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Abstract—A microprocessor system is presented in which the Compute-intensive and
supply voltage and clock frequency can be dynamically varied so short-latency processes
that the system can deliver high throughput when required while
significantly extending battery life during the low speed periods.
The system consists of a dc-dc switching regulator, an ARM V4
microprocessor with a 16-kB cache, a bank of 64-kB SRAM ICs,
and an I/O interface IC. The four custom chips were fabricated in a
standard 0.6.um 3-metal CMOS process. The system can dynam- time
ically vary the supply voltage from 1.2 to 3.8 V in less than 7Qus. System idle Background and
This provides a throughput range of 6-85 MIPS with an energy long-latency processes
consumption of 0.54-5.6 mW/MIP yielding an effective energy ef-
ficiency as high as 26 200 MIPS/W.
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Fig. 1. Processor usage model.

Index Terms—Adaptive processor, energy efficient, low power,
variable voltage. . ) )
tasks (e.g., text entry, address book browsing, playing music,

etc.) only require a fraction of the full processor throughput to
I. INTRODUCTION adequately run. Executing these tasks faster than the desired

ICROPROCESSOR systems are found in a variety Hproughput iate has_ no discernible_ benefit. In addition, there
M portable electronic devices which span a broad range®€ System idle periods because single-user systems are often
performance with respect to throughput and energy consunfj9! actively computing. The key design objective for the
tion. To lower energy consumption, existing low-power desig?fCCeSSor systemsin these applications is to proy|de the h|gh§st
techniques generally sacrifice throughput [1]-[4]. For examplBOSSible peak throughput for the compute-intensive tasks while
personal digital assistants (PDAs) have a much longer batt@Ximizing the battery life for the remaining low speed and
life than notebook computers, but deliver proportionally ledd® periods. . o
throughput to achieve this goal. Reducing the supply voltage”A common power-saving technique is to reduce the clock
is an effective technique to decrease energy consumption, d&gfluency during non-compute-intensive activity [S]. This
is a quadratic function of voltage; however, the delay of CMO®duces power, but does not affect the total energy consumed
gates scales inversely with voltage, so this technique redu®&§ task, since energy consumption is independent of clock fre-
throughput as well. This paper will describe a new design tecivency to a first order approximation [6]. Conversely, reducing
nique that dynamically varies the supply voltage to only provid8€ voltage of the processor improves its energy efficiency, but
high throughput when required. This technique can decrease $RgPromises its peak throughput. If, however, both clock fre-
system'’s average energy consumption by up to 10x, without s&&ency and supply voltage are dynamically varied in response
rificing perceived throughput, by exploiting the time-varying® computational load demands, then the energy consumed per
computational load that is commonly found in portable ele¢@Sk can be reduced for the low computational periods, while
tronic devices. retaining peak throughput when required. When a majority of
Shown in Fig. 1 is an example of the microprocessor systemd computation does not require maximum throughput, then
desired throughput (e.g., million instructions per second, Hie average energy consumption can be significantly reduced,
MIPS) as a function of time. The computational require\‘.hereby increasing the computation that can be done with
ments can be considered to fall into one of three categoriéd€ limited energy supply of a battery. This strategy, which
compute-intensive, low-speed, and idle. Compute-intensi@ghieves the highest possible energy efficiency for time-varying
and short-latency tasks (e.g., video decompression, speB@fputational loads, is called dynamic voltage scaling (DVS).
recognition, complex spreadsheet operations, etc.) utilize thiS paper describes a prototype DVS-enabled chip-set which
full throughput of the processor. Low speed and Iong—latenéﬁ_”""ﬁ"nS a voltage converter, a microprocessor, SRAM memory
chips, and an interface chip for connecting to commercial 1/0
peripherals.
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(Fjllxg/IOZS Simulated maximum clock frequency for four circuits in Q16 Fig. 3. System architecture—four custom chips.

[11]. This work extends these efforts to dynamic voltage suppfiggative feedback loop. In this DVS system, the regulation loop
scaling of a general-purpose microprocessor, under direct op&fs modified so that the output voltage drives the ring oscillator

ating system control, and over a complete system chip-set. Whose output clock signal can be readily converted to a digi-
tally measured clock frequency. The operating system controls

Il. DVS OVERVIEW the loop by providing a desired clock frequency from which the

measured clock frequency is subtracted to calculate the feed-

There are three key components for im.plementing_ DVS ek error. This approach allows the software to directly set
a general-purpose microprocessor system: an operating sys{§floperating frequency, and lets the hardware loop determine
that can intelligently vary the processor speed, a regulation IogR minimum required supply voltage to meet this desired fre-
that can generate the minimum voltage required for the desir,

speed, and a microprocessor that can operate over a wide voltags\/s introduces two new performance parameters, transition
range. o . ____time and transition energy. Transition time is defined as the du-

A critical characteristic of CMOS circuits is shown in Fig. 2,4ti0n required to alter the clock frequency and supply voltage.
which plots simulated maximum clock frequency versus supphis time impacts both interrupt latency and wake-up latency
voltage for various circuits in our 0.6m CMOS process. \yhen the system is in its lowest-energy sleep state. Transition

Whether the circuits are simpl&AND gate, ring oscillator) gnergy is the extra energy consumption due to switching losses
or complex (register file, SRAM), their circuit delays trackp ¢ is required to change the system supply voltage.
extremely well over a broad range of supply voltage. Thus, as

the processor’'s supply voltage varies, all of the circuit delays
scale proportionally making CMOS processor implementations
amenable to DVS. However, subtle variations of circuit delay The complete microprocessor system is comprised of four
with voltage do exist and primarily effect circuit timing, ascustom chips, as shown in Fig. 3, all of which were designed for
discussed in Section VI. DVS to maximize system energy efficiency. The regulator chip,
Control of the processor speed must be under software caliscussed in detail in Section V, converts the battery voltage
trol, as the hardware alone cannot distinguish whether the cv o) to the variable supply voltagé’, ;) which powers the
rently executing instruction is part of a compute-intensive taskicroprocessor, the processor bus, the external memory bank,
or a non-speed-critical task. The application programs canrbé 1/O interface chip, and the front-end of the regulator. The
set the processor speed because they are unaware of otherfpro-chips have been fabricated in a .6t 3-metalVy ~ 1-V
grams running in a multitasking system. Thus, the operati@MOS process.
system must control processor speed, as it is aware of the comfhe CPU chip, shown in Fig. 4, contains a custom imple-
putational requirements of all the active tasks. Applications mayentation of an ARM8 processor core [12]. The core, which
provide useful information regarding their load requirementsnplements the ARM IV instruction set architecture, contains a
but should not be given direct control of the processor speedfive-stage scalar integer pipeline and an eight-word prefetch unit
As processor speed varies, so too must the supply voltagdhat performs static branch prediction. A 16-kB 32-way set-as-
order to optimize the energy consumption. However, the sofieciative unified cache operates at the core clock rate. The cache
ware is not aware of the minimum required supply voltage for@ntains 16 physical blocks in which a CAM tag array provides
desired clock frequency since it is a function of the underlyintpe line decoding for an SRAM data array which is logically or-
hardware implementation, process variation, and operating teganized into 32 lines with 8 words per line. A 12-element write
perature. A ring oscillator, which attempts to scale over voltadgeiffer multiplexes address and data into a single register file
with the critical paths of the processor, provides the translatiand supports a variable number of data words per address to
from supply voltage to operating frequency. accommodate the store multiple registers (STM) instruction. A
A conventional voltage regulation system samples the outgads interface unit connects the CPU to the processor bus and
voltage and compares it to an input reference voltage withincantains a memory controller that provides all the signal gen-

I1l. SYSTEM ARCHITECTURE

Authorized licensed use limited to: Rice University. Downloaded on January 3, 2009 at 17:16 from |IEEE Xplore. Restrictions apply.



BURD et al: DYNAMIC VOLTAGE SCALED MICROPROCESSOR SYSTEM 1573

: | accesses (DMA) from an 1/O device. To facilitate testing, the

ﬁ ; ; entire I/O subsystem was emulated in hardware using a pro-

cessor system board and an FPGA which connected directly
| B T T

to the 1/O chip. This virtual I1/O subsystem can stream data in
regular intervals modeling real input devices, as well as collect
and verify data destined for output peripheral devices. This em-
ulation system allowed the execution of benchmark programs,
typical of those run on PDA-like devices, to adequately demon-
strate DVS.

IV. V OLTAGE SCHEDULER

The voltage scheduler is a new operating system component
for use in a DVS system. It controls the processor speed by
writing the desired clock frequency to a system control register.
The register’s value is used by the regulation loop to adjust the
CPU clock frequency and regulated voltage. By optimally ad-
justing the processor speed, the voltage scheduler always oper-
ates the processor at the minimum throughput level required by
the currently executing tasks and thereby minimizes system en-
ergy consumption.

The implemented voltage scheduler runs as part of a simple
real-time operating system. Since the job of determining the
optimal frequency and the optimal task ordering are indepen-
dent of each other, the voltage scheduler can be separate from
the temporal scheduler. Thus, existing operating systems can be

IIII. ll I. straightforwardly retrofitted to support DVS by adding in this
“I! IIII I.l new, modular component. The overhead of the scheduler is quite

small such that it requires a negligible amount of throughput and
II'I I“I ‘ energy consumption [13].

The basic voltage scheduler algorithm determines the
optimal clock frequency by combining the computation re-
Fig. 5. SRAM die photo (9.6 10.4 mm, 3.4 M transistors). quirements of all the active tasks in the system, and ensuring

that all latency requirements are met given the task ordering
eration for the external memory system. The bus side of the - the temporal scheduler. Individual tasks supply either a
terface, the external bus, and the external memory systemampletion deadline (e.g., video frame rate), or a desired rate
operate at one-half the internal clock rate. At the center of tloé execution in MHz. The task’s workload (e.g., processing an
chip is the voltage-controlled oscillator (VCO) which drives aMPEG frame), measured in processor cycles, is automatically
approximate H-tree clock network that has a maximum clod@stimated by the voltage scheduler. While the optimal clock
skew of 80 ps (simulated). The chip also contains a system ¢eequency in a single-tasking system is simply workload
processor consisting of the desired clock frequency register, thieided by the deadline time, a more sophisticated voltage
regulator interface, a real-time counter, dynamic performanseheduler is necessary to determine the optimal frequency for
counters, and other system control state. multiple tasks. Workload predictions are empirically calculated

The SRAM chip, shown in Fig. 5, contains 64 kB of memorysing an exponential moving average, and are updated by the
organized into two levels (& 8 x 1 kB). The data width of the voltage scheduler at the end of each task. Other features of
chip is 32 bits so that only one external memory chip is activatéide algorithm are a graceful degradation when deadlines are
per access, thereby minimizing the energy consumption of maiissed, the reservation of cycles for future high-priority tasks,
memory. To prevent an excessive pin count, the address pamsl the filtering of tasks that cannot possibly be completed by
are multiplexed onto the same bus as the data. This reducesalyiven deadline [14].
bandwidth of single-word accesses by a factor of 2, but since ex+ig. 6 plotsVpp for two seconds of a user-interface task,
ternal memory accesses are predominantly cache-line reloadsich generally has long-latency requirements. Since clock fre-
the average bandwidth reduction is closer to 11% (1 addreggeency increases with, p, processor speed can be inferred
word per 8 data words). The controller block on the SRAM chifsom this scope trace. The top trace demonstrates the micropro-
supports these burst-mode accesses. cessor running in the typical full-speed/idle operation. A high

The primary function of the I/O chip is to convert the variableoltage indicates the processor is actively running at full speed,
voltage processor bus to a fixed 3.3 V bus for communicati@nd low voltage indicates system idle. This trace shows that the
with commercial peripheral devices. In addition, the 1/O chipser-interface task has bursts of computation, which can be ex-
performs simple data flow control and supports direct memopjoited with DVS. The lower trace shows the same task running
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T
y FErR L = voltageVp p, which is fed back to the CPU chip, thus closing
= i the loop.
: i The only external components required are a /74in-
W T ductor placed next to the regulator, and 55-of capacitance
§§ """""" S e S [ distributed near the chipsVpp pins. The ring oscillator is
T HE Register L {ioo placed on the CPU chip, and is designed to track the critical
P17 H H . . . .
= Jerx Oslz;fl‘ftor H CPU, SRAM paths of the microprocessor over voltage. A beneficial side
and VO ICs effect is that the ring oscillator will also track the critical paths
i ManCPUClock ¢ over process and temperature variations. The rest of the loop is
integrated onto the regulator die as shown in Fig. 8.
Fig. 7. Frequency to voltage feedback loop. The regulation loop operates discontinuously to improve its

stability and decrease the voltage transition time by pulsing the

with the voltage scheduler enabled. In this mode, low VORai}ductor current to transfer discrete quantities of charge to, or
indicates both system idle and low-speed/low-energy operatiéi¢™ the capacitor. This is demonstrated in Fig. 9 which plots
The voltage spikes indicate when the voltage scheduler hadft§ buck circuit waveforms when the converter is regulating a
increase the processor speed in order to meet required dead|if@dStantpp, in which case it is adding charge to the capac-
This comparison demonstrates that much of the computation f&- #/r is enabled first, which begins ramping up the inductor

this application can be done at low voltage, greatly improvir@”rem(iL) for a duration specified by the loop filter. At the end
the system’s energy efficiency. of the duration M p is turned off, andV{ » is turned on, which

ramps downi;, until it returns to zero. When the converter is
ramping upVpp, thei, pulses will be larger and more frequent,
V. VOLTAGE AND FREQUENCY REGULATION FEEDBACK LOOP and when it is ramping dowipp, iz, will be reversed in po-
The two-chip regulation feedback loop is shown in Fig. 7. Tharity and the timing of the power FETs will switch so thfty
ring oscillator on the CPU chip outputs a clock signal whose enabled beforé/ . Because,, returns to zero at the end of
frequency is a function of the supply volta§® . The clock each pulse, the inductor’s current flow is not continuous, and the
signal is sent to the regulator chip and drives a counter whichtigo-poleL C filter reduces to a single dominant pole which is set
latched and reset at 1 MHz intervals to quantize the frequeriay the capacitor and the effective load resistafi¢ep /Ipp).
into a 7-bit word. This value is subtracted from the desired fré&oop stability is then ensured by setting the gain-bandwidth of
guency (in MHz) as set by the operating system, to create e loop to be well below the sampling frequency of 1 MHz over
8-bit frequency errorFrrr. The loop filter circuit implements the range oV, p andipp.
a hybrid pulse-width/pulse-frequency modulation (PWM/PFM) The regulator chip contains two additional components to
algorithm which generates signals to enable the power FETs sigoport this discontinuous mode of operation. Current limiting
FPon and Non. The buck circuit consisting a/p, My, and circuits restrict the maximum output current to 1 A to protect the
the LC tank down-convert¥psar (3.3-6.0 V) to the regulated power FETs and external filter elements. These circuits consist
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of two offset-cancelled comparators, one for each of the powel 4V ]
FETs. Zero-detection circuits, implemented as offset-cancellec
comparators, are required to detect when the rectifying powe
FET’s current crosses zero, so that the FET can be turned ol
at the end of the charge pulse [15]. Additionally, to minimize
power dissipation due to detector inaccuracy, an integral feed 33
back loop, similar to adaptive dead-time control [16], is used Track
to null the comparator, logic, and power FET gate-drive delays. ta(t)“‘,s

This loop can detect the zero current crossing to within 2 mA.  300m4

DD

Ipat

A. Tracking Performance

>

The voltage converter required for DVS is fundamentally dif-  0m4
ferent from a standard voltage regulator because in addition tc : 3 ; 5 § : ! ; : :
regulating voltage for a given speed, it must also change the = -74xs SBus div " 42645
voltage when a new speed is requested. A large regulator output
capacitance reduces the dominant pole frequency, thereby ré-
ducing supply ripple, and increases low-voltage conversion ef-
ficiency, making the loop a better voltage regulator. A small c@owered by the variabl€}, , while the rest of the chip is pow-
pacitance reduces transition time and energy, making the looprad byVzar.
better voltage tracking system. Hence, the fundamental trade-offfo minimize the sum of on-state and conduction losses, there
in DVS system design is to make the processor more toleranti®an optimum power FET gate width for fixed load current [16].
supply ripple so that the capacitance can be reduced to miSince the load current varies by 50x, the power FETs are dy-
mize transition time and energy [17]. The peak-to-peak rippteamically sized to minimize losses over a broad range of load
constraint for this system was relaxed to 5%, with a maximuourrent and maximize conversion efficiency. The filter's SRAM
measured value of 3.8%. look-up table also contains two bits for each power FET for in-

To further improve transition speed, the loop filter utilizeslependent, binary-weighted, sizing control. The gate-width of
feed-forward controlFgrr is first multiplied by a gain term, the nMOS and pMOS least-significant bits (LSB) are 10 and
then a feed-forward value is added to it which is solely a functi®®0 mm, respectively.
of the desired clock frequency. A 16 16-bit SRAM contains
the look-up table for the feed-forward value as well as the frex. Transient Loop Response
quency-dependent gain term, and is indexed by the upper fou
frequency bits. The feed-forward provides quick, but approxi-
mate loop adaptation, while the feedback loop locks onto the
desired clock frequency.

10. Transient response of the regulation loop.

i:g 10 shows a scope trace for the system’s maximum
ow-to-high and high-to-low speed transitions. THgp, signal
tran5|t|0ns from 1.2 to 3.8 V, then back down to 1.2 V. The
Track Status signal indicates whether the loop is operating in
the tracking or regulation mode. This signal demonstrates that
the maximum transition time is 7@s for the 5-80 MHz tran-
The key design challenge of this loop was to maintain gogition under full system load, while smaller voltage transitions
conversion efficiency with over 100x variation in load poweare executed in less time. During this entire transition period,
dissipation, while keeping the output capacitance sufficienttiie processor system can continue to execute instructions.
small to maintain the loop’s tracking performance. A hybrid The signal labeleds ot is the battery current measured going
PWM/PFM algorithm is utilized which combines the high efinto the regulator, but after the battery’s bypass capacitor. There
ficiency that PWM can provide at high loads with the high effiis a current spike on a low-to-high transition which is required
ciency that PFM can provide at low loads [15]. to charge up the loop’s output capacitor to the required voltage.
The converter operates in one of two modes, tracking aitie negative current spike on the high-to-low transition occurs
regulation. Tracking mode is initiated by a new frequency réecause the power pMOS is removing charge from the capac-
guest. Charge is either delivered to, or removed from the cap#o+ and placing it back onto the battery’s bypass capacitor. The
itor depending upon the sign dfzrr, and is delivered via a conversion loss of the regulator while charging and discharging
variable-width pulse which has 4 bits of control. When the errdhe output capacitor becomes the transition energy, and is pro-
magnitude is less than 4 MHz, the converter switches to reguertional to the size of the capacitor. This transition energy is
lation mode in which the converter will still deliver energy tca maximum of 4.:.J for a 5-80 MHz transition, which equals
the output wherf'irrg is greater than zero, but only the microthe energy consumed by the processor running at 80 MHz for
processor system can remove charge. Whgnr is less than 712 full-load cycles.
zero, the loop filter is disabled to suppress the charge pulse that
would otherwise remove charge and drigry to zero in a
strictly PWM system. Thus, the only part of the loop that is
continuously running is the front-end which calculafészr. One approach to designing a processor system that switches
To improve low-voltage conversion efficiency, these circuits amltage dynamically is to halt processor operation during the

B. Optimizing Conversion Efficiency

VI. DIGITAL CIRCUIT DESIGN FORDVS
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4 - : ] inputs are low such that the output node is undriven at a value

3| P2 =20Vps oA T Vpp. If Vpp ramps down by more than a diode drop by the end
% 2l Vop. ot of the evaluation state, the drain-well diode will become for-
> : ward biased. Current may be injected into the parasitic p-n-p

e fer transistor of the pMOS device and induce latchup [18]. This

o~ condition occurs when

) 20 40 60 80 100 120 140 160 180 200
Time (ns) dVop . —VbE B

‘ _ _ _ _ _ dt  ~ terkjave/2
Fig. 11. Ring oscillator adapting to varying, p (simulated).

wheretcr k| ave is the average clock period &% p varies by

switching transient. The drawback to this approach is that i-diode voltage drop’s . Since the clock period is longest at
terrupt latency increases and potentially useful processor ¢Qwest voltage, this is evaluated &pp ranges fromVan +
cles are discarded. Since static CMOS gates are quite toleraptee 10 Vi, whereViy = Vr + 100 mV. For our 0.6pm
of a varying voltage supply, there is no fundamental need ROCeSS, the limit is-20 V/us. Another failure mode occurs if

halt operation during the transient. When the gate’s outputi®p ramps up by more thakir,, by the end of the evaluation
low, it will remain low independent o¥/;pp. However, when State, and the output drives a pMOS device resulting in a false

the output is high, it will trackVp > via the pMOS device(s). logic low, giving a functional error. This condition occurs when
Simulation demonstrated that for a minimum-sized pMOS de- WVop Vi

vice in our 0.6xm process, th&Ctime constant of the pMOS P £ 72
drain-source resistance and the load capacitance is a maximum CLKIAVE

of 5 ns, at low voltgge. Thus, static CMOS gates track quighdtCLKlAVE is evaluated a¥p,  varies fromVax to Vi +
well for adVpp/dt in excess of 100 V/s. Because all logic v, since this condition is also most severe at low voltage. For
high nodes will trackVpp very closely, the circuit delay will o, 0.6um process, the limit is 24 Vis.
instantaneously adapt to the varying supply voltage. Since therpese |imits assume that the circuit is in the evaluation state
processor clock is derived from a ring oscillator also powerggr ng jonger than half the clock period. If the clock is gated,
by Vpp, its output frequency will dynamically adapt as well, aaving the circuit in the evaluation state for consecutive cycles,
demonstrated in Fig. 11. _ _ these limits drop proportionally. Hence, the clock should only be
Yet, there are constraints when using a design style other thafled when the circuitis in the precharge state. These limits may
static CMOS as well as limits on allowabi#’p /dt. The pro-  pe increased to that of static CMOS logic using a small bleeder
cessor system design contains a variety of different styles, g\wos device to hold the output &, while it remains un-
cluding not only static CMOS logic, but dynamic logic, CMOSyriven. The bleeder device also removes the constraint on gating
pass-gate |09'C: memory cells, sense-amps, bus drivers, _andtHQCIock, and since the bleeder device can be made quite small,
drivers. As will be shown, the maximurtV/y, /dt that the cir- - there can be insignificant degradation of circuit delay due to
cuits in this design can tolerate is approximately u8/The the pMOS bleeder fighting the nMOS pull-down devices. The
converter loop has a maximu#Vpp /dt of only 0.2 VIus, pro- - charge-redistribution problem of dynamic logic will be magni-
viding sufficient design margin. These design constraints sagjjsq by a varying supply voltage such that the internal nodes of

fice a small amount of energy-efficiency in the circuit design\os stacks should be properly precharged [18].
but return much larger gains at the system level via DVS.

)

C. Tri-State Busses

) ) Tri-state busses that are not constantly driven for any given
NMOS pass gates are often used in low-power design dued@je suffer from the same two failure modes as seen in dy-

their small area and input capacitance. However, they are limitgghic 1ogic circuits due to their floating capacitance. The re-
by notbeing able to pass a voltage greater 1iap —Vry, such - gyitingdv/, 1, /dt can be much lower if the number of consecu-
that a minimumV, » of 2- V7 is required for proper operation. e undriven cycles is unbounded. Tri-state busses can only be
Since throughput and energy consump_tlon vary approximatel¥ed if one of two design methods are followed.

by 4x over the voltage rand€- to 2-V7, using nMOS pass gates  The first method is to ensure by design that the bus will al-
restricts the range of operation by a significant amount, and gjgys be driven. While this is done easily on a tri-state bus with
not worth the moderate improvement in energy efficiency. Iy two drivers, this may become expensive to ensure by de-
stead, CMOS pass gates, or an alternate logic style, shouldsp, for a large number of driver§, which requires routingv,

A. Pass Gate Logic

utilized to maximize the voltage range for DVS. or log(IV), enable signals.
) ) The second method is to use weak, cross-coupled inverters
B. Dynamic Logic which continually drive the bus. This is preferable to just a

Dynamic logic styles are often preferable over static CMO®leeder pMOS as it will also maintain a low voltage on the
as they are more efficient for implementing complex logic fundtoating bus. Otherwise, leakage current may drive the bus high
tions. They can be used with a varying supply voltage, but revhile it is floating for an indefinite number of cycles. The size
guire some additional design considerations. One failure moalethese inverters can be quite small, even for a large bus. For
can occur while the circuit is in the evaluation state and the gater 0.6.:m process, the inverters could be designed to tolerate a
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Fig. 12. Basic sense amplifier topology. A |
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dVpp/dtin excess of 75 \iis with negligible increase in delay, T T Voo T T
while increasing by only 10% the energy consumed driving the '
bus. Fig. 13. Relative CMOS circuit delay variation (simulated).
D. Sense Amps nificantly more expensive in area and/or power (e.g., memory

The basic sense-amplifier topology, shown in Fig. 12, r@ddress decoder).
sponds to the varyin§pp in a desirable manner. Whérip p
increases, the cell current drive pulling dowg;, increases be- VIl. ARCHITECTURAL ENHANCEMENTS FORDVS
cause the cell’s internal voltage increases, and the trip point ,&’f
the sense amplifier shifts up. Likewise, wh&pp decreases,
the cell current drive decreases, and the trip-point shifts down.The primary architectural support for DVS is the addition
The net affect is that the decrease/increase in response tim@dhe desired frequency register, which has been added to the
the sense amplifier withV p /dt is relatively similar to the de- system coprocessor. Writes to this register send a new frequency
crease/increase in clock period. Thus, the basic sense amplifiuest to the regulator, and reads report the current measured
is very suitable for DVS, though second-order delay variatighock frequency. This allows the operating system to actively
limits dV, p/dt on the order of 5 \jis, which ultimately deter- monitor the operating frequency. To reduce the pin count on the

by the CPU and transmitted to the regulator upon writing to the

register. The regulator then converts the serial data back to a

7-bit word. The interface requires just three pins to transmit the
While circuit delays track well over Voltage, subtle delay Varinew frequency Value, and one p|n to transmit the clock Signal

ations do exist which impact circuit timing. To demonstrate thigiom the ring oscillator.

three chains of inverters were simulated whose loads were dom-

inated by gate, interconnect, and diffusion capacitance respaCc-pynamic Performance Monitors

tively. To model paths dominated by stacked devices, a fourth ,

chain was simulated consisting of four pMOS and four nMOS The system coprocessor also contains several read-only reg-

transistors in series. The relative delay variation of these circu'ﬁéerkS that monitor sfystem run-glme per_formﬁlnce. Ft())ur rt:glsttlars
is shown in Fig. 13 for which the baseline reference is an inver pck processor performance by counting the number of cycles

chain with a balanced load capacitance similar to the ring osdil€ Processor spends in each of its states: active, idle, sleep, and
lator. stalled. A separate register counts the number of instructions ex-

The relative delay of all four circuits is a maximum at onl cuted. Another four registerg track cache ?VSte”.‘ performance
the lowest or highest operating voltages. This is true even counting the cache hits, MISSES, gache—lme _wnte—back_s, and
cluding the effect of the interconnecRCdelay. Since the gate uncached accesses. These nine registers pr.o'wde': dynamm feed-
dominant curve is convex, combining it with one or more of th@ack to the operating system on processor utilization, which can

other effects’ curves may lead to a relative delay maxima sonﬁae— used to vary the processor speed accordingly.
where between the two voltage extremes. However, all the other
curves are concave and roughly mirror the gate dominant culve
such that this maxima will be at most a few percent higher thanTo accommodate process variation over the die as well as sim-
at either the lowest or highest voltage, and therefore insignititation error, the oscillator was designed to be programmable
cant. Thus, timing analysis is only required at the two voltageom 50% to 150% of nominal frequency with 5 bits of con-
extremes, and not at all the intermediate voltage values. trol. The frequency control is designed to be glitch-free so that
As demonstrated by the series dominant curve, the relativean be programmed via software through another register in
delay of four stacked devices rapidly increases at low voltaghe system coprocessor.
and larger stacks will further increase the relative delay [17]. The basic oscillator architecture, shown in Fig. 14, consists
Thus, to improve the tracking of circuit delay over voltage, af five binary weighted delay blocks, plus a return path to close
general design guideline is to limit the number of stacked dthe loop. Each of the delay blocks has both a slow and fast
vices, except for circuits whose alternative design would be sigath which is selected by tharl signal. A new value for this

Desired Frequency Register

E. Circuit Delay Variation

Ring Oscillator
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Fig. 14. VCO architecture.
Fig. 15. Measured throughput versus energy consumption.

signal can be loaded in when ttrgg1 signal transitions low-to-

high. By ensuring that the pass gates in the basic block havBen peak throughput is required only a small fraction of the

switched by the timérig2 transitions low-to-high, the oscillator time, the system’s average power dissipation can be as low as

will change frequency glitch-free. 3.24 mW, yielding 26 200 MIPS/W. When the system is oper-
The hardware was stepped from 5 to 80 MHz in 5-MHz inated at constant voltage, the energy-efficiency is a maximum of

crements, and at each step, the ring oscillator’s control bits wé860 MIPS/W at 1.2 V.

decreased until processor failure. Decreasing the control bits

had the effect of decreasing supply voltage since the conver&ridle Energy Consumption

loop maintains constant clock frequency. The minimum control . . . —

. . ; Because a microprocessor in portable systems idles a signif-
setting was exactly the setting for nominal frequency at all fre-

; . . |caant amount of time, a sleep mode has been implemented to
guency values, with the exception at 5 MHz, at which speed. . . . . L
minimize idle energy consumption. When the halt instruction is

the control could be decreased by 1 LSB from nominal. This ; ; . )
eéxecuted, which was implemented via a write to a system con-

demonstrates that the critical paths of a CMOS processor do .
) trol register, the processor stops the clock to the processor core.
track extremely well over a wide range of voltage.

This effectively stops all activity by clock gating the rest of the
components in the system. The bus interface continues clocking
VIIl. M EASURED RESULTS a small finite-state machine to grant any DMA request that may
come in while the processor is in sleep mode.

L . If the processor speed is set to 5 MHz before entering sleep,
A plot of throughput versus energy consumption is shown We entire system will dissipate only 89OV of power, with

Fig. 15. The upper curve is for Fhe processor syste_m runnigg,ne cycle start-up from sleep. This is possible because the
off .Of a fixed vo_ltage source while the lower curve is for th‘%/CO and regulation loop are continually operating, albeit at
entire system with the regulator powered by a battery volta eir lowest-energy operating points. To achieve low-power
The curves are generated by running the system at constant. rlgép modes, other processors require powering down the
guency and supply voltage to demonstrate the full operat|0gItage supply and/or PLL [1]. A high-speed frequency change
range of the system. The throughput ranges from 6_85 Dhr)(:%'n be immediately initiated upon detection of an interrupt to
tone 2.1 MIPs, and the total sys'_[e_m energy consumption rangeg;,; o interrupt latency via a separate interrupt-frequency
from O'.54_5'6 mW/MIP. The efficiency of the de-dc converfce gister. The latency to ramp back to full speed is set by the
which is the ratio of the regulated power (measured at f|xq gulation loop to be 7Qus, but the processor can continue
voltage) to the power drawn from the battery, ranges from 908/ﬁerating during this ramr; up period and begin immediate

at high voltage to 80% at low voltage. ) execution of the interrupt handler.
With DVS, peak throughput can be delivered on demand.

Thus, the true operating point for the system lies somewhere
along the dotted line because 85 MIPS can always be delivergd
when required. In the optimum case when only a small frac- To evaluate DVS, benchmarks were chosen that represented
tion of the computation requires peak throughput, the micropreeftware applications that are typically run on notebook
cessor system can deliver 85 MIPs while consuming on averagmmputers or PDA devices. Existing benchmarks (e.g., SPEC,
as little as 0.54 mW/MIP. MIPS, etc.) are not useful because they were constructed to only

A common energy-efficiency metric is MIPS/W. The equivmeasure the peak throughput of a processor. New benchmarks
alent for this system would be the ratio of peak MIPS twere selected which combine computational requirements with
average power dissipation because the throughput and povealistic latency constraints. The three benchmarks that were
dissipation can be dynamically varied. In the optimal casxecuted on the system are:

A. Range of Operation

Benchmark Programs
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TABLE | TABLE I
MEASURED BENCHMARK ENERGY CONSUMPTION (NORMALIZED) MEASURED POWER DISSIPATION WITH THE VOLTAGE SCHEDULER
Benchmark Programs Benchmark Programs
Algorithm MPEG Ul AUDIO Voltage Scheduler MPEG Ul AUDIO
14 11.75 8
Maximum Performance| 100% | 100% | 100% Average Power (mW) >
- Effective MIPS/W 600 7,200 | 10,600
Optimal 67% 25% 16%
Voltage Scheduler 89% 30% 22%

IX. CONCLUSION

MPEG: MPEG-2 decoding of an 80-frame 192144 The prototype processor system demonstrates that DVS can
video at 5 frames/s, requiring an average 50-MHz clodR'Prove the energy efficiency of battery-powered processor
rate in a single-task environment. systems by up to a factor of 10x without sacrificing peak
AUDIO: IDEA decryption of a 10-s 11-kHz mono audiothroughput. DVS is amenable to standard digital CMOS pro-

stream. divided into 1-kB frames with a 93-ms deadlin&€SSES: with a few additional circuit design constraints. Existing
requirin’g an average 17-MHz clock rate. operating systems can be retrofitted to support DVS, with little

UI: A simple address-book user interface allowing Simp@odification, as the voltage scheduler can be added to the

searching, selection, and database selection. 432 frarfBE"ating system in a modular fashion. Finally, the prototype

are processed, each defined as a user triggered event, SY§em demonstrated that when running real programs, typical
. those run on notebook computers and PDAs, DVS provides a

as pen-down, which ends when the corresponding
tion has been completed. Most frames require less th
a 10-MHz clock rate, while some frames are very co
pute intensive.

The key parameter to measure the energy-efficiency improve-

significant reduction in measured system energy consumption,
nihus significantly extending battery life.
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Table | shows the measured system energy consumption fo
the three benchmarks, and is normalized to when the syste
is running at maximum throughput, which is the typical oper-
ating mode of a processor system that operates from a fixed?!
supply voltage. The row labeled Optimal is the energy reduction
when all the computational requirements are knawpriori, [5]
and is an estimated value derived from simulation. The optimal
values represent the maximum achievable energy reduction fof!
these benchmarks. The last row is the measured energy cong]
sumption with the voltage scheduler enabled. As expected, the
compute-intensive MPEG benchmark has only a 11% energg;
reduction from DVS. However, DVS demonstrates significant
improvement for the less compute-intensive AUDIO and Ul
benchmarks, which have a 4«5%nd 3.5¢< energy reduction, re-
spectively. Comparing the DVS results against the optimal re-
sults demonstrates that while the voltage scheduler’s heurist[é0]
algorithm has a difficult time optimizing for compute-intensive
code, it performs extremely well on non-speed-critical applicaf11]
tions.

Table Il shows the average power dissipation of the threﬁZ]
benchmarks with the voltage scheduler operating. The effective
MIPS/W is calculated as the ratio of peak throughput (85 MIPS}13]
to average power dissipation, and demonstrates the achievable
increase in energy efficiency when the system is running regt4]
programs. Both the Ul and AUDIO benchmarks have an avera ?5]
power dissipation on the order of 10mW, yielding an energy ef-
ficiency on the order of 10 000 MIPS/W.
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