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PNS-FCR: Flexible Charge Recycling
Dynamic Circuit Technique for

Low-Power Microprocessors
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Abstract— Due to the superior speed and area characteristics,
dynamic circuits are widely applied in data paths and other
time critical components in modern microprocessors. The
high switching activity of dynamic circuits, however, consumes
significant power. In this paper, a p-type/n-type dynamic circuit
selection (PNS) algorithm and a flexible charge recycling (FCR)
design methodology are proposed to achieve high power efficiency
in data paths. The effects of technology scaling, data path width,
design complexity, clock skew, and environmental conditions are
discussed. Simulation results show that the power consumption of
an arithmetic and logic unit (ALU) with the proposed PNS-FCR
can be reduced by up to 60% as compared with a conven-
tional ALU. An 8-bit ALU test circuit has also been manufactured
based on a 0.35-µm Global Foundries technology, demonstrating
the power and area efficiency of the proposed methodology.

Index Terms— Application conditions, charge recycling, low
power, n-type dynamic circuit, p-type dynamic circuit, technology
scaling.

I. INTRODUCTION

OVER the past four decades, the number of transistors
in a chip has grown continuously [1], [2]. With an

increasing transistor density, the power consumption of
microprocessors has become a major design issue for a wide
range of applications, from ultralow power medical sensors to
high performance microprocessors in leading servers [3]–[5].
As a fundamental part of modern microprocessors, data
paths perform computing operations, typically along the
critical path. The operating speed of the data paths usually
determines the achievable operating frequency of the entire
microprocessor. At the same time, the data path is one of
the most active components and consumes a significant
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share of the total power consumption. This situation is
further exacerbated for those applications with an intensive
computation, such as digital signal microprocessors and
multimedia processors with multiple cores [6]. Hence,
it is vital to achieve low power data paths in modern
microprocessors.

Due to the superior speed and area characteristics,
dynamic circuits are widely applied in data paths and other
time critical paths [7], [8]. For example, in the 32-nm
Intel Itanium microprocessor, code named Poulson, and the
32-nm AMD microprocessor, code named Bulldozer, the
on-chip memory and arithmetic and logic unit (ALU) adopt
n-type dynamic circuits to minimize latency [1], [7]. However,
since the dynamic circuits are usually cascaded to form
domino CMOS logic, each stage of dynamic logic requires a
static CMOS inverter to ensure that all inputs to each stage
are maintained low during the precharge phase [11]. This
property makes synthesizing dynamic circuits with Computer
Aided Design (CAD) tools more difficult than synthesizing
static CMOS circuits. In addition, the varying characteristics
of different types of dynamic circuits (n-type and p-type)
increase the design complexity of a data path. Unfortunately,
the existing solutions are not sufficient to solve these issues.

In this paper, a novel p-type/n-type dynamic circuit
selection (PNS) algorithm and a flexible charge
recycling (FCR) design methodology are proposed, referred
to here as PNS-FCR, which targets low power data paths in
modern microprocessors.

The primary contributions of this paper are as follows.

1) A novel PNS algorithm is presented to provide charge
recycling and explore power saving opportunities for
specific applications (Section III-B).

2) A design flow to achieve power efficient data paths is
presented (Section III).

3) An analysis of power efficiency of the PNS-FCR is
provided and an analytical model is described for
estimating the power savings of PNS-FCR
(Section III-D).

4) A comprehensive suite of simulations is discussed,
evaluating the effects of technology scaling, data path
width, design complexity, clock skew, and environmental
conditions. These simulations demonstrate that
PNS-FCR provides low design complexity, good
design flexibility, and significant power savings, while
achieving the targeted performance objectives of
different applications (Section IV).
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Fig. 1. n-p dynamic circuits.

5) An ALU IC is described based on a 0.35-μm Global
Foundries technology, demonstrating the power and
area efficiency of PNS-FCR (Sections IV-D and IV-E).

The rest of this paper is organized as follows. Relevant
background and related work are introduced in Section II. The
proposed PNS-FCR is presented in Section III. The evaluation
results are provided in Section IV. Finally, the conclusion is
drawn in Section V.

II. BACKGROUND AND RELATED WORK

A. n-p Dynamic Circuits

Dynamic circuits can be classified into two categories:
1) n-type and 2) p-type. The n-type dynamic circuits
adopt high-speed nMOS transistors to achieve high
performance. Alternatively, p-type dynamic circuits use
slower pMOS transistors in the evaluation path, and therefore,
the speed is slower, but the power efficiency is enhanced
due to the suppressed gate and subthreshold leakage current
generated by pMOS transistors [17].

The n-p dynamic circuit has been proposed as a race-free
dynamic CMOS technique for pipelined circuits [21], [26].
As shown in Fig. 1, an n-p dynamic circuit is constructed
of cascaded nMOS and pMOS dynamic logic networks.
A clock signal CLK and the complement signal (CLKB)
control the circuit operation, which is divided into
precharge and evaluation phases. The precharge phase
starts when the CLK signal switches low. Nodes N1 and
N3 are precharged to high, while nodes N2 and N4 are
discharged to low. As CLK rises to high, the circuit evaluates
nodes N1, N2, N3, and N4 according to the logic functions of
the pull-up network or pull-down network. The n-p dynamic
circuit has lower intrinsic delay and requires less silicon
area due to the more compact logic than with the static
CMOS logic [27].

B. Related Work

Many techniques have been developed to achieve dynamic
circuits for data paths. Gopalakrishnan and Katkoori [9]
propose a binding algorithm-based framework for low leakage
data paths. Although effective for some applications, this
multiple threshold technique results in considerable speed
loss, accordingly is not suitable for high performance
applications such as leading servers. A macrodriven data
path design methodology has been developed in [10], which
generates possible topologies for different macros. In addition,
three methodologies for synthesizing dynamic circuits are

Fig. 2. Proposed PNS-FCR methodology.

presented in [11]–[13], but these systems only consider
conventional n-type dynamic circuits, failing to include
p-type dynamic circuits. In [14] and [15], crosstalk-aware
and speed-aware synthesis methodologies are presented,
respectively, but neither consider power efficiency. Finally,
a dynamic data path is synthesized automatically in [16],
but requires a significant silicon area. What is more, the
common feature of these techniques is that the potential for
low power by combining different types of dynamic circuits
is not effectively explored.

To optimize the power efficiency, the proposed
PNS-FCR enables PNS with the charge recycling
technique. The charge recycling technique has been used in
power-gating circuits and race-free pipelines to reduce power
consumption [21], [33], [34]. The charge recycling technique
between p-type and n-type dynamic circuit is previously used
in [32]. In this paper, the charge recycling technique is present
as flexibility for more power saving to enable power efficient
data path design methodology. As compared with [32],
the charge recycling path is optimized as two transistors
to decrease power and avoid much more influence of the
threshold voltage, a design flow with flexible mechanism
is proposed in this paper, and the simulation and chip-test
results show that the proposed PNS-FCR provides significant
power savings, low design complexity, and good design
flexibility. In addition, the presented design methodology can
be extended to multiple logic styles, such as static CMOS,
pass gate [26], transmission gate [26], and tristate gate [27].

III. PROPOSED AUTOMATED DESIGN METHODOLOGY

The proposed PNS-FCR, exploring power saving opportu-
nities for data path circuits, is presented in this section. The
three-step PNS-FCR design methodology is depicted in Fig. 2.
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A. Gate Library

Since the regular modules of a data path (including the
arithmetic unit, logic unit, and bit shift unit) are typically
designed with basic gates, a gate library is the initial step
of PNS-FCR. Based on two types of dynamic circuits, the
basic gate library is designed to produce a data path, as shown
in Fig. 2.

The gate library includes AND gate, OR gate, XOR gate,
shift gate, inverter, Carry cell and Sum cell of a full adder, and
other basic gates. Note that to conveniently exchange gates
and modules, two types of each gate occupy similar layout
area.

In the gate library, the delay (D) and power (P) of
gates are influenced by the operation condition and the
specific input/output switching. Therefore, at the corner of
the Process, Voltage, and Temperature (PVT) variations, in
the worst case of the input, and with a fan-out of 4, the delay
(D) and power (P) of gates in the gate library are simulated
to get the reliable performance. For example, the delay (D)
and power (P) of a two-input OR gate are designed with
a fan-out of 4, and are simulated using the SPICE models
including PVT variations. At the same time, when one input is
transmitted from 1 to 0 or from 0 to 1, the other one keeps 0,
the delay is D1−0 and D0−1, respectively, then the delay (D)
is Max{D1−0, D0−1}; when two inputs are simultaneously
transmitted from 1 to 0 or from 0 to 1, the power is P1−0 and
P0−1, respectively, then the power (D) is Max{P1−0, P0−1}.
What is more, the delay and power of the gates strongly
depend on the threshold voltage (Vth) and supply voltage
(Vdd). For a specific Vth and Vdd, the power and delay of
each gate are characterized. The delay (D) and power (P)
relationship of different types of gates can be expressed as

DNtype(Vth, Vdd) < DPtype(Vth, Vdd) (1)

PNtype(Vth, Vdd) > PPtype(Vth, Vdd). (2)

Note that, for each logic gate in the library, it includes
input and out pins, and the position information for a potential
FCR cell connection, which will be discussed in detail
in Section IV-B.

In addition to basic logic gates, an FCR cell (including
two transistors, pin connecting to CLKB, and pins connecting
to Nn and Np) is also built in gate library for charge recycling,
as shown in Fig. 2.

B. PN Selection Algorithm
Based on the gate library, the appropriate type of gate

is selected to implement a data path, as shown in Fig. 2.
To satisfy the performance requirements of different
applications, a PNS algorithm is introduced based
on the multidimensional multiple-choice 0-1 Knapsack
problem (MMKP) [9], [18]. The delay of the critical path
determines the performance of the data path. The gates in the
critical path are required to meet the performance constraint,
while the gates in the noncritical paths use a low power
version to enhance power efficiency.

The proposed PNS algorithm behaves as follows. Assume
n gates are in the critical path. In the gate library, each gate

has two types. The delay and power of each type of gate
are expressed as, respectively, Dij (Vth, Vdd) and Pij (Vth, Vdd)
(i = 1, 2, . . . , n, j = 1, 2). Dij (Vth, Vdd) > 0 and
Pij (Vth, Vdd) > 0. Consider the delay constraint Dc(Dc > 0).
n gates (each gate is selected from two types of gates) need
to be determined. There is a 0/1 matrix |xi j |, xi j ∈ {0, 1} to
satisfy

∑∑
Dij (Vth, Vdd)xi j ≤ Dc and achieve the minimum

value of
∑ ∑

Pij (Vth, Vdd)xi j . Accordingly, a PNS can be
formulated as an MMKP [18]

min Max
n∑

i=1

2∑

j=1

Pij (Vth, Vdd)xi j (3)

s.t.
n∑

i=1

2∑

j=1

Dij (Vth, Vdd)xi j ≤ Dc,

xi j ∈ {0, 1}, i ∈ [1, n], j ∈ [1, 2]. (4)

Similar to MMKP, a PNS can be solved using a dynamic
programming approach [18], branch and bound approach [19],
as well as recent Graphics Processing Unit-based approaches
[20].

C. Flexible Charge Recycling Technique

A key design issue in low power data paths is exploring the
choice of different power efficient n-type and p-type gates.
Accordingly, the FCR is proposed to achieve high power
efficiency, as shown in Fig. 3.

Consider a critical data path with two cascaded gates. The
initial gate is an n-type dynamic gate, while the latter gate is a
p-type dynamic gate. During the precharge stage (CLK = 0),
the dynamic node of the n-type gate Nn is precharged
to Vdd through transistor Pcn, while the dynamic node of the
p-type gate Np is discharged to ground through transistor Ncp.
In the evaluation stage, provided that the necessary input
combination is applied, Nn is discharged to ground and Np is
charged to Vdd. Otherwise, the high state of Nn and low state
of Np are maintained until the next precharge stage. As the
evaluation process completes, Nn discharges from high to low
and Np charges from low to high. In the following precharge
stage, Nn and Np both consume dynamic power by charging
Nn from Vdd and discharging Np to ground. If a switch is
inserted between the two dynamic gates, Nn is charged by
Np through a charge recycling path, thereby reducing the
dynamic power. Toward this direction, a zipper dynamic full
adder is taken as an example, as shown in Fig. 3. When the
input vectors of full adder are respectively (1, 1, 0), (1, 0, 1),
and (0, 1, 1), at the end of an evaluation stage, Nn has been
discharged to Gnd while Np has been charged to Vdd, and the
switch is turned on. And then, a desirable charge recycling
path between Nn and Np is built. The voltage waveforms of
Nn and Np , when full adders are without and with FCR cell,
are shown in Fig. 4. With the FCR cell, in the precharge stage,
the CLKB makes the recycle path available. Consequently,
two supplies Vdd and Np charge Nn simultaneously, which
makes the precharge speed much higher as compared with the
conventional circuit with only single supply Vdd charging Nn .
As also observed in Fig. 4, the additional capacitance Cr

between dynamic nodes Nn and Np due to an adding charge
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Fig. 3. FCR technique.

Fig. 4. Waveforms of CLK and dynamic nodes without and with FCR cell. (a) Waveform of CLK and (b) Waveforms of dynamic nodes without and with
FCR cell.

recycling path has an negligible effect on evaluation speed.
This is because, compared with Cp and Cn , Cr is much
smaller. Accordingly, in the evaluation stage, the voltage
waveforms of Nn and Np without and with the FCR cell
almost overlap, as shown in Fig. 4.

To exploit the FCR, the charge recycling paths can be
inserted between two independent gates as well as the
two neighboring gates, as shown in Fig. 3. Accordingly,
if r p-type gates and q n-type gates are selected for a critical
path, min(r, q) charge recycling paths can be inserted to
reduce power. Assuming that there is no charge recycling
path in uncritical path, the power reduction factor η can be
expressed as

η =
∑min(r,q)

i=1 αi Pre
i (Vth, Vdd)

∑n
i=1

∑2
j=1 Pcr

i j (Vth, Vdd)xi j + ∑m
i=1 Puc

i (Vth, Vdd)
(5)

where αi is the power reduction factor of every
two n-p gates (an n-type and p-type) within the charge
recycling path. Pre

i (Vth, Vdd), Puc
i (Vth, Vdd), and Pcr

i j (Vth, Vdd)

are, respectively, the power consumed by every two gates
without the charge recycling path, the power consumption
of each gate within a noncritical path, and the power
consumption of each gate within a critical path.

D. Power Efficiency of PNS-FCR

An analytic model is provided for the power reduction
factor αi . A couple of dynamic gates (one n-type dynamic
gate and one p-type dynamic gate) are taken as an example, as
shown in Fig. 3. During a clock cycle (including the evaluation
and precharge phases), the total energy Et , dissipated by
one n-type dynamic gate and one p-type dynamic gate, is

Et = CpV 2
dd + Cn V 2

dd. (6)

Once a charge recycling path is determined, at the end
of the evaluation phase, Cp is charged to Vdd and Cn is
discharged to ground. The precharge phase arrives and the
charge recycling process is enabled. Cn is charged by Cp until
the voltage of Np(Vp) and Nn(Vn) reaches Vp = Vn + Vth,
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as shown in Fig. 3. The charge on Cp and Cn are, respectively,
Q p and Qn [21]. Accordingly, the total charge Q is

Q = CpVdd = Qn + Q p = CpVp + Cn Vn (7)

Q = CpVdd = Cp(Vn + Vth) + Cn Vn. (8)

From (7) and (8), Vn and Vp are, respectively

Vn = Cp

Cn + Cp
(Vdd − Vth) (9)

Vp = Cp

Cn + Cp
Vdd + Cn

Cn + Cp
Vth. (10)

Thus, the energy dissipated by the n-type gate (E re
n ) and

p-type gate (E re
p ) within a clock cycle is, respectively

E re
n = Cn V 2

dd

2
+ Vdd

2

∫ Vdd

Vn

CndV (11)

E re
p = CpV 2

dd

2
+ Vdd

2

∫ Vp

0
CpdV . (12)

In addition, when the recycling path works, the energy
dissipated to switch ON and OFF the transistor M5 and M6
(as shown in Fig. 3) is Er = Cr (Vdd)

2. Cr is the equivalent
capacitance at the gates of M5 and M6. If Cr is expressed
as a function of Cp and Cr = tCp , t is determined by the
sizes of M5 and M6. What is more, because of the charge
redistribution effect, the parasitic capacitance of the charge
recycling path to the grounded substrate, Cpr, will increase
the static energy dissipation. In the Appendix, the energy
dissipation is proved to be Epr = Cpr(Vdd)

2. Assume Cpr is a
function of Cp and it can be expressed as Cpr = wCp . Here,
w is also dependent on the sizes of M5 and M6.

Summing the energy of (11), (12), Er , and Epr, the total
energy dissipated (E re

t ) within a clock cycle when a recycling
path is applied is

E re
t = E re

n + E re
p + Er + Epr (13)

where

E re
t = C2

p + C2
n + CpCn

Cp + Cn
V 2

dd + CpCn

Cp + Cn
VddVth

+Cr V 2
dd + CprV

2
dd

= C2
p + C2

n + CpCn

Cp + Cn
V 2

dd + CpCn

Cp + Cn
VddVth

+(t + w)Cp V 2
dd. (14)

Thus, from (6) and (14), the energy reduction factor αi is
provided by

αi = Et − E re
t

Et
= CpCn

(Cp + Cn)2

(
Vdd − Vth

Vdd

)

+ (t + w)Cp

(Cp + Cn)
.

(15)

Equation (15) shows that the energy reduction is maximized
when Cp = Cn , and αi is more effective for small Vth.
For example, in a 45-nm CMOS technology with Cp = Cn ,
Vdd = 1 volts, and Vth = 0.22 volts [22], αi = 19.5% +
0.5(t + w).

Summing (5) and (15), the power reduction factor η is (16),
as shown at the bottom of the page.

Consider the case where Cp = Cn , (16) takes the form
in (17), as shown at the bottom of the page.

Note that the delay penalty of the evaluation stage due to
inserting a switch is <2% [21]. The reason is shown in Fig. 4
and discussed in Section III-C.

E. Design Flow for a Data Path Based on FNS-FCR

As shown in Fig. 2, the design flow for a data path based
on FNS-FCR is as following:

1) First, the gate library based on a p-type/n-type dynamic
circuit is built. Two types of each gate occupy similar
layout area to avoid the area penalty.

2) Based on the gate library, the appropriate type of gates
is selected using PNS to implement the data path or
critical path, satisfying the performance requirements of
different applications.

3) Next, the FCR is utilized to achieve high power
efficiency in critical path by inserting the charge
recycling paths between two independent gates or
two neighboring gates. Note that the FCR is a
tradeoff between power, performance, and silicon
area.

4) Then, apply the proposed PNS-FCR to noncritical paths.
The critical path is typically much longer than uncritical
path in the data path, and therefore, the gates in the
uncritical path employ p-type for power efficiency.
However, if an uncritical path formed by all p-type
gates is even slower than the critical path, n-type gates
would be inserted to meet the delay constraint based
on PNS, and then the FCR is used to enhance the
power efficiency.

5) Finally, the routing is completed manually or by
CAD tools.

Note that, with PNS-FCR, the potential implemented design
depends on available gates in the library, and therefore, the

η =
[

C pCn

(C p+Cn)2

(
Vdd−Vth

Vdd

)
+ (t+w)C p

(C p+Cn)

]
min(r, q)

∑min(r,q)
i=1 Pre

i (Vth, Vdd)
∑n

i=1
∑2

j=1 Pcr
i j (Vth, Vdd)xi j + ∑m

i=1 Puc
i (Vth, Vdd)

(16)

η =
[
0.25

(
1 − Vth

Vdd
+ 2t + 2w

)]
min(r, q)

∑min(r,q)
i=1 Pre

i (Vth, Vdd)
∑n

i=1
∑2

j=1 Pcr
i j (Vth, Vdd)xi j + ∑m

i=1 Puc
i (Vth, Vdd)

(17)
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TABLE I

αi AND DELAY PENALTY IN A 32-bit RIPPLE CARRY ADDER

designers need to adapt the gate library for target applications.
In this paper, the function block is design based on dynamic
circuit, the gate library, therefore, includes two kinds of
gates: 1) p-type dynamic gate and 2) n-type dynamic gate.
The proposed PNS-FCR can be extended to include multiple
logic styles. For example, if the gates in the library are
designed in different logic styles, such as static CMOS,
pass gate [26], transmission gate [26], tristate gate [27], n-type,
and p-type dynamic logic, the gate selection will be performed
among different logic styles to enhance the power efficiency
while meeting the performance requirement and then the
FCR will be applied between the selected n-type and p-type
dynamic gates to further improve the power efficiency. In such
extended application condition, the effective transmission and
interaction of signals (such as CLK) between different logic
styles is a major implementation consideration.

IV. EXPERIMENT RESULTS

A. Sizing Methodology

The size of the dynamic circuits is an important issue with
PNS-FCR. Due to the tight delay constraints, the range of
sizing is narrow in dynamic circuits [23]. Since the evaluation
path is the critical path that determines the access time of a
dynamic circuit, transistor sizing requires excessive care due
to performance concerns.

1) The width of the transistors in the PDN is determined
by the method of logical effort [28] and the output
static inverter is skewed to achieve a fast evaluation
speed.

2) Sizing the footer and keeper requires careful balance
among the application-specific access time, noise
margin, and power consumption. Because the width
of the footer simultaneously influences the evaluation
speed and clock load, it is typically in the range of
one to four times. The keeper size is determined by the
keeper ratio (K ), as described by (18). As K increases,
due to the large contention current generated by the
strong keeper, the noise immunity is improved while
increasing the access time and power consumption.
Therefore, to provide fast evaluation speed with a
reasonable noise margin, the keeper size is restricted to
satisfy the condition 0.1 < K < 1 [37].

In the proposed gate library, considering the sensitivity of
dynamic circuits to noise, leakage current, and charge sharing,
the keeper is sized with K = 0.5. In addition, the footer width
is set equal to the width of the transistors in the PDN

K = μp(W/L)keeper

μn(W/L)PND
. (18)

In the following sections, the effectiveness of FCR in
reducing power consumption is evaluated on a 32-bit
adder. The power efficiency of PNS-FCR is evaluated on
ALU benchmarks selected from ISCAS85 [29], [30] and
74X-Series benchmark suites [30]. The effectiveness of
PNS-FCR on a 0.35-μm CMOS test circuit is also evaluated.

B. Verification of FCR

To verify the effectiveness of FCR, a 32-bit ripple carry
adder with clock-delay [35], which is usually employed along
the critical path in data path, operating at 1 GHz for three
different deep submicrometer technologies (65, 45, and 32 nm)
has been evaluated. Each full adder with FCR includes
one n-type Sum cell, one p-type Carry cell (zipper
dynamic full adder), and one FCR cell to enhance power
efficiency (Fig. 3). Accordingly, there are 32 charge recycling
paths in a 32-bit ripple carry adder.

The simulation results are listed in Table I. According
to (15), αi is influenced by the device size of the charge
recycling path. Therefore, the power distribution method [32]
is used to find the optimal size of transistors in the
charge recycle path for the most effective FCR. As shown
in Table I, as W/L of M5 and M6 in the charge recycling
path are 10, 15, and 20, αi , respectively, achieves 11.7%,
7.3%, and 3.3% in three deep submicrometer technologies.
Obviously, the effectiveness of FCR is influenced by
technology scaling. This behavior occurs because, in a scaled
technology, Vdd is reduced to maintain dynamic power within
acceptable levels [24]. To satisfy performance requirements,
Vth and the gate oxide thickness (tox) of the transistors are
also reduced as Vdd is lowered, leading to exponential growth
in subthreshold and gate leakage currents [24]. As a result,
the leakage power accounts for a larger proportion of the
total power consumption. The effectiveness of FCR, which
primarily reduces switching power, degrades with technology
scaling. Despite this characteristic, for a 32-nm ripple carry
adder, the power savings of 3.3% are achieved as compared
with conventional dynamic circuits.

As discussed in Section III-C, the FCR leads a small delay
penalty on the evaluation stage, but it greatly improves the
speed in the precharge stage. Accordingly, the FCR enhances
the overall speed of the adders by up to 4.05%, as listed
in Table I. In addition, due to the switch insertion, silicon
area increases with the number of the charge recycling path.
The silicon area of adders is taken as the total transistor width
of the circuit [36]. As for 32-bit ripple carry adders in three
deep submicrometer technologies, there are totally 32 charge
recycling paths and the area overhead are, respectively,
4.9%, 3.4%, and 2.3%. Fig. 5 shows the layout of
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Fig. 5. Layout of a 32-bit ripple carry adder based on 65-nm SMIC technology.

Fig. 6. n-type dynamic gate and p-type dynamic gate with/without FCR. (a) Layout. (b) Schematic.

a 32-bit ripple carry adder based on the
65-nm Semiconductor Manufacturing International
Corporation (SMIC) technology. The adder is formed
by 32 zipper dynamic full adders that include Carry cell,
FCR cell, and Sum cell (Fig. 3). The FCR cell consumes a
small portion layout of the entire adder. Note that Metal4 is
particularly used for clock routing and it is set at the fixed
position of each gate, as shown in Fig. 5. This is because, for
a standard digital circuit, all of the gates are designed with

the same height and they can be placed in parallel to achieve
the connection of power line and ground line. At the same
time, clock signals can be connected easily by extending the
CLK and CLKB wires or using metal4 and via, without an
additional complex routing work.

Note that, the n-type dynamic gate and p-type dynamic
gate include input and out pins, and the position information
of FCR. This position (Nn and Np) is just the metal used
as dynamic nodes inside both n-type and p-type dynamic
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Fig. 7. Voltage waveforms of Nn and Np considering clock skew. (a) Voltage waveforms of (a) CLK, (b) CLKB, (c) Nn, and (d) Np without and with clock
skew.

gates, which is, respectively, illustrated in layout and schematic
perspectives in Fig. 6(a) and (b). Accordingly, even if no
FCR cell added, there is no floating metal left in the layout.

Based on the above analysis, the FCR is a tradeoff between
power consumption, performance, silicon area, which is
required to meet the design constraints of target applications.
In particular, if the power consumption and speed are top
design priority, FCR is preferred to achieve high power
efficiency and high performance; alternatively, if the area
constraint is tight with large power budget, the area overhead
induced by FCR would be a major consideration, and
therefore, FCR can be skipped over in the design flow.

Furthermore, since the working process of an adder strongly
depends on CLK and CLKB, the clock skew may influence
the timing characteristics of the entire circuit. To evaluate
the impact of the clock skew, a 45-nm zipper dynamic full
adder (Fig. 3) is taken as an example with 1 GHz CLK and
input vectors, respectively, (1, 1, 0), (1, 0, 1), and (0, 1, 1).
The results are shown in Fig. 7. It shows that the clock skew
increases the delay time of the circuit, especially it induces
the large precharge delay penalty of Nn and Np . This is
because, the inserted charge recycling paths are controlled
by CLKB (Fig. 3). In the precharge stage, CLKB keeps 0 due
to the clock skew, which cuts off the charge recycling path and
influences the speedup benefits offered by the proposed FCR.
In the worst condition with an extremely large clock skew,
there is no enough time for Np to finish the precharge and
evaluation process, resulting in logic error.

C. Application of PNS-FCR to ALU

A set of ALU benchmarks from the ISCAS85 and
74X-Series suites is used to verify the effectiveness and
design flow of PNS-FCR. In modern microprocessors,

Fig. 8. 8-bit ALU.

the ALU is typically partitioned into functional modules and
control blocks. To simplify the analysis, a standard ALU,
as illustrated in Fig. 8, is used. The functional modules
perform Boolean logic (such as AND, OR, and XOR) or
arithmetic operations (such as Add and Shift), and are
highly regular [25]. The delay of an ALU is determined
by the critical paths. In an ALU, the adder is usually
slower than other modules, particularly a ripple carry
adder. ALUs with ripple carry adders operating at
speeds ranging from 100 MHz to 1 GHz with a 3.3 volt
supply voltage have been developed in a 0.35-μm Global
Foundries technology [31]. The delay Dij (Vth, Vdd) and
power Dij (Vth, Vdd) are characterized in the gate library.

As compared with conventional ALUs, the normalized
power savings of a 4-, 8-, 9-, and 12-bit ALU with the
proposed technique for various conditions is shown in Fig. 9.
The maximum operating frequency of the ALU is lower
with longer data paths. For example, a 4-bit ALU can
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Fig. 9. Normalized power savings of ALUs with PNS-FCR.

achieve 1 GHz. The 8- and 9-bit ALUs operate successfully
under 500 MHz, and the maximum frequency of a 12-bit ALU
is only 300 MHz. As also shown in Fig. 9, the power savings
of the ALUs decrease gradually with an increasing speed.
An interesting observation is that the 4-bit ALU, operating
between 100 and 300 MHz, saves the same power. This
behavior occurs because the p-type dynamic gates achieve the
highest power efficiency operating at 300 MHz. Therefore, an
ALU operating between 100 and 300 MHz all adopt p-type
dynamic circuits. Similarly, for 8- and 9-bit ALUs, the circuits
exhibit the same power efficiency at frequencies between
100 and 200 MHz.

Another observation illustrated in Fig. 9 is that the effect
of the performance requirements on the power savings of
a 4-bit ALU is more significant than other ALU bit widths.
This behavior is because fewer gates along the critical path
of a 4-bit ALU consume less power, which accounts for a
lower proportion of the total power consumption. As shown
in Fig. 9, over 41% power savings can be achieved in a 4-bit
ALU with PNS-FCR. In particular, for a 100-MHz ALU with
different bit widths, PNS-FCR can realize power reductions
of up to 60%.

The type of full adder in the critical path of an ALU with
PNS-FCR is listed in Table II. Each full adder consists of a
Sum cell and a Carry cell. With one n-type and one p-type
dynamic full adder in the critical path, two charge recycling
paths can be applied to four cells. Considering the zipper
dynamic full adder shown in Fig. 3, one charge recycling path
can be inserted between the Sum cell and Carry cell. The
number of charge recycling paths (NCR), determined by the
available n-type, p-type, and zipper modules, is

NCR = 2 ∗ min(num(N), num(P)) + num(Zipper) (19)

where num(n), num(p), and num(zipper) are, respectively, the
number of n-type, p-type, and zipper modules. For example,
for a 12-bit ALU operating at 200 MHz, the critical path

consists of six p-type, one zipper, and five n-type dynamic
full adders. NCR is therefore 11.

As also observed in Table II, NCR depends on the
performance requirements of the applications. For low
frequency applications, all of the ALUs employ p-type
dynamic circuits along the critical path. With an increasing
performance, more n-type dynamic circuits are added to the
critical path and more charge recycling paths are inserted to
improve power efficiency, as indicated by (19). NCR, therefore,
continues to increase until the maximum frequency is
achieved. NCR decreases with an increasing frequency
due to fewer available p-type dynamic circuits. As a 4-bit
ALU operates at 1 GHz, the modules are all n-type and
no charge recycling path is added, as listed in Table II. Note
that, for wider ALUs, the design flow of PNS-FCR is the same
as 8–12-bit ALUs. Their only difference is the width of
the critical path. In addition, in wider ALUs, the critical
path usually passes through its 32-bit adder, which has been
discussed in Section IV-B.

D. Overall Effectiveness of PNS-FCR

For a more comprehensive analysis of PNS-FCR, design
complexity should be considered. Based on (19) and Table II,
the NCR for different ALUs ranges from 0 to 11. A larger
NCR indicates more charge recycling paths, leading to greater
design complexity and lower design efficiency. Accordingly,
the design efficiency of an ALU with PNS-FCR is 1−NCR/12.
The design efficiency has 12 levels from 1/12 to 12/12.
For example, a 12-bit ALU operating at 200 MHz requires
11 charge recycling paths, with the highest design complexity
and lowest design efficiency (1 − NCR/12 = 1/12). For
a 4-bit ALU operating at 1 GHz, no charge recycling paths
are employed, and therefore, the design complexity is lowest
and the design efficiency is 1 − NCR/12 = 12/12 = 1. A new
performance metric is, therefore, introduced to characterize the
overall effectiveness factor (λ) of an ALU with PNS-FCR

λ = f ·
(

1 − NCR

12

)

︸ ︷︷ ︸
design_efficiency

·WALU · η (20)

where f , WALU, and η are, respectively, the operating
frequency, the data width, and the power reduction factor of
an ALU. λ for different ALUs are listed in Table III. Note that
the 4-bit ALU operating at 1 GHz, an 8-bit ALU operating
at 500 MHz, and a 9-bit ALU operating at 500 MHz achieve
the highest λ. Since an 8-bit data path is widely applied in
practical digital circuits, an 8-bit ALU operating at 500 MHz is
taped out and discussed in the following section. The overall
effectiveness factor (λ) does not consider the silicon area and
the clock routing, because both silicon area penalty and clock
routing overhead due to PNS-FCR are much small and can be
negligible, as discussed in Section IV-B.

E. ALU IC With PNS-FCR

An 8-bit ALU IC operating at 500 MHz has been
manufactured in a 0.35-μm Global Foundries technology.
A microphotograph and the test Printed Circuit Board (PCB)
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TABLE II

TYPE OF GATE ALONG THE CRITICAL PATH OF ALUs WITH PNS-FCR

TABLE III

OVERALL EFFECTIVENESS FACTOR OF ALUs WITH PNS-FCR

Fig. 10. (a) Microphotograph of conventional 8-bit ALU (ALU_N) and
ALU based on PNS-FCR (ALU_PNS-FCR) and (b) Test PCB.

of the conventional ALU based on n-type dynamic circuits
(ALU_N) and an ALU with the proposed PNS-FCR
(ALU_PNS-FCR) is shown in Fig. 10. The characteristics

TABLE IV

CHARACTERISTICS OF THE TEST CHIP

of the test chip listed in Table IV. The ALU_ PNS-FCR
occupies similar area to a conventional ALU, and the IOs
of the two ALUs are placed at the same position, thereby
providing convenient port-to-port exchange. Due to the
effects of the IOs, wires, and other peripheral circuits, the
effectiveness of PNS-FCR is lower. Despite this situation, the
measurement results demonstrate that the ALU_PNS-FCR
reduces power consumption by 31% as compared with the
ALU_N, validating the ability of PNS-FCR to save power.

V. CONCLUSION

A novel methodology is presented in this paper for
designing dynamic circuits in the functional units of
modern processors. The proposed PNS-FCR methodology
achieves high power efficiency, while satisfying specific
timing constraints. The methodology has been validated on
ISCAS85 and 74X-Series benchmark circuits. Simulation
results show that the power consumption of a 4-, 8-, 9-, and
12-bit ALU can be reduced by 41% to 60% operating at
different frequencies as compared with a conventional ALU.
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Fig. 11. Capacitance and voltage changes at the dynamic node of the n-type
gate Nn .

In addition, a comprehensive suite of simulations is performed
to evaluate the effects of technology scaling, data path width,
design complexity, clock skew, and different application
conditions. Finally, an 8-bit ALU IC manufactured in a
0.35-μm Global Foundries technology validates the power
and area efficiency of PNS-FCR. This methodology can be
extended to static CMOS, pass gate, transmission gate, tristate
gate, and other logic families.

APPENDIX

STATIC ENERGY DISSIPATION OF THE

CHARGE RECYCLING PATH

As shown in Fig. 3, when the charge-recycling path is
inserted between two independent gates or the two neighboring
gates, the parasitic capacitance of the charge recycling path
to the grounded substrate, Cpr, is added between node Nn

and ground, and increase the static energy dissipation. The
capacitance model in Fig. 11 indicates the capacitance and
voltage changes at the dynamic node of the n-type gate, Nn .
The charge redistribution at Nn is as follows. In the beginning,
Nn is stable at Vdd, the charge at Nn is Qn = Cn Vdd; after
the charge recycling path is inserted, the charge on Cn is
redistributed on Cn and Cpr, respectively, and the voltage of
the node Nn is Vm then

Qn = Cn Vdd = Cn Vm + CprVm (21)

Vm = CnVdd

Cn + Cpr
. (22)

Finally, in order to make Nn keep original logic 1,
Vdd recharges Nn by compensation current through the keeper
transistor, which produces static energy dissipation Epr, thus

Epr =
∞∫

0

idd(t)Vdddt = Vdd

∞∫

0

(Cn + Cpr)
dV

dt
dt

= Vdd(Cn + Cpr)

Vdd∫

Vm

dV = Vdd(Cn + Cpr)(Vdd − Vm).

(23)

From (22) and (23), Epr is derived as

Epr = CprV
2
dd. (24)
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