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Abstract. Positive Feedback Adiabatic Logic (PFAL) with minimal di-
mensioned transistors can save energy compared to static CMOS up to
an operating frequency f = 200MHz. In this work the impact of tran-
sistor sizing is discussed, and design rules are analytically derived and
confirmed by simulations. The increase of the p-channel transistor width
can significantly reduce the resistance of the charging path decreasing
the energy dissipation of the PFAL inverter by a factor of 2. In more
complex gates a further design rule for the sizing of the n-channel tran-
sistors is proposed. Simulations of a PFAL 1-bit full adder show that the
energy consumption can be reduced by additional 10% and energy sav-
ings can be achieved beyond f = 1GHz in a 0.13pm CMOS technology.
The results are validated through the use of the design centering tool
‘WiCkeD’ [1].

1 Introduction

In modern technologies with high leakage currents and millions of transistors
per chip energy consumption has become a major concern. Static CMOS circuits
have a fundamental limit of Ecparge = %CVE) p for charging a load capacitance C'.
The typical way to minimize the energy consumption is to lower the power sup-
ply Vpp. The adiabatic circuits can break this fundamental limit by avoiding
voltage steps during the charging and by recovering part of the energy to an
oscillating power supply. A comparison among different adiabatic logic families
can be found in [2]. Logic families based on cross-coupled transistors like Effi-
cient Charge Recovery Logic (ECRL) [3], 2N-2N2P [4] and Positive Feedback
Adiabatic Logic (PFAL) [5] show lower energy consumption than other adia-
batic families. The largest energy saving can be achieved with PFAL because
the resistance of the charging path is minimized. A standard-cell library for this
family was proposed in [6].

In this paper, PFAL is used to determine the dependence of the energy con-
sumption on transistor sizing. After a short description of PFAL, the different
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sources of dissipation in adiabatic logic gates are presented. Considering a sim-
ple PFAL inverter, the influence of the transistor dimensions on the energy con-
sumption is derived and a basic design rule for transistor sizing is proposed,
which allows to halve the energy consumption compared to previously used
minimum sized devices. For more complex gates, this simple rule is validated
through the simulation of a 1-bit full adder. To achieve higher operating fre-
quencies, second order effects have to be considered. A further design rule is
presented, which allows the 1-bit full adder to save an additional 10% of energy
at f = 500MHz. The proposed design rules are validated through the design
centering tool ‘WiCkeD’ [I]. With optimal transistor dimensions operating fre-
quencies higher than f = 1GHz can be achieved.

2 Different Sources of Energy Dissipation

Figure[Tla shows the general schematic of a PFAL gate. Two cross coupled invert-
ers build the inner latch and two function blocks F and /F between the supply
clock Vpwr and the output nodes realize the dual rail encoded logic function.
Both logic blocks consist only of n-channel MOSFETSs and are driven by the
input signals In and /In. Figure[Ib shows the timing of a PFAL gate. The input
signals are in the hold phase while the gate evaluates the new logic value. During
the adiabatic charging of the output load capacitance C' the resistance R of the
charging path determines the energy dissipation, according to the well-known
formula [7] of the adiabatic loss:

R op2, (1)

Eadiab = T
charge

where V is the magnitude of the supply voltage and Tiparge the charging time.
In a real circuit, leakage currents flow even when the transistors are cut off,
providing a second source of energy dissipation:

Elear =V - Loss - Thotd (2)

/f Vewr
prr‘l

| M1 M2 p /_\
n n
Oo— o F)— —4 F —<3

n-channel n-channel vV t
pwr2
Out
— e C A
M3 M4 =
=3
-E
3
a) b) s

Fig. 1. a) General schematic and b) timing of a PFAL gate. The input signals In and
/In are driven by the power supply Vpwr1 which is a quarter period in advance with
respect to Vpwra.
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whole dissipated energy
per cycle

leakage loss ™\ adiabatic loss

L non-adiabatic
dynamic loss
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a) ‘ Freqdency ‘ b) Frequency

Fig. 2. a) Typical energy dissipation of quasi-adiabatic circuits in former technologies.
Beside the leakage loss at low frequencies and the adiabatic loss at high frequencies, the
non-adiabatic dynamic losses also affect the energy consumption. b) In modern tech-
nologies, the reduced threshold voltage lowers the non-adiabatic losses and therefore
only the leakage and the adiabatic losses have to be considered. Both mainly depend
on the p-channel transistor width (see figure [[h). The arrows show the expected de-
pendence for increasing width.

where I,y is the average off-current and Tjqq the hold time. In PFAL the hold
time Thotd = Teharge. The off-current in static CMOS is comparable to the one in
adiabatic logic. However, adiabatic gates dissipate less energy, as the off-current
only flows during the hold time, which is typically a quarter period (see figure [7]).

Additional energy dissipation is caused by several coupling effects and by
partial recovery of energy. During the recovery phase the p-channel transistor
cuts off when the power supply falls below the threshold voltage V;, and further
energy recovery is inhibited. Both effects are referred as non-adiabatic dynamic
losses and do not depend on the operating frequency. As the coupling effects are
minimized due to the topology of PFAL, the non-adiabatic dissipation mainly
depends on the threshold voltage of the p-channel transistor V;,:

1
By = 50‘/}% (3)

Figure 2l shows the different contributions to the energy dissipation versus fre-
quency. At high frequencies, the adiabatic loss is the dominant effect, whereas the
leakage current determines the dissipation at low frequencies. The non-adiabatic
dynamic losses which are typical for partial energy recovery circuits can be
observed at medium frequencies. In former technologies with larger threshold
voltages, the minimum energy dissipation is determined by these losses, and
a plateau over a certain frequency range can be noticed. On the contrary, in
modern technologies like the 0.13um CMOS technology used in this paper the
intercept point of the curves for leakage and adiabatic losses is above the plateau
caused by the non-adiabatic dynamic loss (see Figure 2b, solid lines). Therefore
in modern technologies with reduced threshold voltage V;;, the non-adiabatic
losses can be neglected, and the curve for the whole energy dissipation shows
a minimum for a particular frequency. Although PFAL belongs to the partial
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energy recovery families (also known as quasi-adiabatic circuits according to the
classification of [R]) its whole dissipation looks similar to the dissipation of fully
adiabatic circuits.

In this work, the energy dissipation due to the generation and distribution
of the trapezoidal signals was not determined. As it is possible to generate the
supply voltage with high efficiency [9], the total dissipation does not significantly
increase.

3 Impact of the Transistor Dimensions on the Energy
Dissipation

If a high operating frequency is given and load capacitances and supply volt-
ages cannot be changed, a minimization of the energy dissipation can only be
achieved by decreasing the resistance R of the charging path. Because in PFAL
this resistance mainly consists of the p-channel transistor on-resistance, wider
p-channel MOSFET are expected to decrease the energy consumption as shown
in figure b (dashed line). On the other hand, wider transistors give rise to
larger leakage currents. As a result, the whole energy-versus-frequency charac-
teristic is shifted towards higher frequencies without affecting the magnitude of
the minimal energy consumption. In logic families using cross-coupled transis-
tors, the resistance of the charging path can be optimized without significantly
increasing the load capacitance driven by the former gate. The resistance of the
p-channel devices (see figure Bh) mainly determines the charging path resistance
in both the evaluation and the recovery phase. In the evaluation phase, the
p-channel transistor and the logic block form a kind of transmission gate. Thus,
the charging resistance is decreased compared to other families, which only use
the p-channel MOSFET for charging the output node such as ECRL. During
the recovery phase, the input signals turn off the n-channel MOSFETs MF1
and MF2 in the logic function block. The energy can be recovered through the
p-channel device as long as the supply voltage does not fall below the threshold
voltage Vyp,. Hence, by properly sizing the p-channel transistors a decrease of
the energy dissipation is achieved without increasing the load capacitance seen

/f Vo /f Vewr

MF1 M1 M2 MF2

In /In
I T [ R
/Out J— ON,M2 ON,MF2
< Out
o
M3 M4 c c c c c,
_| GM3 GD,M4 GD,M2 GS.MF2

) s LoL L 1 1

Fig. 3. a) Schematic of a PFAL inverter. b) Equivalent model of a PFAL inverter if
the output node Out is charged and discharged.



Reduction of the Energy Consumption in Adiabatic Gates 313

by the former stage. Through the sizing of the n-channel transistors M3 and
M4 no reduction of the energy consumption can be obtained. Therefore, these
transistors are kept minimal in order to avoid larger leakage currents.

In the following, the optimal dimension for the p-channel devices is deter-
mined. In adiabatic circuits, conducting transistors work in their linear region
because voltage steps across the channel of conducting transistors are minimized.
For an estimation of the energy consumption during the charging and discharg-
ing of the output node Out, the equivalent model shown in figure Bb is taken
into account. Beside the external load capacitance Cy, the circuit has to drive its
intrinsic load, which consists of gate capacitances Cg, gate-source capacitances
Cgs and gate-drain capacitances Cgp. These capacitances are directly propor-
tional to the width of the corresponding transistors. For simplicity the junction
capacitances are neglected.

The on-resistance of the p-channel transistor M2 takes over the main part
of the charging and the recovery, so that in this approach the n-channel device
MF2 is not considered. In the linear region, the on-resistance is equal to:

1 1
np Cox ¥ - [Vas (t) — Vth] 1p Cox % - Vastavg

Ron (t) = (4)

where pp is the hole mobility, Cox the oxide capacitance per unit area, L the
channel length and Vgsyawg the average gate-overdrive voltage. The average
gate-overdrive voltage is assumed to be independent of the transistor widths.
Using equation[Il the energy consumption of a gate with the p-channel transistor
width Wp amounts to:

Eodiap = L (Cga1 + Caars + Capuz + Cap s + Cas e + Cr)? . v
adia Wp up Cox Vast,avg T

()
To summarize the capacitances an effective width Weys is introduced. Because
in the linear region Cgg ~ Cap ~ %C’G the channel widths must be weighted:

3 L for Cpg and Ca
Wepp =5Wp + ZJiWN,i , where o; = {f for Cq o

and Wy is the width of a n-channel transistor. With this effective width equa-
tion [ can be rewritten as:
L &

Eoadiab = - (WepsCl+Cp)? - —— 7
diab Wp pup Cox VGSt,avg ( 11 L) T ()

where C, represents the gate capacitance per unit width.
The minimal energy dissipation E,g4;p is found for the following p-channel
transistor width Wo:

2 (Cp
opt ZUZWN1 3 : F& (8)



314 J. Fischer et al.

This procedure can also be performed with other adiabatic families. For 2N-2N2P
a similar result was found, while the optimal width for ECRL is different due to
the gate topology.

In the following simulations, a load capacitance C, = 10fF is used. For the
0.13um CMOS technology according to the above formula the optimal p-channel
transistor width W, is approximately equal to 4.4um using minimal dimen-
sioned n-channel transistors.

4 Simulation Results

The simulations were performed with SPICE parameters of a 0.13um CMOS
technology using the BSIM 3V 3.2 model. For the nominal load capacitance the
typical value in static CMOS C7, = 10fF was chosen. The oscillating supply
voltage has a magnitude of V' = 1.5V.

4.1 Results for the PFAL Inverter

A series of simulations was performed for the PFAL inverter vary-
ing the p-channel transistor width. Figure M shows a 3D-plot of
the energy consumption per cycle as a function of the operat-
ing frequency and the p-channel transistor width Wp. The dark
gray layer represents the theoretical minimum for static CMOS,
E = 1CV3,, where the capacitance C = 10fF and leakage currents are
not taken into account. A minimum of 0.86f]J for the energy consumption of
PFAL can be found at f = 2MHz. For the region between f = 200kHz and
f = 20MHz the energy dissipated per cycle is less than 2fJ. With minimal
dimensioned n-channel transistors and with a p-channel width of 2um the
energy dissipation is decreased by a factor of 13.1 compared to the theoretical

o o
o o u

N h
oo v o »

Dissipated energy per cycle [fJ]
o
o ~

Dissipated energy per cycle [fJ]

10

1
W [um] 2 10° Frequency [Hz] b) Frequency [Hz]

a)

Fig. 4. Energy dissipation versus operating frequency for a PFAL inverter with a load
capacitance of 10fF in a 0.13um CMOS technology. Enlarging the p-channel transistor
width the energy dissipation is reduced at high frequencies and is increased at low
frequencies. The dark gray layer represents the theoretical minimum for static CMOS
(11.25£J) without the effect of leakage currents.
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o

o 1 2 3 4 5
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Fig. 5. Energy dissipation versus p-channel MOSFET width for a PFAL inverter in
a 0.13um CMOS technology for different operating frequencies. a) At low frequencies
wider p-channel MOSFETSs give rise to larger leakage losses. b) At high frequencies
a minimum for the energy dissipation between Wp = 1um and Wp = 3um can be
observed. With a p-channel transistor width Wp = 2um the energy consumption is
reduced by a factor of two.

minimum of static CMOS, which is equal to £ = 11.25fJ for the used param-
eters. As expected, at low frequencies the energy consumption increases with
increasing p-channel transistor width whereas at high frequencies it decreases.
At f = 1GHz the dissipation is equal to 18.4fJ with minimal transistors,
while with Wp = 2um it is reduced to 9.2fJ. Thus, adiabatic circuits consume
less energy than the theoretical minimum for static CMOS even at operating
frequencies beyond 1GHz.

To determine the minimal energy dissipation in dependence of the transistor
width the simulation was extended up to Wp = 5um (see figure B)). At low
frequencies wider p-channel MOSFETSs give rise to larger leakage losses (see
figure [Bh). At high frequencies a minimum for the energy dissipation between
Wp = 1pm and Wp = 3um can be observed as shown in figureBb. At f = 1GHz
the gate operates correctly until Wp = 4pum. With a p-channel transistor width
Wp = 2um the energy consumption can be reduced by a factor of two in the high
frequency range (f > 50MHz) with respect to the minimal sized implementation.
Hence, this is the maximum width used even for the adder presented in the next
section.

4.2 Results for a PFAL 1-Bit Full Adder

To investigate the dependence of the energy dissipation on the transistor siz-
ing for more complex gates, a PFAL 1-bit full adder was simulated. The circuit
schematic of the sum is shown in figure 6l According to the general schematic
(figure[h) two logic function blocks are implemented using only n-channel tran-
sistors. Only two p-channel transistors are needed for the cross-coupled inverters.
Above f = 500MHz an adder realized with minimal dimensioned transistors dis-
sipates more energy than the equivalent static CMOS implementation (cascaded
logic blocks, see [I0]). In a first approach, the p-channel transistor width is
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JOut = /SUM (A,B,C)

M3 M4 Out = SUM (A,B,C)

Fig. 6. Schematic of the sum generation circuit in a PFAL 1-bit full adder.
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Fig. 7. PFAL 1-bit full adder: Dissipated energy per cycle versus operating frequency
for different implementations. a) The whole frequency range is shown. b) Zoom in for
f = 100MHz..1GHz.

increased up to Wp = 2um while the n-channel transistors are minimal dimen-
sioned. Compared with the realization using only minimal transistor width, the
adder with Wp = 2um dissipates half of the energy at f = 500MHz (Figure[d di-
amonds). Through this additional energy savings the dissipation becomes lower
than in the conventional static CMOS implementation. The maximal operating
frequency in this case is f ~ 1GHz.

In a further simulation, the optimal transistor dimensions are determined by
means of the design centering tool “WiCkeD’ [1] for the frequency f = 200MHz.
As expected, the p-channel transistor widths are chosen maximal (Wp = 2um).
In contrast to the proposed approach, the n-channel devices of the function
blocks are not kept minimal. Actually the transistors at the top of the blocks
(Figure B) show the largest average width (see table [M). The transistors in the
middle of the function blocks are slightly larger than the ones at the bottom.
With this sizing, the RC-delay of the whole function blocks is optimized and the
energy dissipation is lowered (Figure [} cross).



Reduction of the Energy Consumption in Adiabatic Gates 317

Table 1. Average width of the n-channel transistors in the PFAL gate shown in figure
with regard to the position in the function blocks: Optimal values obtained by the
design centering tool ‘WiCkeD’ compared to the values according to the proposed
sizing rule, which uses integer multiples of the minimal width.

Position of the n-channel devices | Sizing by WiCkeD | Proposed sizing rule
in the function blocks

upper transistors 0.53pm 0.64pm = 4Wp,in
middle transistors 0.23pum 0.32pum = 2Wpin
lower transistors 0.20pm 0.16pm = 1Wp,in

Regarding layout, it is better to use integer multiples of a standard width
to save area and junction capacitances. Therefore, a further sizing rule for the
n-channel devices in the function blocks is proposed. The width of the n-channel
transistors connected to the output nodes (M10, M20, M30 and M40 in figure [
are kept minimal (Wx pottom = Winin = 160nm). The transistors in the middle
of the function blocks (M11, M12, M21, M22, M31, M32, M41 and M42) have
a width Wi middie = 2Wipin. The transistors at the top of the function blocks
(M13, M14, M23, M24, M33, M34, M43 and M44) have Wi 1op = 4Wiyip. For
the two p-channel transistors Wp = 2um was chosen. The simulation results
(Figure [, circle) show an additional decrease of the energy consumption com-
pared to the proposed basic sizing rule which only considered the p-channel
MOSFETs. At f = 500MHz the additional reduction of the energy dissipation
amounts to 1.6fJ, that is approximately 10%. Compared to optimal sizing ob-
tained by WiCkeD (Figure [l cross) only a marginal difference is observable at
f = 500MHz. With this extended sizing rule, energy can be saved with respect
to the static CMOS implementation even at f = 1GHz.

5 Conclusions

By means of the Positive Feedback Adiabatic Logic (PFAL) it was demonstrated
that proper transistor sizing enables adiabatic logic gates to save energy at fre-
quencies beyond 1 GHz in a 0.13um CMOS technology. Different sources of the
energy dissipation in adiabatic circuits were analytically characterized. At high
frequencies the energy consumption mainly depends on the resistance of the
charging path. Enlarging the width of the p-channel transistors minimizes this
resistance without affecting the input capacitances, which represent the load for
the former stage. An estimation for the optimal width was presented, which can
be used as a starting-point for optimization. Using p-channel transistors with
a width Wp = 2um, a reduction of the energy dissipation by a factor of 2 was
achieved, which enables energy saving even at f = 1GHz in simple gates. In
more complex gates like a 1-bit full adder, the sizing of the n-channel transis-
tors has to be considered. By means of the design centering tool WiCkeD the
optimal sizing for a PFAL 1-bit full adder was determined. In terms of layout a
practicable sizing rule was proposed. With this rule the energy dissipation could
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be decreased by an additional 10% compared to the circuit with minimal dimen-
sioned n-channel transistors. Compared to the static CMOS implementation the
PFAL 1-bit full adder has a gain factor of 3.5 at f = 100MHz and operates up
to a frequency of f = 1GHz with energy savings. This is the highest operating
frequency reported for adiabatic logic up to now.
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