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Abstract. Many adiabatic logic families make use of multi  In static CMOS, any circuit can be described as a load ca-
phase trapezoidal or sinusoidal power clocks to recover thgacitor and two switches that connect it alternately to the
energy stored in the load capacitances. A key aspect fopower supply or to ground, and hence abruptly modify its
the evaluation of the performance of adiabatic logic is thenvoltage. If the constant power supply is replaced by a time
the study of a system that includes the power clock genervariable power clock, with a rise time longer than the time
ator. A four-phase trapezoidal power clock generator, ac-constant of the charging path (Athas et al., 1994), the switch-
cording to the requirements of the most promising architec-ing operation can be accomplished with ideal vanishing dis-
tures, namely the ECRL and PFAL, has been designed andipation. Furthermore, when the capacitor is connected to the
simulated. The proposed circuit, realized with a double-welldecreasing power clock, its charge flows back to the power
0.25um CMOS technology and external inductors, is a reso-source. Circuits that fulfill the low power requirements re-
nant generator designed to oscillate at a frequency of 7 MHz¢overing the energy through time variable power supplies
which is within the optimum frequency range for adiabatic (power clocks) are called “adiabatic”. In literature, choos-
circuits realized with this CMOS technology. The genera- ing different power clocks and methods to control the switch-
tor has been simulated with the equivalent load of fifty 1-bit ing, many multi-phase adiabatic families have been proposed
adders and the operating behavior of a 4-bit adder has bedny exemplifying the operating principle with simple circuits
evaluated. The key aspects of a generator for adiabatic logiand emphasizing the energy saving with respect to standard
are its power consumption and the phase relationships beEMOS. Although these studies illustrate important aspects of
tween its output signals. The proposed generator has a corthe logic circuits, they usually are not comprehensive since
version efficiency higher than 80%, and it is robust with re- the energy dissipated in the DC/AC converter that generates
spect to variations of technology parameters. The four powethe multi-phase clock is often not taken into account. In some
supplies exhibit the correct relationship of phase also in thepapers the converter is not considered ideal, but the designed
presence of no equally distributed loads. solutions have not very high efficiency (Moon and Jeong,
1998) or the generated signals differ from the optimal wave-
form for the adiabatic circuits (Maksimovic and Oklobdzija,
1995; Moon and Jeong, 1996, 1998).

We believe that a key aspect in the evaluation of the po-

Power consumption is a crucial requirement of present andential of adiabatic_ Iogic_families Is the performance of a
future circuits and systems since the increasing demand of°™MPlete system, including the power clock generator and

portable electrical applications makes the tradeoff of com—the intirfa;]ceﬂv.vi.th conventional ClMOS logic. .In this pa- q
puting power versus battery life time more critical. Further- PS"» @ Nigh efficiency power supply generator is presented,

more, the number of gates per chip area is constantly increaé’yh'Ch can be used for logic circuits implemented using three

ing, while the gate switching energy does not decrease at thgdiabatic families, namely ECRL (Moon and Jeong, 1996,

same rate, So power consumption rises and heat removal b%ﬁlﬁz EFAL (Vetulil etligésl'ng'G; B'gttLi et ai-éggoo'l)"hand ?N'
comes more difficult and expensive. Then, to limit the power (Kramer et al., » Liuand Lau, ). These fam-

consumption, alternative solutions at each level of abstracilies require, as power supplies, four trapezoidal waveforms
tion are proposed. equally space_d in pha_se. _ _
The paper is organized as follows: in Sect. 2 some oscil-
Correspondence toA. Bargagli-Stoffi lators proposed in literature are overviewed, illustrating ad-
(bargagli@ei.tum.de) vantages and drawbacks of each architecture. In Sect. 3 the
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new oscillator and its amplitude and frequency expressions (P
are introduced. In Sect. 4 the simulation results, such as con- [ 6 6 6 h \ ° 0 °
version efficiency and sensibility to parameter variations, are

reported. In Sect. 5 an alternative solution is evaluated. L

2 Overview of adiabatic oscillators

The main requirements for a DC/AC converter for adiabatic 0 O—l |_:
circuits are the capability to recover the energy stored in the Vdd Ctr
load capacitances, and a high power-conversion efficiency, Ce Re

defined as the ratio of the load power to the total DC supply

power. Oscillators based on LC resonant circuits can meet

these requirements, and therefore ensure that the complet

adiabatic system provides significant power saving with re- i o

spect to its standard CMOS counterpart. In the few schemes

appeared in the literature, the adiabatic logic is usually repFig. 1. The 1N generator.

resented by its equivalent load, i.e. a resistaRgeand a

capacitance”,. In the 1N single-phase power clock gener-

ator (Maksimovic and Oklobdzija, 1995) (see Fig. 1) an in- I_: :l
L

ductancelL connects the DC power supply to the logic, that
has a nMQSFET in parallel. The oscillator generates only c1 02 0 c2
one sinusoidal phasgy and needs a square waveform con- —L— /MM\
trol signalctr. The outputpg has the same frequency as dd"_"
the control signal, and its amplitude is determined byctthe L I:I L I:I
duty cycle. When the output signal frequency is close to the ': :-|
) . Ce| Re Ce| Re

resonant frequency, the generator has a conversion efficienc'
around 70%.

In Fig. 2 is reported the 2N2P two-phase power clock gen-
erator (Maksimovic and Oklobdzija, 1995; Moon and Jeong,Fig. 2. The 2N2P generator.
1996, 1998; Ye and Roy, 2001), which provides two sinu-
soidal clocks and requires only one inductor. If control sig-
nals are external, the frequency is easily enforced and witl V andVyq is achieved with Schottky diodes, whose loy
some additional circuitry two oscillators can be merged into€nsures moderate energy dissipation when diodes are in con-
a 4-phase generator. In this case, the conversion efficiency iduction. The proper configuration of the reactive elements
around 40-50% (Moon and Jeong, 1996). provides the required phase delay. Therefore, when the cir-

Because the adiabatic loads driven by the oscillator outCuit oscillates, the four outputs have the same frequency and
puts are different and time variable (Kim et al., 2001), the @ quarter-period shift, as required by the considered adiabatic
circuit cannot be completely balanced with external capac-2rchitectures.
itances, therefore a phase error up to 5% may occur in the TO0 properly dimension the elements of the oscillator, let
output waveforms. If outputs are used as internal control SigJJS consider its analytical transfer function. The ring transfer
nals, i.e. ifcy = @1 andcy = @o, the circuit complexity and ~ function is the product of four identical single-stage trans-
occupied area are reduced, but also the conversion efficiendgr functions, therefore Barkhausen criterion is met when
decreases (Liu and Lau, 1998). a single-stage transfer function has a gain equal to 1 and a

phase delay equal tor/2. In a small signal approximation,
the expression of a single-stage transfer function is:

3 Shifting oscillator
@1(s) i —Reras (gmp + &mn)

The oscillator proposed in th!s paper is reallz_ed as aring Ofpo(s) 74y + Ro + (L + rgs R C,)s + R, C, Ls?

four low-power 90-degree shifters, as shown in Fig. 3. Each

shifter is realized with a CMOS inverter and an LC resonantWhererg;, is the small signal output resistance of the MOS-

circuit, so that the energy is transferred between reactive elFETS, andg,, andg,, are the pMOSFET and nMOSFET

ements while the DC power supply only delivers the energytransconductances, respectively. By enforcing a phase of

dissipated on the resistance and on the diodes. 3r/2, we obtain the following expressions for the frequency

Each output of the oscillator drives a stage of the adiabaticand for the gain value:

circuit, represented in Fig. 3 by its equivalent load, i.e. a

resistanceR, and a capacitanc€.. The inductors are ex- 1 Jrags+Re _ i [ 1
2r\ C. L

@)

@)

ternal to the chip. The output amplitude regulation between 0= or R.C.L —
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Fig. 3. Schematic of the 4-phase shifter oscillator.

v power clock phases is another important specification, since
between the input signals and the power clock a 90 degree
e, delay must be present . The phase error is defined as the
+¢f distance in degrees between the real waveform and the theo-
v, retical one. In the nominal conditions the proposed oscillator
] % has a maximum phase error of 0.9 degrees.
) The threshold voltages of the n- and p-MOSFETs are
| Vrn = 0.44 V andVr, = —0.43V, respectively. Increased
o T o, o v efficiency can be obtained with higher threshold voltage de-
0s 50ns 100ns 150ns 200ns 250ns . . oy e .
vices. For this reason, also the possibility to develop the cir-
Fig. 4. Waveforms of the 4-phase power clock generator. cuit with high V MOSFETs has been considered, and the
simulation results wittVr, = —Vr, = 0.9V are presented.

To evaluate not only the conversion efficiency of the oscil-
_ Reras (8mp + 8mn) R, C, 3) lator, but also to evaluate the quality of the generated power
(ras + Re) L

oV o

)
0

L+rs;R.Ce clocks, a more complete adiabatic system is simulated. The
. . system is made up of the proposed oscillator, of the synchro-
I?] oulr smulzﬂorg),g stantldard ldOUbli'\fZ"\?ﬁm CMO.dS dnizers for the external inputs (Fischer et al., 2002), and of a
tec n(()j ogyan ﬁ suppr)]/ Vo tagelo . a(rje consl erebn-bit pipelined Ripple Carry Adder realized in ECRL logic.
I:]e andc, are CI OS??.faS; k?' eq(;J(;va ent |m_pe2 ance seden With this load the oscillator presents a conversion efficiency
the power supply of fifty 1-bit adders, S0, is 2 M2 and g5 304 yith the high/; MOSFETS, and of 75.6% with the

C;]e. Is 5?10f1|V. Since ther?onsicrj]ered _adi??atic families Witg normal V; MOSFETS. In both cases the output waveforms
this technology process have the optimal frequency range bes g cjpse to be trapezoidal and exhibit the correct relationship
tween 1 and 10 MHz (Amirante et al., 2001), the clock fre-

is ch I to 7MHz. From Eq. (2). the induc-0 P1ase (Fig- 4).
guency 1S chosen equarto Z. From £g. (2), the induc- The power conversion efficiency has been evaluated when
tance value is derived to be equal to 1 mH. Since the transfe{’/

function is based implified circuit that d i ariations of the value of a single reactive parameter occur.
unction 1s based on a simplified circutt that does not Con-g;, ¢ the inductances are external elements characterized by
sider the effect of diodes, the gain value must be larger tha

_— . ; "4 tolerance range around the nominal value, our simulations
1 to ensure oscillation. Nevertheless high gain values lead t

p dtol iod of diod qucti Rake in account the worst case of technological parameter
square wavetorms and to longer period of diode conauctiony g - \whereas the capacitive load on each phase is deter-

therefore the optimum gain is found between 1.5 and 3. To__. db : . . .
the | function that the ph tself d , and
reduce dissipation on the channel resistance, the pMOSFE: ined by the 1ogic function that IN€ phase Iset drives, an

S . its value is usually a function of time, therefore the simulated
WIL ratio is 10 times larger than of the nMOSFET WiL. capacitor conditions must predict the behavior of the circuit

in case of the worst operating variations.
4 Simulation results The simulation results reported in Table 1 are obtained

modifying the value of one reactive element in a single shifter
The circuit functionality has been simulated with PSpice. stage (whose modified value is reported in brackets), and
The conversion efficiency, defined as the ratio of the en- leaving unaltered the values of all other reactive parameters.
ergy dissipated on the load to the total energy delivered by Using high vV devices, a 30% variation of one capaci-
the DC supply, is one of the most important parameters oftance value causes a reduction of the conversion efficiency
the generator, since energy dissipation is the main concernf less than 2.3%, while the frequency variation is less than
of adiabatic architectures. The oscillator, driving the equiv-3%. With a 30% variation of the value of a single inductance,
alent load of the adiabatic systemR,( C.), shows a con- the efficiency is reduced by less then 1%, and the frequency
version efficiency of 85%. The time relationship among thevariation amounts to 5%. The phase error of the oscillator
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Table 1. Simulation results of the oscillator driving the adiabatic logic gate implemented with high (left) and low {figMOSFETSs

Vr [Vl L[mH] CI[fF] n[%]  f[MHZ] Vr [Vl L[mH] CI[fF] n[%]  f[MHZ]
09 1 500 82.3 7.13 04 1 500 75.6 7.14
09 1 500 (650)  80.0 6.94 04 1 500 (650)  74.0 6.94
09 1 500 (350)  81.9 7.35 04 1 500 (350)  75.2 7.40
09 1(1.3) 500 81.4 6.93 0.4  1(1.3) 500 72.9 7.96
09 1(0.7) 500 81.6 7.48 04  1(0.7) 500 74.0 7.54

with the nominal load presents is only 1degree, while itsvariation amounts to less than 5%. In addition, the genera-
worst case performance in presence of parameter variation®r exhibits a low energy dissipation even if the load capac-
amounts to 5.8 degrees. The oscillator with highdevices itances are not equally distributed on the phases. To avoid
is therefore not only characterized by higher efficiency valuethe use of Schottky diodes, an alternative solution using low
than the solution with low/r devices, but also by better ro- V; MOSFETSs has been discussed, together with its cost in
bustness against parameter variations. terms of circuit complexity. In this case, the conversion ef-
ficiency amounts to 76%. The proposed oscillator, with its
high efficiency and its almost ideal trapezoidal waveforms,
gives to the adiabatic logic the possibility to compete with

. _ ) _ static CMOS logic in low power applications.
Since Schottky diodes are not usually available in a standard

CMOS process, alternative solutions have been investigated,
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