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Abstract—Data-driven dynamic logic (D3L) is very efficient
when low-power constraints are mandatory. Unfortunately, this
advantage is typically obtained at the expense of speed perfor-
mances. This paper presents a novel technique to realize D3L
parallel prefix tree adders without significantly compromising
speed performance. When applied to a 64-bit Kogge—Stone adder
realized with 90-nm complementary metal-oxide-semiconductor
(CMOS) technology, the proposed technique leads to an energy-
delay product that is 29% and 21% lower than its standard
domino logic and conventional D3L counterparts, respectively. It
also shows a worst case delay that is 10% lower than that of the
D3L approach and only 5% higher than that of the conventional
domino logic.

Index Terms—Clock-precharged dynamic logic, data-driven dy-
namic logic (D3L), data-precharged dynamic logic, parallel prefix
adder.

I. INTRODUCTION

DDITION is a fundamental operation in any digital sys-

tem and can significantly influence the overall achievable
performances [1]. For this reason, novel high-speed adders are
highly desirable.

The speed performances of addition circuits can be improved
by optimizing both the top-level structure and the circuit imple-
mentation [2]-[4]. However, it is worth noting that the adder
topology, together with the used logic and transistor-sizing
criterion, also significantly affects energy dissipation [S]-[7].
For example, a very high speed is reached when parallel prefix
adders are implemented with dynamic domino logic. In this
case, the advantages offered by the logarithmic depth tree
structure are emphasized through fast dynamic logic, which, as
a drawback, requires a clock distribution system to correctly
run. As demonstrated in [8], the power dissipation, owing
to the clock distribution network in a dynamic system, can
range from 20% up to 45% of the overall consumed power.
This provides crucial information for the design of efficient
digital circuits, in which achieving low-power dissipation is
also an important issue. To limit the power consumption of
the clock distribution system, the data-driven dynamic logic
(D3L) [9] and the clock- and data-precharged dynamic logic
(CDPDL) [10] have recently been proposed. These techniques
completely or partially remove the clock distribution system
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Fig. 1. Generic n-type domino gate.

required within conventional dynamic circuits, thus leading
to significantly lower energy consumption. Unfortunately, this
advantage is obtained at the expense of a nonnegligible penalty
in speed performances.

This paper presents a new technique for exploiting the
energy-saving advantages offered by D3L without paying sig-
nificant performance penalty with respect to the conventional
domino logic. As a sample application, a new data-precharged
dynamic structure is presented for a 64-bit Kogge—Stone par-
allel prefix adder. When implemented with STMicroelectron-
ics 90-nm 1-V complementary metal-oxide—semiconductor
(CMOS) technology, the novel adder exhibits an energy-delay
product that is 29% and 21% lower than those of the standard
clock-precharged domino logic and the conventional D3L im-
plementations, respectively.

This paper is organized as follows: In Section II, a brief
background is given. In Section III, a comparison between
the traditional clock-precharged domino logic and the D3L
described in [9] is performed. Finally, Section IV describes
the new data-precharged domino adder and furnishes some
interesting comparison results.

II. BACKGROUND

Conventional dynamic CMOS circuits operate using a se-
quence of precharge and evaluation phases based on a clock
input. During the precharge phase, the output signal is forced
to a predefined value, independently of the input data. On the
contrary, during the evaluation phase, the output signal depends
on the received inputs.

Among the dynamic logics known in the literature, domino
logic is the most widely used in high-performance microproces-
sors due to its speed and area characteristics [11].

An n-type (p-type) domino circuit executes the precharge
phase when the clock signal is low (high) and the evaluation
phase when the clock is high (low). Fig. 1 shows the generic
n-type domino gate.
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Fig. 2. Generic n-type gates realized with (a) D3L and (b) CDPDL.

The possibility of directly controlling the sequence of the
precharge and evaluation phases with the input data, instead of
the clock signal, has been examined in [9] and [10]. The latter
work proposed dynamic circuits in which the clock distribution
system is eliminated or significantly simplified. The generic
n-type circuit implemented using the D3L presented in [9] and
the CDPDL introduced in [10] is shown in Fig. 2. The basic
concept exploited in [9] consists of replacing the clocked pull-
up p-channel metal-oxide—semiconductor (PMOS) of the con-
ventional domino logic circuit with a pull-up network (PUN)
driven by some specific data inputs. As shown in Fig. 2(b), this
concept is also applied in [10] by alternating data-precharged
and conventional clock-precharged stages.

Here, referring to the D3L gates, the signals inputted to
the pull-down network (PDN) are called the evaluation in-
puts, whereas the signals inputted to the PUN are called the
precharge inputs. From Fig. 2(a), it can be observed that the
precharge inputs In(k),...,In(m) are a subset of the eval-
uation inputs In(1l),...,In(n) and that they need to satisfy
the following two conditions: 1) During the precharge phase,
the PDN is off, the PUN is certainly turned on, and the output
node is charged to V'dd. 2) During the evaluation phase, the
output node is eventually discharged to O by the PDN without
any contention with the PUN.

The most evident benefits offered by the D3L circuits over
their conventional domino counterparts are the elimination
of the clock distribution system, which allows a significant
reduction in the power consumption, and the elimination of
the clocked n-channel metal-oxide—semiconductor (NMOS)
transistor, which reduces the evaluation path. Unfortunately,
two main disadvantages arise, i.e., the input lines of the D3L
circuits have higher capacitances and the precharge phase is no
longer simultaneous for all the gates since, during this phase,
a propagation path exists through cascaded stages. To prevent
the precharge phase from becoming slower than the evaluation
phase, PMOS transistors wider than the minimum are required
in the PUN, thus causing power dissipation overhead. Obvi-
ously, using the CDPDL style, the aforementioned problems
are limited, but the advantages of having data-precharged stages
cannot completely be exploited since a clock distribution sys-
tem is still necessary.

Each of the design styles previously described has its advan-
tages and disadvantages. Therefore, establishing which design
is the most efficient depends on the specific application. In the
following, the design of a fast adder and its optimization are

presented as a case study conducted to compare domino and
D3L logics. The adder design is a representative application
since addition is often the main speed-limiting operation in
digital systems.

III. DESIGN OF A FAST ADDER: A CASE STUDY

Among the existing addition circuits, such as ripple—carry,
carry—select, and carry—look-ahead, logarithmic parallel pre-
fix adders are the most widely used for reaching a high
speed. With A=a,_1,...,a9 and B =b,_1,...,by being
two n-bit inputs, the parallel prefix adders calculate the sum
S =58n1,--.,80 through the following three-stage operation:
1) The preprocessing stage computes the carry bit generate
and carry bit propagate signals g; = a; - b; and p; = a; B b;,
respectively, for each bit positioni = 0, ...,n — 1. 2) The carry
propagation stage produces carry signals c;. 3) The final stage
calculates sum bits s; = p; @ c¢;. As well known, the second
stage is the most time critical. In fact, it computes the grouped
generate and grouped propagate signals defined in

Gij=9i+gi-1 pit-+9gj piPi-1 Dj+1
Pij=pi-pj (1)
with j=0,...,n—1and j <<, and then calculates generic carry

¢; =G;_1.0 using the associative dot operator “e” defined in

(Gig, Pir) =(Gij, Pij) e (Gj-1k, Pj—1,k)

=(Gij+P; Giii,Pij-Pioix) ()
where k < j < i.

The different ways of exploiting the associative dot op-
erator result in different tree adder architectures, such as
the Kogge—Stone, Brent—-Kung, Ling, Ladner—Fischer, Han—
Carlson, and Knowles adders. Among them, the Kogge—Stone
adder was chosen, because it has a very regular structure
with the minimum logic depth and the minimum fan-out [12].
According to the Kogge—Stone algorithm, (2) is specialized as

0 _ 0 _ p
Giy=9i Py =i

m -1 1 R 1
Gi,j = Gi"j PZ-JL- = Pm‘- , when 7 = 2™

Gl =Gt + Pl Gl }
ot bk bR wheni >2m"1  (3)
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Fig. 3. 64-bit Kogge—Stone adder.

Fig. 4. Domino gates. (a) Grouped generate. (b) Grouped propagate.
(c) Propagate.

Fig. 5. D3L gates.
(c) Propagate.

(a) Grouped generate. (b) Grouped propagate.

where m is the depth level of the adder tree, 7 is the column
index, and

m=1,...,[logyn]
k=i—2"""+1

. Ji—=2"+1, wheni>2" -1
J= 0, otherwise.

Equation (3) leads to the 64-bit Kogge—Stone adder shown
in Fig. 3.

This circuit was realized using the ST 90-nm 1-V CMOS
technology with the domino and D3L gates shown in Figs. 4 and
5. According to (3), the D3L gate shown in Fig. 5(a) can exploit
G;T”k’l and Pl.’?}ﬂ’l as the precharge inputs, whereas the AND gate
in Fig. 5(b) uses just Pi”’,?l as its precharge input. In the realized
implementations, generate signals g; are computed using the
AND gates organized as in Figs. 4(b) and 5(b). Finally, the gates
used for computing the final sum bits s; are not shown in Figs. 4
and 5 since they are simple two-input static XOR gates.

The NMOS transistors in the PDNs of both implementations
were equally sized to make the generic evaluation path equiv-
alent to an NMOS transistor that is W,, = 0.3 pm wide. To
properly size the PUNs of the D3L gates, it was taken into
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Fig. 6. Clock buffer tree used in the domino implementation.

account that the use of wider PMOS transistors not only reduces
the precharge time but also increases the power consumption.
As aresult of the parametric simulations, parameter WI’) was set
to 1.4 pm, which is the minimum value assuring a precharge
delay that is not greater than the evaluation delay along the
critical path of the entire adder.

A width W, that is equal to 0.15 ;zm was used for the clocked
PMOS transistors of the domino gates. This reduced channel
width can be used since, in the domino gates, the precharge
operation occurs in parallel. All the gates shown in Figs. 4
and 5 use a minimum-sized (0.12-pm) PMOS keeper transistor
and a skewed static inverter with a skew ratio of 4 (PMOS-
width/NMOS-width ratio), which assures high-speed perfor-
mances [13].

To distribute the clock signal to the dynamic gates used in the
domino implementation, the two-level clock buffer tree shown
in Fig. 6 was purposely designed. It can be seen that, due to the
regularity of the tree adder structure, the different paths existing
for the clock distribution can well be balanced. The logical
effort method [14] was used for sizing the inverter chains of
the clock buffer. In particular, the following expression was
applied:

Co2 _ 6Ces _ Con _ CF' )
Cap Cgo  Cyz  Cyp

where C7" is the load capacitance due to the clocked transistors
within the mth depth level in the adder tree, withm = 1,...,6,
and Cy is the gate capacitance of the inverter at the /th stage of
the clock buffer, with [ = 1, ..., 4. Finally, to take into account
that the considered domino and D3L implementations have
different input capacitances, the input signals were accordingly
buffered before driving the preprocessing stages. Energy and
delay measurements were performed for the realized adders,
loading each output signal with a 2.5-fF capacitance (i.e., the
input capacitance of a D-type flip-flop) and taking into account
the parasitic resistances and capacitances extracted from the
layouts.

The comparison results obtained for different process corners
and temperatures are summarized in Table I. They show that the
D3L adder achieves energy dissipation that is ~20% lower than
that of the domino circuit, in which the parallel prefix adder
and the clock buffer dissipate ~68% and ~32%, respectively,
of the total energy. However, the D3L implementation is also
~17% slower than its domino counterpart, thus leading to a
substantially unchanged energy-delay product (E*D).
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TABLE 1
DoMINO LoGIC VERSUS D3L (VALUES ARE NORMALIZED WITH RESPECT TO THE DOMINO LOGIC)
Precharge Evaluation 1y Energy of the clock buffer «
delay delay Total Energy [% of Total energy| Erd
o Domino 1 1 1 31% 1
125 D3L 1.2 1.16 0.78 0 0.91
o Domino 1 1 1 27% 1
SS125°C T3 117 117 0.82 0 0.96
5 Domino 1 1 1 27% 1
FE-55°C "pgL 1.18 1.18 0.81 0 0.96
evaluation precharge | ' m = depth level
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Fig. 7. Generic column of the proposed tree structure.
IV. THE NOVEL APPROACH

The new technique proposed here allows exploiting the ad-
vantages offered by the data-precharged design style without
compromising speed performances, thus actually improving
the energy-delay product. The presented approach exploits the
possibility of using, as the precharge inputs, signals that are
not included in the evaluation inputs received by the PDN. To
explain how this is possible, (3) is recursively expanded, as
given in the following:

1
G?:j :Gi, + Pznllg Gk 1,5
2 2 -2
:(Gzlx + P GLE 1k>+PiW;c
-2 2
’ P':il,k ’ (Gk 1,y Pl:nl Y Gy 1,])
=9itPpigi-1tPi Pi-1-Gi2t
+pipic1c o Piv1c g5
-1 -1
Pl =P .Pllnl,J
:P’Z)r;:—Q . P;n P];n 121/ Pym 12]

with j < y < k < z < 1. This makes it evident that the generic
dot operator at the mth depth level of the ith column of
the adder tree receives the signals generated at the (m — 1)th
depth level as the evaluation inputs and can receive the signals
generated at any preceding depth level as the precharge inputs.
Conventional D3L gates use the signals coming from the (m —
1)th level as both evaluation and precharge inputs. From (5),
it can be seen that the precharge phase would be performed in
parallel if signals g; and p; were used as the precharge inputs
of the dot operators inside the ¢th column of the adder tree.
Unfortunately, in this way, the load driven by the preprocessing

stage would drastically increase, and the evaluation inputs of
the dot operators would come from a tree level that is deeper
than those generating the precharge inputs. As a consequence,
the PUNs could be switched on before the PDNs are switched
off, thus generating nonnegligible short-circuit currents.

An alternative approach to the solution previously described
consists of using signals G 2 and P 2 (with z =i —
2m=2 1 1) as the precharge 1nputs of the generic dot operator
at the mth depth level inside the ¢th column, thus halving the
propagation path occurring during the precharge phase, with
respect to the conventional D3L implementation. The resulting
adder topology remains unchanged, except for the physical dis-
tribution of the precharge signals. In this case, the dot operators
inside the ith column are classified as “odd” and “even” nodes,
depending on their depth level m. In Fig. 7, white and black
nodes are used to distinguish odd and even dot operators. It
is worth noting that the precharge inputs of the generic odd
(even) dot operator are the outputs of the preceding odd (even)
operator. In other words, as shown in Fig. 7, the input data of
the dot operator at level m are the output signals produced
by the dot operators of level m — 1, whereas its precharge
inputs are the output signals produced at level m — 2. For
the first node in the ith column, the precharge and evaluation
inputs are the same, i.e., g; and p;. This approach does not
introduce contentions between the PUNs and the PDNs. In fact,
for the generic odd dot operator, it can be seen that, during the
precharge phase, the operands A and B of the whole adder are
set to 0. Thus, all the signals g;, p;, GI*, g 2 and Pm 2 are low,
and the dynamic nodes of the gates in Flg 7 are precharged
During the subsequent evaluation phase, the dynamic nodes can
be discharged through the PDNs turned on. In such a case, the
PUNSs are certainly off, because, as shown in (5), either Gm’2
or P~ 2 is set to 1. Contentions between the PUNs and the
PDNGs are prevented since both precharge and evaluation inputs
come from a propagation path that is m — 2 depth levels long,
thus arriving at the gate input after the same delay. On the
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TABLE 1I
COMPARISON RESULTS

Total

Energy of the

Total Leak. current

Precharge  Evaluation 1)) E*d Area

deay o] deylpl P! cockiutler gy lebage | ofihe ok (o

Domino 360 370 6.4 4.4 2368 5 0.5 11000

T D3L 425 430 5 0 2150 5.2 0 14000
25°C New 383 390 4.3 0 1677 4.8 0 12000
Domino 510 520 6.41 1.73 3333 26 2.65 11000

SS D3L 605 611 5.26 0 3213 26.4 0 14000
125°C New 553 560 4.71 0 2637 24.3 0 12000
Domino 250 255 6.3 1.73 1603 1.54 0.16 11000

FF - D3L 293 300 5.12 0 1536 1.59 0 14000
55°C New 270 270 4.6 0 1242 1.48 0 12000

contrary, the generic even node, with m = 2,4, 6, receives the
precharge inputs in anticipation with respect to its evaluation
inputs. This happens, because the precharge inputs are formed
through m/2 — 1 depth levels, whereas the evaluation inputs
are formed through m/2 depth levels. To avoid short-circuit
paths, the PDNs of the even nodes contain extra NMOSs driven
by the precharge inputs, as shown in Fig. 7.

The main benefit of the proposed solution is halving the
precharge propagation path (only three, instead of six, depth
levels) with a negligible increase in the overall transistor count,
with respect to the D3L implementation.

The proposed adder was implemented with the ST 90-nm
1-V CMOS technology and has been compared to the domino
and D3L adders described in the previous section. In addition,
for the novel adder, parameter W,, was set to 0.3 pm, thus
assuring an equal resistive path for the PDN of all the dot
operators. The PMOS transistors inside the PUNs were sized,
making the adder precharge propagation delay not greater than
the evaluation propagation delay.

Exploiting the reduction of the propagation path occurring
during the precharge phase, the PMOS transistors in the PUNs
can have channel widths smaller than their D3L counterparts.
In particular, parameter W,/ = 0.5 um was used. It is expected
that, in this way, the power consumption is also reduced with
respect to the conventional D3L implementation.

The postlayout measurements are summarized in Table II,
which shows that, depending on the process corners, the pro-
posed adder saves 27% = 33% of the energy consumption
with respect to the domino adder, without compromising speed
performances. In fact, the novel adder is just 5% + 8% slower.
When compared to its D3L counterpart, the new architecture is
~10% faster and ~14% less energy consuming. Table II also
shows that the approach proposed here offers an energy-delay
product that is 21% = 29% lower than that of conventional im-
plementations. In addition, the leakage current of the proposed
adder is lower than its counterparts due to the smaller transistor
sizes. The “even” nodes of the new adder have one extra NMOS
in the evaluation path, compared to the generic node of the D3L
scheme, thus enhancing the stack effect.

It is worth noting that, the proposed data-precharged strategy
can also be applied to implement other kinds of parallel prefix
adders. Moreover, it can be exploited, together with other
previously published low-power strategies [S]-[7] known in the
literature.

V. CONCLUSION

In this paper, a new technique to efficiently exploit data-
precharged dynamic circuits has been presented. When applied
to the design of a 64-bit Kogge—Stone adder, the proposed
approach halves the precharge propagation path with respect to
the traditional D3L design style and allows a smaller sizing of
the precharging PMOS transistors. As a consequence, the new
strategy leads to an energy-delay product that is 29% and 21%
lower than those of the traditional domino and D3L logic styles.
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