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Abgract - We describe the design of an nRERL microprocessor for
ultra-low-energy applications nRERL (nMOS Reversble Energy
Recovery Logic) is a new reversible adiabatic logic circuit usng only
nM OS transgtors, which can be operated at the leakage-current leve
[1]. We focus on two main issues; fire, the desgn of a full adiabatic
microprocessor, which uses only adiabatic components for all the
functional blocks, second, the energy consumption of the nRERL
microprocessor induding itsclocked power generator (CPG).

With the experimental reaults, the nRERL microprocessor
consumed 26.22 pJ at 440kHz.

|. INTRODUCTION

The main objedive of desgning an adiabatic sysem such as nRERL
microprocessr is designing a sysem that consumes energy &s little &
possble. There have been aly a few pgpers on adiabatic microprocesor.
Vieri’s 32-bit reversible computer in [2] is agood work, but he did focus on
reversble omputation itsdlf and its software level. Athes and Tzatznis's
works in [3] are the only adidbatic microprocessors ever reparted, as we
know, which regyded the energy of the nodes with large load cgpadtanceby
using clocked bufers, however they used the conventiord circuitsfor dl the
other components.

This paper focuses the design of a complex full adiabatic micro-
processor. In the nRERL microproces®r, dl the functiond blocks are
implemented with NRERL except its CPG blocks The proposed nRERL
microprocessor is optimized in view of the energy consumption. Frg, we
minimized the number of NRERL buffers usng phase-based ppdining.
Semnd, we bre&k the logic revershility with the Sdf Energy Rewvery
Circuits (SERCs) [1]. Third, the more energy-efficient CPG using two-step
compensationisused.

In this paper, the achitedure of microprocessor is own in Sedion 11,
which is followed by the aenergy consumption andysis in Sedion 111. And
experimenta results are shown in sedion |V, which is followed by the
Concdlusionin Sedion V.

Il. ARCHITECTURE

The nRERL reducel its energy comsumption and area overhead
substentialy becaise the nNRERL uses nMOS transgtors only by explaiting
the bootstrgpped NMOS switches. The detalled description about nRERL
can befourdin[1].

ThenRERL microprocesor isbased ontheingruction st architedure of
DLX. Theingruction st architedure of DLX is dightly modified to gpply it
to the nRERL microprocesr without losng its fedures a dl. An
ingructionszeis20-bitsand ceta-path sizeis8-bits. Totd 19 indtructions are
implemented: add, sub, and, or, xor, dt, add, Iw, sw, jr, jdr, 9, begz, brez j,
jd, noplref (refresh), lwp and swp.

In Fg. 1, the schematic of micro-architedure of the 8-bit nRERL
microprocessor is shown together with the pipelining diagram. Note that a
cdock cyde mnagts of 6 pheses in nRERL. So many nRERL buffers are
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used for retaining nade information cle to the o/de-based ppdining.
Therefore we eploit the phese-basad pipdining, which is an inherent
property of adiabatic switching. Therefore, the number of buffersis reduced.
Besides, we designed the sysem with o phase margin to minimize to
minimize the number of buffers. The time to complete one ingruction is 28
pheses, which is minimized to reduce the number of nRERL buffer and the
energy consumption. Therefore, eady DLX ingruction can be implemented
ina mogt five dock cydes.

We used only adiabatic comporents for dl the functional blocks of the
nNRERL microprocesor. However, we bre& the logic reversibility with
SERGs if we can save the aeaor reduce the energy disspation. We used
SERC to recover the energy stored in anode with CV,.? energy loss when
the energy lossof addtiond buffers for reversbility islarge. The SERC can
be used for unwrite operation with dfferent dock scheme in NRERL
memories.

nNRERL memoaries employ the mncept of reversble storage. Ingteal of
moving the stored deta to another sorage cdl, we used SERCs s that we
can recver dmogt of the gored energy. The SERCs in aregidter file or a
RAM unwrite the stored deta to make the storage cdl dea in the unwrite
operation, which proceals the write operation. The detailed description
about thedesign of NRERL memoriescan befourd in[4].

The 6-phase CPG using 2-step compensdtion is proposed. By using a
cgadtance @mpensation dircuit, the daic cgpadtance of ead ral is
equalized. And by using afrequency tradking circuit, the effects of dynamic
cgpadtance variaion are mmpensated. The frequency tradking circuit helps
the trangtion of the heavily loaded rmodes It supplies more darge to the
dowly risng nades or drains the stored charge from dowly fdlling nodes.
The block diagram of the docked pawer generator is shown in Fig. 2. Note
that the frequency tradking circuit is comeded to both terminas of inductor
and gatic compensation blocks are mnneded to eat dock rall. The detail ed
description abaut the bad ¢ operation of CPG can befoundin [5].

IIl . ENERGY CONSUMPTION ANALY SIS

The CPG is the mogt energy-disspative part in nRERL microprocessor
andthenRERL function blocks can be ansdered asan equivaent load.
Therefore, thetota energy losscan beexpressed as srownin (1).

Etotal = Eadiabaﬁc + Eoons(am + Eswitch\ng + Eleakage + Em'smalch + Eoormensaﬁon ’
@

where E .. IS the adidbatic energy lossin rall driver switch and load,
which is inversdy proportiord to the rail driver switch Sze E_ . iS the
nonadiabatic energy loss consumed in CPG control block and in SERCs,
whichis congtart. Eg,ing iS the nonediabatic energy lossfor driving the geate
cgpadtance of the large rall driver switch, which is proportiond to the rall
driver switch Sze B is the energy loss due to the leskage airrent of
MOSFET and Eigrech Ecompension € the energly losses duerto the capadtance
mismatch and compensation in CPG, respedively.
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The totd energy is the function o load cgpadtances, trandstor sSzes and
operating frequencies, etc. We can induce the energy-optima frequency is
about 2MHz by using (1). The energy-optima sizes of arail driver, which
are ore of the most impartant design fador, were dasen 276 um/ 0.24 um
for pMOSand 138 pm/ 0.24 pm for ntMOS from the Smulation.

Sometimes *Eigrach + Econpensaion. 1S Much larger than the other
comporents Using two-step compensation, the energy lossof CPG due to
cgpadtancemismatchis siccessully reduced as srowninFig. 3.

IV. EXPERIMENTAL RESULTS

The dip isfabricated in Anam 0.25-um 5-metd n-well CMOS process
V=25V, V,, =03V and Vy, = 0.5 V. Fig. 4 shows the microphotograph
of the dhip. The aeaof coreszeis2.62 mmx 2.03mm The number of total
trangstors is 98,000. The totd energy consumption of the nRERL
microprocesr was 26.22 pla V= 2.5V and f =440 kHz, which isalmost
the same as the Smulation resuit. Though the maximum operating frequency
isabout 10 MHz, the energy-optimd frequency is440 kHz in measurement.

The etimated energy consumption of ead component in the nRERL
microprocessr and CMOS one is summarized in Table |. To dlow far
comparison, the energy consumption d the sense anplifier and Lit-line pull -
up circuit in the regiter file axd RAM is exduded, which isimpartant issie
in the fest and high-performancemicroproces®r and it tekes up 97 % of the
totd energy disgpation. It is estimated with SPICE amulationa V=25V,
f = 2 MHz, which is the energy-optima operating frequency of nRERL in
smulation. At that frequency the ledage losses and the adiabatic losss are
about equd [1]. As can be seen from the table, the main portion of the
energy consumption isinthe dock driver.

Thetotd energy consumption o the \RERL microprocessor was 13.6 %
of the satic CMOS one, which was about hdf of the Athas s gpproach. Note
that the Athas's microprocessor [3] consumed about 30 % of the anergy
consumption of the static CMOS one.

V. CONCLUSIONS

We described the design of an nRERL microprocessor to verify the
usfulness and the eegy-efficiency of NRERL. The nRERL
microprocessor isafull adiabatic microprocessor, which uses only adiabatic
comporents for dl the function. However the energy consumption was nat
reduced so much asthe previous work [1, 4, 5]. The anergy consumption of
the NRERL microprocesor was 26.22pJ a Vy, = 25V and f = 440 kHz,
which was about 13.6 % of the anergy consumed in the onventiond CMOS
ore from the simulation comparison. This result is encouraging though the
dired comparison istoo rough.

In future, more @ngderations onlow-power techniques such as dynamic
voltage scding and power down should be given.
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Fg. 4. Microphatogrgph and layout of 8-b nRERL Microprocesor
TABLEI.

ESTIMATED ENERGY CONSUMPTION PER CYCLE OF THE 8BIT NRERL AND staTic CMOS
MICROPROCESSOR. THESE DATA WERE OBTAINED FROM SPICE SIMULATIONAT

Functiona NRERL CMOS Ratio
Component (portionin %) (portionin %) (in%)
8-hitALU 0.75 pJ(29) 339pJ(18) 20
Cortrd 164p1(6.2) 3L74pJ(164) 52

256 x20bing. ROM 236 pJ(9.0) 18.76 pJ(9.7) 126
16 x 8 3port reg. file 0.70 pJ(2.7) 541 pJ(28) 129
2 kbit RAM 544 pl (20.7) 4272pJ(22.1) 127
CPG vsClock driver 15.38 pJ(585) 9146 pJ (47.3) 168
Totad 26.27pJ(100) 19348pJ(100) 136
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