sizing
factor (Fig. 2) Then, assuming an even number of inverters
N in the chain, the delay of the chain can be expressed
by adding up the delays of all the chain components as

Fig. 2. DML inverter chain with sizing factors (Wm : Wmin).

follows:

D =
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i
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(5)

In the following sections, three different solutions to
the delay optimization problem are developed as follows:
1) complete unapproximated solution; 2) complete approxi-
mated solution; and 3) partially/SA solution. These solutions
are trading off complexity with accuracy.

C. Complete Unapproximated (CS) Method for the Sizing
Factors of DML Inverter Chain

To solve this problem we differentiate (5) by all Si factors
of the chain and equate to zero, i.e., d D/dsi = 0.

After simplification and substituting γ ′, the following
expression can be written for all odd i (6) and all even i (7):

Si

Si−1
= (γ + 1 + Si+1)

Si

1

μn/p
(6)

Si

Si−1
= (γ + 1 + Si+1)

Si
μn/p. (7)

Typically, the first gate in the chain would be all minimal
sized transistors and therefore S1 = 1. Assuming, B = μn/p ,
B2 = (γ + 1) · μn/p (6) and (7) can be represented by the
following set of expressions. This is a set of N equations with
N unknown variables; each equation is nonlinear, containing
mixed variable multiplication. In general, it can be solved
numerically, as follows:

S1 = 1

0 = B2S1 − S2
2 + BS1S3

0 = B2S2 − B2S2
3 + BS2S4

0 = B2S3 − S2
4 + BS3S5

0 = B2S4 − B2S2
5 + BS4S6

...
...

...
...

...

SN2 = B2SN−1 + BSN−1 + BSN−1 SN+1. (8)
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This is the most optimal and accurate solution for DML
inverter chain sizing. However, solving it is a very exhaust-
ing task. This unapproximated solution (CS) is much more
complex than a simple CMOS LE optimal solution, which
is derived with no assumptions and approximations, as is
shown in Appendix I. DML CS method complexity is due
to a nonstandard sizing of transistors, connected in parallel to
the Clk-ed transistor.

Following assumptions will be used in the rest of this
paper. First, as solved in last section, the first gate of any
examined chain will be minimum sized, i.e., S1 =1. S1 can be
generalized to any possible size in accordance with any input
capacitance. Second, even number of stages N is assumed.
This is due to the topology of DML chains that basically
consists of Type B gates following Type A gates. However,
the solution for the chain, that has an odd number of stages,
can be easily derived using the same methodology.

D. Complete Approximated (CA) Method for the Sizing
Factors of DML Inverter Chain

To reduce the complexity of the LE method, a CA
solution, which trades off the complexity and accuracy, is
developed.

It is previously discussed that (5) describes a general delay
expression for the whole chain, assuming an even number of
inverters N . The CA method assumes that the contribution
of minimal transistors to the drain and gate capacitances
is negligible in comparison with 2Si and with Si+1 for all
stages of the chain. As shown in Section V, neglecting these
transistors, for complex gates improves the accuracy with
respect to inverters. Next, (5) can be expressed by

D =
∑

N

Di

= tp0_DML
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⎜

⎝
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)
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∑
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[
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2Si
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⎞

⎟

⎟

⎟

⎠

. (9)

These assumptions are justified only when the output load
capacitance of the chain is large. The large load capacitance
affects the sizing factors Si . When Si is increasing, i increases,
along the chain, this approximation will increase in accuracy
for large i ’s. After simplification, (9) can be rewritten as
follows:

D =
∑

N

Di

= tp0_DM L

×
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(10)

TABLE I

INVERTER CHAIN SIZING FACTORS Si OF THE CA METHOD

S1 S2 S3 S4 S5 SN SN+1

1 √
μn/p A0.5 A √

μn/p A1.5 A2 √
μn/p A( N

2 −0.5) A
N
2

By differentiating d D/dsi = 0 and following the same
procedure (Section B) for all odd i (11) and all even i (12):

Si

Si−1
= Si+1

Si

1

μn/p
(11)

Si

Si−1
= Si−1

Si
μn/p. (12)

The sizing factors solution to this CA approach is quite
similar to standard CMOS solution. Similarly to CMOS, the
upsizing factor is constant, however all even stages are factored
by an additional

√
μn/p . For the N-size chain, the sizing

factors can be written in series as in Table I where A is
expressed in (14). In CMOS, the sizing factors are derived
from the load to input capacitance ratio, whereas in DML, they
are determined by the ratio of the first to last sizing factors

In CMOS: F = CLoad

Cin,g
= f N , f = N

√
F . (13)

In DML:
SN+1

S1
= A

N
2 , FDML = SN+1

S1
= fDML

N
2 ,

A = fDML = N
2
√

FDML (14)

where assuming S1 = 1, SN+1 can be extracted from

(SN+1 + 1) W Lmin

(S1 + 1) W Lmin
= SN+1 + 1

2
= CLoad

Cin,g
. (15)

The presented methodology supports calculation of sizing
factors for a given N size chain of inverters. The proposed
method will be extended to derive the optimal chain length
Nopt under a given load capacitance. The problem will be
defined in a similar manner derived by Sutherland et al.
[1]–[3].

Consider a path of DML gates containing n1 stages, to
which we append n2 additional DML inverters to obtain a path
with N = n1 + n2 stages. We assume the original n1 stages
cannot be altered, besides scaling, as they perform necessary
logic functions. However, any positive n2 can be chosen to
reduce the delay of the chain. In addition, assuming that the
optimum length will be larger than n1, we further assume
that n2 is even and the logic function would not be altered.
It is known that adding CMOS inverters to a path does not
affect the electrical effort of the path. As the sizing of DML
inverters is quite different then CMOS and they are added in
the consequent Type A → Type B structures, the electrical
effort of the path is changed by adding these DML buffers.
Using the term for LE in (3), it can be shown that LE of the
DML A − B inverter pair can be approximated by (for large
i ’s) as follows:

LEinvA · LEinvB | LARGSi′s ∼= 1

2
· μn/p

2
.
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Fig. 3. Normalized delay as a function of normalized N/N opt for the CA
method.

The electrical effort factorization means that only for
μn/p = 4, the electrical effort of the chain will not be affected.
The solution can be presented for any value of μn/p , however,
in this paper, we assume μn/p = 4, for simplicity. This
approximation is valid for most nanometer processes [22].

The delay of the whole chain is represented by the sum of
delays of all n1 logic stages and of all the added n2 inverters.
Differentiating the chain delay by N and equating to zero
yields as follows:

γ
(

μn/p
−0.5+μn/p

0.5
)

︸ ︷︷ ︸

C1

+ N
√

FDML −
N
√

FDML ∗ ln (FDML)

N
= 0

(16)
where C1 = γ (μ−0.5

n/p + μ0.5
n/p) and the optimal sizing factor

can be numerically solved using: fDML_opt = exp(1 + C1/
fDML_opt), which leads to fDML_opt = 4.65. As devel-
oped in Section II, for large FDML, which means Nopt >
Nminimum, Nopt can be approximated by

Nopt ∼= log fDML_opt
(FDML). (17)

As presented by Sutherland et al. [1]–[3], the delay devi-
ation from the minimum delay, achieved under Nopt length
implementation, can be plotted as shown in Fig. 3.

Fig. 3 plots the expression given in

Dopt (Dev · N)

Dopt
(

Nopt
) = C1 · Dev + Dev · fopt

1/Dev

C1 + fopt
(18)

where Dev is the deviation factor from Nopt, the opt lowercase
is for optimal, Dopt(N) is the optimal delay for a given
general N , and Dopt(Nopt) is the optimal delay with the
optimal N . The graph values are normalized to Dopt(Nopt). The
sole difference from the CMOS solution is the constant C1 that
affects the graphs slopes.

As can be seen, the DML behavior is similar to the
CMOS solution, the overestimation in N is preferable over
underestimation by means of delay. For example, when N =
Nopt/2, 68.8% deviation in delay is observed. However, when
N = 2Nopt, a decreased deviation of 30.2% is achieved.

E. SA Method for the Sizing Factors of DML Inverter Chain

To compromise between the methods presented in
Sections III-C and III-D, a SA approach is introduced. The SA
approach, which is presented in detail in Appendix II, achieves

Fig. 4. Deviation of sizing factors from the complete solution: (a) CLoad =
50 Cin and (b)CLoad = 5 Cin.

relatively high precision with a reduced computational effort in
respect to the CS method. This is done by neglecting only the
first and the second terms of (5), as compared with omitting
all terms of the gate and drain capacitances (CA method).
The solution of the SA is very simple and in addition to
the standard CMOS LE optimization manual calculation, the
designer should use a simple lookup table (given in advance).

IV. COMPARISON OF THE DML-LE METHODS

Here, a comparison between the SA, CS, and CA techniques
is presented. The techniques are compared by means of sim-
plicity, accuracy, and the dependence of the optimum number
of stages on the delay.

A. Delay-Error for a Given N

To estimate the error in delay between the proposed solu-
tions, the CS method (most precise one), is chosen as a
reference. Delays for the same chains (N = 6) are calculated
using expressions presented in Section III. Typical γ = 1
and μn/μp = 4 values [22] are assumed. Initially, we will
examine the sizing factors deviation for SA, CS, and CA
techniques, as shown in Fig. 4. Two extreme load cases are
presented. Fig. 4(a), which shows the case of a large load of
CLoad = 50 · Cin, presents deviations of less than −35% for
both approximated methods. These negative deviation results
in a reduced transistor sizes and leads to reduced area in the
approximated methods. This significant improvement in area
achieved by the CS and SA methods comes at the expanse of
minor increase in delay as shown.

Fig. 4(b), shows that for a small load of CLoad = 5Cin,
both approximated methods present relatively large negative
deviations in sizing factors (max. −56% for SA and −67%
for CS), which means that they are more area efficient for
small loads. Realistic maximum load capacitances in standard
logic chains and global interconnect (with repeaters) are ∼10–
20 Cin. However, recently, a unified LE, which utilizes and
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Fig. 5. Normalized delay as a function of the normalized CLoad.

optimize sizing of logic gates as repeaters in long interconnect
wires, is proposed [18]. In that paper, it was shown that for
this approach load capacitance of ∼100 Cin is realistic. As
the goal of this paper is not to limit the proposed LE for
standard cases only, we are providing results for loads of up
to 100 Cin. The delay for all methods as a function of load
capacitances is shown in Fig. 5. These results are normalized
to the delay of a minimum-sized Type A DML inverter.
The calculation is conducted by calculating the expression in
(5) with the sizing factors, found for each one of the methods.
The graph shows that as CLoad increases the relative error
decreases significantly. For example, for the SA technique,
minimum and maximum errors of 2.49% and 0.01% are
achieved for the loads of CLoad = 5 Cin and CLoad = 100 Cin,
respectively. For the CA method, these errors are increased to
6.37% and 0.19%.

The solution requires among the three methods deeply
depends on the necessary accuracy. Usually, it is safe to say
that because of the error inherently related to LE method
the SA method will be sufficient with a very small maximal
error of ∼2%. As can be seen, both methods present highly
precise results. It is clear, that for the cases with small load
capacitances or/and short chains, the SA method is preferable.
However, the CA method is sufficient for most of the cases.

B. Nopt Comparison

Nopt is calculated for various output load capacitances,
for all three methods. Nopt calculation for the CS method
requires solution of a set of the N −1 nonlinear equations (8).
MATLAB software is used to numerically solve the equations
by guessing circa. The solution area for each N until it
converges to the correct solution. In contrast to the CS method,
Nopt calculations using the CA and SA techniques are simple
and straightforward, as presented in previous section.

Fig. 6 shows a comparison between Nopt as a function of
CLoad for all methods. The deviations in Nopt are quite small
for all methods. In addition, as it will be shown in the next
section, usually error in Nopt leads to a zero error in delay, as
only integer Ns are possible.

C. Delay-Error for a Variable N

In Section III, the normalized delay as a function of
the normalized N to Nopt is expressed for the CA method
(Fig. 3). Here, the same ratio is derived for the CS method,

Fig. 6. Nopt for all three methods and for different CLoad.

Fig. 7. Normalized delay of the CS method as a function of normalized
N/Nopt for different loads.

as shown in Fig. 7. The deviation in delay also depends
on the load capacitance. Similarly to the behavior shown in
Fig. 3, overestimation in N is preferable over underestimation.
In addition, for different loads the curve rotates around the
normalization point. Therefore, the overestimation in N is even
more beneficial for larger loads.

V. GENERALIZING DML-LE METHOD FOR COMPLEX

GATES AND BRANCHES

This section presents a generalization of the DML-LE
method for complex topologies of gates and intersecting nets.
It is shown in Section IV that the CA and SA methods achieve
high precision results. Here, the CA method is generalized
and using the same approach the SA method can be also
generalized. In addition, this section justifies the efficiency
of these methods for complex DML gates.

A. Exploring a General DML Gate Delay Structure

Equation (3) describes the general delay expression of a
DML gate. This expression can be generalized, as shown in
(19) at the bottom of the next page, considering the branch-
ing effort and the mobility ratio factor, which differentiates
between Type A gates and Type B ones. where Nmin_drain
is the number of all complementary network transistors of
the gate that are directly connected to the output (in terms
of minimal width transistors), Ns_drain is the number of all
transistors of evaluation network and precharge transistors,
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TABLE II

GENERALIZED DML DELAY EXPRESSIONS FOR TYPE A GATES (FOR

TYPE B GATES ALL EQUATIONS SHOULD BE MULTIPLIED BY μn/p )

directly connected to the gate output (these transistors are
sized with S factor) and Xs_gate is the upsizing factor of the
transistors in the evaluation network of a gate that indicates
the upsizing of these transistors relatively to S (similarly
Xs_Load, if we represent the load capacitance in terms of
a gate capacitance). For a Type B gate the expression in
the right-hand side of (19) should be multiplied by μn/p .
Table II lists the delay expressions for the approximated and
nonapproximated stages with and without branching. This
table also considers approximated branching effort version.
The branching effort in CMOS (3) is independent of the sizing
factors if all gates in the same stage i are sized by the same Si.

TABLE III

P AND LE APPROXIMATIONS FOR SEVERAL COMPLEX GATES

Gates p and L E Approximations

NAND3_B,NOR3_A (4Si+1)/Si → 4

OAI21_B,AOI21_A (4Si+2)/Si → 4

OAI21_A,AOI21_B (5Si+2)/Si → 5

NAND2_B,NOR2_A (3Si+1)/Si → 3

As in DML, the branching effort depends on the sizing factors
Si, it should be approximated to simplify the delay expression.
The approximated branching effort expression can be seen in
(20), where �Xs_gate is summing all the Xs_gate of level i
and Xs_gate_on path_i is the only Xs_gate factor, which is on
the optimized path

biApproximated =

∑

(On+off) Path_i

(

X S_gate
)

X S_gate_on_path_i
. (20)

In Section III, two expressions regarding LE and p are
approximated for inverters: 2si+1 → 2si , Si+1+1 → Si+1
where Si is the i th stage sizing factor (for i > 2). Here, it
is shown that usually of complex gates this approximation
is even more negligible. Table III lists several approximation
examples of p and LE for several complex gates.

As Table III shows the approximation error decreases while
implementing complex gates (compared with inverter) in the
majority of cases. As discussed in Section III-A, the preferred
DML gates topology is such that the precharge transistor is
placed in parallel to the stacked transistors [9]–[11], i.e., NOR

in Type A is preferred over a NAND, and NAND in Type B
is preferred over NOR. Therefore, Table III shows only the
preferred gates.

B. Optimizing the Delay Under the CA Model for Complex
Gates

Optimizing the delay under the CA model implies the use
of the approximated LE, p for all stages of the design along
with the approximated branching, which is shown in Table II.
p, LE, and f are marked with a lower-case approximated to
emphasize that they are approximated. Summing (22) listed
in Table II for the whole N length chain (Type A and Type
B alternately), then differentiating by the sizing factors and
equating to zero results for all odd i ’s in (25) and for all even

D = t p0
DML

⎧

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩

p_DML
︷ ︸︸ ︷
(

NS_drainSi +N min _drain

)

2si
+

LE_DML
︷ ︸︸ ︷

(

X S_gateSi +1

)

2 · si
· bi

︸︷︷︸

b_DM L
· CLoad_on
(

X S_gateSi +1

)

︸ ︷︷ ︸

( f ·b)_DM L
︸ ︷︷ ︸

EF_DML

⎫

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎬

⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎭

(19)
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i ’s in (26) as follows:

Si

Si−1
= Si+1

Si

(i)Xi+1

μn/p(i − 1)Xi
(25)

Si

Si−1
= Si+1

Si
μn/p

(i)Xi+1

(i − 1)Xi
(26)

where for simplicity the next terms are defined as follows:

〈i〉 = LEDML_i bDML_i

Xs_gate_i
; Xs_gate_i = Xi .

The sizing factors series, Si , are shown in Table IV.
The required sizing factors (Table IV) are extracted from

E FDML = N

√

√

√

√
SN+1 X N+1

S1 X1

N
∏

i−1

L EDML_i

N
∏

i−1

bDML_i (27)

where FDML = SN+1 X N+1/S1 X1 and the branching and LE
values are approximated. For a general case, the sizing factors
could be calculated in a series from the last I = N + 1 (load)
to the first i = 1 by using the following expression:

for even i ′s : Si+1 Xi+1 = EFi

LEi .bi .
√

μn/p
Si Xi

for odd i ′s : Si+1 Xi+1 = EFi .
√

μn/p

LEi .bi
Si Xi . (28)

The optimal number of stages for a given load could be
computed similarly to (16) as follows:

γ (μ−0.5
n/p + μ0.5

n/p)
︸ ︷︷ ︸

C1

+ N
√

PEDML −
N
√

PEDML ∗ ln(PEDML)

N
= 0

(29)
where the optimal sizing factor can be numerically solved
using: EFDML_OPT = e(1+C1/EFDML_OPT), which leads to
EFDML_opt = 4.65. Similar to the results presented in
Section II for inverters, for large FDML, Nopt can be approxi-
mated by

Nopt ∼= logEFopt_DML
(PE) = logEFopt_DML

(F ∗ LE ∗ B). (30)

Similarly to the simple inverter chain, the CA computation
effort and the final mathematical results for complex gates are
intuitive and handy as for the standard CMOS LE. It can be
shown, that the SA method, which can be also easily derived
for the complex gates, is also very simple and requires use of
an additional lookup table.

VI. DML-LE EVALUATION FOR 40-nm PROCESS

Here, the proposed methodology is examined by a compari-
son between results of the LE optimization and that derived by
Cadence Virtuoso optimizer tool. The evaluation is performed
on two different logic networks, implemented in a low power
standard 40-nm technology.

Initially, a simple logic chain, identical to the chain theo-
retically analyzed in Section IV (N = 6), is examined. The
objective of this test is to compare between the results of the
delay optimization of all proposed LE methods to the results
of the Cadence Virtuoso Optimizer tool for different loads.
Simulated delay (SPICE) of the chain, sized according to the

Fig. 8. Six CMOS inverter chain delay as a function of the normalized load
capacitance for the DML CS method and for Cadence optimizer solution.

Fig. 9. Six CMOS inverter chain delay as a function of the normalized load
capacitance for the LE solution and for Cadence optimizer solution.

Fig. 10. Six DML inverter chain delay as a function of the normalized load
capacitance of all the DML-LE solutions and for Cadence optimizer solution.

DML-LE CS method, and the delay optimization derived by
the Cadence optimizer are shown in Fig. 8.

In addition, to compare the precision of the proposed DML-
LE methodology to a standard CMOS LE, the same test bench
is constructed with CMOS logic and is optimized with the
Cadence Virtuoso optimizing tool. The results of this test are
shown in Fig. 9.

As can be analyzed, both cases achieve a very similar
maximum error (3% for CMOS LE and 2.4% for DML-
LE). The maximum LE error in comparison with the optimal
optimizer solution is 3% for CMOS LE. A variety of different
chains are examined and very similar errors are achieved for
all test cases.

Fig. 10 compares the proposed SA, CS, and CA methods
as well as the results of the Cadence virtuoso optimizer. As
shown in Fig. 10, all methods present very similar results,
meaning that the CA methodology would be preferred over
the CS and SA because of significantly reduced computation
complexity. In addition, the DML LE sizing factors of the CA
and SA techniques are very similar to those of the optimizer
(errors of 2%–3% and smaller). Therefore, area and energy
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TABLE IV

COMPLEX GATES CHAIN SIZING FACTORS (Si ) FOR THE CA METHOD

S1 S2 S3 S4 SN+1

1 EF
√

μn/p

〈1〉X2
EF2 1

〈1〉〈2〉X2 X3
EF3

√
μn/p

〈1〉〈2〉〈3〉X2 X3 X4
EFN 1

〈1〉〈2〉〈3〉 . . . 〈N〉X2 X3 . . . X N+1

Fig. 11. DML CA and SA delay deviations from the CS method.

Fig. 12. DML complex network scheme.

overhead are extremely low, as compared with the optimizer
solution.

To investigate in-depth the performance of the SA, CS,
and CA techniques, the deviation in delay from the complete
solution, which is optimal for DML, is calculated, as shown
in Fig. 11.

As expected, the CA precision is improved for larger loads.
The precision of the SA is also very high for cases of small
loads (large N). Therefore, the SA method presents a good
tradeoff between computation complexity and precision for
these cases.

To evaluate the performance of an optimized DML complex
logic network, which includes branches (schematically shown
in Fig. 12) it is compared with the same CMOS network.
Although the CMOS network is optimized using a standard
LE, the DML network is sized according to the SA DML-LE
methodology. Fig. 13 shows the results of this comparison.
As can be seen, application of DML LE effort in complex
network results in maximum error of only ∼4.5% for small
loads, as compared with the Cadence optimizer results. This
is very close to the ∼3.8% error, achieved by the CMOS LE
optimization.

Fig. 13. DML and CMOS complex network delays, optimized using DML
and CMOS LEs, accordingly. In addition, the optimizer results for both
methods are presented.

VII. CONCLUSION

A novel LE approach for CMOS-based DML logic networks
was presented. The proposed approach allowed an efficient
optimization of DML logic networks for maximum perfor-
mance in the dynamic mode of operation, which was the
focus of this paper. DML logic, optimized according to the
proposed LE methods, allowed extended flexibility in opti-
mizing various structures of DML networks. This optimization
utilized the DML inherent properties of significantly reduced
parasitic capacitance and ultralow power dissipation in the
static operation mode [9]–[11]. This paper presented three
different approaches, which traded off between computation
complexity and accuracy. The complex CS method was only
addressed for error analysis of the other methods. The CA
method was identical to CMOS LE computation with very
small error and the SA method was also identical to the CMOS
LE computation aiding one more lookup table (which easily
derived for all cases and loads). We showed that with these
tools only a design can achieve very high performance results.
Advantages and drawbacks of each one of the methods were
discussed. Simulation results, carried out in a standard 40-nm
process, proved the efficiency of the proposed approach and
compared it with existing CMOS LE.

APPENDIX I

CMOS LE OVERVIEW

LE is a simplified method of transistor sizing optimization
to achieve an improved metrics of a combinational logic. The
detailed description of the conventional LE semantics can
be found in [1], [2], [23]. These techniques are extended to
include advance aspects of latest technologies such as tempera-
ture/voltage [14], low voltage [15], [16], interconnect inclusion
[17], [18], energy-delay optimization [19], and complex cells
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fitting [20]. According to this method, the gate normalized
delay of stage i (Di) in a gates chain can be expressed as a
sum of the stage (fi) and parasitic (pi) efforts as follows:

Di = fi + pi (31)

where fi = gi · hi · bi , gi is the LE of the stage; hi is the
electrical effort of the stage as follows:

hi � Cout_i

Cin_i
(32)

and bi is the branching effort of the stage as follows:

bi = Con_path_i + Coff_path_i

Con_path_i
. (33)

We will use the terminology presented in [8]. According
to this terminology, the LE of the stage is marked by LEi

and the electrical effort will be marked by fi . The equation is
normalized, for all parameters, to a simple inverter therefore
as follows:

pi �
Rgate_i

Rinv
.
CD,gate_i

CD,inv
(34)

LEi = gi � Rgate_iCG,gate_i

RinvCG,inv
. (35)

Using this terminology, the delay of a gate in stage i is as
follows:

Di = tpd_i

= tp0

⎛

⎜

⎜

⎜

⎝

pi ∗ γ +
E Fi

LEi ∗ bi ∗ Con_path_i

Cin_gate_i

hi

⎞

⎟

⎟

⎟

⎠

= tp0(pi ∗ γ + EFi ) (36)

EFi = LEi .bi .hi (37)

tP0 = 0.69RinvCd_inv

γ
tp.inv = 0.69RinvCd_inv (38)

where γ is a process parameter, deduced from

Cd_inv

γ
= Cg_inv. (39)

In CMOS logic, the pMOS PUN to nMOS PDN sizing
ratio is marked by β. β exists because of holes and electrons
mobility difference (40) [21]. With a gate average resistance,
PUN and PDN resistance ratio of (41) is as follows:

βopt ≈
√

Reqp

Reqn
=
√

μe

μp
(40)

Rinv 

[

Reqn + Reqp
β

]

2
; Reqp 
 μe

μp
Reqn. (41)

Conventional LE provides the well-explored solution for the
upsizing of a given CMOS gates chain. The upsizing factors
and amount of gates required in the chain are constrained by
CLOAD, logical functions, area, delay, and power requirements
[1], [2], [21]. Initially, the chain delay is estimated as follows:

D = tpd =
N
∑

1

Di = tp0

N
∑

1

(pi ∗ γ + EFi ). (42)

The optimal chain sizing considers upsizing each stage by
an optimal electrical effort (EFopt), which is given by

EFopt = N
√

PE = N

√

F ∗
∏

LEi ∗
∏

bi (43)

where PE is the path effort and F is the Cload to input
capacitance ratio. For a given chain, containing N CMOS
gates, N is not necessarily equal to the optimal number of
stages, Nopt. If N < Nopt, a number of inverters can be added
to better fit the stage effort of the path and therefore to improve
its delay. For N < Nopt, EFopt is given by

EFopt = 3.6 (for γ = 1). (44)

For this case, Nopt is given by Nopt
√

PE = EFopt.
For N > Nopt, EFopt can be approximated as follows:

N
√

PE = EFopt. (45)

EFopt (γ, Pinv dependent) may not be feasible in any path,
where N and PE are constrained.

APPENDIX II

SA METHOD FOR THE SIZING FACTORS OF DML
INVERTER CHAIN

Here, a SA approach is presented. The goal of the SA
approach, which is a compromise between the methods pre-
sented in Sections C and D, is to achieve relatively high
precision with a reduced computation effort in respect to the
CS method.

Omitting all terms of the gate/drain capacitances in (5)
may lead to an increased error in calculation of the delay
(Section III-D). This error is mainly because of the first
and the second terms of (5). Therefore, the SA approach
proposes to approximate only terms starting from stage i = 3.
Therefore, (5) turns to (46), shown at the bottom of the page.

Differentiating (46), as shown at the bottom of the page, by
all Si and equating to zero leads to the following set of N
expressions as follows:

d D

d S2
= 0 → S2

S1
= (γ + 1 + S3)

S2
μn/p

∀(odd_i > 1), (3, 5, 7 · · · ) : Si

Si−1
= Si+1

Si .μn/p

∀(even_i > 2), (4, 6, 8 · · · ) : Si

Si−1
= Si+1.μn/p

Si
. (47)

D = �N Di = tp0_DML

⎛

⎜

⎜

⎝

(2S1+1)
3S1

γ ′ + (S2+1)
2S1

+ �
odd_i > 1
Type_A : 3, 5, 7 . . .

(

(2Si+1)
3S1

γ ′ + (Si+1+1)
2Si

)

+

+
(

μn/p

[

(2S2+1)
3S2

γ ′ + (S3+1)
2S2

])

+ �
even_i > 2
Type_B : 4, 6, 8 . . .

(

μn/p

[

(2Si+1)
3Si

γ ′ + (Si+1+1)
2Si

])

⎞

⎟

⎟

⎠

(46)
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TABLE V

INVERTER CHAIN SIZING FACTORS Si OF THE SA METHOD

S1 S2 S3 S4 S5 SN−1 SN

1 S2(A1)
A0.5

1√
μn/p

S2(A1) A1S2(A1)
A1.5

1√
μn/p

S2(A1) A
N
2 −1

1 S2(A1)
A

N−1
2

1√
μn/p

S2(A1)

The solution to this equation results in the Si sizing factors.
where S2 is the solution to the quadratic equation as follows:

S2(A1) =
√

A1μn/p +√A1μn/p + 4(γ + 1)μn/p

2
(48)

and A1 is given by

A1 =
[

SN+1

S1

2

1 + √
1 + 4(γ + 1)/A1

] 2
N

. (49)

Calculation of A1 requires extraction of SN+1 from CLoad
(15). The set of (47) can be solved for any CLoad and any N
using MATLAB or a similar tool to produce one lookup table
for increased user convenience/automation.

As can be seen, the difference between the SA and CA
methods is the addition of the 4(γ + 1)μn/p term in (48).

To conclude, to utilize the SA method, the sizing factors
should be calculated from the FDML and A1 metrics as follows:

A1 = fDML = N
2
√

FDML (50)

FDML = SN+1

S1

2

1 + √
1 + 4(γ + 1)/A1

= f
N
2

DML. (51)

To calculate the optimal chain length Nopt, under a given
CLoad, (50) and (51) are substituted in (46) to obtain the delay
D as follows:

D = t0p_DM L
⎛

⎜

⎜

⎜

⎝

(2s1+1)

3s1
γ ′+ (s2+1)

2s1
+μn/p

[

(2s2+1)

3s2
γ ′+ (s3+1)

2s2

]

+
(

(N −2)

2

2

3

3

2
γ ′(1+μn/p) + (N −2)

2
2
√

μn/p A0.5
1

2

)

⎞

⎟

⎟

⎟

⎠

.

(52)

Consequently, S1 − S3 from (48), Table V is substituted
in (52), which is then, using (53), N differentiated and zero
equated as follows:

NA1 =
2 ln
(

2SN+1
S1(1+√

A1+4(1+γ ))

)

ln(A1)
. (53)

Finally, we reach (54) that only contain A1 as follows:
⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

√
μn/p

⎡

⎢

⎣(A−0.5
1 + b)

⎡

⎢

⎣

1

8
+ − (1 + γ )
[

2S2(A1)√
μn/p

]2

⎤

⎥

⎦

−1

4
A−0.5

1 + N(A1).
A−0.5

1

4

]

∗
⎡

⎣

ln(A1)
4b.(1+γ )

A2
1(1+b)

− N(A1)
A1

⎤

⎦+
(

γ

2
(1+μn/p)+

√
μn/p ∗ A0.5

1

2

)

= 0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(54)

where b = (A1 + 4(1 + γ ))−0.5.
To obtain the optimal number of stages Nopt, we further

numerically solve (54) for A1 and substitute A1 in (53).
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