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Abstract—Power consumption is one of the most important
factor in a modern embedded System-on-Chip's (SoQ'slesign.
Increasing computation complexity and incessant grath of clock
frequency reveals the necessity for dynamic and smiautilization
of the available hardware resources. The paper prests
Enhanced LEON3 Low Power IP Core with superscalar hilities
and Low Power Management Unit (LPMU). In comparisonwith
the original LEON3 IP core, the new one may executep to two
instructions per cycle and dynamically manage incgrorated
power domains. Enhanced LEON3LP IP core was synthized
using TSMC 90 nm CMOS technology.

Index Terms-DSM, LEONS3, power management, low-power,
superscalar, microprocessor

. INTRODUCTION

Power consumption in SoC Integrated Circuits (ICai
be divided into two categories. The first one is thynamic
power consumption caused by performing useful djmrs
and it is proportional to the number of transisgtate changes
per second. The second one is the static powemogtfon,
which is the result of the sub-threshold leakageerit and it
is dissipated even if the device is not workinghalugh in the
past days static power could be ignored, in todaleep
sub-micron (DSM) technologies it plays a significaole in
the total power consumption. Therefore, it is e8akrto
incorporate low-power techniques during the develept of
modern SoC designs.

The easiest way to reduce dynamic power is to dsere
the clock frequency. However, clock frequency degisystem
performance, so nowadays it cannot
consideration in many applications. Superscalacgssing [1]
allows us to take the advantage of reducing cloekuency
without affecting the performance. A typical supeadar
processor performs more than one instruction dutiegsame
clock cycle, which means faster program executiuh minor
demands for operating frequency. Although more demp
computation means extended hardware resourcesticaddi
Funcional Units (FU's) have less impact on the pmxliarea

power loss. While cutting of power supply of theused FU,
source of all parasitic currents is removed.

Enhanced LEON3 Low Power I[P Core extends
well-known open-source LEON3 IP core processorvjith
superscalar abilities and power control feature ONB is
available in form of a synthesizable VHDL model éon
SPARC V8 [5] instruction set architecture (ISA).€Tbther
benefit of using LEON3 is the availability of theSIM
simulator [6] and the BCC cross-compiler [7], whieine
essential to perform a comparative analysis betwden
original and the enhanced IP core.

The paper is organized as follows. The microarchite
of LEON3 processor IP core is briefly presente&attion II.
Section 1l describes Enhanced LEON3 Low Power direc
The paper ends with synthesis results and conciusio
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Fig. 1. LEONS core block diagram

be taken under

1. LEON3 PROCESSORMICROARCHITECTURE

LEONS3 processor system allows the user to custoriize
for certain application due to its configurationilides. The
system is based on LEON3 core connected through Aldis
[8] to system peripherals. For the use of this wbekcore was
configured to incorporate separated data and irtstrucache
controllers with  AMBA bus interface, interrupt poend
hardware, divide and multiply unit (Fig. 1). Thegiser file is

and the power consumption then a multi-core apiroac 5 3-nort memory with separated write port and teadrports.

a significant amount of time particular FU's remaditle
consuming static power. Power gating [3] is onehaf most
commonly used low-power technique in order to avibid

windows in number within the limit of the SPARC V8
standard. The integer unit (IU) datapath is base@d @-stage
pipeline with Harvard architecture.
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lll.  ENHANCED LEON3Low POWERPROCESSOR
MICROARCHITECTURE

For the research, grlib-gpl-1.0.17-b2710 versioG&LIB
was used. To obtain execution of two instructiontha same
time and power control a number of modifications tie
original source code of LEON3 processor system wagken.

The new block diagram of Enhanced Low Power LEQN3 ISOLATE

(ELEON3LP) is shown in Fig. 2.

In order to handle the execution of two instrucsiat the
same time, the register file enables reading of émd writing
of two independent data words at the same time.

The instruction cache controller enables fetchifigwmo
valid consecutive instructions. During cache missvéver,
the instructions are fetched from an external mgntiorough
the AMBA interface. In this case, only tRegimary IU has the
data to handle and theecondary IUexecutes the NOP (no
operation) instruction.

IU may perform arithmetic, logical and shift operaspand
its unnecessary parts are removed to reduce octapia.

Data dependency is another issue that is handletiein
modified IU. The results from four pipeline stagegecute to
writeback) are exchanged between both IU's to fewesr
arithmetic and logical unit (ALU) when necessary.

31 32 1 0
|DIVEN [MULEN] IUEN |

%asr20 | UNUSED

Field Definitions:

[31:3] :Unused. Read as 0.
[2] : DIV Unit Enable. 0 — automatic, 1 — always on
[1] : MUL Unit Enable. 0 — automatic, 1 — always on
[0] : Secondary IU. 0 — disable, 1 — enable
Fig. 3. Power Management Register (%asr20)
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A. Power Managment Register

SPARC V8 [5] provides for up to 31 Ancillary State
Registers (ASRs), numbered from 1 to 31. ASRs fddrto
31 are available for implementation-dependent mskcan be
read or written using RDASR and WRASR assembly

Superscalar Controlleis a stand-alone entity that extendsinstructions [10]. Originally, LEON3 (ELEON3 as Welises

the LEONS3 pipeline with an addition&refetchstage. It is
situated between the instruction cache controlled &aoth
integer units. After fetching of two consecutivestiictions,

ASRs from 24 to 31, to implement hardware breakigoiand
ASR17 as a processor configuration register. Maggov
writing a value of zero to ASR19 makes the processenter

the Prefetch stage decides whether the instructions can bgower-down” mode (which holds the pipeline). Thew

executed in parallel or one after another. In ih& tase, the
fetched instructions are directed to the appropiii@eger unit.
In the other case, only the first instruction fe&igmary 1U
(IU0) pipeline, while theSecondary I(IU1) remains unused
and executing the NOP instruction. The secondunstn is
fetched again in the following cycle. A detailechbnation of

Power version of ELEON3 processor implements an ZBR
register namedPower Management RegistéPMR) (Fig. 3).
It is used by Low Power Management Unit (LPMU) ider
to control power state of ELEON3 power domains.

B. Low Power Management Unit

The LPMU (Fig. 2) can control up to four separate power
domains and its main task is to generate sequehpeveer

Source VHDL code of IU is parameterized and may bejown and power up signals [11]. If power back up iknown
either used aBrimary IU or Secondary [UHowever, only the  good state is required, then teavesignal holds content of
Primary U is connected to the instruction cache controllerinternal registers. Otherwise, the first step tev@odown the
data cache controller, and it has access to theepsor ynused block is to isolate it from the remainingrtpa
internal registers (SPARC V8 ISA registers: PSR, .Y).  Afterwards, the power is removed and the sequerfce o
Therefore, it is the only one, which is capablepefforming  powering down is finished. The reverse order ob¢hsignals

load, store, jump, call, branch, trap, multiplyvide, and all  are needed to generate power up sequence. Fitstlpower
other operations using SPARC V8 ISA registé8scondary

extended pipeline functioning can be found in [9].
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The LPMU can be enabled in ELEON3LP processor PWRPWN - - = & = =« +©

system by entering the ‘Low-power Management Uinit'
processor configuration menu (Fig. £PMU configuration

menu enables to define the pulse width in clockesyof save CLK
and restore signals, which are necessary to prosidée
retention (Er — SAVE/RESTORE pulse width in Fig. 4). The asr2or1, 2]_—\
other parameter is d (ISOLATE/SHUTOFF delay time), :
which defines the number of clock cycle delay bemve  TIMER _0xB2 X0><B1 XUxB°X0xAFX°xAE)[ ](°x01)L0x00
particular phases of power down and power up semUéFig. _ _ ;

6). As divide instructions are much more uncomnteentthe ~ PWRDWN ; ; § /E
multiply ones, due to their very long execution dinit was

decided to plac®IV Unit and MUL Unit in the individual Fig. 11. MUL/DIV power down

power domains. Such step allows to control thenaisply

and turn them on only when necessary. The next powe

domain is occupied by the&econdary IUto minimize

processor power consumption while executing noimopéd

Fig. 10. Automatic MUL/DIV power up/down




and hard to parallelize programs. The fottAMU output
interface is used to retain the statéPofmary 1U, Superscalar
Controller andData andInstruction Cache Controllers

When the processor enters power-down model BidU
starts the sequence of turning off the all contieliomains,
bringing the power consumption to the minimum. Doeghe
state retention of th@rimary IU, after being woken up by
LPMU because of incoming interrupt, the processor ca
restore its state, handle the interrupt and coatiexecuting
the program (Fig. 7).

TABLE I. POWERESTIMATION

Power Domains Dynamic [nW] | Total [mW]

all on 31.412 31.480

U1 off @(MUL-on; DIV—on; IU0—on) 26.692 26.748
MUL off @(lUl-off; DIV-on; IUO-on) 19.699 19.744
DIV off @(IUl-off; MUL—off; 1U0-on) 17.233 17.273
all off 0.358 0.359

Fig. 12. Power estimation diagram
When the programmer does not intend to use th

Secondary IUthe ARS20[0] should be cleared. In this case[1]

Superscalar Controllestops feeding it with new instructions
and LPMU powers it down after insuring that its pipeline is
empty (Fig. 8). Thesuperscalar Controllewill use again the
Secondary IUight after it is turned on and restart after seti
bit 0 in the ASR20 (Fig. 9).

The value of zero in ASR20[1] or ASR20[2] meanst tha
LPMU will automatically power up thé®IV or MUL Unit
when necessary and power it down while unused fmpegific
period of time. After detecting a multiplication @livision
instruction in the pipeline, the appropriate sigimalicates the
need of turning it on and the timer is started. Phecessor
execution pipeline is being held for the time ofmete
powering up of theMUL or DIV Unit delaying their start
conditions. This is the only time penalty and perfance
degradation, because of using automativiU mode. Each
multiply or divide instruction appearance
appropriate timer. Once powered up, M&L or DIV Unit
will be automatically turned off after not beingedsfor 256
clock cycles (Fig. 10). Writing the value of one ASR20[1]

[l
resetse th

or ASR20[2] will hold these modules powered on tigole
time. After switching back to automatic mode, &L and
DIV Units will be turned off right after timer overflow
(Fig. 11).

IV. SYNTHESISRESULTS

Mentor Graphics ModelSim software was used as

] simulation environment. ELEON3LP processor IRrecoas

synthesized in TSMC 90 nm CMOS technology using
Cadence RTL compiler. Table | shows the resultpmier
estimation of the ELEONS3LP with a toggle rate —,0.2
probability rate — 0.5 and 3 ns clock period. Pssoe
system’s power domains are successively turningilbfthe
complete shut down. The cache and register file ones
were not the subject of the synthesis, so their grow
consumption was not included in the results. F&jshows
that additionalSecondary IUnhas an insignificant impact on
the overall power consumption. Starting from 3%/
power consumption of all-power-on system, tHeMU can
reduce it to 359 pW powering all the incorporatemver
domains off.

V. CONCLUSION

Enhanced LEON3LP IP core with ability to execute tw
instructions in parallel and Low Power Managemenit Was
presented in the paper. The results of power estima
showed that the additionaBecondary IU(IU1) has an
insignificant impact of 4.72 mW in comparison with
31.48 mW power consumption of the whole processwe.c
Existence of thd PMU allows the user to match the power
consumption to the requirements of the runningvee. By
using dynamic management of the power domains|_féU
can adjust the power consumption from 31.48 mW to
17.23 mW for the running processor and drop it 5@ W
during the power-down state.
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